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FOREWORD 

TO THE TENTH ANNIVERSARY EDITION OF THE G-E SCR MANUAL 

Publication of this 4th Edition marks ten years since General Electric 
introduced the first commercial SCR. In this short decade, the SCR has 
grown rapidly from a high-priced curiosity to a basic and economical design 
element in every field of electrical power control and conversion. 

The fast-growing success story of the SCR is paralleled by the growth 
of the General Electric SCR Manual. First published as an application note 
in 1958, the General Electric SCR Manual has grown about thirty times to 
the present 513 pages. During this interval the Manual has kept the basic 
theme of a practical rather than theoretical circuit and application guide for 
design engineers, students, teachers, and experimenters. It is written by a 
group of engineers that includes those who were instrumental in helping 
General Electric introduce the first SCR in 1957. These authors have gained 
their insight and experience by contributing to literally thousands of success-
ful thyristor design projects that are noteworthy both for their diversity as 
well as the ingenuity and pioneering spirit displayed in their implementation. 

Since the last edition, G-E's introduction of the triac has greatly influ-
enced AC control circuits. This is reflected in both a new chapter on the 
triac and many new circuits throughout the Manual. The fourth edition also 
contains much other original and updated material. For instance, new chap-
ters have been written on regulating circuits and motor controls. Additional 
new material on triggering has been introduced, and specs on hundreds of 
new higher-performance thyristors have been added. 

Considerable effort has been spent in keeping the SCR Manual concise 
and general in nature. For those desiring in-depth treatment of highly spe-
cialized subjects, we refer them to the comprehensive application notes listed 
on page 497. 

I sincerely hope that you will find this new Manual useful and inform-
ative. 

J. R. Donnalley 
General Manager 
Semiconductor Products Department 
Syracuse, New York 
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INTRODUCTION 

HOW TO LEARN ABOUT THE SCR 
t _ 

If you, the reader, are already familiar with the SCR and wish guidance 
in the design of practical applications, this Manual is ideal for your needs. If 
you wish more detailed information on a specialized subject, consider the 
references listed at the end of each chapter, as well as the comprehensive list 
of General Electric application notes (p.497) which are available on request. 

If you wish to explore thyristors in a more analytical sense, either as a 
semiconductor or as a circuit element, we refer you to "Semiconductor Con-
trolled Rectifiers . . . Principles and Applications of p-n-p-n Devices," a book 
published by Prentice-Hall, Englewood Cliffs, New Jersey. It shares several 
authors with this Manual. 

If you have heard of the SCR but would like to start from scratch in 
learning how it can help you, as indeed all of us were doing just a short time 
ago, we suggest that you obtain a copy of the General Electric "Electronic 
Components Hobby Manual." The term "Hobby Manual" is somewhat of a 
misnomer. It is a serious engineering effort with some 40 ingenious circuits 
and projects useful in teaching the fundamentals of electronics while con-
structing projects having lasting value in the automobile, home, workshop 
and campsite. This book was written by our application engineers on the 
assumption that the reader, although learned in his own field of competence, 
is new to the SCR and other semiconductors as well. 

ELECTRONIC 
COMPONENTS 

alma' 

If you are really impatient to see how a basic thyristor circuit can work 
with your equipment load, or if you have no facilities to assemble your own 
circuit from electronic components, you may wish to experiment with one of 
several standard assemblies available from your G-E distributor. A typical 
standard triac variable voltage control is shown above. They are described 
further in Chapter 21. 

iv 



Introduction 

A BRIEF DESCRIPTION OF THE SCR 

The SCR is senior and most influential member of the thyristor family 
of semiconductor components. Younger members of the thyristor family share 
the latching (regenerative) characteristics of the SCR. They include the hiac, 
bidirectional diode switch, the silicon controlled switch (SCS), the silicon 
unilateral and bilateral switches (SUS, SBS), and light activated devices like 
the LASCR and LASCS. 

Let's go back to the head of the family after whom this Manual was 
named. The SCR is a semiconductor . . . a rectifier . . . a static latching switch 
. . . capable of operating in microseconds . . . and a sensitive amplifier. It isn't 
an overgrown transistor, since it has far greater power capabilities, both volt-
age and current, under both continuous and surge conditions, and can con-
trol far more watts per dollar. 

As a silicon semiconductor—the SCR is compact, static, capable of being 
hermetically sealed, silent in operation and free from the effects of vibration 
and shock. A properly designed and fabricated SCR has no inherent failure 
mechanism. When properly chosen and protected, it should have virtually 
limitless operating life even in harsh atmospheres. Thus countless billions of 
operations can be expected, even in explosive and corrosive environments. 

As a rectifier—the SCR will conduct current in only one direction. But 
this serves as an advantage when the load requires DC, for here the SCR 
serves both to control and rectify—as in a regulated battery charger. 

As a latching switch—the SCR is an ON-OFF switch, unlike the vacuum 
tube and transistor which are basically variable resistances (even though they 
too can be used as on-off switches). The SCR can be turned on by a momen-
tary application of control current to the gate (a pulse as short as a fraction 
of a microsecond will do), while tubes or transistors (and the basic relay) re-
quire a continuous ON signal. In short the SCR latches into conduction, pro-
viding an inherent memory useful for many functions. The SCR can be 
turned ON in about one microsecond, and OFF in 10 to 20 microseconds; 
further improvements in switching speed are being made all along. 

Just as a switch or relay contact is commonly rated in terms of the cur-
rent it can safely carry and interrupt, as well as the voltage at which it is 
capable of operating, the SCR is rated in terms of peak voltage and forward 
current. General Electric offers a complete family of SCR's with current car-
rying capacities from 1/2 amp to 850 amps RMS, and up to 1800 volts at this 
writing. (See Frontispiece.) Higher voltage and current loads are readily 
handled by series and parallel connection of SCR's. 

As an amplifier—the smallest General Electric SCR's can be latched 
into conduction with control signals of only a few microwatts and a few 
microseconds duration. These SCR's are capable of switching up to 200 
watts. The resulting control power gain of over 10 million makes the small 
SCR one of the most sensitive control devices available. With a low cost uni-
junction transistor firing circuit driving the larger SCR's, stable turn-on con-
trol power gains of many billions are completely practical. This extraordinary 
control gain makes possible inexpensive control circuits using very low level 
signals, such as produced by thermistors, cadmium sulfide light sensitive re-
sistors, and other transducers. 
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Most of the foregoing list of assets of the SCR apply equally well to the 
other members of the thyristor family as you will see in this Manual. Mean-
while the shortcomings and limitations of thyristors become less significant 
as the years pass. Newly introduced high voltage and bidirectional types lift 
the transient and operating voltage barriers. High speed thyristors allow 
operation at ultrasonic frequencies and under severe dynamic conditions, and 
lower semiconductor costs permit use of higher current rated thyristors in-
stead of critically designed and expensive overcurrent protection systems. 

Best of all, SCR's and thyristors for every type of application . . . indus-
trial, military, aerospace, commercial, consumer . . . are more economical 
than ever. Best indication of this is the rapidly increasing tempo of applica-
tions of the triac and new plastic-encapsulated SCR's in high volume small 
appliance applications where every penny is critical. 

Here are just some of the conventional types of controls and elements 
that thyristors are busy replacing and improving upon: 

Thyratrons Saturable Reactors 
Relays Contactors 
Magnetic Amplifiers Variable Autotransformers 
Ignitrons Fuses 
M-G Sets Timers 
Rheostats Vacuum Tubes 
Power Transistors Thermostats 
Motor Starters Mechanical Speed Changers 
Transformers Centrifugal Switches 
Limit Switches Ignition Points 
Constant Voltage Transformers 

Welcome to the exciting world of the thyristor family, its circuits and 
applications. Please bear in mind that the material in this Manual is intended 
only as a general guide to circuit approaches. It is not all-encompassing. 
However, our years of experience in offering application help have shown 
that, given some basic starting points like those in this Manual, you the cir-
cuit designer inevitably come up with the best, and often unique, approach 
for your particular problems. 

You will find the "Application Index" on pages 506-507 a useful road-
map in starting the search for the ideal circuit for your application. The list 
of Application Notes starting on page 497 will also provide specialized help 
beyond the detail of this Manual. 
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CONSTRUCTION AND BASIC 

THEORY OF OPERATION 

1.1 WHAT IS A THYRISTOR? 
The name thyristorl defines any semiconductor switch whose bistable 

action depends on p-n-p-n regenerative feedback. Thyristors can be two, 
three, or four terminal devices, and both unidirectional and bi-directional de-
vices are available. 

1.2 CLASSIFICATIONS OF THYRISTORS 
The silicon controlled rectifier (SCR) is by far the best known of all 

thyristor devices. Because it is a unidirectional device (current flows from 
anode to cathode only) and has three terminals (anode, cathode and control 
gate) the SCR is classified as a reverse blocking triode thyristor. Other mem-
bers of the reverse blocking triode thyristor family include the silicon uni-
lateral switch (SUS), the light activated silicon controlled rectifier (LASCR), 
and the gate turn-off switch. The silicon controlled switch (SCS) is a reverse 
blocking tetrode thyristor (it has two control gates), while the Shockley diode 
is a reverse blocking diode thyristor. Bidirectional thyristors are classified as 
p-n-p-n devices that can conduct current in either direction; commercially 
available bidirectional triode thyristors include the triac (for triode AC 
switch), and the silicon bilateral switch (SBS). 

1.3 THYRISTOR CONSTRUCTION 
The successful and reliable operation of a thyristor is predicated on its 

proper design and construction. The fabrication methods chosen for a partic-
ular thyristor type depend a great deal therefore on the service expected 
from that type. A seventy ampere SCR destined for use in a harsh military 
environment may differ radically in design from a six ampere triac intended 
for the light industrial or consumer markets. 
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1.3.1 Pellet Fabrication 

The heart of a p-n-p-n device is its multi-layered "pellet" of alternate p 
and n type semiconductor material. This semiconductor is almost always sili-
con, although germanium has been used. Pellets may be fabricated by any 
one of several methods, depending on the desired characteristics, complexity, 
and size of the finished device. The most popular pellet fabrication methods 
are: 

Alloy diffused 
Diffused 
Planar-diffused 

The manufacture of both alloy-diffused and all-diffused p-n-p-n pellets starts 
with the preparation of large area p-n-p wafers. These are formed by gase-
ously diffusing p-type impurities simultaneously into both faces of a thin 
wafer of n-type silicon. Where specific device characteristics require it, a 
second diffusion step is used to complete the final p-n-p-n structure. To 
do this, each p-n-p wafer is selectively masked (on one side only), and 
subsequently diffused with n-type impurities through the windows in the 
mask. The finished p-n-p-n wafers are then diced into individual pellets. 
Triacs and other more complex structures are fabricated using similar tech-
niques. In the manufacture of some higher current SCR's, where only a lim-
ited number of pellets (sometimes only one) can be obtained from each wafer, 
it is often more convenient to pelletize the original p-n-p wafers before adding 
the final n-region. Where this is the case, precision alloying techniques are 
used after pelletizing to fuse a gold-antimony preform into each p-n-p pellet, 
thus forming the required p-n-p-n structures. Figure 1.1 shows the cross sec-
tion of a typical all-diffused SCR structure, while Figure 1.2 is a pictorial of 
an alloy-diffused type. 

0 CATHODE JUNCTION FORMED BY ALLOYING 
N-TYPE IMPURITY INTO PNP PELLET. 

CATHODE 

® GATE CONTACT WELDED TO 
GATE P-REGION. 

ANODE 

PNP PELLET FORMED BY 
GASEOUS DIFFUSION. 

FIGURE 1.2 ALLOY-DIFFUSED PELLET FORMATION 
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A planar structure describes a type of pellet where all the p-n junctions 
come out to a single surface on the silicon pellet. The principal advantage of 
planar construction is that junction formation always takes place (see Figure 
1.3) underneath a thin layer of moisture and contaminant resistant silicon 
dioxide grown over the silicon wafer before diffusion commences. As a result 
planar pellets are to a large degree protected from the outside environment— 
hence the term "planar-passivated." Disadvantages of planar construction are 
that more silicon is required per ampere of current carrying capability, and 
that more wafer processing steps are needed. Planar structures are best suited 
therefore to low current devices where many pellets can be obtained from a 
single wafer. 
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1.3.2 Pellet Encapsulation 

Pellet encapsulation methods vary widely, depending on the in-service 
environment expected of the finished device and on the type of pellet being 
encapsulated. Where a device must operate over a very wide temperature 
range, or where severe thermal cycling is expected, pellets generally are 
hard soldered between a pair of thermally matched back-up plates, one of 
which is then hard soldered to a copper stud. The copper stud serves as one 
terminal, the base for the device housing, and the thermal path for conduct-
ing heat losses to the ambient. For this latter reason the stud is usually 
threaded or bolted to a heatsink. Use of hard solder with this type of con-
struction minimizes the possibility of thermal fatigue destroying the joint 
between copper and back-up plate when the thyristor is subjected to the 
temperature induced stresses of wide and frequent thermal cycling. Hard 
solder is used for the joint between cathode-plate and cathode terminal for 
the same reason. Figure 1.4 shows a section through a typical thermal-fatigue-
resistant high current SCR. 
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Another method of encapsulation involves replacement by pressure con-
tacts2 of the top and bottom solder joints between the copper and the tung-
sten (or molybdenum) back-up plates of the semiconductor pellet assembly 
in Figure 1.4. The force required to develop the necessary pressure to ensure 
adequate electrical and thermal contacts at the joints may be either retained 
internally to the encapsulating housing or retained external to the encapsula-
tion. A particular advantage to retaining the force externally is that this 
method allows cooling the semiconductor pellet assembly from both sides for 
improved heat transfer. 

Figure 1.5 shows such a PRESS PAK encapsulation for a semiconductor 
pellet assembly suitable for double-sided air or water cooling. 

FIGURE 1.5 TRESS PAK ENCAPSULATION FOR A 230 AMPERE SEMICONDUCTOR 
PELLET ASSEMBLY. 

Figure 1.6 shows a typical double-sided cooling arrangement for a 
forced-air-cooled application. 

FIGURE 1.6 TYPICAL APPLICATION OF PRESS PAK. ENCAPSULATION IN A 
DOUBLE-SIDED COOLING ARRANGEMENT. 
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SIL ICON PELLET 

CATHODE 

ANODE 

GATE 

When a thyristor is designed specifically for use in the light industrial 
and consumer markets, environments usually characterized by limited tem-
perature excursions and an absence of wide range cyclical loading, the pre-
mium-type structure described above is not required. Here, the silicon pellet 
is mounted directly onto the copper stud, or case, with a special tin-lead 
solder alloy. The solder joint then absorbs the stresses set up by differential 
expansion between silicon and copper. Providing these stresses are not too 
great, this "soft solder" construction is satisfactorily thermal fatigue free. In 
addition to making possible a lower-cost device, the method allows better 
heat transfer from silicon to copper, which reduces cell heatsinking re-
quirements. 

The entire thyristor assembly is fabricated in a super-clean environment 
to assure long term stability of the SCR's electrical characteristics. To main-
tain the stability of these characteristics throughout the long life of the 
thyristor, the finished assembly is sealed off from the outside atmosphere by 
welded hermetic seals. Electrical connections are also made by welding. Ex-
tensive electrical and mechanical tests at room temperature and both ex-
tremes of the operating temperature range assure that the individual thy-
ristors meet their specification sheet ratings and characteristics. Cycled life 
tests on significant samples continuously monitor and control the long-term 
reliability of all devices coming off the production line. 

Because planar type pellet fabrication inherently gives a large degree of 
environmental protection to the pellet electrical characteristics, hermetic 
glass-metal packaging is often not required for planar type devices. Planar 
pellets generally are encapsulated in an injection-moulded plastic package, 
which provides good mechanical integrity to the finished device. Figure 1.7 
is a cutaway view of a two ampere planar SCR. 
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1.4 TWO TRANSISTOR ANALOGY OF p-n-p-n OPERATION 

A simple p-n-p-n structure like the conventional SCR is best visualized 
as consisting of two transistors, a p-n-p and an n-p-n interconnected to form 
a regenerative feedback pair as shown in Figure 1.8. Current gain around the 
internal feedback loop G = hFEr X hFE2, where hFEr and hFE2 are the com-
mon emitter current gains of the individual transistor sections. If Icor is the 
collector to base leakage current of the n-p-n, and Ic02 is the leakage of the 
p-n-p, then 

For the p-n-p section: Icr = hrEi. (432 + Io) + Icoi 
For the n-p-n section: IC2 = hFE2 (IC1 + ICO2) + 'CO2 and total anode-to-

cathode current IA = (Ici Ic2). 

Solving these three equations for gives 

(1 + hFEr) (1 + hFE2) (Icor + Ico2) 
IA — 

0--

ANODE 

CATHODE 

1 — hFEI • hFE2 

GÁTE 

(TOTAL LOOP GAIN • PFEI•hPE2) 

FIGURE 1.8 TWO TRANSISTOR ANALOGUE OF SCR 

1.1 

With proper bias applied (positive anode to cathode voltage), hFEr and hFE2 
are both low, and G is much less than unity. The denominator of Equation 
1.1 approaches one, and IA is little higher than the sum of the individual 
transistor leakage currents. Under these conditions the p-n-p-n structure is 
said to be in its forward blocking or high impedance "off" state. The switch 
to the low impedance "on" state is initiated simply by raising the loop gain G 
to unity. Inspection of Equation 1.1 shows that as hFEr • hFE2 ••.> I, IA 
Physically, as the loop gain approaches unity and the circuit starts to regen-
erate, each transistor drives its mate into saturation. Once in saturation, all 
junctions assume a forward bias, and total potential drop across the device 
approximates that of a single p-n junction. Anode current is limited only by 
the external circuit. 

The p-n-p-n structure may also be analysed in terms of its component 
transistor "alphas." The p-n-p section has an al which defines the fraction of 
hole current injected at its emitter that reaches its collector (Figure 1.9). 

IA   
N P 
N 

IA 
N  

FIGURE 1.9 "ALPHA" ANALYSIS OF SCR OPERATION 
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lei = ai 

The n-p-n section similarly has an a2 which defines the fraction of elec-
tron current injected at its emitter that reaches its collector. 

1C2 = a2IA. 

Total anode current must equal the sum of these two components plus a leak-
age term: 

IA = alIA + a2IA + Iex 

where Iex is the leakage current of the center junction. Rearranging and 
solving for IA gives 

ICX  IA — 
1 — (al + a2) 

1.2 

Equation 1:2 is the "alpha" equivalent of Equation 1:1 when (a1 + a2) < < 1 
IA Icx and this corresponds to the p-n-p-n forward blocking state. When 
(a1 + a2) -› 1, IA «"› 00, and this corresponds to the p-n-p-n forward conduc-
tion state. 

There are several mechanisms available for increasing hFE in a transistor, 
so that in the p-n-p-n structure hFEi • h —FE2 1, and the device may be 
switched on. All make use of the emitter-current dependence of hFE. In most 
silicon transistors, hFE is quite low at low emitter currents, but increases fairly 
rapidly as emitter current is increased. This effect (Figure 1.10) is due to the 
presence in the silicon of special impurity centers. Any mechanism which 
causes a temporary increase in transistor emitter current is therefore poten-
tially capable of turning on a p-n-p-n device. The most important of these 
mechanisms are: 

 • IF 

FIGURE 1.10 EMITTER-CURRENT DEPENDENCE OF tire IN A SILICON TRANSISTOR 

1. Voltage. As the collector-to-emitter voltage of a transistor is in-
creased, eventually a point is reached where the energy of the (leakage) cur-
rent carriers arriving at the collector junction is sufficient to dislodge addi-
tional carriers. These carriers in turn dislodge more carriers, and the whole 
junction goes into a form of avalanche breakdown characterized by a sharp 
increase in collector current. In a p-n-p-n device, when the avalanche current 
makes G -> 1, switching takes place. This is the turn-on mechanism normally 
employed to switch four layer diodes into conduction. 

2. Rate of change of voltage. Any p-n junction has capacitance—the 
larger the junction area, the larger the capacitance. If a step function of volt-
age is impressed suddenly across the anode-to-cathode terminals of a p-n-p-n 
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device, a charging current i will flow from anode to cathode to charge the 
device capacitance: 

i = C dv/dt 

When i equals the value necessary for G -› 1, the device will switch on. This 
phenomenon is known as the "dv/dt effect." 

3. Temperature. At high temperatures, leakage current in a reverse 
biased silicon p-n junction doubles approximately with every 8°C increase in 
junction temperature. When the temperature generated leakage current in a 
p-n-p-n structure has risen sufficiently for G -› 1, switching occurs. 

4. Transistor Action. Collector current is increased in conventional tran-
sistor manner by temporarily injecting additional ("gate") current carriers 
into a transistor base region. This is the mechanism normally employed to 
turn-on SCR's and other p-n-p-n devices which have an external connection 
("gate" lead) to one or more of the transistor bases. 

By convention, SCR's that are turned on by injecting current into the 
lower p-base (via an external connection to this base) are called "conven-
tional" SCR's,while those that utilize the upper n-base are called "comple-
mentary" SCR's. The four-terminal silicon controlled switch (SCS) has con-
nections made to both bases and either or both bases may be used to initiate 
switching. It should be noted that because the upper n-base is a region of 
high resistivity (the upper p-n junction supports the major part of any ap-
plied reverse voltage) more external gate current is required to trigger an 
SCR via the n-gate than with the p-gate. 

5. Radiant energy ("light"). Incident radiant energy within the spectral 
bandwidth of silicon (Figure 11.2) impinging on and penetrating into the 
silicon lattice releases considerable numbers of hole-electron pairs. When the 
resultant device leakage current climbs above the critical level for G -› 1, 
triggering will ensue. This triggering mechanism makes possible the light 
activated SCR. In these devices a translucent "window" is provided in the 
device encapsulation in order that "light" may reach the silicon pellet. The 
LASCR, because it is provided with a gate lead, may be triggered either by 
light or by electrical gate current. 

1.5 SIMPLIFIED TRIAC THEORY 

Four basic thyristor concepts provide a foundation for the theory of 
bidirectional thyristor operation. These concepts are: 

a) The basic reverse blocking triode thyristor (or SCR) 
See Section 1.4. 

b) The shorted emitter thyristor 
Figure 1.11 shows a "shorted emitter" thyristor structure. Externally 

applied gate current lo flows from gate to cathode laterally through the 
gate p-region. The voltage drop developed across the lateral base re-
sistance of p forward biases the right hand edge of the cathode junc-
tion. If gate current is sufficiently large, electrons are injected from this 
point, and the device turns on in normal p-n-p-n fashion when regenera-
tion begins. 
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FIGURE 1.11 SHORTED EMITTER STRUCTURE 

Shorted emitter structures are often used in thyristor designs. The 
effect of the partial gate to cathode short is the same as placing a re-
sistor in parallel with the gate cathode junction of a conventional non-
shorted emitter device.8 This resistor (RGK in Figure 1.11) diverts some 
of the thyristor's thermally generated leakage current and/or dv/dt in-
duced capacitive charging current around the gate-cathode junction, by 
providing an alternative lower impedance path to the cathode. Regen-
eration is reduced and a shorted emitter thyristor has, as a result, supe-
rior high temperature characteristics and dv/dt capability. 
c) Junction gate thyristor 

RD 

CATHODE 

MAIN 
PNPN 

STRUCTURE 

GATE 

ELECTRON FLOW 

CURRENT FLOW 

AUXILIARY PNPN 
STRUCTURE 

ANODE 

FIGURE 1.12 JUNCTION GATE THYRISTOR 

Figure 1.12 shows a typical junction gate thyristor structure. Ini-
tially, gate current 1G forward biases the gate junction p2-n3 of the aux-
iliary p1-n1-p2-n3 structure, and this structure turns on in conventional 
p-n-p-n fashion. As p1-n1-p2-n3 turns on, the voltage drop across it falls, 
and the right hand section of region p2 moves towards anode potential. 
Since the left hand section of I), is clamped to cathode potential, a 
transverse voltage gradient now exists across p2, and current flows later-
ally through p2. As the right hand edge of p2-n2 becomes forward 
biased, electrons are injected at this point and the main structure turns 
on (compare this action to that of the shorted emitter structure). 
d) Remote gate thyristor 

A remote gate thyristor is one that can be triggered without an 
ohmic contact to either of its internal base regions. Figure 1.13 depicts 
a typical remote base structure. 

The external gate current IG causes pl-n3 to become forward 
biased, and inject electrons as shown. These electrons diffuse through 
region pi and are collected by junction p1-n1. Note that junction p1-n1 
can still act as a collector even though it is forward biased,4 since the 
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CATHODE 
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FIGURE 1.13 REMOTE GATE THYRISTOR 

electric field associated with it is in the same direction as it would be if 
p1-n1 were reverse biased, as a "collector" normally is. The electrons 
from n3 collected by p1-n1 cause an increase of current across pl-n1, re-
generation starts, and the structure turns on. 
The salient features of the four devices just described can be combined 

into a single device—the "triac"—which can block voltage in either direc-
tion, conduct current in either direction, and be triggered on in either di-
rection by positive or negative gate signals. Figure 1.14 is a pictorial view of 
a typical device. Operation is as follows: 

a) Terminal #2 positive, positive gate current 
In this mode the triac behaves strictly like a conventional thyristor. 

Active parts are pl-n1-p2-n2. 
b) Terminal #2 positive, negative gate current 

Operation is analogous to the junction gate thyristor. pl-n1-p2-n2 is 
the main structure, with n3 acting as the junction gate region. 
c) Terminal #2 negative, negative gate current 

Remote gate mode. p2-n1-p1-n4 is the main structure, with junction 
p2-n3 injecting electrons which are collected by p2-n1. 
d) Terminal #2 negative, positive gate current 

p2-n2 is forward biased and injects electrons which are collected 
by p3-n1. p2-n1 becomes more forward biased. Current through the 
p2-n1-p1-n4 portion increases and this section switches on. This mode, 
too, is analogous to remote gate operation. 
Reference 5 gives a more detailed description of triac behaviour. 

SIDE* I 

TERMINAL #1 

SIDE #2 

TERMINAL léfr 

TERMINAL *2 

FIGURE 1.14 TYPICAL TRIAC STRUCTURE 
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1.6 V-I CHARACTERISTICS OF p-n-p-n DEVICES 

1.6.1 V-I Characteristics of Reverse Blocking Triode or Tetrode Thyristors 

Figure 1.15 illustrates the V-I characteristics of a typical gate-controlled 
reverse blocking thyristor. In the forward blocking region, increasing the 
forward voltage does not tend to increase leakage current until the point is 
reached where avalanche multiplication begins to take place. Past this point, 
the leakage current increases quite rapidly until the total current through the 
device is sufficient to raise the internal loop gain 1. At this point the device 
will go into the high conduction region, provided that anode current remains 
in excess of a minimum value called the holding current. When anode cur-
rent drops below the holding current, the p-n-p-n device reverts to its for-
ward blocking state. In the reverse direction the p-n-p-n structure looks like 
two reverse-biased p-n junctions in series, so that it exhibits characteristics 
very similar to an ordinary back-biased silicon rectifier. For most commer-
cially available devices (SCR, SCS, LASCR, four layer diode), the peak 
reverse voltage capability is designed to be at least equal in magnitude to the 
minimum forward breakover voltage. 

HIGH CONDUCTION REGION 

PiAXIMUM 

gtIZE 
HOLDING 
CURRENT 

02 1G, 1G • 0 

VM 

REVERSE FORWARD 
BLOCKING BLOCKING FORWARD 

REVERSE REGION REGION BREMOVER 
AVALANCHE VOLTAGE 
REGION (FORWARD AVALANCHE REGION) 

FIGURE 1.15 V-I CHARACTERISTICS OF A REVERSE BLOCKING THYRISTOR 

For increasing magnitudes of gate current, the region of characteristics 
between breakover current and holding current (Figure 1.15) is narrowed 
and the forward breakover voltage is reduced. For sufficiently high gate cur-
rents, the entire forward blocking region is removed, and the V-I character-
istics are essentially identical to those of a p-n rectifier. 

In typical operation the reverse blocking thyristor is biased well below 
its minimum forward breakover voltage, and triggering is accomplished by 
injecting current into the gate lead. ("Light" is of course used in place of gate 
current to trigger the LASCR.) This is a very advantageous mode of opera-
tion, since it is possible to use a device with a forward breakover voltage 
much higher than any voltage likely to be encountered in the circuit, and to 
use only a moderate amount of trigger power to start the high conduction 
state. Circuit design and reliability are thus greatly enhanced. Once the gate 
has been used to trigger the thyristor into conduction it loses control, and 
the only method of turning a conducting device off is to reduce anode cur-
rent below the holding current level. *(This applies to LASCR likewise, once 
it has been triggered.) Typically a ten to fifty microsecond gate pulse will 
initiate conduction. 
* The gate turn-off switch (OTO), as its name suggests, can be turned off by means of its gate terminal. See 

Section 1.7. 
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As already mentioned, leakage current through a thyristor increases with 
temperature. The forward breakover voltage therefore tends to be quite tem-
perature sensitive. At a high enough temperature (well above its maximum 
rated temperature) the thyristor loses completely its ability to block forward 
voltage and assumes characteristics just like a p-n diode. 

In smaller SCR's, SCS's, or LASCR's this temperature effect on the 
breakover voltage can be minimized by extracting the forward leakage cur-
rent from the gate. This prevents current from passing through the emitter of 
the n-p-n section of the device and maintains a low alpha in this section. It is 
also possible to actually increase the forward breakover voltage point on 
some small SCR's by this means. The effect of negative gate current on the 
forward blocking characteristics, however, becomes negligible on higher cur-
rent SCR's due to the ineffectiveness of the gate in removing leakage current 
from the entire broad area of the n-p-n base region. 

As might be expected, the gate cathode V-I characteristics of a gate-
operated thyristor are essentially those of a p-n junction diode. Since the in-
crease in hFE with current is utilized, these devices are current triggered as 
opposed to voltage triggered, like a gas thyratron. This distinction must be 
kept in mind when designing triggering circuits, in that a relatively low im-
pedance voltage source, or a current source is required. 

1.6.2 ),/-1 Characteristics of the Bidirectional Triode Thyristor (Triac) 

VISA) I 

QUADRANT I 

( T2 POSITIVE ) 

vier) 
, 

16 2 Tor ro. 0 

QUADRANT III 

(T2 NEGATIVE ) 

GIG 

—••• 
«A--

-1G 

GATE 

FIGURE 1.16 V-I CHARACTERISTIC OF TRIAC 

T, 

7, 

Figure 1.16 is a plot of the V-1 characteristics of a typical bidirectional 
triode thyristor, or triac. Note that the triac can block voltages of either po-
larity and conduct current in either direction (first quadrant and third quad-
rant). Conduction in either quadrant can be initiated by a positive or a 
negative gate signal. This gives the triac four possible operating modes, or 
"degrees of freedom." 

First quadrant (T2 positive with respect to T1)—positive gate; (I+) 
First quadrant—negative gate; (I—) 
Third quadrant (T2 negative with respect to T1)—positive gate; (III+) 
Third quadrant—negative gate; (III—) 
Being analogous to two conventional SCR's in inverse parallel, the triac 

behaves in both quadrant I and quadrant III rather like a forward biased 
SCR. With IG = 0 the device blocks voltage in either direction up to its rated 
V(BR), and only a small leakage current flows. With applied voltage greater 
than specified V(BR), the triac will "avalanche" and turn itself on. Because 
this avalanche phenomenon occurs in both directions the triac, unlike the 
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SCR, is "self protecting" against the effects of high voltage transients. Should 
a transient appear, the triac will merely turn on and be undamaged, provid-
ing the load current that flows is within its capabilities. 

With gate current applied (either positive or negative) the region of the 
V-I characteristic between open gate breakover and conduction in either di-
rection is removed, and the V-I characteristic becomes essentially that of a 
p-n rectifier. The triac has holding current characteristics similar to an SCR, 
and is affected by temperature in much the same way. 

1.7 REVERSE BLOCKING THYRISTOR (SCR) TURN-OFF MECHANISM 

When a reverse blocking thyristor is in the conducting state, each of the 
three junctions of Figure 1.17 are in a condition of forward bias and the two 
base regions (Be, BN) are heavily saturated with holes and electrons (stored 
charge). 

E e N Ei EN 
+ - - + + - 

ANODE 

F 
J 2 J 3 

FIGURE 1.17 THYRISTOR BIASED IN CONDUCTING STATE 
(GATE OPEN CIRCUITED) 

CATHODE 

To turn-off the thyristor in a minimum time, it is necessary to apply a 
reverse voltage. When this reverse voltage is applied the holes and electrons 
in the vicinity of the two end junctions (J1, J3) will diffuse to these junctions 
and result in a reverse current in the external circuit. The voltage across the 
thyristor will remain at about +0.7 volts as long as an appreciable reverse 
current flows. After the holes and electrons in the vicinity of J1 and j3 have 
been removed, the reverse current will cease and the junctions ji and J3 will 
assume a blocking state. The reverse voltage across the thyristor will then 
increase to a value determined by the external circuit. Recovery of the device 
is not complete, however, since a high concentration of holes and electrons 
still exists in the vicinity of the center junction (J2). This concentration de-
creases by the process of recombination in a manner which is largely inde-
pendent of the external bias conditions. After the hole and electron concen-
tration at J2 has decreased to a low value, j2 will regain its blocking state and 
a forward voltage (less than V(BR)) may be applied to the thyristor without 
causing it to turn-on. The time that elapses after the cessation of forward 
current flow and before forward voltage may safely be reapplied is called the 
thyristor "turn-off time," to, and is usually in the order of 10-15 microsec-
onds long. 

1.8 TRIAC TURN-OFF MECHANISM 

Because the triac is capable of conducting current in both directions, it 
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cannot be turned off like a conventional reverse blocking thyristor. If the 
voltage across a conducting triac were instantaneously reversed for instance, 
the "recovery" current that flowed would merely turn the device on in the 
opposite direction! To turn a triac off successfully, the current through it 
must be reduced below the holding current by reduction of the applied volt-
age to zero. Sufficient time must then elapse before the reapplication of volt-
age (in either direction) to allow natural recombination of any stored charge. 
In 50 or 60 Hertz AC circuits, which are the main applications for the triac, 
the rate of change of voltage near the zero current point does allow proper 
commutation* in this manner. 

1.9 COMPARISON OF THYRISTORS WITH OTHER POWER 
SEMICONDUCTORS 

It will be noted that the low current fiFE of the p-n-p and n-p-n parts of 
a thyristor must be low in order to have the device block in the forward di-
rection. In an ordinary three layer silicon power transistor, it is desirable to 
have hFE as high as possible in order to achieve a high current gain. Unfor-
tunately, however, high FIFE is obtained in most silicon transistors by using 
very thin base regions, and a thin base between two low resistivity regions is 
incompatible with high voltage. The wide base regions in the thyristor, nec-
essary to achieve low hrE are compatible with high voltages so that the 
thyristor is inherently a higher voltage device. The use of wide base regions 
is also an advantage from the standpoint of ease of manufacture and repro-
ducibility of characteristics. An advantage of the thyristor over power tran-
sistors is the amount of drive necessary to full conduction. In many silicon 
power transistors, it is necessary to inject up to half an ampere of continuous 
base current in order to conduct 5 amperes from collector to emitter. In a 
thyristor, the amount of current conducted is dependent only on the external 
circuit once the device has been triggered. Thus a trigger current of 50 ma 
applied for only a few microseconds is all that is necessary to allow conduc-
tion of any current from a few milliamperes to hundreds of amperes. The 
high current capabilities of the thyristor, as contrasted to a transistor, are due 
to more effective use of junction area for current conduction. 

1.10 THYRISTOR USED AS A REMOTE BASE TRANSISTOR 

As already described, a reverse blocking thyristor structure may be vis-
ualized as consisting of two interconnected transistors. When the structure is 
conventionally biased, i.e., positive anode to cathode voltage, positive gate to 
cathode voltage, the transistors act as a regenerative pair and give the p-n-p-n 
device its normal bistable characteristics. A p-n-p-n structure may be biased, 
however, so that the transistors are unable to regenerate, and in this case the 
bistable action is eliminated. The device, when so biased, exhibits the linear 
characteristics of an amplifier. Referring to Figure 1.18, a negative bias on 
the base lead with respect to the emitter lead causes electrons to be injected 
across junction J3 for collection at J2. Upon collection at J2 these electrons 
furnish base drive for the p-n-p section in much the same way as if a lead 
were attached directly to it. Hence the name "remote base" transistor. Com-

*See Section 7.1.4 and Section 19.10. 
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mon-emitter current gains (beta) vary from much less than unity to above 
five (5), depending on the characteristics of the parent p-n-p-n device. Since 
in most cases the "inverse beta"* is approximately equal to the forward beta, 
the devices are also usable as symmetrical AC amplifiers or switches. 

*Beta with collector used as the emitter, and vice versa. 

'camerae 
(ANOOE OF SCR)N COLLECTOR 

Ji 

J2 

'BASE' 
(CATHODE OF SCR) 

O 

-** 

'EMITTER- 
(SATEOF SCR) 

 11 
(o) 

(a) p-n-p-n Structure Biased as (b) p-n-p-n Structure Used as 
p-n-p Transistor Symmetrical Transistor 

FIGURE 1.18 REMOTE BASE TRANSISTOR 

 • +Vc2 

+lc 

AC 
COLLECTOR 
SUPPLY 

1.11 GATE TURN-OFF SWITCH OR GATE CONTROLLED SWITCH 

The gate turn-off switch is a four layer p-n-p-n device similar in con-
struction to the SCR. Like the SCR, the GTO is triggered into conduction 
by raising its loop gain to unity. In the simple two transistor p-n-p-n analogue 
of Figure 1.8 with the device switched on, assume that hFEI equals hFE2 so 
that equal currents flow in each transistor section. If the p-n-p transistor's 
collector current were diverted away from the n-p-n transistor's base region 
and out of the gate lead, the n-p-n transistor would cut-off, hFEI X hFE2 
would drop below unity, and the p-n-p-n device would revert to its forward 
blocking state. Turn-off gain, defined as the ratio of anode current flowing 
prior to turn-off to negative gate current required to effect turn-off, in this 
case would be at least two (2). If hFE2 is now made much less than unity 
when the device is in its "on" state, and hFEI is made greater than unity to 
maintain hFE • hFEI = 1, only a small percentage of the total anode current 
will flow in the collector of the p-n-p transistor. It is this current that is with-
drawn to turn the GTO "off." For a typical device, gains from 5 to 25 are 
realizable depending on current, temperature gate pulse duration and other 
variables. Because of the difficulties in ensuring that control can be main-
tained by the gate contact at high cathode current densities (due to cross-
biasing effects), gate turn-off devices operate at much lower current densities 
than SCR's and are therefore less economical. In addition, the recent avail-
ability of high voltage high gain silicon power transistors with superior satur-
ation ("on" voltage) characteristics has tended to reduce the demand for gate 
turn-off devices. 
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SYMBOLS AND TERMINOLOGY 

2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS 

Fig. 2.1 shows graphical symbols of the types of semiconductors dis-
cussed and employed in the circuits of this Manual. At the time of this 
writing (Summer 1966) a revision of the standards for semiconductor device 
graphical symbols is in process. We do not feel that it would serve any 
useful purpose at this time to arbitrarily introduce symbols through any 
proposed but non-approved standards. We feel it to be more appropriate to 
confine Fig. 2.1 to the symbols used in this Manual. These symbols are 
mostly popular usage ones, and conform to existing and most probable 
future standards as much as possible. The symbols are circuit-oriented. The 
V-I characteristic of a device in a four-quadrant representation relates the 
graphical symbol to its basic terminal electrical characteristic of interest to 
the circuit engineer rather than to its semiconductor device geometry. 

2.2 SCR TERMINOLOGY 

The following tabulation defines the terminology used in SCR specifica-
tions. As in the case of graphical symbols (Section 2.1) we try to conform to 
existing standards wherever possible. At the time of this writing, letter 
symbols are again under consideration by standards groups. However, in 
view of existing industry specification sheets this Manual uses the currently 
accepted letter symbols from the proposed IEEE Standards on Solid State 
Devices (4/16/63). 

2.2.1 SCR Ratings 

A rating is a limiting condition or capability (either maximum or mini-
mum) established for the device within which the device will perform in 
accordance with its design objectives. 
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NAME OF SEMICONDUCTOR DEVICE 
GRAPHICAL SYMBOLS 
USED IN THIS 
MANUAL 

MAIN TERMINAL 
V — I 

CHARACTERISTIC 

DIODES 

RECTIFIER DIODE 

A 

 o 

BREAKDOWN (ZENER AND AVALANCHE) 
DIODE 

a) UNI DIRECTIONAL 

PREFERRED: 
A 

ALTERNATE: 

A 

b) BIDIRECTIONAL (ALSO USED FOR 
THYRECTOR SELENIUM A C VOLTAGE 
SUPPRESSOR) 

TUNNEL DIODE 

PREFERRED: 

po 

ALTERNATE: 

PREFERRED: 

o  
A 

o 

ALTERNATE: 
c„)4)st o< 

IA 

VA+ 

IA 

VA + 

TRANSISTORS  

p —n — p 

n — p — n 

UNIJUNCTION (n —BASE) 

TRIGGER DIAC 

E 

oo 

oo 

B2 BI 

VC _ 

IB 

r13" —IC 

Ign > 1B1 

+IC I g 

IBI 

VC+  

IE 

 o 

V 

FIGURE 2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS 
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TH YR I STORS 
I 

L.. DIAC (BIDIRECTIONAL DIODE THYRISTOR ) o 

A K 

1 V 

IA 1 

L - , SUS (SILICON UNILATERAL SWITCH) I VA + 

SBS (SILICON BILATERAL SWITCH ) 

A2 
p 

A1 
I 

V 

G 

LAS (LIGHT ACTIVATED SWITCH) 
LIGHT ACTIVATED REVERSE BLOCKING 
DIODE THYRISTOR 

* 
A \>e K 

o 

I. 1.. 

o r--- vA, 
LASCR 
(LIGHT ACTIVATED SEMICONDUCTOR 
CONTROLLED RECTIFIER) LIGHT 
ACTIVATED REVERSE BLOCKING 
TRIODE THYRISTOR 

. 
\> 

A K IA L 
1 VA + 

I_ TRI AC (BIDIRECTIONAL TRIODE 
T HY R ISTO R ) 

T2 1-1 

.-.-1 V 

SCR (SEMICONDUCTOR CONTROLLED 
RECTI FIER) REVERSE BLOCKING 
TRIODE THYRISTOR 

A K 
IA i 

L__ 
T VA+ 

GA 
A K 

IA [ 

SCS ( SILICON CONTROLLED SWITCH); 
REVERSE BLOCKING TETRODE 
THYRISTOR 

GK 

VA+ 

LASCS 
(LIGHT ACTIVATED SILICON CONTROLLED 
SWITCH); LIGHT ACTIVATED REVERSE 

TETRODE THYRISTOR.   

* ,,, ....1,... 

A K 

.,,BLOCKING 

IA 

VA+ 

0 

GK 

A = ANODE E = EMITTER 

B = BASE G = GATE 

C = COLLECTOR K = CATHODE 

NOTE: CIRCLES AROUND GRAPHICAL SYMBOLS ARE OPTIONAL EXCEPT 
WHERE SHOWN -X. IN THESE CASES CIRCLE DENOTES AN 

ENVELOPE THAT EITHER ENCLOSES A NON-ACCESSIBLE TERMINAL 
OR TIES A DESIGNATOR INTO SYMBOL. 

FIGURE 2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS 
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TERMINOLOGY SYMBOL DEFINITION 

Repetitive Peak Vitom(reP) Maximum allowable instantaneous 
Reverse Voltage value of repetitive reverse (nega-
gate open tive) voltage that may be applied 

to the reverse blocking thyristor 
anode terminal with gate terminal 
open. While this value of voltage 
does not necessarily represent a 
"breakdown" voltage, it should 
never be exceeded except by the 
transient rating if the device has 
such a rating. General Electric 
reverse blocking thyristor's are ca-
pable of handling this voltage satis-
factorily with negative gate voltage 
also. 

Non-Repetitive VRom(non-rep) Maximum allowable instantaneous 
Peak Reverse value of reverse (negative) voltage 
Voltage, gate open including all non-repetitive transient 

voltages, but excluding all repeti-
tive transient voltages, that may 
be applied to the reverse blocking 
thyristor anode terminal with gate 
terminal open. General Electric re-
verse blocking thyristors are capa-
ble of handling this voltage satis-
factorily with negative gate voltage 
also. 

Peak Forward VFOM Maximum instantaneous value of 
Blocking Voltage, forward blocking voltage (anode 
gate open terminal positive) including tran-

sient voltages permitted by the man-
ufacturer under stated conditions 
and which will not switch the 
reverse blocking thyristor to the on-
state. 

Peak Forward PFV Maximum instantaneous value of 
Voltage forward voltage permitted by the 

manufacturer under stated condi-
tions and which may cause the 
reverse blocking thyristor to switch 
to the on-state. If anode breakover 
occurs at a voltage lower than the 
PFV, no damage to the reverse 
blocking thyristor will occur. 

Average Forward IF(Av) Maximum continuous DC current 
Current, On-State which may be permitted to flow in 

the forward direction (from anode 
to cathode) under stated conditions 
of frequency, temperature, reverse 
voltage, and current waveform. 
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2.2.2 SCR Characteristics 

A characteristic is a measurable device 
the performance of the device. 

TERMINOLOGY 

Forward Break-
over Voltage 

SYMBOL 

V(BR)F. 

Instantaneous iF 
Forward Current, 
On-State 

Instantaneous 
On-Voltage 
(Forward Voltage 
Drop) 

Full Cycle 
Average On-
Voltage (Forward 
Voltage Drop) 

Instantaneous 
Forward Gate 
Current 

Instantaneous 
Forward Gate 
Voltage 

DC Gate Trigger 
Current 

DC Gate Trigger 
Voltage 

Effective 
Irradiance to 
Trigger 

VF 

VF(Av) 

iGF 

VGF 

IGT 

VGT 

HET 

parameter given to describe 

DEFINITION 

Maximum positive voltage on the 
anode terminal with respect to the 
cathode terminal for which the 
small-signal resistance is zero with 
stated gate termination. This is also 
the voltage at which a thyristor 
switches into the conductive state. 

Instantaneous value of anode cur-
rent flowing into the thyristor in 
the conducting state. 

Instantaneous voltage drop between 
anode and cathode terminals dur-
ing conduction of current from 
anode to cathode terminals while 
the device is in the on-state. 

On-voltage averaged over one com-
plete cycle with stated forward cur-
rent flowing in a 60 Hertz single 
phase half wave rectifier with re-
sistive load and no circuit trigger-
ing angle delay. 

Instantaneous current flowing be-
tween gate and cathode terminals 
in a direction to forward bias the 
gate junction. 

Instantaneous forward voltage be-
tween gate and cathode terminals 
with anode terminal open. 

Forward gate current required to 
trigger a thyristor at stated tem-
perature conditions. 

Gate voltage with IGT flowing but 
prior to start of anode conduction. 

The amount of incident radiant flux 
density which is effective in caus-
ing a light activated device to 
switch to the conducting state. 
This is the integral of the product 
of the spectral response curve of 
the cell and the spectral distribu-
tion of the energy source, expressed 
in watts per square centimeter, 
which causes the device to switch. 
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TERMINOLOGY 

RMS Forward 
Current, On-State 

Peak One-Cycle 
Surge Forward 
Current 

I squared t 

Peak Reverse 
Gate Voltage 

Peak Gate Power 
Dissipation 

Average Gate 
Power Dissipation 

SYMBOL 

Io 

IFm(surge) 

I2t 

DEFINITION 

IF (AV) under specific condition of 
half-wave rectified sine-wave cur-
rent, 180° conduction angle. 

Maximum continuous RMS current 
which may be allowed to flow in 
the forward direction under stated 
conditions. "Average forward cur-
rent" rating above applies simul-
taneously. 

Maximum allowable non-recurrent 
peak current of a single forward 
cycle (8.3 milliseconds duration) in 
a 60-cps single-phase resistive load 
system. The surge may be preceded 
and followed by maximum rated 
voltage, current, and junction tem-
perature conditions, and maximum 
allowable gate power may be con-
currently dissipated. However, 
specified limitations on anode cur-
rent during switching should not 
be exceeded. 

This is a measure of maximum for-
ward non-recurring overcurrent ca-
pability for very short pulse dura-
tions (8.3 milliseconds or less, un-
less otherwise specified). I is in 
RMS amperes, and t is pulse dura-
tion in seconds. The same condi-
tions as listed above for 'pm (surge) 
apply. 

Maximum allowable peak reverse 
voltage between the gate terminal 
and the cathode terminal. 

Maximum instantaneous value of 
gate power dissipation. 

Maximum allowable value of gate 
power dissipation averaged over a 
full cycle. 
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TERMINOLOGY 

Holding Current 

Latching Current 

Instantaneous 
Forward Blocking 
Current 

Instantaneous 
Reverse Blocking 
Current 

SYMBOL 

IL • 

ip. 

¡R. 

DEFINITION 

Value of iF below which thyristor 
returns to forward blocking state 
after having been in forward con-
duction under stated temperature 
and gate termination conditions. 

Value of minimum anode current 
in order for thyristor to switch to 
the on-state, and to remain in the 
on-state after removal of the gate 
trigger pulse under specified con-
dition. 

Instantaneous anode current at 
stated conditions of forward block-
ing voltage, junction temperature, 
and gate termination. 

Instantaneous anode current at 
stated conditions of negative anode 
voltage, junction temperature, and 
gate termination. 

Delay Time td Time interval between the time the 
gate current pulse reaches 10% of 
its final value and the time when 
the resulting forward current 
reaches 10% of its maximum value 
during switching from the off-state 
to the on-state into a resistive load 
under stated conditions. 

Rise Time t,. Time interval between the time the 
forward current reaches 10% of its 
maximum value and the time the 
forward current reaches 90% of its 
maximum value during switching 
from the off-state to the on-state 
into a resistive load under stated 
conditions. 

Turn-On Time 

Turn-Off Time 

ton 

tort 

Sum of delay time and rise time. 

The time interval between zero 
current and the time of reapplica-
tion of positive forward blocking 
voltage under specified conditions 
with the device remaining in the 
off-state after having been in the 
on-state. 
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Reverse 
Recovery 
Time 

Thermal 
Resistance 

Transient 
Thermal 
Impedance 

Junction 
Temperature 

Case Temperature 

Ambient 
Temperature 

Storage 
Temperature 

SYMBOL 

T„ 

o 

Tj 

Te 

TA 

Ting 

DEFINITION 

The time interval between zero cur-
rent and the time at which the 
reverse current through the device 
has reached a specified value 
(usually 10% of the peak reverse 
recovery current) under specified 
conditions after having been in the 
on-state. 

Temperature rise per unit power 
dissipation of a designated point 
above the temperature of a stated 
external reference point under con-
ditions of thermal equilibrium. 

Temperature rise per unit power 
dissipation of junction above stated 
reference point for specified period 
of time after application of step 
increase of junction power dissipa-
tion with device case or ambient 
temperature held constant. 

Virtual junction temperature. 

Case Temperature. 

Ambient temperature. 

Storage temperature. 

NOTE: Symbol to be used where asterisk (*) is shown in above tables: 
O = Gate terminal is open-circuited or device has no gate terminal. 
S = Gate terminal is short-circuited to the terminal of the adjacent 

region. 
R = Gate terminal is returned to the terminal of the adjacent region 

through a stated resistance. 
V = Gate terminal is biased with respect to the adjacent region at 

stated voltage. 
X = Termination unspecified. 
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3 RATINGS AND CHARACTERISTICS OF THYRISTORS 

The family of thyristor devices has in common a switching capability in 
one or two quadrants of its V-I characteristics. Thyristor devices used as 
power switches have in common the necessity for proper design and specifi-
cation of their heat dissipation and heat transfer properties. Furthermore, 
thyristors are switched into the on-state either by applying a triggering signal 
to their gate or by increasing forward voltage until it exceeds the forward 
breakover voltage characteristic. These and other common properties of thy-
ristor devices allow a uniform approach to thyristor characterization which 
need differ only in detail when applied to a specific thyristor device like, for 
example, an SCR or a triac. 

In the following sections of this chapter the discussion is largely in 
terms of SCR's. Most of this material is applicable, however, to other thy-
ristor devices. Specialized characterization information is presented in Chap-
ter 7 for triacs and in Chapter 13 for light-activated thyristors. 

3.1 JUNCTION TEMPERATURE 

The operating junction temperature range of thyristors varies for the 
individual types. A low temperature limit may be required to limit stress in 
the silicon crystal to safe values. This type of stress is due to the difference in 
the thermal coefficients of expansion of the materials used in fabricating the 
cell subassembly. The upper operating temperature limit is imposed because 
of the temperature dependence of the forward breakover voltage and be-
cause of thermal stability considerations. The upper storage temperature 
limit in some cases may be higher than the operating limit. It is selected to 
achieve optimum reliability and stability of characteristics with time. 

The rated maximum operating junction temperature can be used to de-
termine steady-state and recurrent overload capability for a given heatsink 
system and maximum ambient temperature. Conversely, the required heat-
sink system may be determined for a given loading of the semiconductor 
device by means of the classic thermal impedance approach presented in 
Sections 3.3 and 3.4. 

Transiently the device may actually operate beyond its specified maxi-
mum operating junction temperature and still be applied within its ratings. 
An example of this type of operation occurs within the specified forward non-
recurrent surge current rating. Another example is the local temperature rise 
of the junction due to the switching dissipation during the turn-on of a 
thyristor under some conditions. It is impractical at this time to establish 
temperature limits for these types of operating stresses from both a rating as 
well as an applications point of view. Therefore, such higher-than-rated tem-
perature operation must remain implicit in other ratings established for the 
device. 
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3.2 POWER DISSIPATION 

The power generated in the junction region in typical thyristor opera-
tion consists of the following five components of dissipation: 

a. Turn-on switching 
b. Conduction 
c. Turn-off or Commutation 
d. Blocking 
e. Triggering 

Forward conduction losses are the major source of junction heating for 
normal duty cycles and power frequencies. However, for very steep (high 
di/dt) current waveforms or high operating frequencies turn-on switching 
losses may become the limiting consideration. Such cases are discussed in 
Sections 3.7 and 3.8. 
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FIGURE 3.1 AVERAGE FORWARD POWER DISSIPATION FOR C35 SERIES SCR 
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Figure 3.1 gives forward conduction loss in average watts for the C35 
SCR as a function of average current in amperes for various conduction 
angles for operation up to 400 Hz. This type of information is given on the 
specification sheet for each type of SCR. These curves are based on a current 
waveform which is the remainder of a half-sine wave which results when 
delayed angle triggering is used in a single phase resistive load circuit. They 
are conservative for rectangular current waveforms with the same average 
value and conduction angle. These power curves are the integrated product 
of the instantaneous anode current and forward voltage drop. This integra-
tion can be performed graphically or analytically for conduction angles other 
than those listed, using the forward voltage-current characteristic curves for 
the specific device. 
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Both the forward and reverse blocking losses are determined by inte-
gration of the appropriate blocking E-I curves on the specification sheet. 

Gate losses are negligible for pulse types of triggering signals. Losses 
may become more significant for gate signals with a high duty cycle, or for 
SCR's in a TO-5 or smaller package. The losses may be calculated from the 
gate E-I curves shown on the triggering characteristics for the specific type 
of SCR. Highest gate dissipation will occur for an SCR whose gate charac-
teristics intersect the gate circuit load line at its midpoint. For a more de-
tailed discussion of the gate characteristic and its load line, see Chapter 4. 

Turn-on switching ratings are discussed in Section 3.8. Turn-off is dis-
cussed in Chapter 5. 

3.3 THERMAL RESISTANCE 

The heat developed at the junctions by the foregoing power losses flows 
into the case and thence to the heatsink. The junction temperature rises 
above the stud, or case, temperature in direct proportion to the amount of 
heat flowing from the junction and the thermal resistance of the device to the 
flow of heat. The following equation defines the relationship under steady-
state conditions: 

Tj — Tc = PO (3.1) 
where TT = average junction temperature, °C 

Tc = case temperature, °C 
P = average heat generation at junction, watts 
O = steady-state thermal resistance between junctions and 

bottom face of hex or case, °C/watt 

Equation 3.1 can be used to determine the allowable power dissipation 
and thus the continuous pure DC forward current rating of an SCR for a 
given case temperature through use of the forward E-I curves. For this pur-
pose, Tj is the maximum allowable junction temperature for the specific 
device. The maximum values of O and Tj are given in the specifications. 

3.4 TRANSIENT THERMAL IMPEDANCE 

Equation 3.1 is not satisfactory for finding the peak junction tempera-
ture when the heat is applied in pulses such as the recurrent conduction 
periods in an AC circuit. Solution of Equation 3.1 using the peak value of P 
is over-conservative in limiting the junction temperature rise. On the other 
hand, using the average value of P over a full cycle will underestimate the 
peak temperature of the junction. The reason for this discrepancy lies in the 
thermal capacity of the semiconductor, that is, its characteristic of requiring 
time to heat up, its ability to store heat, and its cooling before the next pulse. 

Compared to other electrical components such as transformers and mo-
tors, semiconductors have a relatively low thermal capacity, particularly in 
the immediate vicinity of the junction. As a result, devices like the SCR heat 
up very quickly upon application of load, and the temperature of the junction 
may fluctuate during the course of a cycle of power frequency. Yet, for very 
short overloads this relatively low thermal capacity may be significant in 
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arresting the rapid rise of junction temperature. In addition, the heatsink to 
which the semiconductor is attached may have a thermal constant of many 
minutes. Both of these effects can be used to good advantage in securing 
attractive intermittent and pulse ratings sometimes well in excess of the pub-
lished continuous DC ratings for a device. 

The thermal circuit of the SCR can be simplified to that shown in Fig-
ure 3.2. This is an equivalent network emanating in one direction from the 
junctions and with the total heat losses being introduced at the junctidns 
only. This simplification is valid for current amplitudes at which I2R losses 
are small in comparison with the junction losses. In Figure 3.2 the ambient 
is the reference level. If a small stud type device is mounted to an infinite 
heatsink, the heatsink temperature can be used as a reference. However, 
with larger devices, the case to heatsink thermal resistance is relatively large 
compared to the junction-case thermal resistance. In such cases the case or 
hex temperature should be used as a reference. 

When a step pulse of heating power P is introduced at the junctions of 
the SCR (and of the thermal circuit) as shown in Figure 3.3A, the junction 
temperature will rise at a rate dependent upon the response of the thermal 
network. This is represented by the curve Theat in Figure 3.3B. After some 
sufficiently long time t,, the junction temperature will stabilize at a point 
PT = PO above the ambient (or case) temperature. This is the steady-state 
value which is given by Equation 3.1. 0 is the sum of R, through R„ in the 
equivalent thermal circuit of Figure 3.2. 

TOTAL HEAT 

JUNCTION 

C, 

AMBIENT 
- 

FIGURE 3.2 SIMPLIFIED EQUIVALENT THERMAL CIRCUIT FOR A POWER SEMI-
CONDUCTOR. 

R1 Ra Ry Ro Ra 
:9—W I31—W 7 W cr.—R-1\"":14 ,r— c. t , R. 

. . I  

If the power input is terminated at time t2 after the junction tempera-
ture has stabilized, the junction temperature will return to ambient along the 
locus indicated by Teom in Figure 3.3B. It can be shown that curves Theat 

and T, are conjugates of one another,' that is, 

Tc„„1 = ,c,T — Theat = PO — Theat (3.2) 

By dividing the instantaneous temperature rise of curve Theat in Figure 
3.3B by the power P causing the rise, the dimensions of the ordinate can be 
converted from *C to °C/watt. This latter set of dimensions is that of ther-
mal resistance, or as it is more precisely termed: the transient thermal im-
pedance 0(t). Figure 3.4 shows a plot of transient thermal impedance for the 
C35 SCR both when mounted to an infinite heatsink and to a four-inch 
square copper fin. 

Transient thermal impedance information for a device can be obtained 
by monitoring junction temperature at the end of a well-defined power pulse 
or after a known steady-state load has been removed. Junction temperature 
is measured by use of one of the temperature-sensitive junction characteris-
tics such as forward voltage drop at low currents. Conversion of heating 
data to cooling data, or vice versa, can be accomplished through the use of 
Equation 3.2. 
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FIGURE 3.4 TRANSIENT THERMAL IMPEDANCE OF C35 SCR 

In order to be able to use the transient thermal impedance curve with 
confidence in equipment designs, the curve represents the highest values of 
thermal impedance for each time interval that can be expected from the 
manufacturing distribution of the products. An additional slight safety factor 
is included to provide conservative application under all types of repetitive 
pulse loads. 

The transient thermal impedance curve approaches asymptotic values 
at both the long time and short time extremes. For very long time intervals 
the transient thermal impedance approaches the steady-state thermal re-
sistance O. 
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For times less than 1 millisecond the value at 1 millisecond may be ex-
trapolated by 1/Vt. This is based on assuming that the time of interest is 
sufficiently small so that all heat generated at the semiconductor junction 
may be considered to flow by one-dimensional diffusion within the silicon 
pellet. For times small compared to the thermal time constant of the path 
junction-to-face of the silicon pellet this assumption is valid. For extremely 
short times, however, during which current density, and hence heating, is 
non-uniform thermal resistance is not a valid approach. 

For example the C35 transient thermal impedance at 10 p, seconds may 

0.14 
be estimated as   014° C/W 

V10-3/10-5 

However, the extrapolated values are valid only for times after the SCR has 
turned on fully. These values should, in other words, not be used during the 
switching interval (see Section 3.8). It is, furthermore, not suggested to 
extrapolate below 10 it seconds. For maximum utilization of semiconductor 
devices in the microsecond region additional factors must be considered and 
other methods of rating and life testing must be used. 

3.5 RECURRENT AND NON-RECURRENT CURRENT RATINGS 

3.5.1 Introduction 

The discussion under all parts of this section and Section 3.6 applies to 
the conventional rating system presently used for thyristors when turn-on 
switching dissipation is negligible. Turn-on switching characterization is dis-
cussed in Section 3.7; current ratings for high frequency operation which 
cannot neglect turn-on switching losses are discussed in Section 3.8. 

When a semiconductor device is applied in such a manner that its maxi-
mum allowable peak junction temperature is not exceeded the device is 
applied on a recurrent basis. Any condition that is a normal and repeated 
part of the application or equipment in which the semiconductor device is 
used must meet this condition if the device is to be applied on a recurrent 
basis. Section 3.6 gives methods of checking peak junction temperature. 
These enable the designer to properly apply the device on a recurrent duty 
basis. 

A class of ratings that makes the SCR and the triac truly power semi-
conductors are the non-recurrent current ratings. These ratings allow the 
maximum (recurrent) operating junction temperature of the device to be ex-
ceeded for a brief instant. This gives the device an instantaneous overcurrent 
capability allowing it to be coordinated with circuit protective devices. The 
specification bulletin gives these ratings in terms of surge current and I2t. 
These ratings, then, should only be used to accommodate unusual circuit 
conditions not normally a part of the application, such as fault currents. Non-
recurrent ratings are understood to apply to load conditions that will not 
occur more than a limited number of times in the course of the operating life 
of the equipment in which the SCR is finding application. Also, non-recurrent 
ratings are understood to apply only when they are not repeated before the 
peak junction temperature has returned to its maximum rated value or less. 
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3.5.2 Average Current Rating (Recurrent) 

Average current rating versus case temperature is shown in the specifi-
cation sheet as for the C35 series SCR in Figure 3.5. These curves specify 
the maximum allowable average anode current ratings of the SCR as a func-
tion of case temperature and conduction angle. Points on these curves are 
selected so that the junction temperature under the slated conditions does 
not exceed the maximum allowable value. The maximum rated junction tem-
perature of the C35 SCR is 125°C. 

The curves of Figure 3.5 include the effects of the small contribution to 
total dissipation by reverse blocking, gate drive, and switching up to 400 Hz. 
For devices which are lead mounted or housed in small packages, like the 
TO-5 or TO-18, the forward current rating may be substantially affected by 
gate drive dissipation. Where this becomes important it is so indicated on 
the specification sheet. 
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FIGURE 3.5 MAXIMUM AVERAGE CURRENT RATINGS FOR C35 SERIES SCR 
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If the C35 in a single phase resistive load circuit is triggered as soon as 
its anode swings positive, the device will conduct for 180 electrical degrees. 
If the case temperature is maintained at 80°C or less, the C35 is capable of 
handling 13 amperes average current as indicated in Figure 3.5. If the trig-
gering angle is retarded by 120 degrees, the C35 will conduct for only the 
60 remaining degrees of the half cycle. Under these conditions, the maximum 
rated average current at 80°C stud temperature is 9 amperes, substantially 
less than for 180 degrees conduction angle. 

33 



SCR MANUAL 

3.5.3 RMS Current (Recurrent) 

It will be noted in Figure 3.5 that the curves for the various conduction 
waveshapes have definite end points. These points represent identical RMS 
values, and as such an RMS rating is implicit in the curves of Figure 3.5. 

For example, the C35 is rated 35 amperes DC or -35 = 22.3 amperes 
1.57 

average in a half-wave, or 180° conduction angle, circuit. The factor 1.57 is 
the form factor giving the ratio of RMS to average values for a half wave 
sinusoidal waveform. By the definition of RMS values, the RMS and average 
values are identical for a direct current. The RMS current rating, as shown 
on the specification sheet for individual SCR's, is necessary to prevent exces-
sive heating in resistive elements of the SCR, such as joints, leads, etc. 

The RMS current rating can be of importance when applying thyristors 
to high peak current, low duty cycle waveforms. Although the average value 
of the waveform may be well within the ratings, it may be that the allowable 
RMS rating is being exceeded. 

The average current values shown as phase control ratings in Figure 3.5 
for a given and fixed basic RMS device current rating are for the resistive 
current waveform shown in the figure. Since the current form factor for the 
case of resistive loading is greatest, and since inductance in the path of the 
thyristor current will reduce its form factor, the average current ratings in 
Figure 3.5 are conservative for inductive current waveforms. 

For inductive waveforms in which the thyristor current waveform is 
essentially rectangular, such as may occur in a phase-controlled rectifier oper-
ating near full output, most specification sheets show separate rating curves 
to reflect the improvement in form factor. However, such current waveforms 
are, of course, subject to the restriction of the allowable turn-on current rat-
ing of the device. 

In other cases in which the current waveform may be half-sinusoidal in 
shape but of a base width less than half a period of the supply frequency as, 
for example, with discontinuous AC line current in an AC switch application9 
at large phase retard, greater utilization of the thyristor in terms of its aver-
age current versus temperature ratings (like in Figure 3.5) can be obtained 
by taking into account the improvement of form factor due to decreasing 
load power factor (greater inductance) when applying the device within its 
RMS current rating. 

3.5.4 Arbitrary Current Waveshapes 
And Overloads (Recurrent) 

Recurrent application of arbitrary waveshapes, varying duty cycles, and 
overloads requires that the maximum peak allowable junction temperature of 
the SCR not be exceeded. Section 3.6 gives information for determining this. 
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3.5.5 Surge And Pt Ratings (Non-Recurrent) 

In the event that a type of overload or short circuit can be classified as 
non-recurrent, the rated junction temperature can be exceeded for a brief 
instant, thereby allowing additional overcurrent rating. Ratings for this type 
of non-recurrent duty are given by the Surge Current curve and by the I2t 
rating. 

Figure 3.6 shows the maximum allowable non-recurrent surge current 
at rated load conditions. Note that the junction temperature is assumed to be 
at its maximum rated value (125°C for the C35); it is therefore apparent that 
the junction temperature will exceed its rated value for a short time. 

The data shown in this curve are values of peak rectified sinusoidal 
waveforms on a 60 Hz basis in a half-wave circuit. The "one-cycle" point, 
therefore, gives an allowable non-recurrent half sine wave of 0.00834 sec-
onds' duration (half period of 60 Hz frequency) of a peak amplitude of 150 
amperes. The "20 cycle" point shows that 20 rectified half sine waves are 
permissible (separated by equal "off" times), each of an equal amplitude of 
80 amperes. 

Pt ratings apply for non-recurrent overloads shorter than one half cycle. 
For such times the SCR behaves essentially like a resistance with a fixed 
thermal capacity and negligible power dissipating means, and displays a 
current capability which can be expressed as a constant Pt, where I is the 
RMS value of current over an interval t. The Pt rating of the SCR is given 
in the specifications. This rating assumes that the SCR is already in the con-
ducting state. If the SCR is turned on into a fault, the current-time relation-
ships (di/dt) during the turn-on interval must be within the device's switch-
ing capabilities. Section 3.7 discusses turn-on switching dissipation in greater 
detail. 

Provided the above precautions are observed, fault and overcurrent pro-
tection can be approached in the same manner as for power rectifier diodes. 
Protection methods are discussed in Chapter 14. 
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maximum allowable peak operation junction temperature must not be ex-
ceeded. By knowing the dissipation of a semiconductor device and its ther-
mal response it is possible to meet this requirement by the method shown in 
Section 3.4. 

The information given on the G-E specification sheet, in conjunction 
with the proper equation in Figure 3.7, allows the designer to calculate 
power semiconductor ratings for a variety of conditions (Ref. 1). 
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3.6.2 Treatment Of Irregularly Shaped Power Pulses— 
Approximate Method 
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In the preceding section solutions for junction temperature were given 
in response to step functions of power input. In many practical applications, 
the power pulse is not of this ideal shape for computation, and appropriate 
approximations must be made to convert the actual waveshape into a rec-
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tangular form if the subsequent calculations are to be made as outlined. 
Figure 3.8A illustrates the arbitrary waveshape of a power pulse that 

re-occurs at a period of .1- seconds and has a peak value of Po, watts and a 
full-cycle average of Pa,g watts. For the purpose of calculating peak junction 
temperatures, this waveshape can be approximated by the rectangular wave-
shape of Figure 3.8B. This rectangular waveshape is selected to have the 
identical values of peak power Ppk and average power Pa„ as Figure 3.8A 
by altering the pulse duration by a constant N to maintain the peak to aver-
age relationship. N is defined as the ratio of Pavg to Ppk. 
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FIGURE 3.8 APPROXIMATING IRREGULARLY SHAPED HEATING PULSE WITH 
RECTANGULAR WAVESHAPES. 

This translation into rectangular pulses of power ensures a "worst case" 
approximation since a rectangular pulse of power will always have an effect 
on temperature rise which is equal to or greater than the effect of any other 
pulse having the same peak and average power. In other words, a rectangu-
lar power pulse will raise the junction temperature higher than any other 
waveshape with the same peak and average values since it concentrates its 
heating effects into a shorter period of time, thus minimizing cooling during 
the pulse. 

Figure 3.9A illustrates a case where a similar type of approximation can 
be used to shorten the calculations for peak junction temperature when the 
problem would otherwise be too laborious. It involves the case where a se-
quence of power pulses is periodically interrupted by a longer "off" period of 
zero power. This is typical of any repetitive or cyclical on-off type of load. 
Each burst of pulses can be represented by a single square-wave with intro-
duction of only a relatively small error. This error will always yield a junction 
temperature higher than actual, and will thus provide a conservative applica-
tion. In the equivalent waveshape shown in Figure 3.9B, the peak value of 
power Ppk is maintained the same as in Figure 3.9A. The duration of the 
equivalent rectangular waveshape is reduced to Nt, where N is defined as 
Pavg/Fpk• 
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FIGURE 3.9 APPROXIMATING BURSTS OF PULSES WITH SINGLE RECTANGULAR 
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Sample Problem: Half wave sinusoidal current flows through a C35 SCR 
at 60 Hz. The full cycle average value of this current is 10 amperes. Approxi-
mate the heating effect of a sequence of four cycles of current by a single 
rectangular wave of power. 

Solution: 

'peak =-"'avg = 10 ir = 31.4 amperes 
Vpeak 1.7 volts at 31.4 amps from published specifications 

on C35 
'peak = 'peak X Vpeak = 31.4 x 1.7 = 53.4 watts 

Full cycle average P = 16 watts at 10 amps average current from published 
specifications on C35 

4 
Pa„ over 31/2 cycles (actual duration of heating) = 16 x — = 18.3 watts 

31/2 
N =Pawg/Ppeak = 18.3/53.4 = 0.34 
t = 3.5 cycles x 1/60 cps = .0585 second 

Nt = 0.34 x .0585 = 0.020 second 

Thus the heating effect of the four cycles of current can be approximated by 
a single rectangular pulse of power with amplitude of 53.4 watts and a dura-
tion of 0.020 second. This is a conservative approximation. 

3.6.3 The Effect of Heatsink Design on the Transient 
Thermal Resistance Curve 

Since the heatsink is a major component in the heat transfer path be-
tween junction and ambient, its design affects the transient thermal imped-
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ance curve (Figure 3.4) substantially. When a semiconductor is manufactured 
and shipped to the user the manufacturer has no control over the ultimate 
heatsink and can only provide data on the heat transfer system between 
junction and case which is the part he manufactured. These type of data are 
presented in Figure 3.4 as the "Cell Mounted to Infinite Heatsink" curve. 

The equipment designer can use this curve in developing a transient 
thermal impedance curve for the cell when mounted to a particular heatsink 
of his own design by means of a few simple calculations. These calculations 
assume that the temperature throughout the heatsink is uniform even under 
transient loading, thus permitting the heatsink to be represented by a single 
time constant. This is a good assumption for fins of relatively thick cross-
section and fine effectiveness close to unity. This approach also assumes that 
the thermal capacity of the heatsink is large compared to the thermal capac-
ity of the cell. By adding the calculated (or measured) transient thermal im-
pedance of the fin to the "Infinite Heatsink" curve for the cell, the applicable 
curve can be plotted for the complete thermal system. The method can best 
be explained through an example illustrating how the second curve on Fig-
ure 3.4 (4" x 4" fin) can be calculated. 

3.6.4 Example of Calculating the Transient Thermal 
Impedance Curve For a Specific 
Heatsink Design 

Problem: A cell is mounted on a painted copper fin 1/16" thick and 4" 
on a side. The fin is subjected to free convection air conditions. Find the 
transient thermal impedance curve for a device mounted on this fin if the 
infinite heatsink curve in Figure 3.4 represents the thermal characteristics of 
the stud-mounted semiconductor. Assume that the case to fin contact resist-
ance is negligible. In cases where the case to fin thermal resistance is a sig-
nificant part of the total (as in some high power systems) this assumption 
cannot be made and the case to fin thermal resistance has to be added to the 
infinite heatsink curve. 

Solution: From fin design curves (See Chapter 17): 
II,. = .005 watt/inch2 °C 11, = .005 watt/inch2 °C 
litotal = hr + he = .010 watt/inch2 °C 

Fin thermal conductance k=hx A= .01 X 4 x 4 inches2 X 2 sides = 
0.32 watt/°C 

1 1  Fin thermal resistance Of = = = 3.1 °C/watt 
k 0.32 

175 watt-seconds  
Fin thermal capacity C = CpV — X 0.32 lb/in3 

lb °C 

56 watt-seconds 
X 4 in. X 4 in. X 1/16 in. —  

°C 

56 watt-seconds— 174 seconds Thermal RC time constant = 3.1 °C/watt x   
°C 

Equation of transient fin thermal impedance, 8(0F: 

9 (t)F = OF (1 — et/C) = 3.1 (1 — e— t/174) 
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The values of Om F are added to the infinite heatsink curve to secure the 
over-all Ow of the system as indicated in Figure 3.4. Note that this fin makes 
a negligible contribution to the over-all thermal impedance of the cell-heat-
sink system at periods of time one second or less after application of power. 
In this area the fin behaves like an infinite heatsink, that is, one of zero ther-
mal resistance. The fin-heatsink system reaches equilibrium around 1000 
seconds. Thereafter the thermal capacity is no longer effective in holding 
down the junction temperature. 

3.7 TURN-ON SWITCHING CHARACTERIZATION 
In many cases the SCR may be assumed to turn on instantaneously. 

This assumption is valid if the rate of rise of anode current (di/dt) is slow 
compared to the time required for the semiconductor junctions to reach a 
state of full forward conduction at uniform current density. 

The current ratings discussed in the preceding sections are based on 
such a condition of uniform current density. In other words, the peak junc-
tion temperature, on which the recurrent and non-recurrent current ratings 
are based, is assumed to occur uniformly across the entire junction interfaces. 

In cases where the rate of rise of anode current (di/dt) is very rapid 
compared to the spreading velocity of the turn-on process across the junc-
tions, local "hot spot" heating will occur due to high current density in those 
junction regions that have started to conduct.7 Particularly, if the SCR is 
switched from a high blocking voltage at a very large value of di/dt, turn-on 
switching dissipation in localized regions of the SCR may lead to an excessive 
temperature rise and cause device failure at a "hot spot." 

3.7.1 Definition of Rate of Rise of Anode Current (di/dt) 

A definition of di/dt for an SCR must consist of a meaningful waveform, 
test conditions, and a reproducible test circuit. The waveform shown in Fig-
ure 3.10(a) is taken at a fairly linear rate of rise and at a somewhat critically 
damped tail-off. The reason for this is: 

1. It is desirable to have the device subjected to a rate of rise of current 
that is fairly linear for a minimum amount of time tl. It has been shown that 
if the device is going to fail under a di/dt stress, it is most likely to occur in 
a time less than 1 µsecond; therefore t, was chosen to be equal to or greater 
than 1 µsecond. 

2. The form of tail-off of the current wave was chosen so that it does 
not include a significant reverse recovery interval, which, under some condi-
tions, could impose an additional stress on the device thus obscuring the 
primary phenomenon with which the test is concerned, namely, di/dt. 

This circuit lends itself to both the establishing of di/dt ratings by test 
to failure; or the circuit can be employed for go-no go testing in the verifica-
tion of established ratings. 
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FIGURE 3.10 01/DT TEST CIRCUIT 

3.7.2 Turn-On Current Limit 

A useful way to show the amount of anode current into which an SCR 
may switch in a given amount of time is in a presentation like that shown for 
the C35 type SCR in Figure 3.11. The curves, given for various forward 
blocking voltages from which the device is switched to the on-state, are valid 
up to 400 Hz. 
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As an illustration in the use of these curves a half-sinusoidal current 
waveform of 10 microseconds pulse width switched from 400 volts is drawn 
on Figure 3.11. It shows that a sinusoidal current of 100 amps peak can be 
accommodated. If initial linear rate of rise of anode current is required for a 
specified period of time, values may be read directly from Figure 3.11. It 
must be borne in mind that specified gate drive as well as other test condi-
tions must apply when using these curves. 

i 

1P/2 

FIGURE 3.12 DEFINITION OF TURN•ON VOLTAGE 

3.7.3 Turn-On Voltage 

A convenient indirect relative measure of an SCR's di/dt performance 
is the value of its turn-on voltage characteristic at a given current and time 
and under specified test conditions. Figure 3.12 shows a frequently used 
sinusoidal anode test current waveform iA and the simultaneous fall of SCR 
anode to cathode voltage vp; turn-on voltage VT0N is defined as the value of 
voltage at the time of peak current Im. Common values used for current pulse 
width tp are 10 microseconds, peak current 150 A, with typical values of 
VT0N in the range of 3 to 30 volts. 

The significance of VToN lies in the fact that it is a measure of the cur-
rent density in the device at the time it is measured. A lower voltage drop 
indicates a greater amount of active device area turned on, and thus better 
turn-on switching, or di/dt, performance. Relative tests of this nature can be 
conducted in the test circuit shown in Figure 19.10. 

3.8 HIGH FREQUENCY CURRENT RATINGS 

As the frequency of switching is increased the contribution of the per 
cycle turn-on switching loss integrated over the period of one cycle of opera-
tion becomes an increasingly significant part of the total average power dis-
sipation of the thyristor. In order to properly apply the device under this 
condition switching losses must be taken into account. Figure 3.13 shows 
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current ratings for the C140/C141 type SCR in a rating system designed 
especially for high frequency applications of SCR's. The figure shows peak 
allowable current versus pulse width for a half-sinusoidal current waveform 
(with variable duty cycles) over a repetition rate range of 10 to 25000 Hz at 
a constant case temperature and for a constant minimum circuit turn-off time 
and specified gate drive. 
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Average power dissipation can be obtained from Figure 3.14. For a 
given peak current and pulse width a value of energy per pulse is read from 
the figure. This value, when multiplied by repetition rate, yields the average 

43 



SCR MANUAL 

power which must be dissipated by the heatsinlcing system. The specification 
sheets for high frequency SCR's like the C140 give more detail on the use of 
this rating system and show application examples. 

3.9 SATURABLE REACTOR FOR INCREASING 
TURN-ON SWITCHING CAPABILITY 

A saturable reactor in series with the SCR during its turn-on switching 
interval will greatly reduce switching dissipation in the SCR.8 When the 
SCR is triggered on, the amount of current that will flow during the turn-on 
interval is limited to the magnetizing current of the reactor. The reactor is 
designed to go into magnetic saturation sometime after the SCR has been 
triggered. The delay time is employed to bring operation of the SCR within 
its turn-on current limit capability. Sufficient SCR active area is then avail-
able to assume full load current at minimum dissipation. Since the load cur-
rent is delayed, the output of the SCR-reactor combination is delayed rela-
tive to the SCR trigger signal. Realistic pulse repetition rates are achievable 
by this technique, notably in many pulse modulator applications. 

The delay time t of the saturable reactor is given by the time to saturate 

NA AB 
=  E  (seconds), where (3.3) 

N = number of turns 

A = cross sectional area of core in square centimeters 

= total flux density change in Gauss 

E = maximum circuit voltage being switched in volts 

The current required at the time of saturable reactor switching I. should 
be made small compared to the peak load current being switched. It is: 

H. 1.  
(amperes), where (3.4) 

11,, = magnetizing force required for core flux to reach saturation 
flux density Ba in Oersteds (1 Oersted = 2.021 ampere-
turns/inch) 

1. = mean length of core in centimeters 

N = number of turns 
Provision must be made to properly reset the core before the next cur-

rent pulse. Depending on the details of the circuit, reset may be accomplished 
by the resonant reversal of current (reverse recovery current) or by auxiliary 
means. 

3.10 VOLTAGE RATINGS 

The voltage ratings of SCR's are designated by the suffix letter in the 
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model number of the device (e.g., C35B) or by its JEDEC number. The des-
ignation is translated in the specifications and defines the continuous ratings 
and characteristics of thyristors peak voltage which the device will withstand 
in both the forward and reverse directions without breaking down. It is ap-
plicable to any junction temperature within the specified operating range. 
This symmetry of forward and reverse voltage ratings is characteristic of all 
standard SCR's today. The following discusses each voltage rating in more 
detail. 

3.10.1 Reverse Voltage (V ROM(rep) ) and (V Romcnori,e0) 

In the reverse direction (anode negative with respect to cathode), the 
SCR behaves like a conventional rectifier diode. General Electric assigns two 
types of reverse voltage ratings: repetitive peak reverse voltage with gate 
open, Von(rep) (formerly designated by "repetitive PRV"); and non-repeti-
tive peak reverse voltage with gate open, VRom(non-rep) (formerly designated 
by "non-repetitive PRV"). 

If these ratings are substantially exceeded, the device will go into break-
down and may destroy itself. Where transient reverse voltages are excessive, 
additional Vmom margin may be built into the circuit by inserting a rectifier 
diode of equivalent current rating in series with the controlled rectifier to 
assist it in handling reverse voltage. For a detailed discussion on voltage 
transients, see Chapter 15; for series operation, see Chapter 6. 

A specified minimum heatsink is required for a device to meet its maxi-
mum VRom(rep) rating. The reverse stability criterion of a semiconductor 
rectifier requires that the total junction-to-ambient thermal resistance be kept 
below a critical maximum value.2 The size of the required minimum heatsink 
for dissipating the blocking losses is always very small (high thermal resist-
ance) compared to the heatsink normally applied to the device in order to 
achieve its full current output rating. 

3.10.2 Peak Forward Blocking Voltage (V Fxm) 

The peak forward blocking voltage VFxm is given on the specification 
bulletin at maximum allowable junction temperature (worst case) with a 
specified gate bias condition. The larger SCR's are specified for a peak for-
ward blocking voltage rating with the gate open, VF0m; smaller SCR's are 
usually characterized for a peak forward blocking voltage with a specified 
gate-to-cathode bias resistor. The SCR will remain in the off-state if its peak 
forward voltage rating is not exceeded. 

3.10.3 Peak Forward Voltage (PFV) 

An SCR can be turned on in the absence of gate drive by exceeding its 
forward breakover voltage characteristic V(mR)Fx at the prevailing tempera-
ture conditions. Although SCR's, in contrast to diode thyristors, are designed 
to be brought into conduction by means of driving the gate, breakover in 
the forward direction is generally not damaging provided the allowable di/dt 
under this condition is not exceeded. 
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Some SCR's are assigned a PFV rating. This rating is usually at or above 
the VFxm rating. Forward voltage which causes the device to switch from a 
voltage in excess of its PFV rating may cause occasional degradation or 
eventual failure. Figure 3.15 illustrates the relationship between PFV and 
peak forward blocking voltage rating VFxm. 

SIGNIFICANCE OF VFxm AND PFV 

PFV 

VFXM 
SCR WILL NOT 

TURN ON UNLESS 
GATE TRIGGERED. 

SCR MAY TURN ON, 
BUT 

NO DAMAGE TO 
SCR IF di/dl 
IS KEPT WITHIN 
DEVICE CAPABIUTY 

SCR MAY TURN ON 
AND 

SCR II BE DAMAGED. 

FIGURE 3.15 SIGNIFICANCE OF Vrxm AND PFV RATINGS 

The PFV rating is often of practical importance when SCR's are tested 
for their actual breakover voltage characteristic V(mm)Fx at room tempera-
ture; often a unit will have a V(BR) FX beyond its PFV rating at temperatures 
lower than maximum rated junction temperature. A proper test for V(BR)FX 
under these circumstances would be to conduct it at elevated temperature 
provided that V(mm)Fx is lower than PFV. 

In applications where the PFV rating of an SCR may be exceeded it is 
suggested that a network be connected anode to gate so that the device will 
trigger by gate drive rather than by forward breakover. A zener diode may 
be used to effect gate triggering at a predetermined level, or a Thyrector 
diode may be used to obtain a similar action. 

3.11 RATE OF RISE OF FORWARD VOLTAGE (dv/dt) 
A high rate of rise of forward (anode-to-cathode) voltage may cause an 

SCR to switch into the "on" or low impedance forward conducting state. In 
the interest of circuit reliability it is, therefore, of practical importance to 
characterize the device with respect to its dv/dt withstand capability. 

General Electric SCR's are characterized with respect to dv/dt with-
stand capability in two contexts: 
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1. The so-called static dv/dt withstand capability. This specification 
covers the case of initially energizing the circuit or operating the de-
vice from an anode voltage source which has superposed fast rise-
time transients. Such transients may arise from the operation of 
circuit switching devices or result from other SCR's operating in ad-
jacent circuits. Interference and interaction phenomena of this type 
are discussed further in Chapter 16. 

2. The maximum allowable rate of reapplication of forward blocking 
voltage, while the SCR is regaining its rated forward blocking voltage 
VFxrir, following the device's turn-off time toff under stated circuit 
and temperature conditions. In this context dv/dt is an important 
part of the overall SCR turn-off time characterization. This type of 
dv/dt specification is covered in more detail in Chapter 5. 

Figure 3.17 shows the typical static dv/dt withstand capability of the 
General Electric C38 type medium current SCR as a function of temperature 
with its gate open. The rate of rise of anode voltage shown on the ordinate 
is the slope of a straight line starting at zero anode voltage and extending 
through the one time constant (r) point on an exponentially rising voltage. 
The upper right hand portion of Figure 3.17 illustrates this definition. 
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FIGURE 3.17 RATE OF RISE (dv/dt) OF FORWARD VOLTAGE THAT WILL NOT 
TURN ON C38 SCR. 

The definition used in Figure 3.17 is the one that has come into standard 
industry usage. Some specification sheets give the time constant r under 
specified conditions rather than a curve like Figure 3.17. 

It will be noted that 

T = 
dv/dt 

0.632 x Rated SCR Voltage (VFxrd)  (3.5) 

The initial dv/dt withstand capability will be recognized as being greater 
than the value defined in Figure 3.17. In terms of specified minimum time 
constant it is 
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dv/dt Rated SCR Voltage (VFxm)  
(3.6) 

t = 0 -F 

In terms of specified maximum dv/dt capability, the allowable initial dv/dt 
withstand capability is 

1  
dv/dt =0.632 dv/dt = 1.58 dv/dt (3.7) 

I t = + 

The shaded area shown in the insert of Figure 3.17 represents the area 
of dv/dt values that will not trigger the SCR. These data enable the circuit 
designer to tailor his circuitry in such a manner that reliable circuit operation 
is assured. 

Since a high circuit-imposed dv/dt effectively reduces V(BR)FX (the 
actual anode voltage at which the particular device being observed switches 
into the on state) under given temperature conditions, a higher voltage classi-
fication unit will allow a higher rate of rise of forward voltage for a given 
peak circuit voltage. As an illustration of this, consider a C38B (VFom = 200 
volts) at T.1 = 130°C operating under a peak circuit voltage of E = 150 

volts' 50 x 100 = 75% of rated voltage. Figure 3.17 shows that we may 
200 

apply a dv/dt = 120 volts/microsecond to the one time constant (r) point 
of an exponentially rising voltage. In our example, by Equation 3.5, r = 

.632 X 200  — 1.06 microseconds. Accordingly,120  the time in which the anode 

of the C38B may reach 150 volts, or 75% of rated voltage, is, from Figure 
3.17, ti = 1.5 = 1.5 x 1.06 1.6 microseconds. 

Had we selected a C38D type (VFom =,400 volts) under the same conditions 
400 

we find, using the ratio of rated voltages in Equation 3.5, that 72 = —200 

= = 2 x 1.06 = 2.12 microseconds to reach 63.2% of 400 or 374 volts. 
150 

Since, in our example, we need to reach only 150 volts, or — = 38.6% of the 
400 

rated C38D VF0m, we see from the insert of Figure 3.17, that t2 0.5 T2 = 
0.5 (2.12) = 1.06 microseconds. 

By selecting a 400 volt device the time to reach the operating circuit 

voltage can, in this example, be reduced to t2 — = 1.06 — (100) 67%. 
1.6 

Reverse biasing of the gate with respect to the cathode may increase 
dv/dt withstand capability beyond that shown in Figure 3.17. The reader is 
referred to Chapter 4 for further discussion. 

The circuit shown in Figure 3.18 can be used to suppress excessive rate 
of rise of anode voltage. The time constant of the load resistance RL in ohms 
and capacitor C in microfarads should be selected so that 

T RL C (microseconds), where (3.8) 
T = minimum time constant of exponential forward voltage rise 

specified for SCR. 
SCR discharges C via Rd. Rd should be selected on the basis of limiting 
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E , 
the peak capacitor discharge current —Rd auring the SCR turn-on interval to 

a value within the device's capability (see Section 3.7). For best results, the 
circuit of Figure 3.18 should be wired and placed in close proximity to the 
SCR in order to minimize inductive effects. Also, the capacitor should have 
good high frequency characteristics. 

FAST 
RECOVERY 
DIODE 

FIGURE 3.18 RATE OF RISE OF ANODE VOLTAGE (dv dt) SUPPRESSION CIRCUIT 

3.12 GATE CIRCUIT RATINGS 

Maximum ratings for the gate circuit are discussed in Chapter 4. 

3.13 HOLDING AND LATCHING CURRENT 
Somewhat analogous to the solenoid of an electromechanical relay, an 

SCR requires a certain minimum anode current to maintain it in the "closed" 
or conducting state. If the anode current drops below this minimum level, 
designated as the holding current, the SCR reverts to the forward blocking 
or "open" state. The holding current for a typical SCR has a negative tem-
perature coefficient; that is, as its junction temperature rises, its holding cur-
rent requirement decreases. 

A somewhat higher value of anode current than the holding current is 
required for the SCR to initially "pickup." If this higher value of anode 
latching current is not reached, the SCR will revert to the blocking state as 
soon as the gate signal is removed. After this initial pickup action, however, 
the anode current may be reduced to the holding current level. Where cir-
cuit inductance limits the rate of rise of anode current and thereby prevents 
the SCR from switching solidly into the conducting state, it may be necessary 
to make alterations in the circuit. This is discussed further in Chapter 4. 

A meaningful test for the combined effects of holding and latching cur-
rent is shown in Figure 3.19. The SCR under test is triggered by a specified 
gate signal. The test circuit allows the SCR to latch into conduction at a 
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current level I. The test circuit then reduces the current to a continuously 
variable level IF2. The current IF2 at which the SCR reverts to the off state is 
the desired value of holding current. See Section 19.5 for details of a suitable 
test circuit. 

— In 

IF2 TEST CIRCUIT 
SETS VARIABLE 

% •_  LEVELS OF IH 

FIGURE 3.19 HOLDING CURRENT TEST WAVEFORM 
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GATE TRIGGER CHARACTERISTICS, 
RATINGS, AND METHODS 

The ability of the triode thyristor (SCR or triac) to switch from non-
conducting to conducting state in response to a small control signal is the 
key factor in its widespread utility for control of power. Proper triggering of 
the thyristor requires that the source of the trigger signal should supply ade-
quate gate current and voltage, without exceeding the thyristor gate ratings, 
in accordance with the characteristics of the thyristor and the nature of its 
load and supply. The trigger source impedance, time of occurrence and dura-
tion of the trigger signal, and off-state conditions are also important design 
factors. Since all applications of thyristors require some form of triggering, 
this chapter is devoted to the fundamentals of the gate triggering process, 
gate characteristics and ratings, interaction with the load circuit, character-
istics of active trigger-circuit components, and basic examples of trigger cir-
cuits. Specific trigger circuits for performing various control functions are 
shown in subsequent chapters. 

4.1 THE TRIGGERING PROCESS 

In Chapter 1, Sections 1.4, 1.5, 1.6, and 1.10 describe the two-transistor 
analogy of the SCR, the junction gate and remote gate operation of the triac, 
and the remote-base transistor action of the SCR. From those discussions, it 
can be seen that the transition of a thyristor from the non-conducting to the 
conducting state is determined by internal transistor-like action. 

The switching action, with slowly increasing DC gate current, is pre-
ceded by symmetrical transistor action in which anode current increases pro-
portionally to gate current. As shown in Figure 4.1, with a positive anode 
voltage, the anode current is relatively independent of anode voltage up to a 
point where a form of avalanche multiplication causes the current to increase. 
At this point, the small-signal (or instantaneous) impedance (dv/dI) of the 
thyristor changes rapidly, but smoothly, from a high positive resistance to 
zero resistance, and thence to increasing values of negative resistance as in-
creasing current is accompanied by decreasing voltage. The negative resist-
ance region continues until saturation of the "transistors" is approached, 
wherein the impedance smoothly reverts from negative, to zero, to positive 
resistance. 

The criteria for triggering depends upon the nature of the external 
anode circuit impedance and the supply voltage, as well as the gate current. 
This can be seen by constructing a load line on the curves of Figure 4.1, 
connecting between the open-circuit supply voltage, VL, and the short-circuit 

51 



SCR MANUAL 

load current, IA. With zero-gate current, the thyristor characteristic curve 
intersects the load line at a stable point (1). At a gate current of IG1, the 
characteristic curve becomes tangential to the load line at a point (2) where 
the negative resistance of the thyristor is equal in magnitude to the external 
load resistance. Since this condition is unstable, the thyristor switches to the 
low-impedance state at stable operating point (3). The gate current may now 
be removed and conduction will be maintained at point (3). If the supply 
voltage is reduced to V" the load line will shift and the operating point (3) 
will move toward the origin. When the load line becomes tangential to the 
characteristic curve at point (4), the condition is again unstable, and the thy-
ristor reverts back to the high-impedance "off state." 

The anode current at point (4) is the "holding" current for this set of 
conditions. If, instead of reducing supply voltage to reach point (4), the load 
resistance were increased, the point (5) at which the characteristic curve be-
comes tangential to the load line occurs at a lower current, which is the 
holding current for that set of conditions. If the gate current IGI were main-
tained while supply voltage was reduced to VL3, turn-off would have oc-
curred at point (6), at a lower anode current. A higher gate current, IG2 
would then be required to trigger the SCR, but reduction of this gate signal 
below IG, would allow it to switch off, hence the SCR would not have been 
truly latched in the on-state. The latching current is at least as high as the 
holding current (at IG --= 0), and is higher in some SCR's because of non-
uniform areas of conduction at low currents. In those cases, the triggering 
criterion is not only meeting a negative-resistance intercept condition such as 
point (2), but also reaching a certain minimum anode current at point (3). 

+ I 

IG2 

ANODE 
CURRENT • IG2> IGI > 0 

_ 

L3 L2 V VLI 8 

ANODE VOLTAGE 

FIGURE 4.1 SCR ANODE-CATHODE CHARACTERISTICS WITH GATE CURRENT 

Thyristor triggering requirements are dependent on both anode and gate 
conditions. Therefore, specifications on a given SCR's requirements for gate 
voltage and gate current to trigger (VGT and JOT) also define the anode circuit 
voltage and load resistance conditions. 

52 



GATE TRIGGER CHARACTERISTICS, RATINGS, AND METHODS 

4.2 SCR GATE-CATHODE CHARACTERISTICS 
Trigger circuits must be designed to produce proper current flow be-

tween the gate and cathode terminals of the SCR. The nature of the imped-
ance which these two terminals present to the trigger circuit is a determining 
factor in circuit design. 

From basic construction and theory of operation, it can be seen that the 
electrical characteristics presented between the gate and cathode terminals 
are basically those of a p-n junction—a diode. This is not the whole story. 

4.2.1 Characteristics Prior to Triggering 

Figure 4.2 shows the low-frequency full and simplified equivalent cir-
cuits of the gate-to-cathode junction with no anode current flowing (open 
anode circuit). The series resistance RL reRresents the lateral resistance of the 
p-type layer to which the gate terminal is connected. The shunt resistance Rs 
represents any intentional or inadvertent "emitter short" that may exist in the 
structure. The magnitudes of RL and Rs are variables resulting both from 
structure design and manufacturing process. For example, Rs is extremely high 
in the C5 type SCR and quite low in the C180 type. The diodes are shown as 
avalanche ("zener") diodes because the reverse avalanche voltages of SCR 
gate junctions are typically in the range from 5 to 20 volts, a condition easily 
encountered in trigger circuits. 

GATE 

(a) FULL CIRCUIT 

S2 

CATHODE 

IG R 
— 0. L 

GATE 

CATHODE 

(b) SIMPLIFIED CIRCUIT 

FIGURE 4.2 GATE•CATHODE EQUIVALENT CIRCUIT Ns 
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FIGURE 4.3 GATE-CATHODE CHARACTERISTIC CURVE (I, 0) 

The difference between a typical gate characteristic and an ordinary 
diode junction is shown in Figure 4.3. The relative effects of RL and Rs are 
apparent in different regions of the curve. 

The equivalent circuit and characteristics shown here are valid only 
when anode current is zero or small as compared with gate current. This in-
formation is, therefore, useful for reverse gate bias, for very low forward gate 
current, and for examination of trigger circuits with anode disconnected. 

4.2.2 Characteristics at Triggering Point 

With the anode supply connected, the equivalent gate circuit must be 
modified, Figure 4.4, to include the anode current flow across the gate junc-
tion. Since anode current is a function of gate current (see Chapter 1), the 
total current through the junction and the voltage drop across the junction 
will increase more rapidly than with gate drive alone. As anode current in-
creases (Figure 4.5), the small-signal impedance between the gate and cathode 
terminals changes smoothly from positive, to zero, to negative resistance. 
When the characteristic curve becomes tangential with the load line of the 
gate signal source impedance at point (1), the anode current becomes regen-
erative and the SCR can then trigger. For specification purposes, "IGT" is the 
maximum gate supply current required to trigger, hence is measured at the 
peak of the curve. 

Thus it is apparent that the impedance of the gate signal source is an-
other factor in the criteria for thyristor triggering. 

IG 
RL 

<C M G) 

-it- IK. IA + IG 

FIGURE 4.4 GATE-CATHODE 

EQUIVALENT CIRCUIT [IL = f(IG)] 

VGT 
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1/4 .1(101 

FIGURE 4.5 GATE CHARACTERISTICS, 

ANODE CONNECTED 
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4.2.3 Characteristics After Triggering 

After the thyristor has been triggered and anode current flow across the 
gate-cathode junction is sufficient to maintain conduction, the gate imped-
ance changes. It becomes a. source, Figure 4.4, having a voltage equal to the 
gate-cathode junction drop (at the existing anode current) and an internal 
impedance RL. This voltage is very nearly equal to the voltage drop between 
anode and cathode. The characteristics under this condition are shown in 
Figure 4.6. The curvature in the fourth quadrant is effectively the result of 
an increasing RL as more current is taken out of the gate. This is the result 
of the distributed nature of the gate junction, as shown in Figure 4.2. As the 
gate-to-cathode terminal voltage is reduced by withdrawing current, the cur-
rent flow through the lateral resistance of the p-type layer causes current to 
cease flowing through that portion of the p-n junction nearest the gate termi-
nal. This causes an increase in current density in areas remote from the gate 
terminal. The higher current density and power dissipation in the lateral re-
sistance can cause thermal damage to the thyristor. 

(_) VG 

_ .. 

> IAI 

VG + 

FIGURE 4.6 GATE CHARACTERISTICS AFTER TRIGGERING 

If two SCR's are connected with gates and cathodes common, the gate 
voltage produced by conduction of one SCR can, in some cases, produce ade-
quate triggering current in the gate of the other SCR. In many instances, this 
may be a desired effect—turning both SCR's on simultaneously. In other 
cases, however, as when the anode supply voltages of the two are 180 de-
grees out of phase, the existence of gate current in the reverse-biased SCR 
can cause triggering at the instant it becomes forward-biased because of 
stored charge in the p-type layer. It can also cause excessive reverse current 
by the remote-base transistor action. 

4.3 EFFECTS OF GATE-CATHODE IMPEDANCE AND BIAS 

The preceding sections have shown that the criteria for triggering in-
volves the gate current, gate signal source impedance, and anode supply 
(load) impedance. The interaction between gate and anode circuits demands 
examination in some depth. 
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4.3.1 Gate-Cathode Resistance 

The two-transistor analogy shows that a low external resistance between 
gate and cathode bypasses some current around the gate junction, thus re-
quiring a higher anode current to initiate and maintain conduction. Low-
current, high sensitivity SCR's are triggered by such a low current through 
the gate junction that a specified external gate-cathode resistance is required 
in order to prevent triggering by thermally generated leakage current. This 
resistance also bypasses some of the internal anode current caused by rapid 
rate-of-change of anode voltage (dv/dt, see Chapter 3). It raises the forward 
breakover voltage by reducing the efficiency of the n-p-n "transistor" region, 
thus requiring a somewhat higher avalanche multiplication effect to initiate 
triggering. The latching and holding anode currents are also affected by the 
current which bypasses the gate junction. 

The relative effect of the external resistance is dependent upon the mag-
nitudes of the internal resistances, RL and Rs of Figure 4.2. For low-current 
thyristors, the type of construction used generally leads to high values of Rs 
(virtually no emitter shorting) and low values of RL because of the small 
pellet size. Figure 4.7 shows the effect of external gate-to-cathode resistance 
upon holding current for the type C106 low-current SCR. The spread be-
tween maximum and minimum values represents production variations of the 
internal resistances and variations in current-gain of the equivalent "tran-
sistor" regions. 
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EXTERNAL GATE-TO-CATHODE RESISTANCE FOR C106 SCR. 

External shunt gate resistance also reduces the turn-off time of the SCR 
by assisting in recovering stored charge, by raising the anode holding cur-
rent, and by requiring higher anode current to initiate re-triggering. 
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4.3.2 Gate-Cathode Capacitance 

A low shunt capacitive reactance at high frequencies can reduce the 
sensitivity of a thyristor to dv/dt of anode voltage (see Chapter 3), in much 
the same manner as a resistor, while maintaining higher sensitivity to DC 
and low frequency gate signals. This integrating effect is particularly useful 
where high-frequency "noise" is present in either the anode or gate circuits. 

At the point of triggering, however, the gate voltage (see Figure 4.5) 
must increase as anode current increases. Therefore, a capacitor connected 
between gate and cathode will tend to retard the triggering process, yielding 
longer delay-time and rise-time of anode current. This action can be detrimen-
tal when a high di/dt of anode current is required (see Chapters 3 and 11). 

After the SCR has been turned on, the gate acts as a voltage source, 
charging the capacitor to the voltage drop across the gate junction. Since this 
voltage (depending on value of anode current) is generally higher than the 
gate voltage required to trigger the SCR (VGT), the energy stored in the 
capacitor can supply triggering current for a period of time after removal of 
anode current, thereby possibly causing the SCR to fail to commutate. In 
low-current SCR's, a capacitor on the order of 10 microfarads can maintain 
gate current for over 8.3 milliseconds, hence can prevent commutation in a 
half-wave, 60 Hertz circuit. 

If the gate triggering signal is a low-impedance pulse generator in series 
with a capacitor, the capacitor can be charged by gate current during the 
pulse and the polarity will be such that at the end of the pulse the SCR gate 
will be driven negative. For low values of anode current at this instant, the 
negative drive may raise the holding current requirement above the anode 
current and turn off the SCR. 

4.3.3 Gate-Cathode Inductance 

Inductive reactance between gate and cathode reduces sensitivity to 
slowly changing anode current or gate source current while maintaining sen-
sitivity to rapid changes. This differentiating effect is useful in improving 
thermal stability since changes in thermal leakage current are slow. When 
used with the light-activated SCR, it provides sensitivity to a flash of light 
with insensitivity to steady-state ambient light (see Chapter 13). 

With anode current flowing, the gate voltage causes current to flow out 
of the gate, through the inductance. The rate at which this current builds up 
after triggering is a function of the L/R ratio of the inductance to both in-
ternal and external resistance. As this negative gate current rises, the holding 
current of the thyristor also rises. If anode current is low, or increasing more 
slowly than negative gate current, the thyristor may drop out of conduction. 

After the SCR anode current ceases, negative gate current will continue 
for a period of time, decaying according to the L/R time-constant. This neg-
ative gate current during the turn-off condition can reduce turn-off time (by 
nearly 10:1 in small SCR's) and can permit a faster rate of re-applied for-
ward voltage (higher dv/dt). 

If a triggering current pulse is applied in parallel with an inductor and 
the gate, the pulse can produce a current flow through the inductor. At the 
termination of the pulse, the inductor current will continue to flow as a nega-
tive gate current, thereby raising holding current and possibly causing turn-
off of the SCR. 

57 



SCR MANUAL 

4.3.4. Gate-Cathode LC Resonant Circuit 

A parallel LC resonant circuit connected between gate and cathode can 
provide a frequency-selective response, and can also produce a condition of 
oscillation. 

The oscillating condition is obtained by making the anode current value 
intermediate between the normal (IG = 0) holding current and the holding 
current with maximum negative gate current flowing through the inductor. 
As explained in Section 4.3.3, the SCR can be turned on, then negative gate 
current will increase until the SCR turns off. After turn-off, inductor current 
will charge the capacitor to a negative voltage, then the capacitor will dis-
charge into the inductor in a resonant manner. When the capacitor voltage 
swings positive again, it can re-trigger the SCR and the process will repeat 
indefinitely. Damping is required to avoid such oscillation. 

4.3.5 Positive Gate Bias 

The presence of positive current in the gate when reverse voltage is 
applied to the anode increases reverse blocking (leakage) current through the 
device substantially. As a result, the SCR must dissipate additional power. It 
is, therefore, necessary either to make provision for this additional loss or to 
take steps to limit it to a negligible value. 

Figure 4.8 gives the temperature derating for different SCR lines at var-
ious gate drive duty cycles (per cent of full cycle or 360 electrical degrees) 
for values of peak positive gate voltage. For proper application, this loss must 
be included in the total device dissipation. The temperature derating, 
found from Figure 4.8, must be subtracted from the maximum allowable stud 
temperature (found from the device rating curve) for the proper cell type and 
conduction angle. For lead mounted devices, subtract from the ambient tem-
perature curve. Derating becomes negligible if the gate voltage is less than 
0.25 volt or the temperature derating turns out to be 1°C or less. 
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A means of limiting the additional reverse dissipation to a negligible 
value is given by a gate clamping circuit of the type shown in Figure 4.9 for 
low and medium current SCR's (C10 and C35 series). Resistor RA and a 
diode are connected from gate to anode to attenuate positive gate signals 
whenever the anode is negative. For a given peak value of open circuit gate 
source voltage, Figure 4.9 gives the maximum ratio of the value of RA to RG 
that will safely clamp the gate for all values of reverse voltage within the 
reverse voltage rating of the SCR. 

An alternate way to limit additional reverse leakage dissipation due to 
positive gate voltage is to insert in series with the SCR a rectifier diode that 
has a lower reverse blocking current. In this manner the diode will assume 
the greater share of the reverse voltage applied to the series string, signifi-
cantly reducing reverse dissipation in the SCR. 
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FIGURE 4.9 GATE CLAMP CIRCUIT FOR CONTROLLED RECTIFIER 

4.3.6 Negative Gate Bias 

The gate should never be allowed to become more negative with respect 
to the cathode than is indicated on the specification bulletin. For example, 
the gate of the C35 (2N681) type has a rated peak reverse voltage of 5 volts. 
If there is a possibility that the gate will swing more negative than the rated 
value, a diode should be connected either in series with the gate, or from 
cathode to gate to limit the reverse gate voltage. A considerable negative gate 
current (conventional current flow out of the gate) can be caused to flow if 
the cathode circuit between cathode and gate is opened for any reason while 
the SCR is conducting forward load current (conventional current flow from 
anode to cathode). This current would initially be limited only by the imped-
ance of the gate circuit and could cause the allowable gate dissipation to be 
exceeded, thus leading to possible failure of the SCR. 
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Negative gate bias, when the anode is positive, tends to increase the for-
ward breakover voltage Vout )Fx (Section 3.8.3) and the dv/dt withstand 
capability (Section 3.9) of the SCR for a given junction temperature. 

The effect of negative gate bias on V 0,,,, Fx is greatest for the smaller 
junction area devices. For example, the C5 types (2N1595, etc.) have 
V(BR)FE specified for a certain value of gate-to-cathode resistance (Roc = 
1000 ohms) and at a specified junction temperature. For more detail on the 
effect of negative gate bias on small SCR's the reader is referred to Refer-
ence 1. 
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FIGURE 4.10 NEGATIVE GATE BIAS ARRANGEMENTS 

Figure 4.10(a) shows a voltage bias arrangement. Resistor RI, is taken to 
a negative supply instead of being merely returned to the cathode. The volt-

age source Eb establishes a current Ib El, — D  , where D is the voltage 

drop across diode CR1 (typical value 0.7 volt). The diode provides a fixed 
negative bias voltage gate-to-cathode for the SCR. The disadvantage of this 
approach, however, is the loss of input sensitivity due to resistor RI,. 

Figure 4.10(b) shows a current bias scheme useful for smaller junction 
diameter SCR's. Resistor R and the bias source are selected so that a bias 
current II, ----- IFxm is established through resistor R in the direction indicated; 
Ivxm is the maximum forward blocking (leakage) current of the SCR under 
the prevailing junction temperature and anode voltage. Selection of Ib in this 
manner yields a "worst case" design on the assumption that most, if not all, 
of will be diverted from the SCR emitter (gate-cathode junction). This 
approach is limited to SCR's which have sufficient reverse gate power ratings 
to handle reverse current Ib at its associated reverse gate voltage. The scheme 
of Figure 4.10(b) is suitable, for example, for General Electric C5 type SCR's 
which allow operation of the gate-to-cathode junction in reverse avalanche. 

With increasing area of the semiconductor junctions in the SCR, how-
ever, negative gate bias has less effect. Unless V um,F, (with bias resistor) is 
specified, conservative circuit design practice should not depend on increas-
ing V,,,,„ rx by negative gate biasing. 

The improvement in dv/dt withstand capability that can be achieved by 
negative gate biasing is shown in Figure 4.11 for a typical C35 type SCR. It 
shows the effect of gate bias on the allowable time constant of application of 
forward blocking voltage without having the SCR switch on. The zero gate 
voltage curve corresponds to the time constant values given on the C35 spec-
ification sheet for the open gate condition. Figure 4.11 extends the usefulness 
of this information for different values of gate bias. 
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4.4 EFFECTS OF ANODE CIRCUIT UPON GATE CIRCUIT 

In Section 4.1 it was shown that the anode circuit voltage and imped-
ance were determining factors in triggering. The effect of anode current was 
discussed in Section 4.2.3. Two other effects are worth noting. junction ca-
pacitance in the SCR can couple high-frequency signals from the anode to 
the gate circuit which, although they may not cause triggering in themselves, 
may interfere with normal operation of the trigger circuit. 

When the anode voltage of the SCR reaches either the forward break-
over or reverse avalanche voltage, a voltage will appear at the gate terminal. 
In the case of forward breakover voltage, a forward anode current starts 
flowing which produces a positive gate voltage, as in normal conduction (see 
Section 4.2.3). When the reverse avalanche voltage is reached, the gate junc-
tion becomes reverse biased. Depending on the magnitude of Rs (Figure 4.2) 
the negative voltage appearing at the gate terminal may rise to the avalanche 
voltage of the gate junction. If a reverse voltage transient on the anode ex-
ceeds reverse avalanche, the reverse-blocking junction of the SCR no longer 
blocks, thereby applying the transient energy to the gate junction in reverse. 
The gate junction and any external circuit connected to the gate may then 
receive excessive voltage and current from this process. 

When the SCR is conducting, its gate is essentially at the same potential 
as its anode. When the SCR is non-conducting, the gate potential is not re-
lated to anode potential within the normal operating range. However, during 
the commutating transition from conduction to non-conduction, the gate goes 
through an intermediate phase which can result in a large negative voltage 
appearing at the gate terminal. If an SCR is commutated, as in a DC chopper 
or flip-flop circuit, by the step application of a reverse bias, the gate voltage 
will initially be the normal forward gate-cathode junction drop until that 
junction recovers, whereupon both anode and the gate will go negative. The 
gate voltage will then follow anode voltage until the main reverse-blocking 
(p-n) junction recovers, at which time the gate reverts to its normal charac-
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teristics. These transitions are readily observed on small SCR's in particular. 
On larger SCR's, the effects are somewhat masked by lower values of internal 
shunt resistance Rs. The negative transient at the gate can cause malfunction 
or damage in the external gate circuit. 

4.5 DC GATE TRIGGERING SPECIFICATIONS 

The DC gate trigger 
characteristics of an SCR are 
presented in the form 
of a graph similar to Figure 4.12 
which applies to the C35 (2N681) 
type SCR. The graph shows gate-
to-cathode voltage as a function of 
positive gate current (flow from 
gate to cathode) between limit 
lines (A) and (B) for all SCR's of 
the type indicated. These data 
apply to a zero-anode-current 
condi tion (anode open). 

FIGURE 4.12 DC GATE TRIGGERING o 

CHARACTERISTICS (FOR C35 TYPE SCR) 

2
 

T
A
N
E
O
U
S
 
G
A
T
E
 
V
O
L
T
A
G
E
 -
 V
O
L
T
S
 

MIN AT CURRENT REQUIRED 
TO IR GOES ALL IMITS AT 

+125•C +250 65•C 

11111 
.,,,4/ 

MIN 
REQUIRED 
TRIGGER 

-65•C 
GATE VOLTAGE 

TO 
ALL UNIT 

•, 

in NAG GATE VOLTAGE THAT« 
z WILL NOV TRIGGER ANT 

I 
• UNITS AT 25•C • 0.25V 
lilt 111..1 

IA) 5 50 100 

INSTANTANEOUS GATE CURRENT-MA 
ID) 5 

%,•--- 
I I I I  

MAS ALLOWAGLE I I I 

PREFERRED 
— GATE MOVE 

.., 
% 

5 

INSTANTANEOUS 
DISSIPATION 

I 
• 5.0 

GATE 
WATTS 

POWER 

AREA 

;,/„......e..............<111) 

NOTES:0) 

I 121 SHADED 
TRIGGERING 

i 
JUNCTION TEMPERATURE 

AREAS REPRESENT 
POINTS FROM 

Ill 11111 

- 

-65•C 

LOCUS 
65•C 

TO 

OF 
TO 4,25 5C 

... 125 
POTS 

c _ 
SL( 
_ 

0 0.4 0.6 1.2 6 20 

INSTANTANEOUS GATE CURRENT - AMPERES 

The basic function of the trigger circuit is to simultaneously supply the 
gate current to trigger IGT and its associated gate voltage to trigger VGT. The 
shaded area shown in Figure 4.12 contains all the possible trigger points 
(IGT, V(1p) of all SCR's conforming to this specification. The trigger circuit 
must, therefore, provide a signal (IGT, V(;T) outside of the shaded area in 
order to reliably trigger all SCR's of that specification. 

The area of trigger circuit—SCR gate operation is indicated as the "pre-
ferred gate drive area." It is bounded by the shaded area in Figure 4.12 
which represents the locus of all specified triggering points (IGT, VGT), the 
limit lines (A) and (B), line (C) representing rated peak allowable forward 
gate voltage VGF, and line (D) representing rated peak power dissipation 
PG11. Some SCR's may also have a rated peak gate current IGpm which would 
appear as a vertical line joining curves (B) and (D). 

The insert in the upper right hand portion of Figure 4.12 shows the de-
tail of the locus of all specified trigger points, and the temperature depend-
ence of the minimum gate current to trigger IGTmin. The lower the junction 
temperature, the more gate drive is required for triggering. (Some specifica-
tions may also show the effect of forward anode voltage on trigger sensitivity. 
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Increased anode voltage, particularly with small SCR's, tends to reduce the 
gate drive requirement.) Also shown is the small positive value of gate voltage 
below which no SCR of the particular type will trigger. 

The reverse quadrant of the gate characteristic is usually specified in 
terms of maximum voltage and power ratings. The application of reverse bias 
voltage and the extraction of reverse gate current for increased SCR off-state 
stability was discussed in Section 4.3.6. 

4.6 LOAD LINES 

The trigger circuit load line must intersect the individual SCR gate char-
acteristic in the region indicated as "preferred gate drive area" in Figure 4.12. 
The intersection, or maximum operating point, should furthermore be located 
as close to the maximum applicable (peak, average, etc.) gate power dissipa-
tion curve as possible. Gate current rise times should be in the order of sev-
eral amperes per microsecond in the interest of minimizing anode turn-on 
time particularly when switching into high currents. This in turn results in 
minimum turn-on anode switching dissipation and minimum jitter. 
Construction of a "load line" is 
a convenient means of placing 
the maxi mum operating point 
of the trigger circuit-SCR gate 
combination into the preferred 
triggering area. Figure 4.13(a) 
illustrates a basic trigger circuit 
of source voltage e, and 
internal resistance Fin driving 
an SCR gate. Figure 4.13(b) 
shows the placement of the 
maximum operating point well . e 
into the "preferred trigger" area 
close to the rated dissipation 
curve. The load line is 
constructed by connecting a 
straight line between the 
trigger circuit open circuit 
voltage E„., entered on the 
ordinate, and the trigger circuit 

short circuit current I = E" 
R entered on the absissa. G 

EOUIVALEOIT TRIGGER CIRCUIT 

0,1 GATE CIRCUIT 

( l& Le 
Ni 

LOCUS Or ALL SPECIFIC) 
TRIAGES POINTS 

MAXIMS 
OKRA'S» 
POINT 

11/4 .11CA ISTAAACITINSTIC 

••• 

A- LOAD LAD 

• 

I In LOAD LINE SuPERPoin. Si SAII MUSA CNAAACTIAISTIC 

FIGURE 4.13 GATE CIRCUIT 

AND CONSTRUCTION OF LOAD LINE 

If the trigger circuit source voltage is a function of time e, (t), the load 
line sweeps across the graph, starting as a point at the origin and reaching its 
maximum position, the load line, at the peak trigger circuit output voltage. 

The applicable gate power curve is selected on the basis of whether 
average or peak allowable gate power dissipation is limiting. For example, if 
a DC trigger is used, the average maximum allowable gate dissipation (0.5 
watt for C35) must not be exceeded. If a trigger pulse is used the peak gate 
power curve is applicable (for the C35, the 5 watt peak power curve labelled 
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D in Figure 4.12). For intermediate gate trigger waveforms the limiting al-
lowable gate power dissipation curve is determined by the duty cycle of the 
trigger signal according to: peak gate drive power x pulse width x pulse 
repetition rate allowable average gate power. 

4.7 POSITIVE GATE VOLTAGE THAT WILL NOT TRIGGER SCR 

Figure 4.12 also indicates the maximum gate voltage that will not trigger 
the SCR. For example, for the C35 (2N681) type, Figure 4.12 shows that at 
125°C junction temperature this value is 0.25 volt. This limit is important 
when designing a trigger circuit which has a standby leakage current when 
no trigger signal is present. Examples of this are saturable reactors and di-
rectly coupled unijunction transistor trigger circuits. To prevent false trigger-
ing under these circumstances, a resistor should be connected across the out-
put of the trigger circuit. Its value of resistance in ohms should not exceed 
the maximum gate voltage that will not trigger divided by the maximum trig-
ger circuit standby current. 

4.8 PULSE TRIGGERING 

Thyristors are commonly specified in terms of the continuous DC gate 
voltage and current required to trigger. For trigger pulse widths down to 100 
microseconds, the DC data apply. For shorter pulse widths, VGT and IGT 
increase. 

On a short-time basis, thyristors may be generally considered to be 
charge controlled, as are transistors. The free charge stored within the gate 
p-type layer of an SCR may be considered to be the difference between the 
incoming charge flow rate (dq/dt = I(;) and the internal recombination rate. 
Under DC conditions and for a given recombination rate, the free charge is 
directly a function of gate current. When the free charge reaches a certain 
level, the device triggers. To get the required charge into the gate in a time 
that is short compared with the recombination time requires higher current 
(hence higher voltage) than for DC triggering. 

Figure 4.14(a) shows the relationship between pulse width and peak 
current for a rectangular pulse to trigger the C-106 type SCR. Note that the 
current curves approach a constant-charge slope at the smaller pulse widths. 
The point at which the pulse current curve departs from the DC current level 
is about 200 microseconds for this small thyristor. Other SCR types, with 
shorter recombination times, can be triggered with pulse current equal to the 
DC level down to about 20 microseconds. 

It should not be inferred from Figure 4.14(a) that only rectangular 
pulses are acceptable. Any unidirectional waveshape which does not exceed 
gate current, voltage, and power ratings may be used if the total charge is 
adequate. Proper charge criteria may be determined by plotting, as in Figure 
4.14(b), the integral of the actual current wave and the integral of the rec-
tangular pulse current. If the two curves cross, the triggering charge is 
adequate. 
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FIGURE 4.14 EFFECT OF TRIGGER PULSE WIDTH (C-106 SCR) 

Figure 4.15 shows the increase in gate drive required for triggering five 
types of SCR's with trigger signals of short pulse duration. In order for the 
SCR to trigger, the anode current must be allowed to build up rapidly enough 
so that the latching current of the SCR is reached before the pulse is termi-
nated. (Latching current may be assumed to be three times the value of the 
holding current given on the specification sheet.) For highly inductive anode 
circuits it is, therefore, advisable to use a maintained type of trigger signal 
which assures gate drive until latching current has been attained. Also, in 
certain rectifier and inverter circuits that require re-triggering, a square wave 
type of trigger circuit might be considered. 
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The DC gate trigger characteristics are measured on a 100% basis in 
production for all SCR's, but the pulse trigger characteristics are measured 
only on a sampling basis. For applications where the pulse trigger character-
istics are critical, a special specification should be requested so that satisfac-
tory pulse triggering will be assured. 
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4.9 TRIGGERING SCR WITH A NEGATIVE PULSE 

Some applications may make it desirable to trigger an SCR with a nega-
tive pulse rather than with one of the conventional positive polarity. In low 
power level SCR circuits a diode connected in series with the SCR allows 
negative triggering conveniently and economically. Figure 4.16 shows this 
arrangement for a C5 type SCR. 

1000 
OHMS 

-V -

TRIGGER 
SIGNAL 

FIGURE 4.16 NEGATIVE PULSE TRIGGERING 

4.10 ANODE TURN-ON INTERVAL CHARACTERISTICS 

Figure 4.17 shows the turn-on, or switching, characteristics of a typical 
C10 type SCR. It is representative of other SCR types as well. Per cent anode 
voltage is shown as a function of time, following application of the trigger 
signal at zero time, for switching from 500 volts and from 100 volts for two 
different circuit current levels. 
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FIGURE 4.17 TYPICAL TURN-ON CHARACTERISTICS OF C10 TYPE SCR 
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Delay time td is shown for the 500 volt/I ampere switching characteris-
tic. It is defined as the time between the 10% point of the leading edge of 
the gate current pulse and the 10% point of the anode voltage waveform. 
The delay time decreases as the amplitude of the gate current pulse is in-
creased, but approaches a minimum value of 0.2 to 0.5 ¿.sec for gate current 
pulses of 500 ma or more. 

Rise time tr is defined as the time required for the anode voltage to drop 
from 90% of its initial value to 10%, as indicated for the 500 volt/I ampere 
curve in Figure 4.17. The rise of current as the voltage across the SCR falls 
is determined largely by the circuit. In a purely resistive circuit the current 
will rise in the same manner as the voltage falls; hence the term rise time. It 
is important that the instantaneous voltage-current product during the turn-
on interval not exceed the dissipation capability of the SCR. For this reason, 
the rate of rise of anode current (di/dt) must be limited (see Chapter 3). Rise 
time, as well as delay time, tends to be reduced by a large gate drive within 
the allowable gate dissipation ratings of the SCR. Therefore, in order to mini-
mize turn-on switching dissipation, the gate should be driven in the area of 
"preferred triggering" close to the allowable gate power dissipation curve 
shown in Figure 4.12. 

Total turn-on time is defined as t,„, = td tr. It is important to note that 
large turn-on switching dissipation can still occur after the termination of the 
turn-on time as defined above. Particularly, when switching from a high volt-
age into a large current, applicable switching ratings such as discussed in 
Chapter 3 should be consulted. 

The jitter, or variation of switching time from one cycle to the next, is 
usually less than 2 %sec at constant temperature if the gate is driven at two 
to three times the minimum amplitude required for triggering. 

4.11 SIMPLE RESISTOR AND RC TRIGGER CIRCUITS 

It is sometimes required to find the simplest and most economical means 
for triggering an SCR when some performance compromise can be made, 
particularly with regard to repeatibility over a temperature range. The reader 
is referred to Reference 2 for a more detailed treatment of simple and low 
cost SCR trigger circuits. 

Figure 4.18 shows a simple method of obtaining gate current for trigger-
ing the SCR from the main AC supply whenever the anode is positive with 
respect to the cathode. As soon as the SCR has triggered, the anode voltage 
drops to the conduction value and the gate current decreases to zero. Resistor 
R limits the peak gate current. The diode in the gate circuit is provided to 
prevent reverse voltage from being applied between cathode and gate during 
the reverse part of the cycle. If desired, the diode can be connected between 
gate and cathode rather than in series with R. Conduction is initiated by 
closing contact S, in Figure 4.18(a) or by opening contact S2 in Figure 
4.I8(b). Interruption of load current occurs within one-half cycle after open-
ing Si or closing S., due to line voltage reversal. For more complete static 
switching circuits, see Chapter 8. 
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Simple resistor-capacitor-diode combinations will trigger and control 
SCR's over the full 180 electrical degree range, giving very good performance 
at commercial temperatures. Since in a scheme of this type a resistor will 
have to supply all of the gate drive required to turn on the SCR, these types 
of circuits operate most satisfactorily with SCR's having fairly good gate sen-
sitivities. The less sensitive the gate, the lower the resistance must be, and 
the greater power rating. 

A very simple variable resistance half-wave circuit is shown in Figure 
4.19. It provides phase retard from essentially zero (full on) to 90 electrical 
degrees of the anode voltage wave. Diode CR 1 blocks reverse gate voltage 
on the negative half cycle of anode supply voltage. It must be rated to block 
at least the peak value of the AC supply voltage. The retard angle cannot be 
extended beyond the 90 degree point because the trigger circuit supply volt-
age and the trigger voltage producing the gate current to fire, IGF, are in 
phase. When ea,, = En„ at the peak of the AC supply voltage, the SCR can still 
be triggered with the maximum value of resistance between anode and gate. 
Since the SCR will trigger and latch into conduction the first time IGT is 
reached, its conduction cannot be delayed beyond 90 electrical degrees with 
this circuit. This circuit, therefore, provides continuously variable control 
from the SCR full "on" (100% half-wave output) to the SCR half "on" (50% 
half-wave output). 

TYPICAL CIRCUIT VALUES FOR foe 120V 
SCR•GE CII (261770 SERIES) 
1).151( OHM 
CRI *GE 161693 

FIGURE 4.19 SIMPLE HALF-WAVE VARIABLE RESISTOR PHASE CONTROL 
(LIMITED RANGE OF CONTROL) 
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Figure 4.20 shows an R-C-Diode circuit giving full half-cycle control 
(180 electrical degrees). On the positive half-cycle of SCR anode voltage the 
capacitor will charge to the trigger point of the SCR in a time determined by 
the RC time constant and the rising anode voltage. On the negative half-
cycle, the top plate of the capacitor charges to the peak of the negative volt-
age cycle through diode CR2, thus resetting it for the next charging cycle. 

Since triggering current must be supplied by the line voltage through 
the resistor, the capacitor must be selected such that its charging current is 
high compared with IGT, at the instant of the latest desired firing angle. Con-
versely, select the maximum value of R to produce at the latest desired 
firing angle, using the line voltage less JR drop in the load at that point, then 
select C to produce Ve,T at that point in time. 

LOAD VOLTAGE: 

00 At« 180• 

TYPICAL CIRCUIT VALUES FOR Eoe no V 
SCR: GE CII (281770 SERIES) 
R • 401( OIGAS 
C • .25 UFO 

SCR : GE CI I/C20 TYPES 
R • 10K OHMS 
C • 1.0 1AFD 

CRI :0E181893 
CR2 GE 1111892 

FIGURE 4.20 SIMPLE HALF-WAVE RC-DIODE PHASE CONTROL (FULL 180° 
CONTROL RANGE) 

Figure 4.21 illustrates a slave circuit arrangement in which an independ-
ent half-wave circuit (SCR2) is triggered on one half-cycle at a predetermined 
phase angle. On the following half-cycle the slave circuit will trigger SCRI 
at the same phase angle relative to that half-cycle. When SCR., does not trig-
ger, capacitor C will charge and discharge to the same voltage at the same 
time constant. The voltage across C will not be sufficient to trigger SCRI. As 
SCR2 is triggered, capacitor C on discharging sees a time integral of line 
voltage that is different from the one on charging by the time integral of 
voltage appearing across the load. This action resets the capacitor to a voltage 
level related to the trigger delay angle of SCR.. On the next half-cycle, when 
the anode of SCRI swings positive, it will trigger at the end of this delay 
angle. 

SLAVE MASTER 

INDEPENDENT 
TRIGGER 
CIRCUIT 

SCRL SCR2. GE CII/C20 TYPES 

FIGURE 4.21 THREE TERMINAL, FULL WAVE, RC-DIODE SLAVING CIRCUIT FOR 
FULL-WAVE PHASE CONTROL. 
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4.12 AC THYRATRON-TYPE PHASE SHIFT TRIGGER CIRCUITS 

Figure 4.22 illustrates a full-wave phase controlled rectifier employing 
an R-C or R-L phase shift network to delay the gate signal with respect to 
the anode voltage on the SCR's. Many variations of this type of phase shift 
circuit have been worked out for thyratrons. 

FIGURE 4.22 RC OR R-L PHASE SHIFT NETWORK CONTROL OF SINGLE PHASE 
BRIDGE OUTPUT. 

When using SCR's (C8, C10, C11, C35, C36, and C50 series), the following 
criteria should be observed to provide the maximum range of phase shift and 
positive triggering over the particular SCR's temperature range without ex-
ceeding the gate voltage and current limitations: 

A. The peak value of V, should be greater than 25 volts. 
1 V, 

B. 2arfC or 21rfL —9 

where C = capacitance in farads 
L = inductance in henries 
V, = peak end-to-end secondary voltage of control transformer 
f = frequency of power system 

V,. — 20 
0.2 

where Rs = series resistance in ohms 
10  

D. R . 27rfC or 10 (27rfL) '  
Because of the frequency dependence of this type of phase shift circuit, 

the selection of adequate L or C components becomes easier at higher oper-
ating frequencies. 
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4.13 SATURABLE REACTOR TRIGGER CIRCUITS 

Saturable reactors can provide a fairly steep wavefront of gate current 
together with a convenient means of control from a low level DC or AC sig-
nal. This type of control is adaptable to feedback systems and provides the 
additional advantage of multiple, electrically-isolated inputs and outputs for 
more complex circuits. 

4.13.1 Continuously Variable Control 

A typical half-wave magnetic amplifier type trigger circuit is shown in 
Figure 4.23. The gate signal for triggering the SCR is obtained from winding 
3-4 of transformer T1. When the core of T., is unsaturated, the winding 3-4 
of T, presents a high impedance to the gate signal so that only a small volt-
age is developed across R3. When the core of T2 saturates, the impedance of 
winding 3-4 of T2 decreases by several orders of magnitude so that a large 
voltage appears at the gate of the SCR, causing it to trigger. Resistor R2 
limits the gate current to the rated value and resistor R3 limits the gate volt-
age produced by the magnetizing current of winding 3-4 of T2 so that the 
SCR will not trigger before the core of T2 saturates. Diode CR2 serves the 
dual purpose of preventing a reverse voltage on the gate of the SCR and pre-
venting any reverse current through winding 3-4 which would produce an 
undesired reset of the core T,. 

2 

(SQUARE LOOP 

CORE) 

PHASE 

CONTROL 

ADJUST 

LOAD 

FIGURE 4.23 TYPICAL HALF-WAVE MAGNETIC TRIGGER CIRCUIT 

Control signals can be applied to either input 1 or input 2 or both. Input 
2 operates in the reset mode by controlling the reset voltage on winding 1-2 
of T, during the negative half cycle. The setting of the potentiometer R, de-
termines the amount of reset of the core during the negative half cycle, which 
in turn determines the phase angle of the SCR conduction during the positive 
half cycle. Other control circuits, such as a transistor amplifier stage, can be 
used in place of 111. Since power is furnished by winding 5-6 of T1, no aux-
iliary power supply is needed. Input 1 operates in the MMF (magnetomotive 
force) made by controlling the current through the winding 5-6 and the core 
flux level, which in turn determines the trigger angle. The current for input 1 
must be obtained from an external power supply or from a current generating 
type of transducer. 

Additional output windings can be added to T2 for triggering several 
SCR's in parallel or in series. Also, additional control windings of the reset or 
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MMF type can be added to T2. Full wave and multiple phase operation can 
be achieved by combining two or more half wave circuits. 

4.13.2 On-Off Magnetic Trigger Circuits 

Magnetic trigger circuits designed for phase control applications such as 
the one shown in Figure 4.23 require the use of saturable cores which are 
large enough to allow the output winding to sustain the gate voltage signal 
for a full half cycle without saturating. For simple on-off control applications, 
the magnetic trigger circuits shown in Figure 4.24 permit the use of smaller 
and less expensive cores since the output winding is not required to sustain 
the gate voltage signal for a full half cycle. In addition, these circuits have 
the advantage of not requiring the use of an auxiliary supply transformer. 

LOAD RI LOAD Ity 

I 

AC AC 

SUPPLY SUPPLY 

SCR, 
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(A) SHUNT CONFIGURATION 18) SERIES CONFIGURATION 

FIGURE 4.24 HALF-WAVE ON-OFF MAGNETIC TRIGGER CIRCUITS 

SIGNAL 

INPUT 

In Figure 4.24(a), one winding of saturable transformer T, is connected 
in shunt with the gate of SCR,. If T, is unsaturated, the current through RI, 
R2 and CR, will flow into the gate of SCR, during the first part of the posi-
tive half cycle and cause SCR, to turn on. If T, is saturated, the current 
through R,, R. and CR, will be diverted from the gate by the low saturated 
impedance of the winding on T,. When T, is saturated it can be reset, and 
the SCR can be made to trigger by a positive voltage on the signal input. 
Capacitor C1 provides filtering for the gate signal to prevent undesired trig-
gering due to fast transients on the AC supply. 

In Figure 4.24(b), one winding of saturable transformer T2 is connected 
in series with capacitor C. and the gate of SCR.. If T2 is unsaturated the cur-
rent through R3 and CR2 will charge C. during the initial part of the positive 
half cycle. T2 will saturate after a few degrees of the positive half cycle and 
permit a rapid discharge of C2 into the gate of SCR,, thus causing SCR2 to 
trigger. If T2 is initially saturated at the beginning of the positive half cycle, 
the winding of T. will divert the current from C2 and prevent C2 from being 
charged. Resistor R4 prevents the voltage at the gate of SCR2 produced by 
the current through R3 from exceeding the maximum gate voltage that will 
not trigger the SCR. When T2 is saturated, it can be reset and the SCR can 
be made to trigger by a positive voltage at the signal input. 

The circuits of Figure 4.24 permit the SCR to perform the function of 
an AC contactor with an isolated DC control winding. Modifications of these 
circuits permit full wave operation with normally open, normally closed or 
latching operation. The reader is referred to Chapter 8 for further discussion 
of static switching circuits. 
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4.14 SEMICONDUCTOR TRIGGER-PULSE GENERATORS 

The simple resistor and capacitor triggering circuits described in Sec-
tions 4.12 and 4.13 depend heavily on the specific triggering characteristic of 
each SCR used. In addition, the power level in the control circuit is high be-
cause the entire triggering current must flow through the resistance. Further-
more, they do not readily lend themselves to automatic, self-programmed, or 
feedback control systems. 

Pulse triggering, on the other hand, can accommodate wide tolerances 
in triggering characteristics by overdriving the gate. The power level in pulse 
control circuits may also be quite low since the required triggering energy 
(IGT VGT t) can be stored slowly, then discharged rapidly at the desired in-
stant of triggering. The use of pulse triggering enables small, low-power, 
signal-type components and transducers to control large, high-current thy-
ristors, as is shown in later chapters. 

While there are a multitude of semiconductors and circuits which can 
produce adequate triggering pulses, this chapter will consider only those 
most adept at performing this function. 

4.14.1 Basic Relaxation Oscillation Criteria 

Most devices used to produce trigger pulses (such as: the unijunction 
transistor, diac trigger diode, the silicon unilateral and bilateral switches, 
neon lamps, etc.) operate by discharging a capacitor into the thyristor gate. 
They function in a basic relaxation oscillator circuit by means of a negative 
resistance characteristic. Specifications for these devices usually include the 
voltage and current required to achieve negative resistance when approached 
from either the conducting or non-conducting states. (See also Section 4.1.) 

To relate these specifications to the criteria for oscillation, consider the 
elementary relaxation oscillator circuit of Figure 4.25(a) using a trigger device 
with voltage to switch Vs, current to switch Is, holding voltage VH, and 
holding current I. The device characteristic curve is plotted in Figure 
4.25(b), along with load lines representing R, and Ro. If R, is increased to 
the maximum value which will sustain oscillations, we will find that its load 
line intersects the device curve at a point (1) where the negative resistance 
slope of the device curve is equal to the load line for Ro. This point (1) is 
very close to Is and Vs, but not quite the same since the specification of 
these values is made at the point where the slope of the curve is vertical, rep-
resenting zero dynamic resistance. 

When the triggering point (1) is reached, the operating point transfers 
to point (2), discharging the capacitor with a peak pulse current, ip, and pro-
ducing a peak pulse voltage e,„ across the load resistor Ro (which includes 
the thyristor gate impedance). The discharge of the capacitor follows the de-
vice curve from point (2) to point (3), where the negative resistance slope is 
once again tangential with the Ro load line. The operation then transfers from 
point (3) to point (4), the capacitor re-charges through R, and the oscillation 
continues. 

If R, is changed to the minimum value which will sustain oscillation, its 
new load line will intersect the device curve at point (3). Any smaller value 
will cause the device to remain conducting at some stable operating point be-
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FIGURE 4.25 BASIC RELAXATION OSCILLATOR CIRCUIT AND CHARACTERISTICS 

tween (2) and (3). Increasing R, beyond the maximum oscillating value causes 
operation to cease at some point between (1) and the origin. 

A very important factor not apparent in Figure 4.25, and often not spec-
ified for a device, is switching time, or rise time. A device which slowly 
switches from point (1) to point (2) will never get there since it is discharging 
the capacitor as it goes and will reach the device curve somewhere between 
points (2) and (3). This switching time can be a limiting factor if it is a sig-
nificant fraction of the discharge time-constant, R2C. 

The magnitude of pulse voltage, ep, and pulse current, i„, appearing at 
the load, resistor R2 in this circuit, is dependent upon the characteristic curve 
of the device and the relation between its switching time and the discharge 
time-constant, R2C. For values of R2C large (> 10X) in comparison with the 
switching time of the device, the peak pulse voltage, e„, is simply the differ-
ence between the switching voltage Vs and the conduction voltage drop VF. 
The peak pulse current under this condition is found from the intersection of 
the R2 load line and the characteristic curve. 

When R2C is smaller, approaching the switching time, both e, and i, 
are reduced by the effective device resistance during switching. As was 
shown in Section 4.8, reducing peak current, and extending the pulse time 
accordingly, decreases the probability of triggering a thyristor. 

Since the effect of switching time is not readily apparent from the char-
acteristic curve, devices intended for thyristor triggering generally specify 
the peak pulse voltage across R2 (where the value of R2 is chosen to repre-
sent typical gate impedance) when discharging a given size capacitor typical 
for its application. 

The following table shows the correlation of the parameter terminologies 
used in various switching devices with the points on the general character-
istic curve: 
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TABLE 4.1 
Terminology 
on Figure 4.25 UJT SUS Diac Neon 

Vs VP Vs V(BR) Vf 
IS I, I S I(BR) 
VH Vy "H Ve 
IH IV I, 

e P V0131 V0 e„ 
ip ip 

4.14.2 Unijunction Transistor 
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FIGURE 4.26 GE 2N2646 UNIJUNCTION TRANSISTOR SYMBOL AND EMITTER INPUT CHARACTERISTICS. 

The UJT has three terminals which are called the emitter (E), base-one 
(B1), and base-two (B2). Between B, and B2 the unijunction has the charac-
teristics of an ordinary resistance. This resistance is the interbase resistance 
(Rim) and at 25°C has values in the range from 4.7K to 9.1K. 

The normal biasing conditions for a typical UJT are indicated in Figure 
4.26. If the emitter voltage, VE, is less than the emitter peak point voltage, 
Vp, the emitter will be reverse biased and only a small reverse leakage cur-
rent, ID), will flow. When VE is equal to Vp and the emitter current, IE, is 
greater than the peak point current, Ii., the UJT will turn on. In the on con-
dition, the resistance between the emitter and base-one is very low and the 
emitter current will be limited primarily by the series resistance of the emit-
ter to base-one external circuit. 

The peak point voltage of the UJT varies in proportion to the interbase 
voltage, Vim, according to the equation: 

Vp = 17VBB ± VD (4.1) 
The parameter n is called the intrinsic standoff ratio. The value of n lies be-
tween 0.51 and 0.82, and the voltage VD, the equivalent emitter diode volt-
age, is in the order of .5 volt at 25°C, depending on the particular type of 
UJT. It is found that Vp decreases with temperature, the temperature coeffl-
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cient being about —3mv/°C for the 2N2646-47 (-2mv/°C for 2N489 series). 
The variation of the peak point voltage with temperature may be ascribed to 
the change in VD (also 71 for 2N2646-47 series). It is possible to compensate 
for this temperature change by making use of the positive temperature co-
efficient of R118. If a resistor R119 is used in series with base-two as shown in 
Figure 4.27, the temperature variation of R1111 will cause VDT; to increase with 
temperature. If RB9 is chosen correctly, this increase in VBB will compensate 
for the decrease in V2. in Equation 4.1. Over a temperature range of —40°C 
to 100°C, Equation 4.3(a) gives an approximate value of RB2 for the majority 
of 2N2646 and 2N2647 UJT's. Equation 4.3(b) gives RB2 for the 2N489 MIL 
series, 2N1671A and B, and the 2N2160. 

10000 
R11, (4.3a) 
- 77Vi 

0.40RBB (1 — 71)1E41 
R112 '''' ± (4.3b) 

77V1 n 

For a more detailed discussion of the characteristics of the various types 
of UJT's the reader is referred to Reference 8. Quantitative data and tech-
niques for temperature compensation on an individual and general basis in 
very high performance circuits over extreme temperature ranges are discussed 
in Reference 9. 

4.14.2.1 Basic 1.11T Pulse Trigger Circuit 
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ue2 

Rs, 

2v   VEPVVe  
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GATE 

ve' 

FIGURE 4.27 BASIC UNIJUNCTION TRANSISTOR RELAXATION OSCILLATOR 
TRIGGER CIRCUIT WITH TYPICAL WAVEFORMS. 

The basic UJT trigger circuit used in applications with the SCR is the 
simple relaxation oscillator shown in Figure 4.27. In this circuit, the capacitor 
C1 is charged through R1 until the emitter voltage reaches Vp, at which time 
the UJT turns on and discharges C1 through R111. When the emitter voltage 
reaches a value of about 2 volts, the emitter ceases to conduct, the UJT turns 
off and the cycle is repeated. The period of oscillation, T, is fairly independ-
ent of the supply voltage and temperature, and is given by: 

1 1 1  
T = ci ln  = 2.3 RI CI logi o (4.4) 1 — 1 — 

For an approximate nominal value of intrinsic standoff ratio of n = 0.63, 
T = R1 C1. 

The design conditions of the UJT firing circuit are very broad. In gen-
eral, RBI is limited to a value below 100 ohms although values up to 2 or 3K 
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are possible in some applications. The resistor R, is limited to a value be-
tween 3K and 3 Meg. The lower limit on R, is set by the requirement that 
the load line formed by R, and V, intersect the emitter characteristic curve 
of Figure 4.26 to the left of the valley point, otherwise the UJT in Figure 
4.27 will not turn off. The upper limit on R, is set by the requirement that 
the current flowing into the emitter at the peak point must be greater than Ip 
for the UJT to turn on. The recommended range of supply voltage V, is from 
10 volts to 35 volts. This range is determined on the low end by the accept-
able values of signal amplitude and at the high end by the allowable power 
dissipation of the UJT. 

If the pulse output (V111) of the circuit of Figure 4.27 is coupled di-
rectly, or through series resistors, to the gates of the SCR's, the value of RBI 
should be low enough to prevent the DC voltage at the gate due to interbase 
current from exceeding the maximum voltage that will not trigger the SCR's 
(see Figure 4.12) VGT (max) at the maximum junction temperature at which 
the SCR's are expected to operate. To meet this criterion, RBI should be 
chosen in accordance with the following inequality: 

RBI VI 
< VGT(max) (4.5) RBB + RBI + R11•• 

For the C35 (2N681) types at a maximum junction temperature of 125°C, 
Ver (max) is 0.25 volt, hence for a supply voltage of 35 volts or less, RBI 
should be 50 ohms or less. If the pulse output from the UJT firing circuit is 
coupled to the gates of the SCR's by means of transformers or capacitors, 
these limitations do not apply. 

4.14.2.2 Designing the Unijunction Transistor Trigger Circuit 

The type 2N2646 and 2N2647 UJT's are specifically characterized for 
SCR trigger circuits and are factory tested to ensure reliable operation with 
all types of G-E SCR's over their respective temperature ranges. Their con-
densed specifications are given in Chapter 21. 

The design of a suitable UJT trigger circuit can be achieved rapidly and 
easily by using the design curves given in Figures 4.28(a) and 4.28(b) for the 
2N2646 and 2N2647, respectively. These curves give the minimum supply 
voltage V, required to guarantee triggering of various types of SCR's over 
the indicated temperature range as a function of the UJT emitter capacitor 
C, and the base-one coupling resistor R111 or base-one coupling transformer. 
The value of resistor R, is not important for the purposes of the design pro-
vided that it is within the limits required for the UJT to oscillate. If RB2 is 
significantly greater than 100 ohms the minimum supply voltage which is re-
quired V,' should be calculated from the minimum supply voltage V, given 
by Figures 4.28(a) and 4.28(b) using the equation: 

= (2200 rt112) VI 
2300 (4.6) 

It is recommended in all cases that a resistance of 100 ohms or greater be 
used in series with either base-two or in series with the power supply to pro-
tect the UJT from possible thermal runaway. This is particularly important 
when operating at high ambient temperatures, at high supply voltages, or 
with large values of emitter capacitance. 
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As an example of the use of Figure 4.28 in the practical design of an 
SCR trigger circuit, consider the following problem: 
Example: A circuit is required to trigger a C11 type (2N1773 series) SCR at 

the lowest possible supply voltage with a 2N2646 UJT and pulse 
transformer coupling. The value of capacitance, chosen on the 
basis of operating frequency, is 0.1 id, and temperature compensa-
tion is desired. Assume 0.66 for a nominal value. 

Solution: From the chart in Figure 4.28(a) it can be seen that Curve I should 
be considered and that the supply voltage V1 should not exceed 
V1 (max) = 35V. On Curve I the minimum supply voltage for a 
value of C1 = 0.1 f is about V1 = 12 volts. The value for RB2 is 

10000  
determined from Equation 4.3(a) as RB2   — 1260 

(.66) (12) 
1000 ohms (nearest standard value). With this value of RB2 the 
supply voltage must be increased to a value V1' in accordance with 

(2200 ± 1000)  
Equation 4.6 from which V1 = 2300 (12) 17 volts. 

Thus, a suitable design for this example would be C1 = 0.1 pf, 
RB2 = 1 K ohms, and V1' = 17 volts. 
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(A) 

If, in the case of the 2N2646 and 2N2647 U JT's, RB2, as determined 
from Equation 4.3(a) causes V,' (from Equation 4.6) to be larger than can be 
attained practically or economically, the use of the 2N489 series, the 
2N1671A or the 2N1671B is suggested. [Equation 4.3(b) yields a lower value 
of RB4 alternatively, if extreme temperature compensation is not required, 
or if the temperature range to which the 2N2646/47 UJT's are subjected is 
not great, a value of R1% r - 100 ohms may be used. 

4.14.2.3 Synchronization Methods 

In the basic trigger circuit of Figure 4.27, the UJT can be triggered at 
any intermediate part of the cycle by reducing either the interbase voltage 
alone or the supply voltage, V,. This results in an equivalent decrease in Vp 
in accordance with Equation 4.1 (or 4.3) and causes the UJT to trigger if 
Vp drops below the instantaneous value of V. Thus, the base-two terminal 
or the main supply voltage can be used to synchronize the basic trigger cir-
cuit. Figure 4.29 illustrates the use of a negative synchronizing pulse at 
base-two. 

Two methods of achieving synchronization with the AC line are illus-
trated in Figure 4.30. A full wave rectified signal obtained from a rectifier 
bridge or a similar source is used to supply both power and a synchronizing 
signal to the trigger circuit. Zener diode CR, is used to clip and regulate the 
peaks of the AC as indicated in Figures 4.30(a) and (b). 

li 
SYNC 
PULSE 

FIGURE 4.29 PULSE SYNCHRONIZATION OF UJT RELAXATION OSCILLATOR 
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At the end of each half-cycle the voltage at base-two of Q, will drop to 
zero, causing Q, to trigger. The capacitors C, are thus discharged at the be-
ginning of each half cycle and the trigger circuits are thus synchronized with 
the line. In Figure 4.30(a) a pulse is produced at the output at the end of 
each half cycle which can cause the SCR to trigger and produce a small cur-
rent in the load. If this is undesirable, a second UJT can be used for dis-
charging the capacitor at the end of the half cycle as illustrated in Figure 
4.30(b). Diode CR, and capacitor Co are used to supply a constant DC volt-
age to Qo. The voltage across Q, will drop to zero each half-cycle causing C, 
to be discharged through Q, rather than through the load 11,,. The UJT's 
should be chosen so that Qi has a higher standoff ratio than Q2. 

4.14.3 Silicon Unilateral Switch (SUS)12 

The SUS, such as the type D13D1, is essentially a miniature SCR hav-
ing an anode gate (instead of the usual cathode gate) and a built-in low-
voltage avalanche diode between the gate and cathode. The symbol for the 
SUS and its equivalent circuit are shown in Figure 4.31. Its anode-to-cathode 
electrical characteristic is shown in Figure 4.32 for no external connection to 
the gate terminal. 

The SUS is usually used in the basic relaxation oscillator circuit shown 
in Figure 4.25(a) and its characteristics follow the same criteria for oscilla-
tion. The type D13D1 has the following specifications: 

Switching Voltage, Vs 6 to 10 volts 
Switching Current, Is 0  5 ma, maximum 
Holding Voltage, Vo Not specified 0.7 V at 25°C) 
Holding Current, ITT 1  5 ma, maximum 
Forward Voltage, VF (at Ir = 200 ma) . 1.75 volts 
Reverse Voltage Rating, VR 30 volts 
Peak Pulse Voltage, Vo 3  5 volts minimum 

The Peak Pulse Voltage, Vo, specification is very important for thyristor 
triggering applications since it is the only realistic figure-of-merit that indi-
cates the ability of the triggering device to transfer charge from the capacitor 
to the thyristor gate. This voltage is measured with the SUS operating in the 
circuit of Figure 4.25(a), where V, = 15 volts, R, = 100 K ohms, C = 0.1 ps, 
and R2 = 20 ohms. The peak pulse voltage is measured across resistor R2. 
The magnitude of the pulse voltage depends both upon the difference be-
tween Vs and VF and upon switching time, as explained in Section 4.14.1. 
The component values used in the pulse test are adequate for triggering most 
thyristors. 

The major difference in function between the SUS and the UJT is that 
the SUS switches at a fixed voltage, determined by its internal avalanche 
diode, rather than a fraction (77) of another voltage. It should also be noted 
that Is is much higher in the SUS than in the UJT, and is also very close to 
II/. These factors restrict the upper and lower limits of frequency or time-
delay which are practical with the SUS. 

For synchronization, lock-out, or forced switching, bias or pulse signals 
may be applied to the gate terminal of the SUS. 

4.14.4 Silicon Bilateral Switch (SBS)12 

The SBS, such as the type D13E1, is essentially two identical SUS 
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structures arranged in inverse-parallel, as shown in Figures 4.33 and 4.34. 
Since it operates as a switch with both polarities of applied voltage, it is par-
ticularly useful for triggering the bidirectional triode thyristors (triacs) with 
alternate positive and negative gate pulses. This operation is obtained by 
using an alternating voltage supply for Vi of Figure 4.25, rather than the DC 
supply shown. 

Specifications for the SBS type D13E1 are identical to those of the SUS 
type D13D1 with the exception of reverse voltage rating, which is not appli-
cable to the SBS. 

GATE 

GATE 

SYMBOL 

SYMBOL 

ANODE o ANODE 

GATE 
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EQUIVALENT CIRCUIT 

FIGURE 4.31 FIGURE 4.32 

THE SILICON UNILATERAL SWITCH (SUS) SUS CHARACTERISTIC CURVE 
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FIGURE 4.33 

+ 

FIGURE 4.34 

THE SILICON BILATERAL SWITCH (SBS) SBS CHARACTERISTIC CURVE 

414.5 Bilateral Trigger Diode (Diac) 

v 

The diac, such as the type ST-2 is essentially a transistor structure, Fig-
ure 4.35, which exhibits a negative resistance characteristic above a given 
switching current '(BR). The characteristic curve of Figure 4.36 shows that 
this negative resistance region extends over the full operating range of cur-
rents above I(BR) hence the concept of a holding current does not apply. 

The diac is used in the simple relaxation oscillator circuit of Figure 4.25, 
and the criteria for oscillation are the same. For alternating pulse output, the 
supply voltage for the oscillator circuit, Vi, may be an alternating voltage. 
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FIGURE 4.35 SYMBOL OF BILATERAL TRIGGER DIODE (DIAC) 

FIGURE 4.36 DIAC CHARACTERISTIC CURVE 

The type ST-2 diac has the following specifications: 
V(BR)  28 to 36 volts 
1(BR)  200 ¡Lamp (maximum) 
e„ 3 volts (minimum) 

The peak pulse voltage, e„, is measured under the same conditions used 
with the SUS and SBS, namely: R2 = 20 ohms; C = 0.1 microfarad. Since 
the ST-2 is primarily used to trigger triacs, this minimum value of e, has 
been established to ensure proper triggering of all G-E triacs, assuming, of 
course, the proper conditions of supply voltage and load impedance in the 
power circuit of the triac. 

4.14.6 Other Semiconductor Trigger Devices 

Several other unilateral and bilateral switching devices exist, having 
characteristics similar to those discussed above. In general, all operate as re-
laxation oscillators and are subject to the same criteria for oscillation. If the 
peak pulse voltage (or current) output is not specified, then the maximum 
switching time must be known. Otherwise, the trigger circuit must be over-
designed by a factor depending upon the uncertainty of the unknowns. 

4.15 NEON GLOW LAMPS AS TRIGGER DEVICES 

The low price of neon glow lamps has led many to consider their use for 
triggering thyristors. The characteristics of the glow lamp are quite similar, 
but for magnitude, to those of the diac. The switching voltage is generally 
on the order of 90 volts and the switching current is extremely small (below 
1 ea). However, the switching time is large in comparison with semiconduc-
tor devices, and the peak pulse voltage is usually not specified. 

The G-E type 5AH is an isotope-stabilized neon glow lamp now being 
used in many low-cost SCR control circuits. The 5AH lamp has the following 
specifications: 
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Vs 60 to 100 volts 
Is  Not specified 
VF Approx. 60 volts at 5 ma 
VH  Not specified 
IH Not specified 
i„ 25 ma (minimum) 

The peak pulse current, i,„ is measured in a 20 ohm resistor when dis-
charging a 0.1 1;5 capacitor. The minimum peak pulse voltage is, therefore, 
0.5 volts under this condition. The specification also includes an indication of 
the operating life of the lamp: 5000 hours operation, on the average, at 5 ma 
DC results in a 5 volt change in Vs or VF. This has not been correlated to 
hours operation in a relaxation oscillator at 120 Hz. 

Glow lamps are useful for thyristor triggering under the following con-
ditions: 

(a) Thyristor IHT on the order of 10 ma or less 
(b) Wide tolerance in Vs is acceptable 
(e) Minimum pulse voltage measured in sample lot several times mini-

mum required to trigger the thyristor 
(d) Change in Vs and pulse output with operating time is acceptable 
(e) Cost of primary importance 

4.16 PULSE TRANSFORMERS 

Pulse transformers are often used to couple a trigger-pulse generator to 
a thyristor in order to obtain electrical isolation between the two circuits. 
There are many vendors of pulse transformers suitable for this purpose. Al-
though several specific model numbers are shown on circuit diagrams in this 
manual, it is not our purpose nor intent to serve as a testing or approval 
function. 

The transformers usually used for thyristor control are either 1:1, two-
winding, or 1:1:1 three-winding types. As shown in Figure 4.37, the trans-
former may be connected directly between gate and cathode, or may have a 
series resistor R to either reduce the SCR holding current or to balance gate 
currents in a three-winding transformer connected to two SCR's, or may have 
a series diode D to prevent reverse gate current in the case of ringing or re-
versal of the pulse transformer output voltage. The diode also reduces hold-
ing current of the SCR. In some cases where high noise levels are present, it 
may be necessary to load the secondary of the transformer with a resistor to 
prevent false triggering. 

Figure 4.38 shows several ways of using a transformer to drive an in-
verse-parallel pair of SCR's. Full isolation is provided by the three-winding 
transformer in Figure 4.38(a). Where such isolation is not required, a two-
winding transformer may be used either in a series mode, Figure 4.38(b), or 
a parallel mode, Figure 4.38(c). In any case, the pulse generator must supply 
enough energy to trigger both SCR's, and the pulse transformer (plus any 
additional balancing resistors) must supply sufficient gate current to both 
SCR's under worst-case conditions of unbalanced gate impedances. 
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FIGURE 4.38 PULSE TRANSFORMER CONNECTIONS FOR TWO SCR'S 

The prime requirement of a trigger pulse transformer is one of effi-
ciency. The simplest test is to use the desired trigger pulse generator to drive 
a 20 ohm resistor alone and then drive the same resistor through the pulse 
transformer. If the pulse waveforms across the resistor are the same under 
both conditions, the transformer is perfect. Some loss is to be expected, how-
ever, and must be compensated by increased drive from the generator. 

Some of the transformer design factors to be considered are: 
(a) Primary magnetizing inductance should be high enough so that 

magnetizing current is low, in comparison with pulse current, during the 
pulse time. 

(b) Since most pulse generators are unilateral, core saturation must be 
avoided. 

(c) Coupling between primary and secondary should be tight, for single-
SCR control, or may have specified leakage reactance to assist in balancing 
currents for multiple-SCR control. 

(d) Insulation between windings must be adequate for the application, 
including transients. 

(e) Interwinding capacitance is usually insignificant but may be a path 
for undesirable stray signals at high frequencies. 
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4.17 TRANSISTOR BLOCKING OSCILLATOR 

Most of the semiconductor triggering devices discussed thus far produce 
pulse rise times on the order of 0.5 to 5 microseconds. Where the thyristor 
must handle a large current in a short time (i.e., a high di/dt), these devices 
may be inadequate. The blocking oscillator transistor circuit, using a high-
speed switching transistor, is capable of producing high-current triggering 
pulses with very short rise times. 

Figure 4.39 employs a blocking oscillator," driven from a multivibrator, 
to produce rectangular gate pulses of 1.0 ampere with 0.2 microsecond rise 
time and 3 microsecond pulse width. The purpose of the multivibrator, rather 
than a relaxation oscillator, is to permit triggering of two SCR's alternately 
by using a second blocking oscillator driven from the collector of transistor Qi. 

DUPLICATE 
OUTPUT (REPEAT 2N1925,2N2192A LIC.) 

• 

2 28 

+110 k 28 VOLTS 

TO SCR GATE 

GE I1P340 Z 

NOTES: 
(I) ALL CAPACITANCE VALuES IN pf UNLESS OTHERWISE SHOWN 

(21 CHANGE RI, R2, CI AND C2 TO CHANGE FREQUENCY 

(3) TI IS 76 TURNS (EACH WINDING) OF • 32 HF, TRIFILAR WOUND ON 
MARA GENERAL FERRAMIC 06—CF110 CORE 

FIGURE 4.39 HIGH SPEED TRANSISTOR BLOCKING OSCILLATOR DRIVEN BY A 
MULTIVIBRATOR. 

The circuit of Figure 4.39 is particularly useful for triggering thyristors 
in inverters, pulse modulators, and other circuits which impose fast turn-on 
requirements. Frequency of the multivibrator may be changed by changing 
the indicated component values, or may be varied by controlling the voltage 
to which resistors R, and Ro are returned. 

4.18 TRANSISTOR FLIP-FLOP 

The transistor flip-flop circuits is also useful for driving SCR or triac 
gates. The transistors may drive the gates directly, as described in Section 
8.9.2, or through a transformer as shown in Figure 4.40. This transformer 
must, of course, be designed to avoid saturation at the lowest operating fre-
quency and highest supply voltage. The circuit of Figure 4.40 provides 
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square-wave gate signals, alternating from 7 volts positive to 7 volts negative 
(on open circuit) and up to 800 ma gate current. The flip-flop is driven by a 
unijunction transistor for precise timing, but may be connected as a free-
running multivibrator. 

+28VDC (NON ) 

ADJUST 
ISO (2W) FREQUENCY 

TO SCR GATES 

Î  Î  

FIGURE 4.40 FLIP-FLOP TRIGGER CIRCUIT FOR 400 Hz 

4.19 SCR'S AS GATE SIGNAL AMPLIFIERS 

01-G-E 2N167IA 
02,03-0-E 203416 
CRI eR2 - G-E 101770 
CR3,CR4- A13112 
TI -0-E 9193Y1330 

The availability of SCR's with highly sensitive gates permits use of these 
devices to trigger higher rated SCR's as shown in Figure 4.41. Here, for ex-
ample, a C5B as SCR' requires less than 200 microamperes of gate signal to 
trigger. Current then flows through R.), SCR, and into the gate of SCR2. 
When the current reaches the triggering requirements of SCR2, this device 
turns on and shunts the main power away from SCRI. In addition to provid-
ing a means of triggering high current SCR's by low level signals from high 
impedance sources, this type of triggering yields positive triggering from 
pulsed gate signals even with highly inductive loads due to the much lower 
latching current requirements of the C5 in comparison with the higher rated 
SCR's. With SCR, latched into conduction, the gate of SCR2 is driven by a 
trigger signal which is maintained until SCR2 is forced into conduction. R2 
limits the current through SCR, to a value within its rating. SCRI must meet 
the same voltage requirements as SCR2. However, its current duty is gener-
ally of a pulsed nature, and hence negligible. 
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SCRI 
GEC5B 
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GATE 
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GE C1809 

FIGURE 4.41 USE OF LOW CURRENT SCR AS A GATE SIGNAL AMPLIFIER 

Depending on the nature of the control input signal other types of 
SCR's can be considered for triggering larger SCR's. The LASCR (Chapter 
13) can be used where direct triggering by light is required. Also, the LASCR 
in conjunction with a suitable light source provides a simple way in which to 
obtain electrical isolation in SCR control circuitry. 
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SCR TURN-OFF CHARACTERISTICS 

AND METHODS 
5.1 SCR TURN-OFF CHARACTERISTICS 

If forward voltage is applied to a unidirectional thyristor (hereafter re-
ferred to as "SCR") too soon after anode current ceases to flow, the SCR will 
go into the conduction state again. It is necessary to wait for a definite inter-
val of time after cessation of current flow before forward voltage can be re-
applied. Chapter 1 describes the physical reasons for this required interval. 
For turn-off-time as it affects bi-directional thyristors, see Chapter 7. 

To measure the required interval, the SCR is operated with current and 
voltage waveforms shown in Figure 5.1. The interval between ta and ta is 
then decreased until the point is found when the SCR will just support re-
applied forward voltage. 

This interval is not a constant, but is a function of several parameters. 
Thus, the minimum time ta to ta will increase with: 

1. An increase in junction temperature. 
2. An increase in forward current amplitude (t1 to t2). 
3. An increase in the rate of decay of forward current (t2 to 4). 
4. A decrease in peak reverse current (t4). 
5. A decrease in reverse voltage (t,, to t7). 
6. An increase in the rate of reapplication of forward blocking voltage 

(ta to t9). 
7. An increase in forward blocking voltage (t9 to t10). 
8. An increase in external gate impedance. 
9. A more positive gate bias voltage. 

t off 

12 3 15 t7 t t10 

14 te 

FIGURE 5.1 SCR WAVEFORM FOR TURN-OFF TIME MEASUREMENTS 

89 



SCR MANUAL 

5.1.1 SCR Turn-off Time (t off ) 
The turn-off time of an SCR is defined as the shortest interval between 

the time (t,1) when forward current reaches zero and the time (t,,) when the 
SCR is able to block reapplied forward voltage without turning on; it is 
measured under specified conditions of current, voltage and temperature. 

Changes in the specified conditions change the SCR turn-off time. Fig-
ure 5.2 for example gives a typical curve of the change in SCR turn-off time 
with junction temperature and 5.3 shows the change with forward current. 
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FIGURE 5.3 VARIATION OF TURN-OFF TIME WITH PEAK FORWARD CURRENT 
FOR A HIGH SPEED SCR. 
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SCR TURN-OFF CHARACTERISTICS AND METHODS 

5.1.2 Circuit Turn-off Time (t ) 

The circuit turn-off time is the turn-off time that the circuit presents to 
the SCR. 

The circuit turn-off time (t,.) must always be greater than the turn-off 
time of the SCR (toff); otherwise the SCR will turn on. 

The turn-off times of standard SCR's are usually given as typical values. 
Wide deviations from the typical values can occur. In those circuits where 
turn-off time is a critical characteristic, it is necessary for the circuit designer 
to have control over the maximum value of SCR turn-off time. For this reason 
General Electric offers a range of SCR's with guaranteed maximum turn-off 
times under specified standard conditions of waveform and temperature. 

5.2 PULSE TURN-OFF TIME 

Pulse turn-off time (tar, t„,1,,,.)) is a measure of hot-spot temperature and 
reflects the di /dt capability of the SCR. This characteristic is discussed 
further in Chapter 3. 

5.3 REVERSE RECOVERY CURRENT AND REVERSE RECOVERY TIME 

The time during which reverse recovery current flows in the SCR (t3 to 
t, in Figure 5.1) is known as the reverse recovery time. This is the time re-
quired before the SCR can block reverse voltage. This should not be con-
fused with turn-off time which is the time that has to elapse before the SCR 
can block reapplied forward voltage. The reverse recovery phenomenon is 
also common in junction diodes. 

Reverse recovery time in typical SCR's is of the order of a few micro-
seconds. Recovery time increases as forward current increases and also in-
creases as the rate of decay of forward current decreases. 

The reverse recovery current phenomenon plays a minor but important 
part in the application of SCR's: 

1. In full wave rectifier circuits using SCR's as the rectifying elements 
the reverse recovery current has to be carried in the forward direction by the 
complementary SCR's. This can give rise to high values of turn-on current. 

2. In certain inverter circuits such as the McMurray-Bedford circuit 
(Chapter 11) where one SCR is turned off by turning another on, the reverse 
recovery current of the first gives rise to high values of turn-on current in the 
second. 

3. The cessation of reverse current, which can be very sudden, may pro-
duce damaging voltage transients and radio frequency interference. 

4. When SCR's are connected in series the reverse voltage distribution 
may be seriously affected by mismatch of reverse recovery times (Chapter 6). 

5.4 TURN-OFF METHODS 

The gate has no control over the SCR once anode-to-cathode current is 
flowing. External measures therefore have to be applied to stop the flow of 
current. There are two basic methods available for commutation, as the turn-
off process is called. 
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5.4.1 Current Interruption 

The current through the SCR may be interrupted by means of a switch 
in either of two positions, Figure 5.4. The switch must be operated for the 
required turn-off time. Note that the operation of the switch will cause the 
SCR to see high values of dv/dt. 

As it is seldom that a mechanical switch is suitable for commutation, 
various static switching circuits have been developed for this purpose. 

FIGURE 5.4 COMMUTATION BY CURRENT INTERRUPTION 

SWITCH 

5.4.2 Forced Commutation 

When the above methods of current interruption are not acceptable, 
then forced commutation must be used. The essence of the forced commuta-
tion method is to switch current from some energy source so as to force more 
current through the SCR in the reverse direction than is trying to flow in the 
forward direction. Forced commutation is the preferred method as it tends to 
give shortened device turn-off time. 

5.5 CLASSIFICATION OF FORCED COMMUTATION METHODS 

There are six distinct classes by which the energy is switched across the 
SCR to be turned off: 

Class A Self commutated by resonating the load 
Class B Self commutated by an LC circuit 
Class C C or LC switched by another load-carrying SCR 
Class D C or LC switched by an auxiliary SCR 
Class E An external pulse source for commutation 
Class F AC line commutation 
Examples of circuits which correspond to these classes will now be 

given. These examples show the classes as choppers (Chapter 11). The com-
mutation classes may be used in practice in configurations other than chop-
pers. References to literature covering the different classes will be found in 
Chapter 11. 
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5.5.1 Class A—Self commutated by resonating the load 

When SCR1 is triggered, anode current flows and charges up C in the 
polarity indicated. Current will then attempt to flow through the SCR in the 
reverse direction and the SCR will be turned off. 

The condition for commutation is that the LCR circuit must be under-
damped. 

411 

'14 zVCp 

'Sc"' 

VSCR 

SCR' 

R p 

tc 

FIGURE 5.5 CLASS A COMMUTATION 
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5.5.2 Class B—Self commutated by an LC circuit 

Example 1 
Before the gate pulse is applied, C charges up in the polarity indicated. 
When SCRI is triggered, current flows in two directions. 
1. The load current Iit flows through R. 
2. A pulse of current flows through the resonant LC circuit and charges 

C up in the reverse polarity. The resonant-circuit current will then reverse 
and attempt to flow through the SCR in opposition to the load current. The 
SCR will turn off when the reverse resonant-circuit current is greater than 
the load current. 

E 

FIGURE 5.6 CLASS B COMMUTATION (EXAMPLE 1) 

Class B—Self commutated by an LC circuit 

Example 2—The Morgan Circuit 
From the previous cycle the capacitor is charged as shown in Figure 5.7 

and the reador core has been saturated "positively." 
When SCR, is triggered, the capacitor voltage is applied to the reactor 

winding L2. The polarity of the applied voltage immediately pulls the core 
out of saturation. For the time t1 to t2 (Figure 5.7) the load current is flow-
ing through R. Simultaneously the capacitor is being discharged. 

When the voltage across L. has been applied for the prescribed time, 
the core goes into "negative" saturation. The inductance of L2 changes from 
the high unsaturated value to the low saturated value. 

The resonant charging of C now proceeds much more rapidly from time 
t., to t3. As soon as the peak of current is reached and current starts to de-
crease, the voltage across L., reverses. 

As soon as the voltage reverses, the core comes out of saturation again, 
the inductance rises to the high value and the recharging of C proceeds at a 
more leisurely pace (t3 to t4). 

The voltage across the inductor is held for the prescribed time and then 
positive saturation occurs (t4). 
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Now the capacitor is switched directly across the SCR via the saturated 
inductance of L2. If the reverse current exceeds the load current SCRI will 
be turned off. The remaining charge in C then is dissipated in the load and C 
is charged up as in Figure 5 ready for the next cycle (Q. 

It is quite possible in practice to design L so that negative saturation 
does not occur. In this case the anode-current pulse from t2 to t3 is omitted. 

• 
POSITIVE SIESATFVE 
SATURAll. SATURATION 

• 

CORE SA-URATON POIRRI 

FIGURE 5.7 CLASS Et COMMUTATION (EXAMPLE 2) 
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5.5.3 Class C—C or LC switched by another load-carrying SCR 
Assume SCIL, is conducting. C then charges up in the polarity shown. 

When SCHI is triggered, C is switched across SCR., via SCR1 and the dis-
charge current of C opposes the flow of load current in SCR°. 

SCR2 

FIGURE 5.8 CLASS C COMMUTATION 
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5.5.4 Class 0--LC or C switched by an auxiliary SCR 

Example 1 
The circuit shown in Figure 5.8 (Class C) can be converted to Class D 

if the load current is carried by only one of the SCR's, the other acting as an 
auxiliary turn-off SCR. The auxiliary SCR would have a resistor in its anode 
lead of say ten times the load resistance. 

Example 2 
SCR., must be triggered first in order to charge up the capacitor in the 

polarity shown. As soon as C is charged, SCR., will turn off due to lack of 
current. 

When SCRI is triggered the current flows in two paths: Load current 
flows in R; commutating current flows through C, SCRi, L, and D, and the 
charge on C is reversed and held with the hold-off diode D. At any desired 
time SCR., may be triggered which then places C across SCRI via SCR2 and 
SCRI is turned off. 

SCR 1 

vscolt 

vc 

FIGURE 5.9 CLASS D COMMUTATION (EXAMPLE 2) 
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Class D—LC or C switched by an auxiliary SCR 

Example 3—The Jones Circuit 
The outstanding feature of this circuit is its ability to start commutating 

reliably. 
If C were discharged, then, on triggering SCR 1, voltage would be in-

duced into L2 by closely coupled LI, and C would become charged in the 
polarity shown. As soon as SCR2 is triggered, SCR1 is turned off. C now be-
comes charged in the opposite polarity. 

The next time SCR1 is triggered, C discharges via SCRI, and L2, and 
its polarity is reversed ready for the next commutating pulse. The voltage 
to which C is charged (in the polarity shown in Figure 5.10), depends on 
which is greater: the voltage induced by load current flowing in L1 or the 
reversal of the positive charge built up while SCR2 was conducting. 

With heavy loads, the induced voltage increases, thus tending to offset 
the decrease of turn-off time. Better turn-off times are obtained with this 
circuit as compared with Example 2 at the cost of higher voltages appearing 
across the SCR's. This circuit is discussed in more detail in Chapter 11. 
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FIGURE 5.10 CLASS D COMMUTATION (EXAMPLE 3) 

98 
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5.5.5 Class E—External pulse source for commutation 
Example 1 
When SCRI is triggered, current will flow into the load. To turn SCRI 

off base drive is applied to the transistor Q1. This will connect auxiliary 
supply Eo across SCRI turning it off. Q.. is held on for the duration of the 
turn-off time. 

'SI 

R 

ISM% 

'COLLECTOR 

VCOLLECTOR 
-TO -RASE 

FIGURE 5.11 CLASS E COMMUTATION (EXAMPLE 1) 
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Class E—External pulse source for commutation 

Example 2 
The transformer is designed with sufficient iron and air gap so as not to 

saturate. It is capable of carrying the load current with a small voltage drop 
compared with the supply voltage. 

When SCRI is triggered, current flows through the load and pulse trans-
former. To turn SCRI off a positive pulse is applied to the cathode of the 
SCR from an external pulse generator via the pulse transformer. The capaci-
tor C is only charged to about 1 volt and for the duration of the turn-off 
pulse it can be considered to have zero impedance. Thus the pulse from the 
transformer reverses the voltage across the SCR, and it supplies the reverse 
recovery current and holds the voltage negative for the required turn-off 
time. 

K 

17 

k 

FIGURE 5.12 CLASS E COMMUTATION (EXAMPLE 2) 
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Class E—External pulse source for commutation 

Example 3 
When the SCR is turned on, the pulse transformer saturates and pre-

sents a low impedance path for the load current. When the time comes for 
turning off the SCR, the first step is to de-saturate the pulse transformer. This 
is done by means of a pulse in the polarity shown. This de-saturating pulse 
momentarily increases the voltage across the load and also the load current. 
Once the pulse transformer is de-saturated, a pulse in the reverse polarity is 
injected, reversing the voltage across the SCR and turning it off. The pulse is 
held for the required turn-off time. 

:SCR, 

VSCRI 

VmuLSE 

FIGURE 5.13 CLASS E COMMUTATION (EXAMPLE 3) 
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Class E—External pulse source for commutation 

Example 4 
This circuit is important because no capacitor-charging pulse flows 

through the load. 
Assume C is charged in the polarity shown to some voltage greater than 

the supply voltage E. When SCRi is triggered, load current flows in R and 
L2. SCR2 is in a resonant circuit consisting of C and L2. When SCR2 is trig-
gered, a pulse of current flows through Lo. A voltage is developed across L2 
which is greater than the supply voltage E. Reverse voltage is therefore ap-
plied to SCRI which turns it off. The termination of the discharge pulse 
through SCR0 turns it off, and C is now charged in the opposite polarity. 
L, is much larger than Lo, and C is now resonantly charged via L1 and D to 
some voltage greater than the supply voltage. 
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FIGURE 5.14 CLASS E COMMUTATION (EXAMPLE 4) 
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5.5.6 Class F—AC line commutated 

If the supply is an alternating voltage, load current will flow during the 
positive half cycle. During the negative half cycle the SCR will turn off due 
to the negative polarity across the SCR. The duration of the half cycle must 
be longer than the turn-off time of the SCR. 

AC LINE 
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FIGURE 5.15 CLASS F COMMUTATION 
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5.6 CAPACITORS FOR COMMUTATION CIRCUITS 

The capacitors used in the various methods of turning off SCR's need 
care in their selection and specification. The following properties are de-
sirable: 

1. The capacitor life should be long, at the operating ambient tempera-
ture, and comparable with that of the SCR. 

2. The losses should be low for two reasons: 
a. To avoid high internal temperatures which would shorten the 

capacitor life. 
b. To maintain the advantage of high efficiency which the SCR gives 

to the over-all circuit. 
3. The capacitor's equivalent series inductance should be known. In 

many circuits, inductance in series with the commutating capacitor 
plays an important part in controlling the initial rate of rise of anode 
current through the SCR. 

The equipment designer is advised to take the following steps: 
1. For the breadboard, standard inverter capacitors may be purchased 

from the General Electric Capacitor Department, Hudson Falls, New York. 
The following extract from the catalog gives the ratings of standard ca-
pacitors. 

2. After completion of the breadboard tests, the voltage and current 
waveforms and temperature data should be submitted to the capacitor manu-
facturer for optimization of life, size, and cost. 
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TABLE 5 1 Extracts From G-E Capacitor Catalog 

RMS Volts 
AC Max 

DC Volts 
Max 

0 
-±- 10% 

Catalog 
Number Dielectric 

Con- 
figuration 

Case Base 
Case 

Height 

Max RMS Amps at Given Max Tempt 

Ant. 
80°C 70°C 60°C 50°C Width Depth 

Case 
870C 83°C 80°C 77°C 

500 8/818 17F405 Rect. 8 4 6 30 66 90 120 
165 200 3 28F951 Oval 2i2 1 6 2;6 7.0 10.0 12.3 14.2 

5 28F952 Oval 22 1>(6 3146 9.8 14.2 17.4 19.9 
10 28F953 Rect. 334 11/4 41/4 22.0 31.6 39.5 42.9 
20 28F954 Rect. 33% 21/t 41;2 38.0 43.0 43.1 43.4 

200 250 2 28F955 Oval 22 1.›¡4 2 6 5.7 7.9 9.8 11.7 
330 600 2 28F956 * Oval 22 W 6 2% 6.3 8.8 11.0 12.6 

3 28F957 Oi I Ova I 22 1,5 3% 8.5 12.3 14.8 17.4 
5 28F958 I mpreg- Rect. 33/1 11/1 43% 15.8 22.1 28.4 31.6 

10 28F959 nated Rect. 33% 2% 41/ 25.3 37.9 42.9 43.0 
20 28F960 Paper Rect. 33/4 33;6 51/2 43.0 43.0 43.0 43.0 

400 800 1 28F961 Oval 22 1 6 2 6 4.1 5.7 6.9 8.2 
660 1500 0.5 28F5033 Oval 2,3 1.546 2:;6 3.0 4.3 5.6 6.7 
700 2000 1 28F962 Oval 2i2 1 6 43/8 5.3 7.2 9.1 10.7 

2 28F963 Rect. 3,4 114 43% 10.7 15.2 18.3 21.2 
3 28F964 Rect. 33/t 21/4 41/ 14.5 20.5 25.3 28.4 
5 28F965 Rect. 334 3i;6 51/8 22.1 30.6 36.3 42.6 
10 28F966 Rect. 4,46 33% 6 36.3 43.0 43.0 43.0 

330 600 20 28F1202 § Oval 324' 2 1. 31 3 6 43 43 43 43 
Poly-

700 2000 10 28F1203 carbonate Rect. 4%5 334 51/3 43 43 43 43 
Max VA at Given Max Temp 

115 25 28F1101 Oval 2% 1% 21/8 33 125 230 350 
50 28F1102 ** Oval 2% W 4 27/8 42 160 290 430 
100 28F1103 Metal ized Ova I 32142 1'42 31/8 65 245 440 670 
125 28F1104 Paper Oval 3% 1% 37/8 76 285 520 782 

Based on 50 microseco ds current pulse width (t, . For pulse widths other than 50 micro econds see Fig. 5.16. 
* See Fig. 5.17 for Q values. Estimated life for 28F type oil impregnated paper units for 95 percent survival is 40,000 hours, provided temperature, voltage and rms cur-

rent limitations are adhered to. 
§ Loss factor for polycarbonate is generally ten times less than for paper. **Peak current must not exceed 10 amps per ALf regardless of pulse width. 
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A check list of the required data for capacitors follows: 

1. Capacitance Required:  Tolerance (if less than -1-10%)  

2.* Peak Voltage•  RMS Voltage.  

3.* Peak Current:  RMS Current.  

4.* Repetition Rate:  Duty Cycle•  
(time on—time off) 

5. Minimum Q: Series Inductance if other than 0.1 pH -±50%_ 

6. Ambient Temperature:  Max. Min.  

7. Desired Operating Life •  (total cycles) 

 (total hours) 

8. Physical Size Limitations•  

3. Mounting Requirements•  

10. Unusual atmospheric conditions: (dust, chemicals, humidity, corrosion, 

etc )  

11. Other special requirements: (high altitude, shock, vibration, etc )  

12. What kind cooling available: (fins, heatsink, forced air, etc )  

*Show sketch of voltage wave shape vs. time. 
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SERIES AND PARALLEL 

OPERATION OF SCR'S 

6.1 SERIES OPERATION OF SCR's 

Since the introduction of the SCR in 1957, its blocking capabilities have 
been steadily improving. SCR's are today available with rated blocking volt-
ages significantly above 1000 volts. Still, there are numerous applications 
where a single SCR does not have sufficient blocking capability for the job. 
Additionally, some specialized SCR's such as high speed inverter types, are 
somewhat limited in voltage capability. This is done intentionally in order to 
attain the required high speed characteristics. When circuit requirements 
dictate operation at higher voltages than can be realized within the blocking 
capabilities of a single SCR, series combinations can be employed if certain 
design precautions are taken. These precautions are primarily the equaliza-
tion of the voltages, both forward and reverse, between individual SCR's. 

Little work has been done on series connection of triars; it appears the 
guidelines outlined here for SCR's generally apply to triacs. 

To date, the triac has been primarily employed in consumer/appliance/ 
light industrial applications where slightly lower cost of trigger circuitry can 
be an important factor. As requirements for operation from higher source 
voltages appear, the applications will almost certainly fall in the realm of 
heavy industrial applications. While cost is important everywhere, perform-
ance tends to dominate in heavy industry. Therefore, inverse parallel high-
voltage SCR's with their high degree of dynamic capability are in general 
more appropriate to provide the function of AC switching at higher currents 
and voltages, and at greater levels of dynamic performance, than are cur-
rently available in series/parallel combinations of discrete triac devices. 

6.1.1 General 

Shown in Fig. 6.1 are hypothetical 
voltage/current characteristics for 
two randomly selected SCR's. If the 
two SCR's are connected in series one 
might expect them to have a total 
forward blocking capability of at least 
2 (Vo). Yet without forced voltage 
equalization the total peak forward 
blocking voltage must be limited to 
approximately (V, + Vo) in order to 
keep the voltage across SCR2 from 
exceeding V(BR)F.,• 

SCR RHODE 004140E- - • 

FIGURE 6.1 SCR CHARACTERISTICS 
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Fig. 6.2 shows, diagramatically, the six operating states that can occur 
in a random sample of SCR's, connected in series, without forced equaliza-
tion. It is seen that the equivalent individual impedances change continu-
ously as the SCR series connection switches from state to state. 

FORWARD PARTIAL -0. FORWARD -+ REVERSE --1Y PARTIAL REVERSE 

BLOCKING TURN -ON CONDUCTING CONDUCTING REV RECOVERY BLOCKING 
+1200 VOLTS 

1000V 1200V 1.0V 05V 0.1v Kay 

50V 6V IV 11.0V 10.7V 1100V 

150V T $ V 

101,19 

0.10 1 0.21V 

o - 

509 IOU 10 MA 

1200V 200V 

t • 
IONA 

FIGURE 6.2 POSSIBLE OPERATING STATES OF AN UNEQUALIZED SERIES STRING 
OF SCR'S 

During forward and reverse blocking (State I and VI) the differences in 
blocking characteristics result in unequal voltage sharing. This could be 
harmful to an SCR with inherently low blocking current since it might cause 
excessive voltage to appear across that SCR. In order to equalize the blocking 
voltages a shunt resistor is connected across each SCR. The conducting States 
(III and IV) represent no problem of voltage equalization. 

States II and V shown in Fig. 6.2 represent undesirable conditions since 
each presents a momentary excessive voltage to at least one SCR. Inasmuch 
as these states cannot be eliminated, some form of forced voltage sharing dur-
ing this time is necessary. Voltage can be virtually equalized during State II 
by simultaneous turn-on of all SCR's (simultaneous triggering). Triggering of 
series SCR's will be discussed later (See Section 6.1.4.). State V results from 
the fact that in a randomly chosen series string of SCR's, all SCR's will not 
recover their reverse blocking ability at the same instant. As soon as the first 
SCR recovers, the reverse voltage intended for the entire string tends to ap-
pear across that one member. To equalize the voltage during this period, a 
capacitor is connected across each SCR. If the impedance of the capacitor is 
low enough during the reverse recovery time (a transient phenomenon), the 
voltage buildup on the fastest SCR to recover is limited until the slowest SCR 
in the string recovers. Addition of shunt capacitors limits forward voltage rise 
during turn-on also thus alleviating the undesirable condition of State II. 

In summary, States III and IV present no equalization problem. Shunt 
resistors equalize the voltage during States I and VI. Shunt capacitors equal-
ize the voltage during States II and V. Virtual simultaneous triggering re-
duces, and all but eliminates, inequalities during State II. 

While capacitors provide excellent transient voltage equalization, they 
also produce high switching currents through the SCR's during the turn-on 
interval. 1,2 Switching currents can be limited by means of damping resistors 
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in series with each capacitor. The value of the damping resistors must be kept 
to a reasonably low value in order not to reduce the effectiveness of the 
capacitors in equalizing voltage during the reverse recovery time. Also, low 
values of damping resistance preclude excessive voltage build-up due to the 
IR drop during flow of reverse recovery current in the series connection after 
the first SCR has recovered. 

Fig. 6.3 shows the voltage equalization scheme described above. Diodes 
can be placed across the damping resistors RD to increase the effectiveness of 
the capacitors in preventing misfiring due to excessive rate of rise of forward 
voltage pn the SCR's. Fast recovery diodes should be employed so that the 
damping resistors still limit the switching current duty on the SCR's. 

1 ? 

P‘s 

,,, 

FIGURE 6.3 SERIES EQUALIZING ARRANGEMENT 

6.1.2 Equalizing Network Design 

6.1.2.1 Selection of Voltage Equalizing Resistors 

For any given random group of SCR's there will be a given range of 
forward and reverse blocking current at given circuit conditions. Naturally, 
SCR's with low inherent blocking current will assume a greater portion of a 
steady state blocking voltage than will units with higher blocking current 
when all are connected in series. If the range of blocking current is defined as 

Ib(max) — Ib(min) = ,c,Ib (6.1) 
it is seen that the maximum unbalance in blocking voltage to SCR's of a 
series string occurs when one member has a blocking current of Ib(min) and 
all remaining SCR's have Ib(max). Fig. 6.4 represents just such a case. 
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I.  E,„ 

FIGURE 6.4 USE OF SHUNT RESISTORS TO EQUALIZE BLOCKING VOLTAGES TO 
SERIES SCR'S 

Choose E„ as the maximum blocking voltage which we will allow across 
any one SCR. By inspection II > I. Therefore: 

E„ = I Ra 

E„, = E„ + (na — 1) Ra I. 

Em = peak blocking voltage to entire series string 
na = number of SCR's in series string 
12 = Ij — Alb 
E. = E„ + (na — 1) R, (II — Mb) 
= naE„ — (na — 1) R, Alb 

naE„ — E„,  
R, < (6.2) 

(na — 1) ,c,11,  
In general, only the maximum blocking currents for a particular SCR 

type are provided by the manufacturer. If one wishes to be conservative, 
Idmin) can be assumed to be zero. The required value for Ra then becomes 

n,E„ — E.  
R. (6.3) 

(na — 1) Ib(max) 
Equalization resistors represent power consumers and as such it is desir-

able to use as large a resistance as possible. In a given group of SCR's, 
chances are good that one can select Alb to he considerably less than Ib(max). 
For this reason the M I, approach is recommended. When determining Alb, it 
is best to measure blocking currents at maximum rated junction temperature 
and blocking voltage. After M,, groups are selected, the M I, should be 
checked at 25°C. To allow for differences in SCR temperatures when operat-
ing, a safety factor on àfi, should be used for design purposes. 

Up to this point nothing has been said whether one must consider for-
ward or reverse blocking current, or both. In general an SCR specification 
sheet gives one figure to cover both forward and reverse blocking current; 
when both are specified, they are usually the same. In general one would 
want to design around the larger of the blocking currents. More often than 

Also: 

where: 

Now: 
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not the forward blocking current is slightly higher than reverse. One would 
generally be safe using Ali, = àIFom When using the conservative approach 
one must use ic.Ib = IFom from the SCR specification sheet, not iFx(Av), the 
full cycle average. 

Figure 6.5 is a useful aid for finding the required voltage equalizing re-
sistance for series strings up to eight SCR's long. Enter the chart with a 
known Em/EP and read up to the curve designating the number of SCR's per 

string. Read across to find  R I' E./AIb . With a knowledge of E. and 'el), deter-

mine 118(max). 

tr" 
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FIGURE 6.5 VOLTAGE EQUALIZING RESISTANCE FOR SERIES OPERATION OF SCR'S 
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To determine the power rating of the shunt resistors one must consider 
the resistor which experiences the highest peak voltage. The resistor power 
dissipation can be expressed as: 

(ERMS)2  
PD (6.4) Rs 

For phase control applications the maximum power dissipation occurs at 
zero conduction angle: 

E 

For square wave inverter or chopper: 

E 

For sawtooth wave: 

-•••-t1 H 

t 2   

= E„2 
LD  2Rs 

PD = x EP2 

(6.5) 

(6.6) 

Where x = maximum blocking duty cycle (ti/to) 

—E 

P = EP2 x  D  
3R„ 

(6.7) 

Where x = maximum blocking duty cycle (ti/t2) 

6.1.2.2 Selection of Shunt Capacitors 

As mentioned earlier, shunt capacitors are required to limit rate of rise of 
voltage on the SCR's. Also &ling the reverse recovery interval such capacitors 
provide a reverse recovery current path for slow SCR's around those SCR's 
which recover first. Since the problem we are trying to correct arises from a 
difference in recovery characteristics within a given type of SCR we must 
take some time to discuss this characteristic.4 The reverse recovery phenome-
non in an SCR results from an attempt to place reverse voltage to the device 
while it is in the forward conducting condition. There is a period of time be-
tween the application of reverse voltage to the SCR and the assumption of 
such by the SCR. The time period between crossover from forward to reverse 
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¡RR 

current and the point where reverse current has decayed to 10% of the peak 
value is defined as reverse recovery time. In those cases observed to date it 
has been found that SCR's exhibit the triangular reverse current characteris-
tic as shown in Figure 6.6. Empirically it has been found that ts 0.6 t„ for 
a number of different commutating conditions. 

REVERSE 
LEAKAGE CURRENT 

FIGURE 6.6 TYPICAL SCR REVERSE RECOVERY CURRENT 

The time integral of the current over the period t„ is the total recovered 
charge. The recovered charge as we speak of it here is a portion of the total 
stored at the junction and throughout the bulk of the pellet during forward 
conduction. If natural recombination of electrons and holes was negligible 
during t„, then all the stored charge would be recovered. In those semicon-
ductor devices such as some diodes which exhibit a "snap-off" characteristic, 
the time period tr essentially does not exist. So far as has been observed, 
SCR's do not have a severe snap characteristic. 

Two SCR's with a sizeable difference in reverse recovery current are de-
picted in Figure 6.7. The difference in the enclosed area is the differential 
charge (designated AQ). 

r a 

FIGURE 6.7 REVERSE RECOVERY CURRENTS FOR TWO UNMATCHED SCR'S OF 
THE SAME TYPE 

113 



SCR MANUAL 

Note that Figure 6.7 shows te > t„,. This will not necessarily be true 
for two randomly chosen SCR's. However if one has two SCR's which repre-
sent the limit cases for a given type (i.e. worst case reverse recovery mis-
match) then ta is generally greater than trrl• For design purposes this is a 
valid assumption. 

Figure 6.8 shows current and voltage waveforms, during the reverse re-
covery interval, for two mismatched, series connected SCR's with shunt 
capacitors. The commutation interval begins when forward current begins to 
decrease abruptly. 

FIGURE 6.8 RECOVERY VOLTAGES OF CAPACITORS SHUNTING MISMATCHED, 
SERIES CONNECTED SCR'S 

From to to t1 both SCR's present a short circuit to the flow of reverse cur-
rent. Reverse current is applied at a rate determined by the commutating 
voltage Ee and the circuit commutating reactance L. During the period t, 
to t2, capacitor C, begins to charge as SCR, begins to regain its blocking 
capability. The rate of charge of C, increases during this interval as the cur-
rent in SCR, "tails-off." From t2 to t3 SCR, has fully recovered. The voltage 
and rate of charging C, further increases due to the increasing reverse cur-
rent in SCR2. At t3, SCR2 begins to recover and the current through SCR, 
begins to decrease thus reducing the charging rate of C1. C2 begins to charge 
as soon as SCR2 begins to regain its blocking ability. At time t4 both SCR's 
are fully recovered so that the only current path is through the capacitors. 
This means that at time t4 the slopes of the voltage waveforms must be equal. 
From time t4 on, the circuit behaves as a simple LC circuit (C being a series 
combination of n discrete capacitors). Due to the difference in SCR recovery 
characteristics, the shunt capacitors when charged to peak voltage are not 
charged equally. The maximum difference in voltage is designated as 
This 4V..x can be simply represented. by 

AV... —  m" (6.8) 
C. 

x = 1, 2, 3 .... n 

114 



SERIES AND PARALLEL OPERATION OF SCR'S 

For steady state reverse blocking the shunt resistors share voltage to the 
designed degree. In Figure 6.8, the voltage difference between the two shunt 
capacitors varies from àV„,„„ at t5 to that determined by the shunt resistors 
at some time later than t5. Assuming that the resistors share the steady state 
reverse voltage perfectly, àV after t5 can be represented by: 

àV = àVn,„„ E —[t/R.C] (6.9) 
(time zero at t) 

The worst combination of recovery characteristics for a series string of 
SCR's is with one fast recovery SCR and all the remaining ones being the 
slowest of that type. In this situation the peak voltages across the shunt ca-
pacitors are as follows: 

V, (fast SCR) = (1/n„) [E, + — 1) àV„,„,1 (6.10) 
V. (slow SCR) = (1/n„) (Ec — 

Using relationships (6.8) and (6.10) and setting V, (fast SCR) = E„ 
(n — 1) àQn„, x  

C (6.11) 
— E, 

One might say: "This relationship for C is fine but how do I find AO — mn 
for a given type of SCR"? As of this writing no such thing as a AQ is specified 
for SCR's. Following is a table of typical spread of AQ for some General 
Electric SCR types. 

TABLE 6.1 Typical Recovered Charge for Some SCR Types 

SCR Line C10 C20 
- 

C35 C30 C140 C135 

Related SCR Types Cil 
C12 
C15 

C22 C36 
C37 
C38 
C40 

C31 
C32 
C33 

C141 

(12 coulombs) 
10 12 20 40 4 

_ 

35 

(T; = 25°C) 

Recovered charge is a function of commutation conditions. It is interest-
ing to note that although the magnitudes of recovered charge vary with con-
ditions at T. = 25°C, for high reverse dIr/dt, àQ remains relatively constant 
as conditions vary. The values for m? shown in Table 6.1 are for rated for-
ward currents and high rates of rise of reverse current. For this reason com-
mutating conditions have not been attached to Table 6.1. For light commu-
tating conditions where, due to natural recombination, not all charge is 
recovered, actual AQ will be less than that given in the table. AQmox in-
creases modestly with junction temperature. An approximate temperature 
coefficient for AQ„,„„ is +0.2%/°C. 

Note that up to this point we have talked about voltages across the 
capacitors and tacitly assumed that such voltages are those on the SCR's. In 
practice this is usually not true. As shown in Figure 6.9 a certain amount of 
stray inductance is found in the physical capacitor-SCR loop. 
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(a) (b) 

FIGURE 6.9 STRAY INDUCTANCE OF SCR-CAPACITOR LOOP 

During the period tr (Figure 6.6), current is changing in such a fashion as to 
set up a voltage in the stray inductance as shown. Realizing that this induct-
ance is composed of wiring inductance, capacitor inductance and that inher-
ent in the SCR, it is not hard to visualize, say, 1 h in the loop. The induced 
voltage as shown represents additional reverse voltage to the SCR. During tf 
the current can be changing at the rate of 200 amperes per microsecond 
when the commutation conditions are severe. This (with 1 ph) would mean 
an additional 200 volts reverse to the SCR. It cannot be overemphasized that 
the inductance of the capacitor-SCR loop should be held to as low a value 
as possible. 

Since the shunt capacitors discharge through the SCR's during turn-on, 
it is necessary to insert a small amount of resistance in series with each ca-
pacitor. The value of the resistance is chosen to limit the discharge current 
within the turn-on current limit of the SCR. Usually, the required value of 
resistance will fall between 5 and 50 ohms. In addition to limiting capacitor 
discharge current, high frequency oscillations due to interaction between the 
capacitors and circuit inductance are suppressed. It must be remembered 
that, although the damping resistance must be large enough to limit turn-on 
current, it must not be so large that it either destroys the effect of the shunt 
capacitors or establishes an excessively high voltage during flow of reverse 
recovery current through it. 

6.1.3 Other Voltage Equalizing Arrangements 

The arrangement of Figure 6.3 provides voltage sharing under all con-
ditions of forward and reverse blocking. In applications where the increase in 
blocking losses due to current through the equalizing resistors must be 
avoided, as in SCR radar modulator switches, voltage sharing may be suc-
cessfully accomplished by replacing each shunt equalizing network with a 
silicon controlled avalanche rectifier as shown in Figure 6.10(a). When maxi-
mum avalanche voltage is chosen correctly, total forward blocking current 
through the circuit need be only slightly higher than the maximum blocking 
current of the worst SCR. Maximum avalanche voltage of the shunt rectifier 
should be equal to, or slightly below, the SCR forward breakover voltage 
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G E CONTROLLED AVALANCHE RECTIFIERS 

VOLTAGE SHARING UNDER FORWARD BLOCKING. NO 

REVERSE BLOCKING CAPABILITY 

(b) 

VOLTAGE SHARING UNDER BOTH FORWARD AND 

REVERSE BLOCKING 

IC) 

VOLTAGE SHARING UNDER FORWARD BLOCKING. 

REVERSE BLOCKING BUT NO PROVISION FOR 

REVERSE SHARING 

FIGURE 6.10 SERIES EQUALIZING ARRANGEMENTS USING CONTROLLED AVA-
LANCHE RECTIFIERS 

specification. Minimum avalanche voltage must be higher than Em/n„ when 
measured at the controlled avalanche rectifier's minimum operating tempera-
ture. To provide optimum equalization it is desirable to have as narrow a 
tolerance as possible on the avalanche voltage of the shunt rectifier. Where a 
series string has to block appreciable reverse as well as forward voltage, in-
verse series controlled avalanche rectifiers may be substituted for the single 
units (see Figure 6.10(b)). In cases where reverse blocking requirements are 
not severe, some reverse blocking ability can be obtained using controlled 
avalanche rectifiers and conventional silicon rectifiers arranged as in Figure 
6.10(e). 

6.1.4 Triggering Series Operated SCR's 

There are two primary methods in common use for triggering series 
SCR's, namely: 

1. Simultaneous triggering; 
2. Slave triggering whereby one "master" SCR is triggered, and as its 

forward blocking voltage begins to collapse, a gate signal is thereby 
applied to the "slave" SCR. 

Simultaneous triggering of all SCR gates is the preferred method. Slave 
triggering, while it is a unique way to provide gate isolation, produces some 
time delay between master and slave. Fortunately the capacitors used for 
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voltage equalization during the reverse recovery period also limit the forward 
voltage rise. As long as the shunt capacitance is sufficient to limit forward 
voltage within the PFV ratings of the SCR's until all SCR's are "on," slave 
triggering can be reliably employed. The designer is cautioned to observe 
gate drive requirements of the SCR when employing slave triggering, par-
ticularly if switching into a fast rising anode current. 

6.1.4.1 Simultaneous Triggering Via Pulse Transformer 

When using pulse transformers particular attention should be given to 
the insulation between windings. This insulation must be able to support at 
least the peak of the supply voltage. 

Triggering requirements may differ quite widely between individual 
SCR's. To prevent a cell with a low impedance gate characteristic from 
shunting the trigger signal away from a cell with a high impedance gate 
characteristic, resistance should be inserted in each gate lead, or impedance 
built into the transformer via leakage reactance. 

Where the total energy available to trigger is limited, as may well be the 
case in a pulse triggering arrangement, it is preferable to replace these re-
sistors with capacitors in series with each gate lead. Series capacitors tend to 
equalize the charge coupled to each SCR gate during trigger pulses, thus 
reducing the effects of unequal loading without additional energy dissipation. 
When capacitors are used in this manner a resistor should be connected from 
gate to cathode of each SCR to provide a discharge path for the capacitor. 
The circuit must be able to pass a fast rise time pulse, preferably less than 
1 tsecond. 

It must be emphasized again that marginal triggering is discouraged. 
Most SCR specification sheets today show a preferred triggering area on the 
gate characteristics curve. Particularly when switching into high currents, 
operation below this preferred area can be disastrous. 

6.1.4.2 Simultaneous Triggering by Means of Light 

Figure 6.11 shows an approach whereby simultaneous triggering of 
series connected SCR's is achieved by triggering LASCR's8 in the gate cir-
cuit of each SCR. This method of triggering provides the required gate isola-
tion along with simultaneous turn-on when a single light source is used to 
turn on all LASCR's. The series combination of R, and Ro is made equal to 
the required shunt resistance R. Ro is made fairly small compared to R1 so 
that low voltage LASCR's can be employed. The R CI time constant must 
be made sufficiently small so that C, is hilly charged to the voltage dictated 
by Ro at turn-on. Resistor R4 limits the peak gate current. A useful trigger 
circuit (for LASCR's) employing Xenon flashtubesl° is shown in Figure 6.12. 
The circuit as shown operates well in the 60-400 Hz frequency range. The 
unijunction transistor relaxation oscillator provides alternate trigger pulses to 
the two C5 SCR's. As the C5 SCR's turn-on, the .22 pf capacitors discharge 
into the primaries of the high voltage trigger transformers thus providing 
approximately a 6 KV pulse at the flashtube. As the Xenon is ionized by this 
high voltage puke the flashtubes conduct and emit a pulse of light. 
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FIGURE 6.11 TRIGGERING OF SERIES CONNECTED SCR'S WITH LIGHT 
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FIGURE 6.12 TRIGGER CIRCUIT FOR LIGHT TRIGGERING OF SERIES SCR'S 

6.1.4.3 Slave Triggering for Series SCR's 

350 
VOC 

Slave triggering is a technique for obtaining turn-on of more than one 
SCR by applying a trigger signal to only one SCR. 3,6 This approach, although 
a simple one to implement, has a rather serious limitation. Rather than simul-
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taneous turn-on, one obtains staggered triggering so that total turn-on-time 
can be many times that of a single SCR. After the first few SCR's of a series 
string turn-on, the forward blocking voltage intended for the entire string 
must be supported by those units which have not yet switched. If the forward 
voltage to any one SCR exceeds its PFV rating, permanent damage to the 
SCR may result. The use of shunt capacitors tends to limit the rate of rise of 
forward voltage on the later SCR's to switch. 

Figure 6.13 illustrates a slave triggering technique. A voltage equalizing 
network as previously described is connected across the cells. Only SCR, is 
directly triggered by the pulse source. The gate of SCR2 is triggered by the 
surge of discharge current from capacitor C, when the voltage across SCRi 
decreases abruptly as it switches into conduction. Since the capacitor-resistor 
shunts, in conjunction with the SCR's present a balanced bridge to the zener, 
the triggering circuit to the SCR's is essentially insensitive to ordinary cycli-
cal variations and transients from the supply voltage. In many cases the 
equalization network, optimized according to the procedure described earlier, 
will supply the required gate current to trigger. Rectifiers CR2 and CR3 can 
be paralleled with the damping resistors to inhibit triggering from dv/dt of 
the line voltage. 

SOUR 
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E 
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C2 ,-. 

Ro 

0 

CI 2,7. 
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i CR2 

:41'. 
- 

SCR 2 

CRI 

MASTER 
GATE 
PULSE 

CR3 i h-
.5Z« 

SCR I 

Rau 

Ci  
FIGURE 6.13 SERIES OPERATION OF SCR'S USING SLAVE TRIGGERING 

The minimum capacitance required to supply sufficient gate current to 
trigger under all conditions is given by: 

10  
CI   fd 

RG VGT(max)  
IGT(max) 

and 
(Vz/2.7) — VGTonax) 

RG = ohms (6.13) 
'OT(max) 

where Vz = nominal zener breakdown voltage of CR 1. (volts) 
TOT(max) = maximum gate current to trigger under any of the circuit's 

operating conditions (milliamps) 
VGT(max) = maximum gate voltage to trigger at IGT(m„) (T/OITS) 

(6.12) 
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It is necessary that points C and D of Figure 6.13 be as closely bal-
anced as possible. This is to prevent the flow of current in the bridge due to 
normal cyclical and transient variations of the supply voltage. Depending on 
the direction of an unbalance, a positive gate current to SCR2 can result from 
either a falling or rising supply voltage. The slave triggering technique of 
Figure 6.13 is expandable to more than two SCR's in series. 

Figure 6.14 shows another method of slave triggering series connected 
SCR's. Capacitors C1, C2 . . . C. serve a dual purpose in this configuration. 
First, they prgvide transient voltage equalization and secondly they provide 
the slave triggering current at turn-on. As SCRI is triggered by the master 
signal, it begins to discharge capacitor C1 through the gate of SCR2 thus 
triggering SCR2. As SCR2 turns on capacitor Co begins to discharge through 
the gate of SCR3, and so on. Resistors R1, Ro . . . R,_ 1 limit the SCR gate 
currents. Resistor R. limits the di/dt to SCR„. Figure 6.15 shows what over-
voltage can be expected at each SCR during the turn-on interval when em-
ploying slave triggering. Overvoltage as used here is a percentage of E. 

c.. 

FIGURE 6.14 SLAVE TRIGGERING OF SERIES CONNECTED SCR'S 
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FIGURE 6.15 SCR OVERVOLTAGE AT TURN-ON WHEN SLAVE TRIGGERED VS SCR 
POSITION IN STRING 
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6.1.4.4 The Triggering Pulse 

For series operation it is imperative to operate the gate well beyond the 
locus of minimum triggering (see Figure 4.12) in order to obtain turn-on in 
the minimum possible time. In addition, the pulse should have a very steep 
rise (ideally about 100 nanoseconds). The width of the pulse should be suffi-
cient to insure that the SCR will latch into conduction under all operating 
conditions. If anode current swings momentarily to zero during the conduct-
ing cycle, the gate pulse must be maintained over the entire conduction 
period. The amplitude of the gate pulse should be the maximum permissible 
within the average and peak gate power dissipation ratings of the SCR. 

6.2 PARALLEL OPERATION OF SCR's 

With the advent of higher current SCR's in the early 1960's the need 
for parallel combinations of SCR's appeared to diminish. It was (and is) a 
rare case when it was more economical for an equipment designer to parallel 
smaller devices rather than use one large SCR for a given current require-
ment. Of course, when the requirement for special electrical characteristics 
only available in smaller SCR's are paramount, then there is no alternative 
but to parallel. More will be said on this subject later in this chapter (see 
Section 6.2.5). 

Now, in the latter 1960's, current carrying requirements for SCR's ap-
pear to be out-running those available with a single silicon crystal. Again we 
are looking at parallel operation of cells for very high current applications 
using large crystal building blocks. 

The main design consideration for operating SCR's in parallel is the 
equalization of forward current through the parallel paths. When paralleling 
low resistance elements, variations in the magnetic flux linked by the parallel 
circuits can often be the most significant cause of unequal current balance. 
In SCR circuits, this general situation is aggravated by non-uniformity be-
tween the SCR forward characteristics. 

As regards parallel operation of triacs, a similar philosophy as that out-
lined under Section 6.1 is suggested; that is, for higher current triac applica-
tions, inverse parallel arrangements of high current SCR's are suggested 
rather than parallel arrangements of triacs. 

6.2.1 Current Unbalance Due to External Circuitry 

When forced current sharing is not employed, particular care must be 
taken to assure that impedance in series with each individual parallel path is 
maintained as nearly equal as possible. Wiring and connections should be 
uniform in all respects. The tendency for current to crowd to the outer 
branches or paths of a parallel network due to reactive effects is of particular 
significance at higher frequencies, and during the switching interval at the 
beginning and end of each conduction period. Mutual and self-inductance in 
series with each parallel path should be equalized where this phenomenon 
poses a problem.14 
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6.2.2 Current Unbalance Due to Differences in 
SCR Forward Characteristics 

There are two primary methods of minimizing current unbalance due to 
the differences in SCR characteristics. One is to reduce these differences by 
using SCR's with matched characteristics in the conduction region and the 
other is to employ forced current sharing by external means. 

6.2.2.1 Use of Standard SCR's with no Externally Forced Current Sharing 

The method used to parallel standard SCR's with unmatched forward 
characteristics is best described by an example design problem. We shall 
assume that our current carrying requirement is in excess of the capability of 
General Electric's largest stud or flat-base package SCR's at this writing; 
namely the type C290/C291 SCR. 

Assume we have a three phase waveform. What average current can 
two unmatched C291 type SCR's handle? Begin by assuming that the SCR 
with the lowest VF (call this device SCR i) will be allowed to run at maximum 
rated junction temperature and maximum allowable RMS current. For the 
type C291 SCR this is 125°C and 470 amperes respectively. For three phase 
operation we shall assume a rectangular current waveshape of 0.333 duty 
cycle. The RMS value for a rectangular waveshape is given by the following 
relationship 

IRMS = IPK 't/Duty Cycle 

For the type C291 SCR in a three phase circuit: 

470 = IpK • V0.333 
Ip/K = 815 amperes 
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During the "on" portion of the cycle, SCRI may conduct 815 amperes. 
Remember that SCR, takes a disproportionate share of the total current. This 
is the SCR with the lowest forward voltage drop at a given current and tem-
perature among the SCR's of that type connected in parallel. SCRI is repre-
sented by the curve designated "min (T; = 125°C)" in Figure 6.16. From 
this curve we may calculate the power dissipation in SCRI when conducting 
at maximum allowable junction temperature. 

Pdiss(SCRI) = (IrK) VFm (Duty Cycle) (6.15) 
= (815) (1.05) (0.333) = 290 watts 

The problem now is to find how little current other SCR's in the cluster 
will conduct. As we have seen, the forward drop across the parallel combina-
tion must go no higher than that permitted by SCR2 when conducting maxi-
mum RMS current at maximum rated junction temperature. For our assumed 
example this was 1.05 volts. Note now that two maximum forward voltage 
drop curves are shown in Figure 6.16; one at T1 = 125°C and one at 
T; = 25°C. A common heat exchanger for paralleled SCR's is desirable from 
the standpoint of thermal stability between SCR's. Let's assume we are fol-
lowing this suggested practice. This means that the temperature of the heat 
exchanger surface to which the SCR's are mounted can be assumed to be at 
one temperature for all devices. With SCR, running at maximum rated junc-
tion temperature it follows that high-forward-drop units will be running at 
considerably cooler junction temperatures since they are conducting less cur-
rent and hence dissipating less power. It is seen that the lower the junction 
temperature the less the current conducted at the forward voltage drop deter-
mined by SCRI. Naturally, use of the T. = 25°C curve will give an ultra-

SCR, JUNCTION (I25.C) 

Pi I SCR 2 JUNCTION 

HEAT EXCHANGER 

0, • THERMAL RESISTANCE (JUNCTION TO 
SCR CASE) 

THERMAL RESISTANCE (SCR CASE TO 
HEAT EXCHANGER SURFACE) 

FIGURE 6.17 THERMAL PATHS—UNMATCHED PARALLEL CONNECTED SCR'S 

conservative estimate of the mismatch between units. Conversely, use of the 
T; = 125°C curve is inappropriate since it makes the degree of mismatch 
look better than it really may be. We must estimate at what temperature the 
junction of this device is operating and then check our estimate. 

Assume, as an arbitrary starting point, that T; = 75°C. Find the point 
(Figure 6.16) where Vr = 1.05 and is midway between the T; = 125°C and 
T; = 25°C. We see that this occurs at a current of 320 amps. 

124 



SERIES AND PARALLEL OPERATION OF SCR'S 

First we calculate at what temperature we must hold the surface of the 
heat exchanger on which the SCR's are mounted. This is done from a knowl-
edge of the power dissipated in SCR, and the maximum thermal resistance 
from junction to heat exchanger surface. Figure 6.17 shows the thermal cir-
cuits for the two parallel SCR's of our problem. In order to find the lowest 
temperature at which the heat exchanger surface must be held, we use maxi-
mum thermal resistance (13J-c and For SCR type C291 

= 0.138°C/watt (maximum) 
= 0.08°C/watt (maximum—for a properly mounted SCR) 
J—Junction 
C—Case 

H.E.—Heat Exchanger 
T1 — TII.E. = [Pdissl X [e.1-(.13 4)) OC-11.E.] 

125°C — TILE. = 290 (0.138 + 0.08) 
= 290 (0.218) 

TH.E. = 125°C — 63°C 
= 62°C 

We see immediately that the junction temperature of SCR., will be 
higher than 62°C. We are interested in finding the lowest temperature any 
type C291 SCR will run. 

The power dissipation in SCR., is 
Pdiss(scRo) = (320) (1.05) (0.333) 

= 110 watts 
In order to get the lowest probable junction temperature we must use 

minimum thermal resistances. Usually, minimum thermal resistances are not 
given on specification sheets. For the type C291 SCR the following thermal 
resistances may be considered as minimum values. 

= 0.09°C/watt 
= 0.10°C/watt 

0J-c13 4,) = 0.11°C/watt 
= 0.04°C/watt 

We can now compute the junction temperature of SCR.,. 
— TH.E. = Pdism I SCII.,) X (9.1-C(3 g5) (min) + e(-11.E. (mid 

Ti — 62°C = 110 x (0.11 + 0.04) 
= 16 

T1 = 78 °C 
We see now that our first guess of Ti = 75°C was a pretty good one 

and no further calculation is necessary. Naturally if our assumption did not 
correlate with the answer, a new assumption and interpolation would be 
necessary. 

We can now formulate a general relationship for the maximum three 
phase average current that a parallel group of standard C291's can handle. 

815 + (n., — 1) 320 
'AV (max) — 3 (6.16) 

where n1, = number of C291's in parallel 
If it is found that heat exchange surface temperature cannot be held at 

62°C, then full EMS current capability of SCR, cannot be realized. One 
must start with heat exchanger temperature and adjust average current in 
SCR, to maintain junction temperature at +125°C. 

It can be seen that in our example we have derated current 30% for 
parallel operation of two unmatched C291 SCR's. Section 6.2.2.2 defines 
"% parallel cutrent derating." 
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If we had assumed single phase current rather than three-phase, the 
approach would be quite similar. Using the peak current in SCRI, peak 
power is obtained from the "min (Ti = 125°C)" curve. For 180° half sine 
wave conduction, average power dissipation is given by the following em-
pirical relationship: 

Paw ,. = (0.286) Ppk (6.17) 
The remainder of the calculation follows that outlined for the three 

phase example. 
Note that all calculations have been made assuming the SCR's to be in 

full conduction. With a constant impedance load, if you are operating within 
SCR rating at full conduction, you will remain within rating as conduction 
angle is decreased. However, with a variable impedance load, particularly 
back EMF loads, required current at maximum retard angle is used to choose 
the proper SCR. Assuming operation at maximum allowable RMS current at 
120° conduction angle, the average power dissipation is about 15% less than 
that at 180° conduction angle and full RMS rating. When phasing back to 
less than 120° conduction angle, average power dissipation decreases about 
12-15% more for every additional 30° of retard down to 30° conduction 
angle. These rules-of-thumb are used to determine power dissipation in the 
one low-forward-voltage-drop cell for which the specification sheet rating 
curves do not apply. For all other cells (high-forward-voltage-drop units) the 
specification sheet curves apply. 

6.2.2.2 Use of SCR's with Matched Forward Characteristics 

As we have seen from Figure 6.16, the range of forward characteristics 
for a given SCR production line can be quite wide. If we define percent de-
rating for parallel operation as follows 

% Parallel Derating = 1 IT )   X 100% (6.18) 
n„Im 

where: IT = Total required load current through parallel 
arrangement 

= Maximum allowable current for a single cell 
operating alone 

n1, = No. of cells in parallel 
then we see that in our previous example of Section 6.2.2.1, 30% derating 
was required when operating two standard cells in parallel 

815 -I- 320  ) (1 x 100% = 30% 
2 X 815 

In order to allow for less derating, General Electric supplies C290/291 
type SCR's with matched forward characteristics. The entire production is 
divided into a number of "forward grades." If devices of one "forward grade 
are paralleled, extremely good current sharing is obtained. If cells from two 
consecutive "forward grades" are paralleled, the sharing is still quite good 
but slightly higher current derating is required. When paralleling devices 
from three or four consecutive "forward grade" groups, the amount of re-
quired current derating increases further. It is interesting to investigate what 
increase in total current capability matched SCR's would give in our previous 
example of Section 6.2.2.1. Table 6.2 gives such a comparison. 
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TABLE 6.2 % Current Derating vs. Number of Consecutive 
"Forward Grades" Employed for C290/291 SCR 

Peak Current (example of 6.2.2.1) Para% llel 
Current 

SCR 1 SCR 2 Derating 

Standard Units 815 Amps 320 Amps 30 

One Fwd. Grade 815 Amps 770 Amps 3 

Two Consecutive 
Fwd. Grades 815 Amps 730 Amps 5 

Three Consecutive 
Fwd. Grades 815 Amps 690 Amps 8 

Four Consecutive 
Fwd. Grades 815 Amps 650 Amps 10 

The procedure for designing parallel arrangements with matched SCR's 
is quite similar to that outlined in Section 6.2.2.1 with the following possible 
exception. Since little derating usually accompanies the use of matched cells, 
all cells are operating near maximum rated junction temperature. As such the 
T2 = 125°C forward characteristics can usually be used exclusively with very 
little error. 

6.2.2.3 External Forced Current Sharing 

If less than approximately 30% current derating is required when parel-
leling SCR's with unmatched forward characteristics, external forced sharing 
is required. Returning to our example of Section 6.2.2.1 we found that SCRi 
carried an average current of 272 amperes and SCR2 carried 107 amperes 
giving a total capability of 379 amperes. 

The maximum average capability of one cell is 272 amperes; it follows 
that with varying degrees of forced current sharing, one could approach 
about 540 average amperes for two cells in parallel. Let's see how we go 
about designing such an arrangement. Figure 6.18 shows such an arrange-
ment. Let's assume we want to force share just enough to allow 500 amperes 
of 3 phase average current. 

Il 
272 A (AVE) 
815 A (PK) 

o 

500 MAPS (AVE) 
SCR2 (500 AMPS (PK) 

r? 
228 A (AVE) 
685 A (PK) 

FIGURE 6.18 PARALLEL OPERATION OF SCR'S WITH FORCED SHARING 

127 



SCR MANUAL 

At duty cycle (three phase operation) the current through the pair 
during the on portion of the cycle must be 1500 amperes. With 815 amperes 
allowable in SCR 1, SCR2 must handle 685 amperes. Reading on-voltages 
from Figure 6.16, the relationship V1 + V3 = V2 -I- V4 can be solved. 

+ V3 = V2 -I- V4 (6.19) 
1.05 + 815 Z = 1.2 + 685 Z 

Z = 1.2 x 10-3 ohms 

If we use resistors to effect the sharing, they will indeed be effective but 
necessarily inefficient. In our example, the 1.2 milliohm resistor in series with 
SCRI will dissipate 256 watts. 

Current sharing via inductors is more efficient than with resistors, but 
considering the currents involved the reactors can become rather expensive 
and physically cumbersome. In our example, at a frequency of 60 Hz about 
3 µhenrys are required. 

6.2.3 Surge Current Sharing 

So far, our discussions of current sharing have dealt with continuous or 
load level currents. It is usually imperative that surge currents be adequately 
shared amongst parallel SCR's. Fortunately, there are factors going for, 
rather than against, current sharing at surge current levels. 

First, above the crossover point (see Figure 6.19) the temperature co-
efficient of the SCR's on-voltage goes positive. Thus, as an individual SCR 
tends to hog current, its junction temperature increases, increasing its on-
voltage, thus forcing more of the available current through the remainder of 
SCR's in the parallel arrangement. The high level forward characteristics for 
SCR type C290/291 are shown in Figure 6.19. Note that the crossover of 
temperature coefficient occurs at approximately 2700 amperes. The one-cycle 
surge rating of this device is 5500 amperes: a point well above the crossover. 

55 
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FIGURE 6.19 SURGE LEVEL—FORWARD CHARACTERISTIC SCR TYPE C290/291 
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Secondly, circuit and device impedances, previously insignificant at low 
level, begin to come into the picture. Take for instance the cathode "pigtail." 
The forward characteristics as shown are determined for a device before the 
pigtail is attached; the pigtail has a resistance of about 20 p.ohms. At a surge 
current of 5000 amperes, the voltage drop across the pigtail is 100 millivolts. 
Thus the pigtail actually helps to externally force-share current at surge 
levels. Other impedances such as the stud contact resistance, pigtail terminal 
contact resistance and external wiring resistance also perform the same 
function. 

6.2.4 Triggering of Parallel Connected SCR's 

If parallel SCR's are triggered from a common source, which is an essen-
tial requirement when switching high currents to large resistive or capacitive 
loads, each cell must be supplied with sufficient drive to exceed its own spe-
cific triggering needs. As previously pointed out, triggering requirements 
may differ quite widely between individual SCR's, whether or not units are 
parallel matched. As such the suggestions of Section 6.1.4.1 apply. In addi-
tion, it is necessary to drive the gates hard, commensurate with the peak and 
average gate power dissipation ratings in order to insure fast turn-on. This 
will help the SCR's to share the switching duty. 

At low values of anode current the forward voltage-current characteristic 
changes from a positive to a negative resistance as it is reduced towards the 
minimum holding current. Below this value, the SCR will turn off by revert-
ing to the forward blocking state. This transition point between positive and 
negative resistance is represented by the valley indicated in Figure 6.20, i.e., 
the current at which minimum forward voltage drop occurs. It is very diffi-
cult to match SCR's satisfactorily for identical characteristics in this region, 
particularly over wide ranges of temperature. This poses no problem when 
the gate signal is supplied to the parallel SCR's throughout the anode con-
duction period, since any instability in current-sharing or a tendency of one 
SCR to turn off will not overheat the other device(s) in parallel because of 
the low current level in the region of the valley. As long as gate current is 
maintained, an SCR with a tendency to turn off at low anode current levels 
will switch into conduction again as soon as the total load current moves out 
of this valley area. It will thus assume its share of the load before overloading 
on its partner can occur. When a pulse type of gate signal is employed for 
triggering paralleled SCR's, instability may be encountered at low anode cur-
rent levels which may have serious consequences if high levels of current 
follow. Pulsed gate signals are typical of unijunction transistor triggering cir-
cuits and some types of saturable reactor triggering schemes. Unless the total 
load current has reached a sufficiently high level to keep all of the parallel 
cells above the valley point by the time the gate pulse is removed, a cell such 
as A in Figure 6.20 will turn off. In the absence of any further gate signal, it 
will remain in the non-conducting state through the remainder of that cycle, 
thus failing to carry its share of the load. This phenomenon is likely to occur 
when operating at very large conduction angles in phase controlled AC cir-
cuits and when triggering from reactive lines or into inductive loads where 
the buildup of load current to normal levels is restrained by the inductive 
effect. 

For the above reasons use of a maintained gate signal is recommended 
for triggering parallel SCR's whenever possible.16 
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FIGURE 6.20 ANODE VOLTAGE-CURRENT RELATIONSHIP OF SCR'S WITH 
MATCHED FORWARD CHARACTERISTICS 

6.2.5 Cluster SCR's for High Frequency Power 

As mentioned earlier in Section 6.2, when special electrical characteris-
tics only available in smaller SCR's are required, parallel operation is in 
order for higher power capability. 

FIGURE 6.21a HIGH FREQUENCY CLUSTER THYRISTOR 

ear 

FIGURE 6.21b HIGH FREQUENCY CLUSTER THYRISTOR IN HEAT EXCHANGER 
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Figure 6.21 shows a high frequency power thyristor which is a cluster 
arrangement of smaller SCR packages. These clusters are supplied and speci-
fied as a single power thyristor by General Electric. Increased power han-
dling capability is obtained by increasing the number of paralleled SCR's up 
to a given maximum. For more than two SCR's in parallel, a "pilot" SCR, as 
shown in Figure 6.22, is used. High frequency current capability for a cluster 
thyristor is shown in Figure 6.23. This is for the type C14043 or C14143 
thyristor. Not only does this thyristor find a home in high power, high fre-
quency applications, but in any application requiring an extremely high di/dt 
capability as evidenced by its turn-on current limit curve of Figure 6.24. 
These thyristor packages are designed to be compatible with the Wakefield 
GN-1251, WN-1245 and WN-1541 heat exchangers. 

ANODE r-

FIGURE 6.22 PARALLELING OF CELLS IN CLUSTER THYRISTOR 
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For further details on these cluster thyristors consult specification sheet 
160.38. 
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FIGURE 6.24 
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7.1 DESCRIPTION 

THE TRIAC 

"TRIAC" is a generic term that has been coined to identify the triode 
(three-electrode) AC semiconductor switch which is triggered into conduc-
tion by a gate signal in a manner similar to the action of an SCR. The 
triac, first developed by General Electric (patent No. 3,275,909 and other 
applications), differs from the SCR in that it can conduct in both directions 
of current flow in response to a positive or negative gate signal. 

The primary objective underlying development of the triac was to pro-
vide a means for producing improved controls for AC power. The use of 
SCR's has proven the technical feasibility and benefits of the basic functions 
of solid-state switching and phase-control. In many cases, however, use of 
these functions has been limited by cost, size, complexity, or reliability. The 
triac development was based upon a continuing study of various ways for 
improving overall feasibility of the basic functions, including evaluation of 
circuits and components. To this end, the development appears to have been 
notably successful, particularly in the most simple functions. 

7.1.1 Main Terminal Characteristics 

The basic triac structure is shown in Figure 7.1(a). The region directly 
between terminal T, and terminal T2 is a p-n-p-n switch in parallel with an 
n-p-n-p switch. The gate region is a more complex arrangement which may 
be considered to operate in any one of four modes: direct gate of normal 
SCR; junction gate of normal SCR; remote gate of complementary SCR with 
positive gate drive; and remote gate of complementary SCR with negative 
gate drive. For more detailed explanation of triac operation, see Section 1.5. 

Figure 7.1 also shows the triac symbol, oriented in proper relationship 
to the structure diagram. Note that the symbol, although not fully definitive, 
is composed of the popularly accepted SCR symbol, combined with the com-
plementary SCR symbol. Since the terms "anode" and "cathode" are not 
applicable to the triac, connections are simply designated by number. Ter-
minal T, is the reference point for measurement of voltages and currents at 
the gate terminal and at terminal T, 

(a) (b) 

TERMINAL 12 
HEAT SINK 

o( 
N 

SILICON 
PELLET 

12 

GATE TERMINAL T, 

FIGURE 7.1 THE TRIAC; (A) PELLET STRUCTURE, (B) CIRCUIT SYMBOL 
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Initially the triac was made available in both the press-fit (cup) type 
package and with a stud attached, in 6 to 10 ampere RMS ratings, and with 
200 and 400 volt minimum voltage breakover for 120 volt and 240 volt AC 
lines. Details on these and more recent types can be obtained from applicable 
specification sheets available from General Electric. Abbreviated specs are 
shown in Chapter 21. 

The AC volt-ampere characteristic of the triac, Figure 7-2, is based on 
terminal T, as the reference point. The first quadrant, Q-I, is the region 
wherein T2 is positive with respect to T1, and vice versa for Q-III. The 
breakover voltage, V(BR), in either quadrant (with no gate signal) must be 
higher than the peak of the normal AC waveform applied in order to retain 
control by the gate. A gate current of specified amplitude of either polarity 
will trigger the triac into conduction in either quadrant, provided the ap-
plied voltage is less than V(nt). If V(BR) is exceeded, even transiently, the 
triac will switch to the conducting state and remain conducting until cur-
rent drops below the "holding current", IH. This action provides inherent 
immunity for the triac from excessive transient voltages and generally elimi-
nates the need for auxiliary protective devices. In some applications the 
turning on of the triac by a transient could have undesirable or hazardous 
results on the circuit being controlled, in which case transient suppression is 
required to prevent turn-on, even though the triac itself is not damaged by 
transients. i 

QUADRANT I 
(72 POSITIVE) 

- 
IG.0 

QUADRANT III 
(T2 NEGATIVE ) 

- 

IG .±100ma 

FIGURE 7.2 AC VOLT-AMPERE CHARACTERISTIC OF THE TRIAC 

Triac current ratings are based on maximum junction temperature, simi-
lar to SCR's. The current rating is determined by conduction drop, i.e., 
power dissipation, and thermal resistance junction to case, and is predicated 
on proper heat-sinking. If the case temperature is allowed to go above its 
rated value, as determined from the specification sheet, the triac can no 
longer be guaranteed to block its rated voltage, or to reliably turn off when 
main terminal current goes through zero. For more details on current ratings 
of SCR's and triacs, see Chapter 3. For information on proper heat sink de-
sign, see Chapter 16. 

For inductive loads, the phase-shift between line current and line volt-
age means that at the time that current drops to the IH value and the triac 
changes to the non-conducting state, a certain line voltage exists which must 
then appear across the triac. If this voltage appears too rapidly, the triac 
will immediately resume conduction. In order to achieve proper commutation 
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with certain inductive loads, the dv/dt must be limited by a series RC cir-
cuit in parallel with the triac, or current, voltage, phase-shift, or junction 
temperature reduced. For further information on the use of triacs with in-
ductive loads, see Section 7.1.4. 

7.1.2 Gate Trigger Modes 
Since the triac may be triggered with low energy positive or negative 

gate current in both the first and third quadrants, the circuit designer has a 
wide latitude for selection of the control means. Triggering can be obtained 
from DC, rectified AC, AC, or pulse sources such as unijunction transistors, 
neon lamps, and switching diodes such as the ST-2 "diac", and the silicon 
bilateral switch (SBS). 

The triggering modes for the triac are: 
I+; First quadrant, positive gate current and voltage. 
I—; First quadrant, negative gate current and voltage. 

III+; Third quadrant, positive gate current and voltage. 
III—; Third quadrant, negative gate current and voltage. 

The sensitivity of the triac, at present, is greatest in the 1+ and III— 
modes, slightly lower in the I— mode, and much less sensitive in the III+ 
mode. The III+ mode should not be used, therefore, unless special circum-
stances dictate it. In such a case, triacs which are specially selected for the 
application should be requested. 

The V-I characteristic of the triac gate shows a low non-linear imped-
ance between gate and terminal T1. The characteristic is similar to a pair of 
diodes connected in a back-to-back configuration. Since in any given mode 
this characteristic is similar to an SCR gate, the gate requirements are rated 
exactly like SCR's. For details on gate trigger ratings, see Chapter 4. 

7.1.3 Pulse Triggering 
Since the triac is quite often used with trigger sources which generate 

short duration pulses, such as a unijunction transistor or a trigger diode such 
as a diac or an SBS, the triac gate requirements are also specified in terms 
of short duration pulses. Figure 7.3 shows a triac gate trigger characteristic. 
Note that this shows the required gate drive for pulse widths of 1.5 and 10 
microseconds, as well as for DC drive, at junction temperatures of 25°C 
and —40°C. 

For pulse durations of 5 microseconds or less, the triac gate require-
ments may be expressed as a quantity of charge required to fire. The amount 
of charge required may be determined from the 1.5 microsecond gate cur-
rent requirements. 

For example, from Figure 7.3, the gate requirement for 25°C at 1.5 
microseconds is 275 ma. This is a charge of 1.5 x 0.275 = 0.4125 p,coulombs. 
This would mean that a 0.1 id capacitor would have to be discharged a 
minimum of 4.125 volts to insure triggering. Obviously, a 0.05 µfarad capaci-
tor discharged 8.25 volts would also suffice. 

The triac is designed to be reliably fired by the ST-2 diac discharging a 
0.1 eifd capacitor. This is for pulse firing in the 1+ and III— modes of gate 
triggering. The triac will also fire reliably with pulses from a 2N2646 uni-
junction transistor, with Vgg at 20 volts, and discharging a 0.1 f capacitor. 
For unijunction triggering, negative gate pulses must be used a_ and III—) 
for reliable triggering. 
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7.1.4 Commutation of Triacs 
One important difference between use of a pair of SCR's and use of a 

triac in an A-C circuit is that with SCR's each SCR has an entire half cycle 
to turn off, while the triac must turn off during the brief instant while the 
load current is passing through zero. For this reason, operation of present 
triacs is limited to 60 Hz line frequency. The ability of the triac to commu-
tate, or turn off, is a strong function of temperature. The failure of a triac to 
turn off when the gate drive is removed is a good sign that its maximum 
junction temperature has been exceeded. 

Inductive load applications of the triac may exhibit some particular 
problems which must be taken into account. The most common of these 
problems is that of commutation dv/dt. This dv/dt is that rate of rise of 
voltage which is impressed on the triac by the circuit immediately following 
turn off at current zero. This is illustrated by Figure 7.4. In an inductive cir-
cuit, the current lags the voltage, and reaches zero sometime after the volt-
age has reached a value in the opposite polarity. Since the triac tries to open 
at current zero and there is no current in the inductance, the instantaneous 
line voltage appears across the triac at a rate limited only by the stray capac-
itance and the capacitance of the triac, Cs. For the triac to turn off reliably 
in this kind of circuit it is therefore necessary to limit the rate of voltage rise 
with additional capacitance, C1. It is also necessary to put in resistance R1 
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to damp the ringing of the capacitance with the load inductance (overshoot), 
and to limit the surge of current from the capacitor when the triac fires. 

LOAD 

FIGURE 7.4 COMMUTATION dvidt DUE TO INDUCTIVE LOADS 

For almost all practical inductive loads, values of 100 ohms and 0.1 pfd 
for R, and C, respectively will limit the commutation dv/dt to about 1 volt 
per microsecond. The exact value of R, should be determined for proper 
damping for each individual application. 

.In addition to the use of the R-C network, it is important to use a triac 
which has been rated with a minimum commutation dv/dt capability on in-
ductive loads. These are available from General Electric by contacting your 
local semiconductor sales representative regarding types which guarantee a 
commutation dv/dt capability of at least 2 volts per microsecond. 

7.2 USE OF THE TRIAC 
The versatility of the triac and the simplicity of its use make it ideal for 

a wide variety of applications involving AC power control. 

7.2.1 Static Switching 
The use of the triac as a static switch in AC circuits gives many definite 

advantages over mechanical switching. It allows the control of relatively high 
currents with a very low power control source. Since the triac "latches" each 
half cycle, there is no contact bounce. Since the triac always opens at cur-
rent zero, there is no arcing or transient voltage developed due to stored in-
ductive energy in the load or power lines. In addition, there is a dramatic re-
duction in component count compared to other semiconductor static switches. 

The most striking example of circuit simplification is seen in the ele-
mentary static switch shown in Figure 7.5(a). The glass-enclosed magnetic 
reed switch provides many million operations from a permanent magnet or 
from a DC electromagnet "relay" coil. Since the contacts only handle current 
during the few microseconds required to trigger the triac, a wide variety of 
small switching elements may be used in place of the reed switch, such as 
relays, thermostats, pressure switches, and program/timer switches. In many 
cases, snap action of triggering contacts can be eliminated, thus reducing 
their cost as well. This circuit uses gate firing modes I+ and III—. Figure 
7.5(b) shows the use of a low current diode in series with the surge limiting 
resistor, and a three position switch, to obtain a simple three position power 
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FIGURE 7.5 STATIC AC SWITCHING APPLICATIONS OF THE TRIAC 

control. In position one, there is no gate connection, and the power is off. In 
position two, gate current is allowed in one half cycle only, and the power in 
the load is half-wave. In position three, there is gate current for both half 
cycles, and the power is on full. As shown in Figure 7.5(c), the switch can 
be replaced by a transformer winding. This circuit makes use of the differ-
ence in primary impedance between the open circuit and shorted secondary 
cases. The resistance R is chosen to shunt the magnetizing current of the 
primary to ground. This circuit provides control with isolated low voltage 
contacts. 

Resonant-reed relays have also been used with the triac in the circuit of 
Figure 7.5(a) to provide very sharp frequency-selective switching in response 
to coded audio input signals in multi-channel operations. At the lower fre-
quencies some modulation of triggering point results from beating with line 
frequency. 

Other useful switching circuits are shown in Figure 7.6, showing DC 
and AC triggering for the triac. Switch S, may be replaced by a transistor 
which is controlled by a thermistor or a photocell, or other electrical signal 
as shown in Figure 7.7. The AC signal of Figure 7.6(b) could be 60 Hz if 
phased properly to trigger early in each half cycle of the supply wave. 
Higher frequencies, above 600 Hz, are also effective and reduce the size of 
T, but produce very slight irregularities in triggering point, which are usually 
negligible. Frequency selectivity may be obtained by tuning T or by use of 
other static or dynamic filter circuits for remote-control work or for tape-
recorder programming of a system. In any case the trigger signal should be 
significantly ON or OFF since the trigger sensitivity of the triac is not quite 
uniform in both polarities or both quadrants and should not be used, there-
fore, as a threshold detector. 

The transistor connections of Figure 7.7 are ideal for driving the triac, 
or an array of triacs, from a low level DC logic source. One example of this 
is illustrated by Figure 7.8 which shows two triacs being driven by a tran-
sistor flip-flop circuit in an AC power flasher arrangement. 

For further informative details on static switching, see Chapter 8. 
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FIGURE 7.8 A-C POWER FLASHER. TRIACS 1 AND 2 ALTERNATE THEIR ON-
STATE AT A FREQUENCY DETERMINED BY THE SETTING OF R2. 

7.2.2 Firing With a Trigger Diode 
Only four components are required to form the basic full wave triac 

phase control circuit shown in Figure 7.9 Adjustable resistor R, and capacitor 
C, are a single-element phase-shift network. When the voltage across C, 
reaches breakover voltage, V(BR), of the diac, a bi-directional trigger diode, 
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C, is partially discharged by the diac into the triac gate. This pulse triggers 
the triac into the conduction mode for the remainder of that half-cycle. Trig-
gering is in the I+ and III— modes in this circuit. Although this circuit has 
a limited control range, and a large hysteresis effect at the low-output end 
of the range, its unique simplicity makes it suitable for many small-range 
applications such as lamp, heater and fan-speed controls. 

100 

120V 
TRIAC 

0.1µf DIAC CI (1NFDOORCTIVE - o u fd 
LOADS) ' ' 

FIGURE 7.9 BASIC DIAC-TRIAC PHASE CONTROL 

To eliminate some of the problems of this basic circuit, more sophisti-
cated circuits are generally used where the full control range is required. 
Other types of bidirectional trigger diodes, such as the silicon bilateral switch 
(SBS), may also be used. More details on this type of firing circuit will be 
found in Chapter 9. 

7.2.3 Firing With a Unijunction Transistor 
For more complex control functions, particularly closed loop controls, 

the unijunction transistor may be used for the triggering device in a ramp-
and-pedestal type of firing circuit. An example is the temperature control of 
Figure 12.15. Additional explanation of this type of firing circuit and the 
many functions that can be performed is given in Chapter 9. In this type of 
connection, the pulse transformer should be connected to give negative 
pulses to the triac. 

7.3 TRIAC ASSEMBLIES 

Because the triac has found wide acceptance in areas where there is 
little experience in constructing electronic controls, the General Electric 
Company has introduced a line of triac assemblies to perform a variety of 
basic control functions. All necessary components (except potentiometers) to 
do the functions of manual phase control, static switching, and radio fre-
quency filtering as required, are mounted in an electrically isolated standard 
aluminum channel as shown in Figure 7.11. This channel may be mounted 
in the users equipment to obtain proper heatsinking for up to 10 amperes 
current rating. Figure 7.11 shows some of the circuit variations available. 
Details on these assemblies may be obtained from local General Electric 
Electronic Components Sales Offices. 
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B STATIC SWITCHING CIRCUITS 

8.1 INTRODUCTION 

Since the SCR and the triac are bistable devices, one of their broad areas 
of application is in the realm of signal and power switching. This chapter 
describes circuits in which these thyristors are used to perform simple switch-
ing functions of a general type that might also be performed non-statically 
by various mechanical and electromechanical switches. In these applications 
the thyristors are used to open or close a circuit completely, as opposed to 
applications in which they are used to control the magnitude of average volt-
age or energy being delivered to a load. These latter types of applications 
are covered in detail in succeeding chapters. 

Static switching circuits can be divided into two main categories: AC 
switching circuits and DC switching circuits. AC circuits, as the name im-
plies, operate from an AC supply and the reversal of the line voltage turns a 
thyristor off. Since most triacs are designed for 60 Hz operation, applications 
requiring a higher frequency would dictate the use of two SCR's in inverse-
parallel connection. The maximum frequency of operation of SCR's however 
is limited to approximately 30 K Hz by the turn-off time requirement of the 
SCR. Above these frequencies the SCR's may not recover their blocking abil-
ity between successive cycles of the supply. DC switching circuits on the 
other hand operate from a DC (or a rectified and filtered AC) source and an 
SCR must be turned off by one of the methods described in Chapter 5. In 
applications where the circuit turn-off time is limited, special inverter type 
SCR's such as the C9, C12, C40, C55, C140 or C154 series may be required. 
These types have tested maximum turn-off time specifications. 

8.2 STATIC AC SWITCHES 

8.2.1 Simple Triac Circuit and Inverse-Parallel ("Back-to-Back") 
SCR Connection 

The circuits of Figure 8.1 provide high speed switching of AC power 
loads, and are ideal for applications with a high duty cycle. They eliminate 
completely the contact sticking, bounce, and wear associated with conven-
tional electro-mechanical relays, contactors, etc. As a substitute for control 
relays, thyristors can overcome the differential problem, that is the spread in 
current or voltage between pickup and dropout, because thyristors effectively 
drop out every half-cycle. Also, providing resistor R is chosen correctly, the 
circuits are operable over a much wider voltage range than is a comparable 
relay. Resistor R is provided to limit gate current peaks. Its resistance (which 
can include any "contact" resistance of the control device and load resistance) 
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should be just greater than the peak supply voltage divided by the peak gate 
current rating of the SCR. If R is made too high, the SCR's may not trigger 
at the beginning of each cycle, and "phase control" of the load will result 
with consequent loss of load voltage and waveform distortion. The control 
device indicated can be either electrical or mechanical in nature. Light de-
pendent resistors, magnetic cores, and magnetic reed switches are all suitable 
control elements. In particular, the use of hermetically sealed reed switches 
as control elements in combination with SCR's and triacs offers many advan-
tages. The reed switch can be actuated by passing AC or DC current through 
a small winding around it, or by the proximity of a small magnet. In either 
case complete electrical isolation exists between the control signal input, 
which may be derived from many sources, and the switched power output. 
Long life is assured the SCR or triac/reed switch combination by the mini-
mal volt-ampere switching load placed on the reed switch by the SCR or 
triac triggering requirements. The thyristor ratings determine the amount of 
load power that can be switched. 
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FIGURE 8.1 STATIC AC SWITCHES 

For simple static AC switching, the circuit of Figure 8.1(a) has the ad-
vantage over that of Figure 8.1(b) in that it has fewer (1/2 ) components. The 
circuit of Figure 8.1(b), and those circuits to follow using the inverse-parallel 
SCR configuration, should be kept in mind for applications where the com-
mercially available triacs cannot handle severe load requirements such as 
high frequency, voltage, and current. 

8.2.2 Static Switching With Separate Trigger Source 

Where DC isolation between control signal input and load is desired 
without the use of a mechanical switch, light, or saturable core intermediary, 
or where a widely varying AC supply precludes satisfactory triggering of the 
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type shown in Figure 8.1, a triac or a back-to-back pair of SCR's may be 
triggered from a separate source as shown in Figure 8.2. Here, the high fre-
quency output of a transistor blocking oscillator, or a UJT free-running oscil-
lator is transformer coupled to the triac or SCR gates. Suitable oscillator cir-
cuits are discussed in Section 4.14. For minimum load waveform distortion 
and minimum generated RFI, oscillator frequency should be high enough to 
ensure that the triac or SCR's trigger early in the AC cycle. Other types of 
UJT trigger circuits suitable for use with AC static switching arrays are de-
scribed in the next chapter. 
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FIGURE 8.2 OSCILLATOR DRIVEN AC STATIC SWITCH 

8.2.3 Alternate Connections For Full Wave AC Static Switching 
Full wave static AC switching can also be performed by various com-

binations of SCR's and conventional rectifiers, or simply by a triac. The most 
useful of these arrays are shown in Figure 8.3. 

The circuit of Figure 8.3(a) uses a single SCR connected across the DC 
output of a rectifier bridge, to switch an AC load connected in series with 
the supply line. The bridge rectifies the incoming AC to full wave pulsating 
DC, so that one SCR can control both half cycles of the AC. In this circuit 
the SCR turns off at the end of each half cycle when the supply voltage is 
zero. Unsmoothed DC can be made to flow in the load, if desired, by remov-
ing the load from the AC supply line, and placing it in series with the SCR 
as shown in Figure 8.3(b). In this case, for proper commutation of the SCR, 
a "free-wheeling" diode must be connected across the load if the load is at 
all inductive. The circuit of Figure 8.3(c) uses two SCR's and two rectifiers 
to switch an AC load, SCR1 and CR1 conducting on one half cycle of the 
supply, SCR2 and CR2 conducting on the other. The "DC load" equivalent 
to Figure 8.3(c) is shown in Figure 8.3(d). If the AC supply has significant 
inductance, the AC bridge in Figures 8.3(a) and (b) will reverse so rapidly 
that the SCR may not have time to commutate. In such a case Figures 8.3(c) 
and (d) will give a better result. The circuit of Figure 8.3(e) shows how a 
triac may be triggered with a DC control signal. Unlike the circuit of Fig-
ure 8.1(b), the static switching configurations of Figure 8.3 may be triggered 
directly by a single-ended (DC) non-isolated control signal, because the SCR 
cathodes are tied together. In low voltage switching applications, the multiple 
voltage drops in series with the load for Figures 8.3(a) through (d) may be a 
disadvantage. 
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FIGURE 8.3 SCR/DIODE AND TRIAC STATIC SWITCH CONFIGURATIONS 

8.3 ZERO-VOLTAGE OR SYNCHRONOUS SWITCHING, AC LATCHING 
AND PROPORTIONAL CONTROL 
When any switch is closed, be it mechanical or thyristor, the resulting 

step change in current causes a considerable amount of radio frequency in-
terference (RFI) to be generated. In switching heavy resistive loads, such as 
heaters, it is desirable to minimize the amount of RFI generated. One of the 
possible ways of accomplishing this is by switching the SCR or triac as nearly 
as possible to the point when the line voltage passes through zero. This 
method is known as synchronous or zero-voltage switching. Zero-voltage 
switching is used widely in temperature control circuits along with another 
technique known as proportional control. These methods vary the average 
power applied to a load by changing the on-off duty cycle, thus providing 
controlled bursts of complete cycles to the load. 
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8.3.1 Triac Latching Technique 

The circuits of Figure 8.4 show a basic triac latching switch. When 
voltage is applied to the circuit of Figure 8.4(a), the triac is initially block-
ing, and the full line voltage appears across the triac. This means that no 
voltage appears across the load, and since the gate must be at the same level 
as T, of the triac, there is no voltage across R, and C1, and no current in the 
gate. After the triac has been triggered, the line voltage appears across the 
load, and across 111 and C1. The quadrature current through R1, C1 and the 
triac gate is at its peak when the load voltage goes through zero, retriggering 
the triac each half cycle. Since this circuit uses firing modes III+ and I—, a 
specially selected triac must be used (Chapter 7). 

Similarly, in Figure 8.4(b), when a trigger pulse is applied, the triac 
turns on. The line voltage which now appears across the load causes the flow 
of current through inductor L, and resistor Ro. This gate current is about 90° 
out of phase with the supply voltage. When the line voltage reverses polarity, 
this current continues to flow out of the gate to inductor L1 causing the triac 
to turn on as the line voltage on T 2 goes negative. Unlike the circuit of Fig-
ure 8.4(a), the circuit in Figure 8.4(b) uses firing modes I+, III— and there-
fore does not require a specially selected triac as was the case for Figure 
8.4(a). 

The instantaneous current through the gate networks (R1-C, or R2-L1) 
at the instant the line current reverses polarity determines if the triac will 
latch on. It is therefore necessary to select the values of R1-C1 or R2-L1 to 
produce a sufficient quadrature current to trigger the triac each half cycle. 
For reactive loads, the sinusoidal gate current is sufficiently phase shifted 
from the line current such that R1 or R2 alone (without C1 or L1) may be 
used to trigger the triac provided that enough gate drive is available when 
the line current goes through zero. 

It will be noted that if the triac is triggered by a transient on the line, 
the latching characteristic of the circuit will cause the load to remain ener-
gized until the circuit is reset. 
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Figure 8.5 shows a time delay circuit using the triac latching technique. 
When capacitor C, charges to the breakover voltage of the diac, the triac 
fires and energizes the load. The time delay is determined by the time con-
stant of (R1 -I- R2) and C1. To reset the circuit, capacitor C1 is discharged 
through R3 and R4. 

ADJUST TIME 
DELAY 

120V 
60-

FIGURE 8.5 A SIXTY•SECOND TRIAC TIME DELAY CIRCUIT 

8.3.2 Negative Half Cycle SCR Slaving Techniques 

GE 
SC46B TRI AC 

LOAD 
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1200 
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The circuit of Figure 8.6 shows how one SCR, in a back-to-back config-
uration, can be latched on to fire at the beginning of a negative half cycle as 
a slave of another SCR. When SCRI is fired, capacitor C1 is charged through 
diode CR1 and resistor RI. C1 then discharges through R2 and the gate of 
SCR2, supplying the necessary gate current to fire SCR2 at the beginning of 
the negative half cycle. 

CRI 

CONTROL 
CIRCUIT 

R2 

FIGURE 8.6 NEGATIVE HALF CYCLE SCR SLAVING CIRCUIT 
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In order to fire SCR, again when the AC line goes positive, the control 
circuit must supply the necessary trigger current; otherwise both SCR's 
would stay off. This circuit therefore is not a latching circuit. 

Figure 8.7 shows another combination of SCR slaving and synchronous 
switching. Here the absence of an "open" signal causes the SCR's to deliver 
full wave power to the load. Regardless of the phasing of the control signal, 
load voltage is always applied in full cycles with negligible discontinuities, 
hence minimum radio frequency interference. SCR2 operates as a "slave" of 
SCR, because the energy stored in inductor L, fires SCR2 at the beginning 
of the next half cycle, thus always delivering an even number of half cycles 
to the load, and reducing magnetic saturation effects in inductive loads. By 
applying a gate signal to SCR3, the gate drive to SCR, is diverted and its 
gate is essentially clamped to its cathode. When the line goes positive on the 
anode of SCR,, since there is no gate signal present, SCR, is kept off, thus 
de-energizing the load. These circuits are ideal wherever RFI and audio fil-
tering is undesirable, where magnetizing inrush current to transformers 
causes nuisance fuse blowing, and where sensitive test equipment operates 
in the vicinity of power switches. 
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FIGURE 8.7 ZERO VOLTAGE SWITCHING FOR LOW RFI OPERATION 

8.3.3 Proportional Control With Zero-Voltage Switching 

The circuit of Figure 8.8 switches only complete half cycles of power to 
the load, i.e., the SCR is either fired at the beginning of alternate half cycles 
or biased off completely. 
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FIGURE 8.8 HALF WAVE ZERO-VOLTAGE SWITCHING TEMPERATURE CONTROLLER 
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This low cost solid state temperature controller duplicates the propor-
tional control function of the bimetal switch normally supplied with auto-
matic blankets. It is equally effective for use with other low power heating 
loads below 180 watts. The circuit works as follows: Rectifier CR, and ca-
pacitor C, form a simple DC power supply for the resistance bridge consist-
ing of (R, + R2), the thermistor, R3, and R4. The base-emitter input termi-
nals of transistor Q, are connected across the output terminals of this bridge, 
and Q, amplifies bridge unbalance, if any. When the bridge is balanced {ad-
justable via R2), there is no output, Q, is cut off, and transistor Q2 receives 
no base drive. During the initial portion of each positive half cycle of the 
AC supply, before diode CR, starts to conduct, capacitor C2 couples current 
into the gate of SCR,, and SCR, triggers and energizes the load. Note that, 
once CR, starts to conduct, C., is clamped to a DC voltage established by 
capacitor C, and gate current ceases to flow. Thus, SCR, can only trigger at 
the start of each positive half cycle. In this way RFI is minimized. 

With current flowing through the heater load, the feedback resistor RF 
raises the temperature of the monitoring thermistor TH. As the thermistor's 
resistance drops, the bridge unbalances and transistor Q starts to conduct. 
Transistor Q2, which receives base drive from Q , is driven into saturation 
and shunts gate current away from SCR,. SCR, turns off and removes power 
from the load. SCR, comes back on again only when the monitoring ther-
mistor cools toward room ambient. The on-off cycle repeats itself at a rate 
determined by room temperature, with on-time increasing if room tempera-
ture falls, decreasing if the room heats. If RF is designed to be the thermal 
analog of the load, this circuit can be made to regulate load temperature 
against variations in ambient temperature and live voltage. 

Figure 8.9 shows a more elaborate proportional control circuit supplying 
full wave power to the load. It is ideal for applications where variable-gain 
proportional control with zero-voltage switching is desired. 

CO - 3. F. 20WPDC 
C6 - ape. ZOWYDC 
CT- 50CMF. 25WVOC 
01.04 - GE 3638 
02.03 - G E 202923 GE TYPE 
1- 51( TNERMISTOR AT 26502 

OPERATING TEMPERATLIRE}SK AT 25•C 
05 - G.E. 202646 

CRI - GE A136 - 6149 
CR3 - G E 193F - 614F 
C124 - GE 613 - Al3F 
CR5 - GE 613F - 614F 
CR6 - G E 164009 
CR7 - GE A139 - 61412 
CRC - GE 164009 
CR9 - GE 240-6.2 
CRIO - G E 104009 
CRII - G E Z4XLI6 
CRI2 - G E 6138 - A14 
RI - 30.10W 
R2- 56./W 

R3 - 470. I 7/ 
04 - IX 
R5 - 156. IW 
- I56,2W 

R7 - IX 
RI) - 4.70 
R9- GAN,» 
RIO- 220 
611- 22K 
RI2 - 220 
RI3 - 126 
RI4- IMEG 
RIS- IMEG 

CR? R9 

RIG -100 
RI? - 220 
RIO - 6.86 
RIO- IK 
020-10K POT 
R2I -106 
R22- 4:7K 
R23 -10K POT 
624- 47 
R25 -150 
626 - 10007685.2W 
Cl -0.02,F, 20%.40010C 
C2- 20%. 400VOC 
C3- 17 F ,10%.15VOC II4TLRO 

OR LOW LEAKAGE TYPE 

5021- GE 00601 
$CR2- GE C69 Ce C1069 
06 - TRI AC - GE SC45D -10 AMP 

GE SC400- 6 AMP 

FIGURE 8.9 FULL WAVE PROPORTIONAL ZERO VOLTAGE SWITCHING TEMPERA-
TURE CONTROL. 
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The operation of the circuit is as follows: CR7, R9, R25, C7, CRii, R2g, 
and Cg comprise a DC regulated, highly filtered, power supply. A bridge cir-
cuit is formed by CR9, R19, R20, QI, R21, CRig, T, R23, and R22. As the 
thermistor increases or decreases its resistance with temperature, an offset 
voltage is produced at the base of Q, which is amplified by Q2. This pro-
duces a DC bias level at the emitter of Q. The unijunction (Q5), C5, and R15 
provide a constant low-frequency sawtooth voltage at the emitter of Q,, the 
amplitude of the sawtooth excursion being fixed by the triggering potential 
of Q. When Q, triggers, capacitor C5 discharges rapidly and diode CR8 fol-
lows the charging potential of C, keeping Q3 turned off which in turn turns 
off Q.  and SCR2. This allows SCR, to conduct and remove the triac gate 
voltage thus removing load voltage. When the potential on C, reaches the 
approximate potential on the collector of Q2, semiconductors Q3, Q4, and 
SCR2 conduct; SCR, turns off; and load voltage is applied. Thus the bias 
voltage on the collector of Q2 provides different periods of time when Q3 is 
turned on, and these periods of time are controlled by the resistance of the 
thermistor. Figure 8.10 illustrates the load duty cycle. The latching action of 
the triac and SCR, always provides zero-voltage switching of the load. 

ON 

LOAD 
DUTY --e• 
CYCLE 

ON ON 

OFF OFF 

FIGURE 8.10 

1 BIAS LEVEL SHIFTS WITH THERMISTOR CONTROL 

For more information on proportional control the reader is referred to 
Chapter 12 and to Reference 2 at the end of this chapter. 

8.4 "ONE SHOT" SCR TRIGGER CIRCUIT 

A circuit to trigger an SCR for one complete half cycle only of the AC 
supply is shown in Figure 8.11. Triggering is initiated by closing push button 
switch SW, and the SCR triggers always near the beginning of a positive half 
cycle, even though the switch may be closed randomly at any time during 
the two preceding half cycles. The SCR will not trigger again until SW is 
opened and then reclosed. This type of logic is required for some test equip-
ment supplies and for the solenoid drives of electrically operating stapling 
guns, impulse hammers, etc., where load current must flow for one complete 
half cycle only. 
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SOLENOID 
LOAD 

110 

60Hz 

* TIME CONSTANT OF CI RI MAY NEED TAILORING DEPENDING ON 

HOLDING CURRENT OF SCRI. SEE TEXT. 

FIGURE 8.11 ONE SHOT SCR TRIGGER CIRCUIT 

During half cycles of the AC line when the SCR anode is positive, ca-
pacitor C1 will be charged through the load, CR, and RI. As long as switch 
SW is maintained in position 1, the SCR will be non-conducting. When SW 
is flipped to position 2 and the line voltage is negative, the charging current 
of C2 (through the series-network of R3, the gate to cathode junction of the 
SCR, SW, C2, R2 and CR3) will trigger the SCR even though the line voltage 
is negative because the anode of the SCR sees the positive voltage on C1. 
SCRI is thus only turned on when the line voltage is negative and main-
tained on by supplying holding current from capacitor C1, through resistor 
RI. The series network of R1 and C1 is selected to supply a sufficient amount 
of holding current for one-half cycle only since providing holding current for 
a longer duration than one-half cycle would keep the SCR on for succeeding 
half cycles. The SCR holding current therefore determines R1 C1. Once C2 
has been charged, there will be no gate current through the SCR even if SW 
is maintained in position 2. To fire the SCR again, SW would have to be 
flipped to position 1 in order to discharge C2. 

8.5 BATTERY CHARGING REGULATOR 

Figure 8.12 illustrates an inexpensive means of utilizing the SCR as a 
battery charging regulator, thus eliminating the problems inherent in electro-
mechanical voltage relays—contact sticking, burning, wide range of pickup 
afid drop out, wear, etc. As shown the circuit is capable of charging a 12 volt 
battery at up to a six ampere rate. Other voltages and currents, from 6 to 600 
volts and up to 300 amperes, can be accommodated by suitable component 
selection.3 When the battery voltage reaches its fully charged level, the 
charging SCR shuts-off, and a trickle charge as determined by the value of R4 
continues to flow. 

152 



STATIC SWITCHING CIRCUITS 

CR4 and CR, deliver full-wave rectified DC to SCR, in series with the 
battery to be charged. With the battery voltage low, SCR, is triggered on 
each half cycle via resistor R, and diode CRi. Under these conditions, the 
pick-off voltage VII at the wiper of potentiometer R3 is less than the breakdown 
voltage V, of zener diode CR2, and SCR2 cannot fire. As the battery ap-
proaches full charge, its terminal voltage rises, the magnitude of Vg equals V, 
(plus gate voltage required to fire SCR,), and SCR2 starts to trigger each half 
cycle. At first SCR2 fires at 7r/2 radians after the start of each half cycle, co-
incident with peak supply voltage, peak charging current and maximum bat-
tery voltage. As the battery voltage climbs yet higher as charging continues, 
the firing angle of SCR2 advances each half cycle until eventually SCR2 is 
firing before the input sine wave has sufficient magnitude to fire SCR,. With 
SCR2 on first in a half-cycle, the voltage divider action of R, and R2 keeps 
CR, back-biased, and SCR, is unable to fire. Heavy charging then ceases. 
Diode CR3 and resistor R4 may be added, if desired, to trickle charge the 
battery during the normal "off" periods. Heavy charging will recommence 
automatically when VR drops below V, and SCR, stops firing each cycle. 

CR4 
GE A4OF 

117 
VOLTS 
AC 

TI 
UTC FTIO 
(117/12.6) 

CR5 R4 
GE A4OF 

CR3 
GE A4OF 

250 OHMS 
(5W) 

12 VOLT = 
BATTERY 

SCRI 

GEC2OF 

R3 
750 
OHMS 
(1W) 

RI 
47 OHMS 

CRI (2W) 
GE Al3A 

50µf 
'11 25V 

ALL RESISTORS 1/2 WATT EXCEPT AS NOTED 

FIGURE 8.12 BATTERY CHARGING REGULATOR 

8.6 DC STATIC SWITCH 

+ E 

FIGURE 8.13 DC STATIC SWITCH 

SCR2 

I R6 
IK 
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Figure 8.13 illustrates a static SCR switch for use in a DC circuit. When 
a low power signal is applied to the gate of SCRI, this SCR is triggered and 
voltage is applied to the load. The right hand plate of C charges positively 
with respect to the left hand plate through R1. When SCR2 is triggered on, 
capacitor C is connected across SCRi, so that this SCR is momentarily reverse 
biased between anode and cathode. This reverse voltage turns SCRI off and 
interrupts the load current, provided the gate signal is not applied simulta-
neously to both gates. 

SCRi should be selected so that the maximum load current is within its 
rating. SCR2 need conduct only momentarily during the turn-off action, it can 
be smaller in rating than SCR 1. The minimum value of commutating capaci-
tance C can be determined by the following equations: 

toff  
For Resistive Load: C 1.5 1 etfd (8.1) 

ff For Inductive Load: C - t 2I -- p.fd (8.2) 
— E 

Where t.ff = Turn-off time of SCR in p, seconds (See specification for in-
verter-type SCR) 

I = Maximum load current (including possible overloads) in am-
peres at time of commutation 

E = Minimum DC supply voltage 
The resistance of R1 should be ten to one hundred times less than the 

minimum effective value of the forward blocking resistance of SCR2. This 
latter value can be derived from the published leakage current curves for the 
SCR under consideration. 

In some cases a mechanical switch may be substituted for SCR2, to turn 
off SCRI when it (the switch) is momentarily closed. Many other useful varia-
tions of this basic DC static switch can be devised, among them the following 
circuits. 

8.7 DC LATCHING RELAY AND POWER FLIP-FLOP 
By replacing resistor R1 with a second driven load, and selecting SCR2 

to suit, the circuit of Figure 8.13 becomes the static analog of a single pole 
double throw latching relay. In this case commutating capacitor C should be 
selected on the basis of the heavier of the two loads. By driving the gates 
with a train of pulses as shown in Figure 8.14, the circuit becomes a high 
power flip-flop or multivibrator. Sine wave or square wave sources may also 
be used to drive the gates in this configuration. 

1-1-Lr 
SIGNAL 

SCR 2 

FIGURE 8.14 POWER FLIP-FLOP AND LATCHING RELAY 
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8.8 PROTECTIVE SCR CIRCUITS 

The fast switching characteristic of the SCR makes possible some inter-
esting protective circuits against line transients, excessive voltages, and short 
circuit currents. 

8.8.1 Overvoltage Protection on AC Circuits 

Figure 8.15 illustrates a method by which SCR's may be used as a sub-
stitute for a dynamic braking contactor to protect a rectifier equipment feed-
ing a regenerative load as typified by a DC shunt motor. An SCR in series 
with a current limiting resistor R is connected across each of two of the rec-
tifier legs adjacent to one of the AC lines. Under normal operation, neither 
SCR, nor SCR2 conducts and no energy is lost in the resistors. However, 
when the DC bus voltage rises to a point determined by the avalanche volt-
age of the regulating diodes, SCR, and SCR2 are fired, connecting the re-
sistors across the bus thus preventing the DC voltage from damaging the 
rectifier equipment. As soon as the DC bus voltage drops below the AC sup-
ply, SCR, and SCR2 are commutated by the AC line and return to their 
non-conducting state. 

VAC 

R 
1 

SCR I + 
ZENER 
DIODES 

jr/ MOTOR 

_ 

R 1 

SCR 2 

CONVENTIONAL 
BRIDGE RECTIFIER 

CIRCUIT 
.1-2 Vie( ZENER< VRom 

FIGURE 8.15 REGENERATIVE VOLTAGE PROTECTION 

FIELD 

Since SCR's switch into their highly conductive state in a matter of 
microseconds, they can be used for suppressing transient voltages with a 
much higher rate of rise than could be handled by electromechanical devices 
such as relays. Figure 8.16 illustrates a circuit that may be employed for 
general transient protective service on AC lines. When the line exceeds the 
avalanche voltage of the zener diode, either SCR, or SCR2 triggers, depend-
ing on the polarity of the AC line at that instant. Resistor R, limits the cur-
rent to the short term surge capabilities of the SCR's. For the C35, R, must 
limit the one cycle peak current to less than 150 amperes. This loading effect 
on the circuit drops the transient voltage across line impedance. Alternation 
of the AC line voltage turns off the current through the conducting SCR at 
the end of the cycle. 
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LINE 
IMPEDANCE 

FIGURE 8.16 TRANSIENT VOLTAGE PROTECTION USING SILICON CONTROLLED 
RECTIFIERS. 

8.8.2 SCR Current-Limiting Circuit Breakers 
In some phase controlled applications, the fault current due to a short 

circuit may reach destructive proportions within one-half cycle. This would 
prohibit use of conventional circuit breakers for protection. Also, in some 
types of inverters operating on DC it may be desirable to have a fast elec-
tronic circuit breaker in the event of loss of commutation in the inverter for 
any reason. 

An SCR current limiting circuit breaker of the type shown in its simplest 
form in Figure 8.17 will provide these protective functions very nicely. This 
package can be inserted in series with the DC output of a phase-controlled 
rectifier or in series with the DC input to an inverter circuit. 

SCR2 

RI m 3/ItripOHMS NON-INDUCTIVE 

R2-220 OHMS, 1/2 WATT 
R3-100 OHMS,I/2 WATT 
R4- 2200 OHMS, e WATTS 
R5- 2200 OHMS, 5 WATTS 

e 0.4 Itrip MFD 
SCRI- G E C408 
SCR2- G E C408 
CRI- (3) G.E. Al3A 
CR2- G E IN2158 

FIGURE 8.17 16 AMPERE DC CIRCUIT BREAKER 

The circuit breaker is basically a parallel capacitor commutated flip-flop. 
When the "Start" button is momentarily depressed, SCR1 starts to conduct 
and delivers power to the load provided the load current is above the mini-
mum holding current of SCRI. Capacitor C1 then charges to the load voltage 
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through R4, the right hand terminal of C, being positive with respect to the 
left hand terminal. When SCR2 is fired by momentary closing of the "Stop" 
button, the positive terminal of capacitor C, is connected to the cathode of 
SCR,, reversing the polarity across this SCR and turning it off. This inter-
rupts the flow of load current and opens the circuit. SCR2 will also be fired 
by the voltage developed across R, by load current if this exceeds the forward 
voltage drop of the string of series diodes CR, plus the gate firing require-
ments of SCR2. By adjustment of the value of R, and by selecting the proper 
number of series diodes CR,, the circuit can be made to trip out and inter-
rupt overload or fault current at any predetermined level. For a more con-
sistent tripping level under temperature variations, a zener diode can be 
substituted in place of all but one of the series diodes at CRi. For still more 
precise tripping, a UJT overcurrent sensor can be used. 

The characteristics of the germanium tunnel diode are also very useful 
in developing a gate signal when a specific level of current is exceeded. The 
tunnel diode has a very stable peak current at which it switches from a low 
resistance to a relatively high resistance. This, combined with a very low 
voltage drop, makes it almost ideal for this type of application. A tunnel 
diode overcurrent detecting network for the circuit breaker of Figure 8.17 is 
shown in Figure 8.18. Main load current flows through SCR, and R1. Part of 
the load is shunted through R6, tunnel diode CR3, and the primary winding 
of T1, R, and R, are selected so that less than 20 ma. flows through the 
tunnel diode at maximum rated load. Under this condition CR3 remains in its 
low resistance state. If the main load current rises to the point where more 
than 20 ma. flows through CR3, it switches instantaneously to its high resist-
ance state. If the current through the tunnel diode is maintained constant 
through the switching interval, the voltage across it increases about five-fold. 
This sudden change in voltage across CR, induces a pulse of voltage in the 
primary of T, which is stepped up by autotransformer action and applied to 
the gate of SCR3, thereby tripping the circuit breaker. The tripping point is 
stable within a few percent over a wide temperature range and is independ-
ent of the firing characteristics of SCR3. 

The component values in Figure 8.17 apply for a 125 volt DC system. 
When using the C40 SCR, the tripping current level should not exceed 100 
amperes in order to stay within the switching rating of SCR2. 

RI 

SCRI 

OVERCURRENT 
TRIP ADJUST SCR3 

R6 
RI. TI SEC CR4 

SCR3 - GE C1068 
RI -3/ I trip OHMS, NON -INDUCTIVE 

R6 - 250 OHM LINEAR POT 
R7 - 1000 OHMS, 1/2 WATT 
C2 - 2MFD, 10 VOLT 

CR3 - GERMANIUM TUNNEL DIODE GE IN3150 
CR4 - GE I» 

71- AIR CORE TRANSFORMER, 1/4" DIA., 
P 50T, S• 500T, 41. 26AWG 

FIGURE 8.18 TUNNEL DIODE SENSING NETWORK FOR FIGURE 8.17 
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Because of the fast switching action of SCR's, short circuit current can 
be interrupted long before it reaches destructive levels. In typical stiff sys-
tems with rates of fault current rise on the order of 10 million amperes per 
second, this type of switch has limited the peak fault current to less than 50 
amperes and has interrupted the fault in as little as 20 microseconds after its 
inception. 

In some high reliability applications the flip-flop action of this circuit 
can be used as a high speed transfer switch in the event of a fault in one 
load. For instance, both the load in series with SCRI and the load repre-
sented by Rg in Figure 8.17 could be DC motors, driving a common load. If 
the main drive motor in series with SCRi should fail short, it would be dis-
connected from the line and power would be applied to the standby motor 
Rg within a matter of microseconds after the fault occurred. 

C1 must have sufficient capacitance to commutate the fault current at 
the point of tripping. Expressed another way, it must reverse bias SCRI for 
at least 12 microseconds if SCRI is to reliably recover its open state and 
block further flow of fault current. If SCR's other than the C40 are employed 
in this circuit C1 must be adjusted to provide the necessary turn-off time for 
the particular SCR type chosen. 

8.8.3 High Speed Switch or "Electronic Crowbar" 

A form of "electronic crowbar," shown in Figure 8.19, has proved very 
useful for protecting DC circuits against input line voltage transients and 
short circuit load conditions. If the DC supply exceeds the desired maximum 
value as determined by the setting of potentiometer R1, the voltage at the 
emitter of UJTI exceeds the peak point voltage causing UJTi to fire which 
in turn triggers the SCR. The full supply voltage is then applied to the cir-
cuit breaker trip coil causing the circuit breaker to open the main DC supply 
bus. Besides increasing the speed of the circuit breaker action this circuit 
instantly loads down the DC bus, preventing the voltage on the load from 
rising until the circuit breaker has time to operate. The circuit also protects 
the load and the supply against short circuit conditions by monitoring the 
current through resistor 113. When the voltage across R3 exceeds the desired 
maximum value as determined by the setting of potentiometer R2 the voltage 
at the emitter of UJT2 exceeds the peak point voltage, causing UJT2 and the 
SCR to fire as before. Due to the stable firing voltage of the UJT the trip 
voltage across R3 can be very low, a value in the range from 100 millivolts to 
500 millivolts being suitable for most applications. If only overvoltage pro-
tection is desired the circuit of Figure 8.19 can be simplified by eliminating 
UJT2 and its associated circuitry. Similarly, if only overcurent protection is 
desired UJT, and its associated circuitry can be eliminated. 

In the circuit of Figure 8.19 rectifier CR, and capacitor C3 are used to 
provide filtering against negative voltage transients which would otherwise 
result in false tripping of the circuit. The values of potentiometer R1 and R2 
are chosen to have appropriate time constants with C1 and C2 so as to give 
the desired voltage-time response in the tripping action. 

The SCR is ideal for this type of circuit because of its ability to switch 
on within a few microseconds after being triggered. 
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LINE 
IMPEDANCE 

24 VOLT 
DC SUPPLY 

CIRCUIT 
BREAKER 

GE 
Al3A 

I 330 

j  + 10MFD 

GE 
Z4XI413 

CURRENT 
TRIP 

ADJUST 

2.2K 
VOLTAGE TRIP 

ADJUST 

GE 2N2646 GE 2N2646 

FIGURE 8.19 ELECTRONIC CROWBAR PROTECTION OF DC CIRCUITS AGAINST 
OVERVOLTAGE AND OR OVERCURRENT. 

VOLTAGE 
SENSITIVE 
LOAD 

For higher capacity circuits, the C35F or C5OF SCR's can be substi-
tuted for the C22F shown. With the C5OF SCR this circuit is capable of 
carrying momentary currents as high as 2000 amps for 2 milliseconds without 
damage to the SCR. 

8.9 FLASHER CIRCUITS 
Flasher circuits for incandescent lamps are widely used in a variety of 

applications such as traffic lights, navigational beacons, aircraft beacons, and 
illuminated signs. The SCR and the triac are ideally suited for this type of 
application since they can function over a wide range of current and voltage 
with a much higher degree of reliability than the commonly used electro-
mechanical systems. The SCR and the triac also offer an advantage over 
power transistors because they do not require an excessive derating of current 
in order to handle the high inrush currents of incandescent lamps. The UJT 
and the transistor however make an ideal partner as trigger devices for the 
SCR and triac in this type of application since they permit an economical 
method for obtaining a wide frequency range and a high degree of frequency 
stability. More information on flashers will be found in Reference 4. 
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8.9.1 DC Flashers 

The circuit shown in Figure 8.20 has been chosen to illustrate the basic 
principles of an SCR/UJT flasher which can be easily simplified or modified 
to meet specific application requirements. 

Unijunction transistor Qi operates as a relaxation oscillator, delivering a 
train of trigger pulses to the two SCR gates via resistor R1. Assume SCR2 is 
"on" and the lamp is energized. When the next trigger pulse comes along it 
triggers SCRi and SCR2 is turned off by the commutation pulse coupled to 
its anode via capacitor C2. Because the commutation pulses have longer dur-
ation than the trigger pulses, SCR2 cannot be re-triggered inadvertently at 
this time. SCR2 is re-triggered properly by the next trigger pulse from R2. 
"Lock-up" (failure to flash caused by both SCR's being on together) is pre-
vented by making SCRI's turn off independent of the commutating capacitor. 
This is done by operating SCR, in a "starved" mode, that is by making re-
sistor R2 so large that SCR2 is unable to remain "on", except to discharge C2. 
During the remainder of the cycle SCRi is off, and C2, therefore, is always 
able to develop commutating voltage for SCR2. With the components shown, 
the flash rate is adjustable by potentiometer 113 within the range 36 flashes 
per minute to 160 flashes per minute. 

FIGURE 8.20 OC LOW POWER FLASHER 

NOTE: ALL RESISTORS 1/2 WATT 

8.9.2 AC Flasher 

GE 
1073 

LAMP 

SCR 2 GE C106Y 
TYPE I 
(ON 
HEATSINK ) 

For heavy load requirements, the DC flashers have the disadvantage of 
requiring a large commutating capacitor. In such applications, the use of AC 
flashers ends up being more economical. Figure 8.21 illustrates a power flip-
flop flasher circuit that can handle two independent loads up to 1 KW each. 
Transformer T1, diodes CR, through CR4, resistor R1 and capacitor C1 pro-
vide the DC supply to the free running unijunction oscillator and the tran-
sistor flip-flop of Q2, Q. The interbase voltage for Q1 is taken directly from 
the positive side of the bridge rectifier in order to synchronize the _free run-
ning tmijunction oscillator with the supply frequency. The negative going 
output pulses developed across R4 trigger the transistors of the flip-flop which 
alternately turn the triacs on and off. The flashing rate is determined by the 
time constant of R2, R3 and C2. 
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TI 120112.6 SEPDOWN 

TRIAL I - TRIAC 2 . GE SCOSE1 FOR IKW LOAD 
GE 00408 FOR 600W LOAD 

CR1- CR41 GE 613F 

CRS,CR6 GE IN4009 

01 • GE 2N2646 
02.03: GE 263416 

Cl . SOO» F26V ELECTROLYTIC 

C2: Œ2F 
C3,C4 , 0.06,F 
RI: 56n2W 
6212 MEG TRIMMER 
63: MEG 
64:100n 
RS,R6 33n 
RT,R13,R9: 68011 
111.0,R11,R12,R131H3K 

FIGURE 8.21 AC POWER FLASHER 

8.10 RING COUNTERS 

\ MAKE CONNECTION 
HERE WHEN ONLY 
TRIAL . IS NEEDED 

A ring counter may be considered as a circuit that sequentially transfers 
voltage from one load to the next, when a number of loads are connected in 
parallel from a common supply. Transfer along the string proceeds always in 
the same direction, and each transfer is initiated by pulsing a common input 
line. The ring counter is an extremely useful tool in digital applications, and 
SCR ring counters in particular excel in low speed applications that require 
high voltage, high current or both. As an example a ten stage SCR ring 
counter can function as a decade counter with direct lamp or glowtube 
(Nixie) readout. The circuit of Figure 8.22 is a three stage cathode coupled 
ring counter, suitable for driving high voltage loads up to 50 mA. Additional 
stages may be added as required. Assume SCR, is conducting load current, 
and SCR2 and SCR3 are both blocking. Capacitors Ca and C, charge to the 
supply voltage through R3/RL2 and Ri/RL3 respectively, while capacitors C5 
and Cg charge through RL2 and Rm . Because SCR, is conducting, C2 and C4 
cannot charge. When a shift pulse arrives at the shift line only SCR2 can be 
triggered, since its gate steering diode CR2 is the only diode not reverse 
biased by a pre-charged capacitor. In any ring counter only the SCR follow-
ing the conducting SCR will trigger. As SCR2 turns on, capacitor C5 is con-
nected across R4, which drives the common cathode line momentarily to the 
supply voltage, reverse biasing SCR, and forcing it to turn off. When the 
next shift pulse arrives, SCR3 turns on and SCR2 turns off and so on. The 
advantage of the cathode coupled ring counter is that undistorted square 
waves free from commutation transients appear across each load. Its major 
disadvantage is that relatively large value commutating capacitors (C4, C5, 
CO are required with consequent limitations on circuit speed. In applications 
where commutation transients can be tolerated and/or higher speed opera-
tion is required (lamp driving circuits for instance), the ring counter circuit 
can be modified as follows: 
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SHIFT LINE 

FIGURE 8.22 CATHODE COUPLED RING COUNTER 

1. Remove resistor R4, and ground the common cathode line. 
2. Remove C,, C,, and C6. 
3. Connect a .005 ps capacitor between each pair of SCR anodes. 
Figure 8.23 shows the modified circuit being used to drive a #6844A 

Nixie Decade Readout Tube.5 

+ 170 VOLTS 

10K 
NIXIE 

*6488 
(BURROUGHS) 

0 9 0 9 ? ? 

4.7K (2VI) 
1 

4.7K12W) 

o  

05 .005 

4.7K12W) 

.005 

33K 

.005 

GE 
Al3A 

33K 

.005 

SCRI 
GE 
C10613 

33K 

.0 

SCR2 
GE 
C106B 

5 
SCR3 
GE 

I K C106B 

Z GE 

AXA 

SHIFT LINE 

GE 

FIGURE 8.23 ANODE COUPLED RING COUNTER (DECADE READOUT) 
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8.11 TIME DELAY CIRCUITS 

Time delay circuits are used frequently in industrial controls and air-
craft and missile systems to apply or remove power from a load a predeter-
mined time after an initiating signal is applied. Cascaded time delay circuits 
can be used to sequentially perform a series of timed operations. 

R5 

CRI 

RI - 2.2K, 1/2 WATT 

R2 - IK TO 500K LINEAR 
R3-1501-1, 1/2 WATT 

R4- 27, II , 1/2 WATT 

R5- 560f2, 2 WATT 

POT 

+28V 

t 
EXTERNAL 
LOAD 

4 

GND 

CI - 0.2 TO 100 MFD, I5V 

SCRI - GE C22F OR C IIF 
CRI - 18V, 10 % , 1 WATT ZENER,IN1776 

CR2- GE Al3A 

01- GE 2N16718 

FIGURE 8.24 PRECISION SOLID STATE DC TIME DELAY CIRCUIT 

8.11.1 WT/SCR Time Delay Relay 

Figure 8.24 illustrates an extremely simple yet accurate and versatile 
solid state time delay circuit. The operating current and voltage of the circuit 
depend only on the proper choice of the SCR. Resistor R5 and Zener diode 
CR, provide a stable voltage supply for the UJT. Initially SCR, is off and 
there is no voltage applied to the load. Timing is initiated either by applying 
supply voltage to the circuit or by opening a shorting contact across C1. The 
timing capacitor C, is charged through R, and R2 until the voltage across C, 
reaches the peak point voltage of the UJT at which time the UJT fires, gen-
erating a pulse across R4 which triggers SCR,. The full supply voltage minus 
the SCR drop then appears across the external load terminals. Holding cur-
rent for SCR, is provided by the current through R5 and CR2. Thus the ex-
ternal load may be removed or connected at any time without affecting the 
performance of the circuit. When SCR, triggers, the voltage across the UJT 
drops to less than 2 volts due to the clamping action of CR2. This acts to 
rapidly set and maintain a low voltage on C, so that the time interval is 
maintained with reasonable accuracy if the circuit is rapidly recycled. For 
the highest accuracy, however, additional means must be used to rapidly and 
accurately set the initial voltage on C, to zero at the beginning of the timing 
cycle. A pair of mechanical contacts connected across C, is ideal for this 
purpose. 

The time delay of the circuit depends on the time constant (R, -I- R2) 
C, and can be set to any desired value by appropriate choice of R1, R2, and 
C1. The upper limit of time delay which can be achieved depends on the 
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required accuracy, the peak point current of the UJT, the maximum ambient 
temperature, and the leakage current of the capacitor and UJT (1E0) at the 
maximum ambient temperature. The absolute upper limit for the resistance 
R, -F R2 is determined by the requirement that the current to the emitter of 
the UJT be large enough to permit it to fire (i.e., be greater than the peak 
point current) or 

(1 — n) v,  R1 + 11., < 
- 254 

+ I, 
V, 

where n is the maximum value of intrinsic standoff ratio, V, is the minimum 
supply voltage on the UJT, I„ is the maximum peak point current measured 
at an interbase voltage of 25 volts, and I, is the maximum leakage current of 
the capacitor at a voltage of nVi. If high values of capacitance are required 
it is desirable to use stable, low leakage types of tantalytic capacitors. If 
tantalytic or electrolytic capacitors are used it is necessary to consider form-
ing effects which will cause the effective capacitance and hence the period 
to change as a function of the voltage history of the capacitor. These effects 
can be reduced by applying a low bias voltage to the capacitor in the standby 
condition. 

The resistor R 3 can serve as a temperature compensation for the circuit, 
increasing the value of R3 causes the time delay interval to have a more posi-
tive temperature coefficient. The over-all temperature coefficient can be set 
exactly zero at any given temperature by careful adjustment of R3. However, 
ideal compensation is not possible over a wide range because of the nonlinear 
effects involved. To reset the circuit in preparation for another timing cycle 
SCR, must be turned off either by momentarily shorting it with a switch con-
tact or by opening the DC supply. 

(8.3) 

8.11.2 AC Powered Time Delay Relay 

Figure 8.25 illustrates a time delay circuit using a relay output with a 
push button initiation of the timing sequence. In the quiescent state SCR, is 
on and relay S, is energized. Contact SiA is closed, shorting out the timing 
capacitor Ca. To initiate the timing cycle push button switch SW2 is momen-
tarily closed which shorts SCR, through contact S,13 causing SCR, to turn 
off. When SW2 is released S, is deenergized and the timing sequence begins. 
The particular configuration of SW2 and S113 is used to prevent improper 
operation in case SW2 is closed again during the timing cycle. Capacitor C3 
is charged through R, and R1, until the voltage across C3 reaches the peak 
point voltage of Q, causing Q, to fire. The positive pulse generated across 
R12 triggers SCR, which pulls in the relay and ends the timing cycle. The 
timing cycle can be terminated at any time by push button switch SW3 which 
causes current to flow in R13 thus triggering SCR,. Capacitor C4 supplies 
current through R 13 during the instant after the supply is turned on thus 
triggering SCR, and setting the circuit in the proper initial state. 
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RI - 20, I WATT 

R2, R3 - 330E1,1/2 WATT 

R4 - 350, 5WATT 
R5 - 2.5K , LINEAR POT 

R6 - 25K, 1/2 WATT 

R7 - 100K, 1/2%, 1/2 WATT 

R8 -200K, 1/2%, 1/2 WATT 

R9 - ion,i, 2 WATT 

RIO - 100K, 10 TURN HELIPOT 

RII - 1500, 1/2 WATT 

R12 - 1881, 1/2 WATT 

RI3- I.2K, 2 WATT 

RI4 - 1000, 1/2 WATT 

CI - 500µFD, 50V 

C2 - 100µ ED, 50V 

C3 - 100» FO, 20V TANTALUM 

CO - 10µ ED, 50V 

SCR1 - GE Cl5F 

OR CUE 

CRI- CR6 - G E Al3A 

CR7- 18 V, 10% 1 WATT ZENER 

01 - GE 2816718 

SI - GE CR279IG122A4 

4PDT RELAY 
PLI, PL2- GE 1447, 24V LAMP 

T1-115V/25V IA TRANSFORMER 

FIGURE 8.25 VARIABLE TIME CONTROL CIRCUIT 

The timing interval is determined by the setting of a precision ten turn 
Helipot R,„ which may be set from 0.25 to 10.25 seconds in increments of 
0.01 second. The initial setting of 0.25 seconds takes into account the added 
series resistance of the time calibration potentiometer R. Additional series 
resistance of 100K and 200K may be added by SW, to extend the time range 
by 10 seconds and 20 seconds. A fourth position of SW, open circuits the 
timing resistors and thus permits unrestricted on-off control of the circuit. 

Tests of the circuit have shown an absolute accuracy of 0.5% after 
initial calibration and a repeatability of 0.05% or better. 

8.11.3 Ultra-Precise Long Time Delay Relay 
Predictable time delays from as low as 0.3 milliseconds to over 3 min-

560 OHMS 
+ 28V 

OUTPUT 

SCR I 
GE Cl5F 
OR GE CIIF 

FIGURE 8.26 ULTRA-PRECISE LONG PERIOD TIME DELAY 
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utes are obtainable from the circuit of Figure 8.26, without resorting to a 
large value electrolytic-type timing capacitor. Instead, a stable low leakage 
paper or mylar capacitor is used and the peak point current of the timing 
UJT (Q) is effectively reduced, so that a large value emitter resistor (R1) 
may be substituted. The peak point requirement of Q is lowered up to 1000 
times, by pulsing its upper base with a 3/4 volt negative pulse derived from 
free-running oscillator Q. This pulse momentarily drops the peak point volt-
age of Q, allowing peak point current to be supplied from C1 rather than via 
I11. Pulse rate of Q2 is not critical, but it should have a period r that is less 
than .02 (R1 • C1). With R1 = 2000 megohms and C1 = 2 pi (mylar), the cir-
cuit has given stable time delays of over one hour. R2 is selected for best 
stabilization of the firing point over the required temperature range. Because 
the input impedance of the 2N494C UJT is greater than 1500 megohms be-
fore it is fired, the maximum time delay that can be achieved is limited 
mainly by the leakage characteristics of C1. 

8.12 NANOAMPERE SENSING CIRCUIT WITH 
100 MEGOHM INPUT IMPEDANCE 

The circuit of Figure 8.27 may be used as a sensitive current detector, 
or as a voltage detector having high input impedance. A sampling technique 
similar to that described in the previous section is used to give an input cur-
rent sensitivity (IIN) of less than 35 nanoamperes. Input impedance is better 
than 100 megohms. 

INPUT 
TERMINALS 

FIGURE 8.27 NANOAMPERE SENSING CIRCUIT 

Current gain between output and input of the circuit as shown is greater 
than (200 x 10-6). 

Resistor R1 is adjusted so that the circuit will not fire in the absence of 
the current input signal IIN. 'IN then charges C2 through the 100 megohm 
input resistor R2 towards the emitter firing voltage of Qi. R2 however, cannot 
supply the peak point current (2 ii,A) necessary to fire Qi, and this current is 
obtained from C2 itself by dropping Q's firing voltage momentarily below 
Ve2. Relaxation oscillator Q2 supplies a series of .75 volt negative pulses to 
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base two of Qi for this purpose. The period of oscillation of Q2 is not critical 
but should be less than .02 times the period of Qi. Capacitor C2 can be kept 
small for fast response time because C1 stores the energy required to fire 
SCR,. Rapid recovery is possible because both capacitors are charged initially 
from RI. Some temperature compensation is provided by the leakage current 
of CR1 subtracting from the leakage current of Qi. Further compensation is 
obtainable by adjusting the value of R3. A floating power supply for the UJT 
trigger circuit with pulse transformer coupling from Qi to SCRi, enables one 
of the two input terminals to be grounded, where this may be desirable. 

8.13 MISCELLANEOUS SWITCHING CIRCUITS USING THE G.E. C5, C6, 
AND C106 LOW CURRENT SCR'S 

The C5, C6 and C106 series of SCR's have a high gate sensitivity. Gate 
triggering can therefore be achieved from such low level elements as thermis-
tors and light sensitive resistors. When used as a gate amplifier for the higher 
rated SCR's, either of these devices makes possible a multitude of solid state 
thyratron tube analogues. The C5 SCR is also suitable for use as a very high 
voltage remote-base transistor. For more detailed application information on 
the low current SCR's, see Reference 5. 

8.13.1 Dual Output, Over-Under Temperature Monitor 

The circuit of Figure 8.28 is ideal for use as an over-under temperature 
monitor, where its dual output feature can be used to drive "HIGH" and 
"LOW" temperature indicator lamps, relays, etc. 

FOR INDUCTIVE LOADS 
CR2 r - 

GE Al3A 

NOTES: (I) TI: 6.3 FILAMENT 
TRANSFORMER 

(2) T: GE 20052 THERMISTOR 

R3 
5K 

FIGURE 8.28 TEMPERATURE MONITOR 

TI 
SECONDARY 

T, is a 6.3 volt filament transformer whose secondary winding is con-
nected inside a four arm bridge. When the bridge is balanced, its AC output 
is zero, and the C5 (or C7) receives no gate signal. The bridge's DC resist-
ance is sufficiently low to stabilize the SCR during forward blocking periods.* 
If now the bridge is unbalanced by raising or lowering the thermistor's am-
bient temperature, an AC voltage will appear across the SCR's gate cathode 
terminals. Depending in which sense the bridge is unbalanced, positive gate 
voltage will be in phase with, or 180° out of phase with the AC supply. If 

*See Section 4.3.6 "Negative Gate Biasing." 
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positive gate voltage is in phase, SCR will deliver load current through diode 
CR, to load (1), diode CR2 blocking current to load (2). Conversely, if posi-
tive gate voltage is 180° out of phase, diode CR2 will conduct and deliver 
power to load (2), CR, being reverse biased under these conditions. CR3 pre-
vents excessive negative voltage from appearing across the SCR's gate/cath-
ode terminals. With component values shown, the circuit will respond to 
changes in temperature of approximately 1-2°C. Substitution of other vari-
able-resistance sensors, such as cadmium sulphide light dependent resistors 
(LDR) or strain gauge elements, for the thermistor shown is of course permis-
sible. The balanced bridge concept of Figure 8.28 may also be used to 
trigger conventional SCR-series load combinations. As a low power tempera-
ture controller for instance, a C5 could be used to switch a heater element, 
with a thermistor providing temperature feedback information to the trigger 
bridge. 

8.13.2 Mercury Thermostat/SCR Heater Control 
The mercury-in-glass thermostat is an extremely sensitive measuring in-

strument, capable of sensing changes in temperature as small as 0.1°C. Its 
major limitation lies in its very low current handling capability—for reliability 
and long life, contact current should be held below 1 mA. In the circuit of 
Figure 8.29 the General Electric C5B or C106B SCR serve as both current 
amplifier for the Hg thermostat and as the main load switching element. 

100 WATT HEATER LOAD 

GE C5B 
OR 

C106B 

CRI CR2 

120 VAC 
60 CPS 

GE IN538 
CRI — CR5 

11\ TWIST LEADS TO MINIMIZE 
PICKUP 

HG IN GLASS THERMOSTAT 
(SUCH AS VAP AIR DIV. 206-44 
SERIES; PRINCO4b TI41, OR 
EQUIVALENT) 

FIGURE 8.29 TEMPERATURE CONTROLLER 

With the thermostat open, the SCR will trigger each half cycle and 
deliver power to the heater load. When the thermostat closes, the SCR can 
no longer trigger, and the heater shuts off. Maximum current through the 
thermostat in the closed position is less than 250 µA rms. 
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8.13.3 Proximity Switch 
Figure 8.30 is a solid state proximity switch: Capacitor C1, resistors R1, 

Ro, and the sensor plate ("capacitor" Co) form a capacitive voltage divider 
connected directly across the AC supply. The AC voltage across C1 will de-
pend on the ratio (Ci/C2) and the line voltage. The capacitance of C2 in 
turn depends on the proximity to the sensor plate of any reasonably con-
ductive and grounded object (metals, human body, etc.). As soon as the 
voltage across C1 exceeds the breakover potential of the 5AH neon, capaci-
tors C1 and C2 discharge through the base of transistor Qi. Q1 amplifies this 
discharge current and supplies the necessary gate drive to turn SCRi on, 
which energizes the load. 

R2 
100K 

RI 
100K 

120 VAC 
60 HERTZ 

o 
CI 

1-
20p1 

  GROUND SIDE 
OF LINE 

CR2 CRI 
GEA148 

TOUCH 
BUTTON 

FIGURE 8.30 PROXIMITY SWITCH 

100 

GE 
2N2925 
(01) 

150 WATT LOAD 

GE CI0613 
SCRI 

The load will remain energized as long as the button is touched. When 
the button is released, the load is de-energized. Latching action can be ac-
complished by removing CR, as shown in Figure 8.30 and replacing with a 
short circuit. Reset must then be accomplished by an auxiliary contact in 
series with the SCR. This circuit is ideally suited for use in elevators (both 
for door safety controls and floor selector button arrays), supermarket door 
control, bank-safe monitors, flow switch actuation, and conveyor belt count-
ing systems. 

8.13.4 Thyratron Replacement 

The C5 makes an ideal trigger element for the larger size SCR's. (See 
also Section 4.19.) Such a combination possesses many of the characteristics 
of a thyratron gas tube. A thyratron tube is characterized by a very high sig-
nal input impedance, low pick-up and drop-out currents, and good power 
handling capabilities. On the other hand, it is fragile, requires filament power, 
is frequency limited by a long deionization time, and has a fairly high for-
ward drop. While the solid-state equivalents to this device, using the C5, can 
match the thyratron in input impedance, current handling ability and low 
pick-up current, they possess none of the gas tube's limitations. At the pres-
ent time, however, the maximum forward blocking voltage attainable using 
a single C5 is 400 volts. This can be increased by series connecting addi-
tional SCR's (see Section 6.1). 
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• ANODE 

(loon) CRI 

GRID-CATHODE VOLTAGE 

RI 

"GRID" (10K) 

GE 
G C35D 

TIME 

CRI   GE IN649 CATHODE 

(o) EQUIVALENT CIRCUIT (b) GRID VOLTAGE WAVEFORMS 

FIGURE 8.31 SIMPLE THYRATRON REPLACEMENT 

Referring to Figure 8.31; with a negative potential on grid terminal "G", 
stabilizing gate bias is provided thru R1 and R3 for the C5. When the "Grid" 
is driven positive however, a maximum current of 200 microamps will trig-
ger the smaller SCR into conduction. The C35D is triggered in turn by the 
C5, and can conduct up to 25 amps mis load current. With the voltage 
grades shown, the "device" is capable of blocking voltages up to 400 volts. 
Over-all pick-up current is determined by the C5 rather than by the C35, a 
useful feature when the "thyratron" is operating into a highly inductive load. 
Diode CR, prevents transistor action in the C5 if positive grid voltage should 
coincide with negative anode potential. 

8.14 SWITCHING CIRCUITS USING THE C5 SCR AS A REMOTE-BASE 
TRANSISTOR 

8.14.1 "Nixie"® and Neon Tube Driver 

The C5 SCR, when biased as a remote-base transistor, makes an excel-
lent high voltage transistor suitable for driving Nixie, neon and other type of 
high voltage digital readout displays. Collector voltage rating of the equiva-
lent transistor equals or exceeds the VBR(Fx) rating of the parent SCR (400 
volts) while the common emitter current gain is approximately two (2). The 
circuit of Figure 8.32 is self-explanatory; note however the connections to the 
C5 terminals. Where a memory feature is desirable (pulse initiation with load 
remaining energized until reset externally), the same basic circuit may be 
used, but with the C5 connected conventionally as an SCR. 

Trademark Burroughs Corporation. 
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220§ 220 220 220 

0 NIXIE TUBE 

8+ • +180 VOLTS 

R, • 10K 
TYPE 6844 A •- 

TUBE "ON" TUBE "OFF" 

0 

INPUT o  

INPUT o  
INPUT o  

INPUT   

COLLECTOR 
(C5 ANODE) 

SCR'S: GE C5DXI42 

EMITTER 
(C5 GATE) 

\BASE 
(CS CATHODE) 

FIGURE 8.32 TRANSISTORIZED NIXIE® DRIVER 

8.14.2 Electroluminescent Panel Driver 
Either of the circuits of Figure 8.33 may be used to drive the elements 

of an electroluminescent display panel, depending on the input logic re-
quired. Here, the high voltage capabilities of the CS SCR are again com-
bined with its usefulness as a transistor, in this case a symmetrical transistor, 
to control full-wave AC drive at high voltage and frequency, low current. 

EL 
ELEMENT 

IK 

SWITCH 
3V 

BLEEDER 
MAY BE 
REQUIRED 

AC SUPPLY 230V RMS 
GE 

C50 X142 60 TO 2K HERTZ 

(a) SERIES DRIVE - NO SIGNAL, DISPLAY "OFF" 

R5 

GE 
C5DXI42 

AC SUPPLY 230V RIMS 
K 60 TO 2K HERTZ 
I  

SWITCH 
3V — 

(b) SHUNT DRIVE - NO SIGNAL, DISPLAY "ON" 

FIGURE 8.33 ELECTROLUMINESCENT PANEL DRIVER 
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9.1 PRINCIPLE OF PHASE CONTROL 

"Phase Control" is the process of rapid ON-OFF switching which con-
nects an AC supply to a load for a controlled fraction of each cycle. This is a 
highly efficient means of controlling the average power to loads such as 
lamps, heaters, motors, DC supplies, etc. Control is accomplished by govern-
ing the phase angle of the AC wave at which the thyristor is triggered. The 
thyristor will then conduct for the remainder of that half-cycle. 

There are many forms of phase control possible with the thyristor, as 
shown in Figure 9.1. The simplest form is the half-wave control of Figure 
9.1(a) which uses one SCR for control of current flow in one direction only. 

Zhi—a2). 

o—t LOAD I--

ekl-AC 

o  

SCR 

CONTROLLED HALF-WAVE 

(o) 

CONTROLLED FULL WAVE 

(d) 
CONTROLLED FULL WAVE 

(c) 

BRIDGE RECTIFIER 

LNweNee-

CONTROLLED FULL WAVE FOR AC OR DC 
(s) 

CONTROLLED HALF PLUS 
FIXED HALF-WAVE 

(W 

DI 

02 

TRIAC 

FULL WAVE CONTROL WITH TRIAC 
(f) 

FIGURE 9.1 BASIC FORMS OF AC PHASE CONTROL 
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This circuit is used for loads which require power control from zero to one-
half of full-wave maximum and which also permit (or require) direct current. 
The addition of one rectifier, Figure. 9.1(b), provides a fixed half-cycle of 
power which shifts the power control range to half-power minimum and full-
power maximum but with a strong DC component. The use of two SCR's, 
Figure 9.1(c), controls from zero to full-power and requires isolated gate sig-
nals, either as two control circuits or pulse-transformer coupling from a single 
control. Equal triggering angles of the two SCR's produce a symmetrical out-
put wave with no DC component. Reversible half-wave DC output is ob-
tained by controlling symmetry of triggering angle. 

An alternate form of full-wave control is shown in Figure 9.1(d). This 
circuit has the advantage of a common cathode and gate connection for the 
two SCR's. While the two rectifiers prevent reverse voltage from appearing 
across the SCR's, they reduce circuit efficiency by their added power loss 
during conduction. 

The most flexible circuit, Figure 9.1(e), uses one SCR inside a bridge 
rectifier and may be used for control of either AC or full-wave rectified DC. 
Losses in the rectifiers, however, make this the least efficient circuit form, and 
commutation is sometimes a problem (see Section 9.3). On the other hand, 
using one SCR on both halves of the AC wave is a more efficient utilization 
of SCR capacity, hence the choice of circuit form is based on economic fac-
tors as well as performance requirements. 

By far the most simple, efficient and reliable method of controlling AC 
power is the use of the bidirectional triode thyristor, the triac, as shown in 
Figure 9.1(f). Triac characteristics are discussed in Chapter 7. The fact that 
the triac is controlled in both directions by one gate and is self-protecting 
against damage by high-voltage transients has made it the leading contender 
for 120 and 240 VAC power control up to 3.6 KW at this writing. 

9.2 ANALYSIS OF PHASE CONTROL 
Rectifiers and SCR's are rated in terms of average current since this is 

easily found by a DC ammeter. Most AC loads are more concerned, however, 
with the RMS, or effective, current. 

Figures 9.2 and 9.3 show the relationships as a function of phase-angle, 
a, at turn-on, of average, RMS, and peak voltages, as well as power in a 
resistive load. Since the SCR is a switch, it will apply this voltage to the load, 
but the value of current will depend on load impedance. 

As an example of the use of these charts, suppose it is desired to operate 
a 1200 watt resistive load, rated at 120 volts, from a 240 volt supply. Con-
nection of this load directly to the supply would result in 4800 watts, there-
fore the desired operation is at 1/4 maximum power capability. We may use, 
for this case, either a half-wave or full-wave form of control circuit. 

Starting with the half-wave case and Figure 9.2, the 1/4 power point is 
a triggering phase angle of 90 degrees. Peak output voltage Epo is equal to 
peak input voltage, 1.41 x 240 volts or 340 volts. Oddly enough, the RMS 
voltage is .353 x 340 volts or 120 volts. Average voltage is .159 x 340 volts 
or 54 volts, which would be indicated by a DC voltmeter across the load. 
Since the load resistance is 12 ohms (1202/1200), peak current is 340/12 = 
28.3 amperes; RMS current is 120/12 = 10 amperes; and average current is 
54/12 = 4.5 amperes, which would be indicated by a DC ammeter in series 
with the load. Power is ERms X IRms (since the load is pure resistance) which 
is 1200 watts. Note carefully that EAvG X IAvG is 243 but is not true power 
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in the load. The SCR must be rated for 4.5 amperes (average) at a conduction 
angle (180 — a) of 90 degrees. Furthermore, the load must be able to accept 
the high peak voltage and current, and the line "power-factor" is 0.5 (if defined 
as PLOAD ± ELINE X 'LINE RMS). 

The other alternative is a symmetrical full-wave circuit, such as Figure 
9.1(c), for which Figure 9.3 is used. The phase-angle of triggering is found 
to be 113 degrees for 1/4 power. Peak voltage is .92 x 340 = 312 volts, only 
a slight reduction from the half-wave case. RMS voltage is again .353 x 340 
= 120 volts. Average voltage is zero, presuming symmetrical wave form. 
RMS current is 10 amperes and power is 1200 watts, but peak current has 
been reduced to 26 amperes. To determine rating required of the two SCR's, 
each can be considered as a single half-wave circuit. From Figure 9.2, the 
average voltage, at 113 degrees, is .097 x 340 = 33 volts. Average current 
in each SCR is then 33/12 = 2.75 amperes at a conduction angle of 180 — 
113 = 67 degrees. 

In the case of a bridged SCR circuit, Figure 9.1(e), used for this same 
load, the average current through each rectifier is 2.75 amperes but the aver-
age current through the SCR is 5.5 amperes, corresponding to a total con-
duction angle of 134 degrees. 

Of particular importance to note in the analysis charts is the non-
linearity of these curves. The first and last 30 degrees of each half-cycle con-
tribute only 6 per cent (1.5% each) of the total power in each cycle. Conse-
quently, a triggering range from 30° to 150° will produce a power-control 
range from 3% to 97% of full power, excluding voltage drop in the semi-
conductors. 

Figure 9.4 shows a large variety of SCR circuits for the control of DC 
loads, along with the appropriate equations for voltages and currents. This 
information may be used in the selection of the best circuit for a particular 
use, and for determining the proper ratings of the semiconductors. Figure 9.4 
is from reference 8, which also gives the approach for derivation of the equa-
tions shown in the chart. 
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9.3 COMMUTATION IN AC CIRCUITS 

Commutation of the thyristor in AC circuits is usually no problem be-
cause of the normal periodic reversal of supply voltage. There are cases, 
however, which can lead to failure to commutate properly as the result of 
insufficient time for turn-off, or of excessive dv/dt of reapplied forward volt-
age, or both. Supply frequency and voltage, and inductance in load or sup-
ply, are determining factors. 

Consider the inverse-parallel SCR circuit of Figure 9.5, with an induc-
tive load. At the time that current reaches zero so that the conducting SCR 
can commutate (point A), a certain supply voltage exists which must then 
appear as a forward bias across the other SCR. The rate-of-change of this 
voltage is dependent on inductance and capacitance in the load circuit, as 
well as reverse recovery time of the SCR. In certain cases, an L di/dt tran-
sient may be observed as the result of the SCR turning off when current 
drops below holding current, The addition of a series RC circuit in paral-
lel with the SCR's, or with the load, can reduce the dv/dt to acceptable 
limits. The magnitude of C is determined by the load impedance and the 
dv/dt limitation of the SCR. The value of R should be such as to damp any 
LC oscillation, with a minimum value determined by the repetitive peak 
SCR current produced when the SCR's discharge the capacitor. 

SUPPLY VOLTAGE 

LOAD CURRENT 

A 

o 
d /d 

TRANSIENT - 

FIGURE 9.5 SUPPRESSION OF Dy/UT AND TRANSIENTS FOR INDUCTIVE LOAD 

An alternate solution is, obviously, the use of SCR's capable of turning 
off in a short time with a high applied dv/dt and a high voltage. In high-
power circuits, this is often the best approach because of the size and cost of 
adequate RC networks. 

Inductive AC loads in the bridged SCR circuit of Figure 9.6 have a 
slightly different effect. The rapid reversal of voltage at the input terminals 
of the bridge rectifier not only represents a high dv/dt, but it also reduces 
the time available for commutation. If the rectifiers used in the bridge have 
slow reverse-recovery time, compared with turn-off time of the SCR, the re-
verse-recovery current is usually enough to provide adequate time for com-
mutation. Where this is not practical, a series RiCi circuit at the input ter-
minals of the bridge may be used. An alternate form of suppression is to use 
R2C2 across the SCR, which will limit dv/dt, but a resistor R3 is then re-
quired to provide a circulating current path (for current on the order of IH) 
to allow sufficient commutating time. If capacitor c2 is large, it can provide 
holding current to the SCR during the normal commutation period, and thus 
prevent turn-off until the capacitor is discharged. 
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FIGURE 9.6 SUPPRESSION OF DV/DT AND INCREASING TURN-OFF TIME 

The inductive AC load has a similar effect upon the commutation of the 
triac, and the solution is to either obtain a faster triac or suppress dv/dt with 
an RC network. This is discussed further in Section 7.1.4. 

Inductive DC loads often require the addition of a free-wheeling diode, 
D, in Figure 9.7, to maintain current flow when the SCR is OFF. When an 
inductive DC load is used in the bridge circuit, Figure 9.7(c), the inductance 
causes a holding current to flow through the SCR and the bridge rectifier 
during the time line voltage goes through zero, preventing commutation. The 
addition of a free-wheeling diode, D1, is required to by-pass this current 
around the SCR. The average current rating required for the diode D, is 1/2 
maximum average load current for (a) and V4 maximum average load current 
for (b) and (c). 

(b) 

}DC LOAD 

(C) 

DC LOAD 

FIGURE 9.7 

FREE-WHEELING DIODE BY-PASSES HOLDING CURRENT 

9.4 BASIC TRIGGER CIRCUITS FOR PHASE CONTROL 

Any of the relaxation oscillator pulse generators described in Chapter 4 
may be adapted to phase control work. Since these are simply timing circuits, 
provision must be made for synchronizing them with the AC supply. This is 
usually done by taking the oscillator input voltage from the supply. There 
are many ways of connecting the various versions of the basic oscillator cir-
cuit, using the different semiconductor triggering devices and the thyristor, 
supply, and load circuits. Each combination has unique properties which 
must be considered in the selection of a circuit to perform a desired function. 
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9.4.1 Half-Wave Phase Control 
The circuit of Figure 9.8 uses the basic relaxation oscillator to trigger 

the SCR at controlled triggering angles, at, during the positive half-cycles of 
line voltage. Since the adjustable resistor R1 may go to zero resistance, diode 
D1 is used to protect the triggering device and the gate of the SCR during 
the negative half-cycles. Certain triggering devices will permit the use of a 
fixed resistor R2 instead of the diode, as will be shown later. 

The waveforms of supply voltage, e, and voltage Ve, across the capaci-
tor are shown in Figure 9.9. The magnitudes of R1, C, E„, and Vs determine 
the rate of charging the capacitor and the phase angle, at, at which trigger-
ing occurs. The earliest and latest possible triggering angles which can be 
obtained are indicated by al and a2 on the waveforms of Figure 9.9(a). If 
the switching current, Is (see Chapter 4), of the trigger device is considered, 
the following relationships exist: 

and 
Vs = Et, sin al (9.1) 

Vs -F IsR, = Et, sin a2 (9.2) 

Since the maximum useful value of R1 produces triggering at a2, R1 
may be calculated for given values of e, C and Vs, but ignoring Is for the 
moment, using the following equation: 

= 
toC (Vs — Vo) 

Conversely, the peak voltage across the capacitor is 

2 E,  
V °P w R i C V° 

2 E, 

FIGURE 9.8 BASIC HALF-WAVE PHASE CONTROL CIRCUIT 

(9.3) 

(9.4) 

FIGURE 9.9 WAVE FORMS FOR FIGURE 9.8 (WITH D, AND SUS.) 
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Equations 9.3 and 9.4 assume a low value of Vs compared with E„, as 
would be the case when using an SUS trigger device on a 120 volt AC line. 

From equation 9.4 it can be seen that the residual (or initial) voltage, 
Vo, left on the capacitor has a pronounced effect upon this simple trigger 
circuit. The residual voltage, Vo, is usually the sum of the minimum holding 
voltage, VG, of the trigger, and the gate-to-cathode source voltage, VGg, 
which appears when the SCR turns on. 

If the switching voltage is not reached during one positive half-cycle, 
the trigger device does not switch and a high residual voltage is left on the 
capacitor. The result, as shown in Figure 9.9(b) is "cycle-skipping" as the 
capacitor continues to charge each positive half-cycle until the trigger device 
switches. If the range of R, can be limited so that triggering always occurs 
each half-cycle under worst-case tolerance conditions of minimum E„, mini-
mum C, maximum Vs, minimum Is, and minimum Vo, this cycle-skipping 
can be avoided. On the other hand, with the opposite tolerance condition, 
the latest possible triggering angle may produce an unacceptable minimum 
power in the load. 

The ultimate solution to cycle-skipping is to automatically reset the 
capacitor to a known voltage, Vo, at the end of each half-cycle even though 
Vs was never reached. One way of doing this is to substitute resistor R2 in 
the place of diode D2 in Figure 9.8. This causes the capacitor voltage to re-
verse on the negative half-cycle, yielding a negative value of Vo at the start 
of the positive half-cycle. If the triggering device does not conduct during 
the negative excursion of V, then Vo will be predictable for any given value 
of 111. This connection provides one cycle for the residual voltage on C to 
decay, and eliminates cycle skipping. If the triggering device conducts when 
Vc is negative, a second diode, D2, may be used to clamp Vc to approxi-
mately —1 volt during the negative half-cycle. 

If a bilateral trigger is used, such as the SBS or a neon lamp, the diode 
D2 is not required (provided R2 adequately limits the negative current) but 
Vo, at the beginning of the positive half-cycle, will depend on the number of 
oscillations occurring during the negative half-cycle, hence upon setting of 
R,. Changing R, will make an integral change in the number of negative 
oscillations, hence will make step changes in Vo. This action results in step 
changes in triggering angle. 

Automatic reset of capacitor voltage is achieved in the circuits of Figure 
9.10 by forcing the triggering device to switch at the end of the positive 
half-cycle. In circuit (a), resistor R. provides a negative current out of the 
gate of the SUS (see Chapter 4) when the line voltage goes negative, thus 
causing the SUS to switch and discharge the capacitor. Since the switching 
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voltage of the unijunction transistor is a function (n) of the interbase voltage, 
the capacitor in circuit (b) is reset through the UJT at the end of the positive 
half-cycle when the interbase voltage dips toward zero. 

In the preceding examples, the supply voltage for the triggering circuit 
collapses when the SCR turns on. This connection avoids multiple oscilla-
tions and permits decreasing R, to zero without damage to the control circuit. 
If the triggering circuit were connected directly to the supply voltage instead 
of to the SCR anode, a fixed resistor, approximately 5000 ohms, in series 
with R, would be required to limit current. Since this latter connection 
changes the control circuit from a two-terminal to a three-terminal circuit, 
wiring considerations in certain applications may prohibit its use. 

9.4.2 Full-Wave Phase Control 
Either of the half-wave control circuits of Figure 9.10 may be used for 

full-wave power control by connecting them "inside" the bridge rectifier cir-
cuit shown in Figure 9.1(e). The UJT circuit of Figure 9.10(b) requires no 
modification for this use, but the SUS circuit (a) requires changing R2 to 22 
K ohms, adding another 22 K ohms between gate of SUS and cathode of 
SCR, and deleting diode D,. These revisions are needed to obtain the reset 
action of the SUS. 

The most elementary form of full-wave phase control is the simple diac/ 
triac circuit of Figure 9.11. The waveform of capacitor voltage, Ve in Figure 
9.12, is quite similar to the half-wave case with the major exception that the 
residual capacitor voltage, Vo, at the start of each half-cycle is opposite in 
polarity to the next succeeding switching voltage, Vs, that must be reached. 
The waveform shown for Ve is a steady-state condition, triggering late in 
each half-cycle. If the resistor R, is increased slightly, the dotted waveform, 
Ve', shows what happens in the next cycle after the last triggering. At the 
start of this cycle, Vo is the same as steady-state since the diac had switched 
in the preceding half-cycle. At the end of the first half-cycle, however, the 
capacitor voltage is just below V5, and the diac remains dormant. This 
changes Vo to +V, at the beginning of the second half-cycle. The peak ca-
pacitor voltage in the negative half-cycle is, therefore, considerably below 
Vs, as shuyvn earlier by equation 9.4. In all succeeding cycles Vo = Ve, and 
the peak value of Ve will then remain well below V, until the value of R, 
is reduced. 

120V 

1240V1 
6001 

TRIAC 
SC410 

(SC4111/1 

NOTE: 
VALUES IN PARENTHESES ARE FOR 240VAC SUPPLY. 

FIGURE 9.11 

BASIC DIAC-TRIAC FULL-WAVE PHASE CONTROL 

o 

FIGURE 9.12 

WAVEFORMS FOR FIGURE 9.11 
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Once triggering has ceased, reducing R, will raise Ve, but when Vs is 
reached again and the diac switches, vo is suddenly reduced. This action in-
creases the value of Vc on the next half-cycle, which causes triggering to 
occur at a much earlier phase angle. As a result, the load current suddenly 
snaps from zero to some intermediate value, from which point it may be 
smoothly controlled over the full range from al to «2. 

The "snap-on" effect may be reduced by connecting the control circuit 
to the supply, as shown in Figure 9.13. The improvement is obtained by al-
lowing the capacitor to re-charge slightly between the triggering point, at, 
and the end of the half-cycle. This raises Vo, hence reduces the effect when 
vo becomes Vs. Since the triac does not remove power from the control cir-
cuit after triggering, a 15 K ohm fixed resistor is used to limit control power. 
This has the disadvantage of also limiting maximum load power by increasing 
the minimum firing angle, a,. 

Full load power may be achieved by using a diode circuit to reset the 
capacitor at the end of each positive half-cycle, as shown in Figure 9.14. 
During the positive half-cycle, both diodes are reverse-biased and capacitor 
C, charges through R, to a positive voltage. If Ve is just short of Vs, the diac 
will not switch but when the positive supply voltage becomes less than Ve, 
the capacitor is discharged through diode D, and R2. After the line voltage 
crosses zero and becomes negative, diode D2 conducts and the capacitor then 
charges to a negative voltage. No resetting is obtained at the end of the 
negative half-cycle. However, the snap-on effect is reduced to an insignificant 
level by this circuit. 

600W (1200w) 
LAMP LOAD 

120V 
1240V) 
60Hz 

TRIAD 
GE 
5C4113 
SC4101 

NOTE , VALUES IN 
PARENTHESES 
ARE FOR 240 VAC 
SUPPLY. 

FIGURE 9.13 FULL-WAVE PHASE CONTROL WITH REDUCED "SNAP-ON" 
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FIGURE 9.14 FULLAVAVE PHASE CONTROL WITH ALTERNATE RESET 
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Figure 9.15 shows another circuit with very little snap-on effect. This 
circuit uses a second capacitor, C2, to recharge C1 after triggering, thus rais-
ing vo to approximately V. The maximum, or latest, triggering angle, a2, 
with this circuit is not limited to the point where the supply voltage is equal 
to Vs because the second capacitor will permit greater than 900 phase shift 
of Vci. If, however, the diac should switch after the 180° point on the sup-
ply wave, it could very well trigger the triac at the beginning of the next 
half-cycle. Since this condition usually needs to be avoided, coupling resistor 
113 should be adjustable to permit compensation for wide-tolerance compo-
nent values. If desired, R3 may be set for a minimum power level in the load 
at maximum setting of R1. 

1200W 
(2400W) 

i.e., ALTERNATE LOAD POSITION 

TRIAC 
GE 

SC458 
ISC45(8 

dv/dt SUPPRESSOR 
AS REQUIRED 

FIGURE 9.15 EXTENDED RANGE FULL-WAVE PHASE CONTROL CIRCUIT 

9.5 HIGHER "GAIN" TRIGGER CIRCUITS FOR PHASE CONTROL 

All of the previous circuits control phase angle of triggering by a re-
sistor. To control over the full range, from minimum to maximum power, 
with the simple RC timing circuit requires a very large change in the value 
of R, presenting a low control "gain." For manual control, this is most ade-
quate. For systems which must perform a function, in response to some sig-
nal, the simple RC circuits are usually inadequate, although a photoconductor 
or a thermistor could be used for control but only over very wide range of 
light or temperature change. 

9.5.1 Manual Control 

Figure 9.16 shows a conventional, manually-controlled SCR circuit with 
a unijunction transistor. A zener diode clamps the control circuit voltage to a 
fixed level, as shown in Figure 9.17. Since the peak-point (or triggering) volt-
age, e„, of the unijunction transistor emitter is a fixed fraction of the inter-
base voltage, VBB, as indicated by the dashed curve, the capacitor will charge 
on an exponential curve toward VBB until its voltage reaches ep. Assuming, 
for convenience, that e„ is 0.63 VBB, triggering will occur at one time-con-
stant. Therefore, to cover the range from 0.3 to 8.0 milliseconds, the product 
R2C must change by the same amount. Since C is fixed, R2 must then be 
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varied over a 27:1 range. Not only is this a very large range, but the transfer 
characteristic from R2 to average load voltage, VL, is quite non-linear, as 
shown in Figure 9.18. These characteristics are usually satisfactory, however, 
for manual control. 

0, • GE 24.L20 

D2,3,4,5 ." -436 

FIGURE 9.16 CONVENTIONAL PHASE-CONTROL CIRCUIT 
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2N2646 
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FIGURE 9.17 UNIJUNCTION TRANSISTOR WAVEFORMS 
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FIGURE 9.18 TRANSFER CHARACTERISTIC OF CONVENTIONAL CIRCUIT 

Replacing the manually controlled resistor with a p-n-p transistor, shown 
in Figure 9.19(a), and applying a DC signal between emitter and base results 
in a higher current-gain but the range of base current must again be 27:1. 
The transfer characteristic, Figure 9.19(b), also remains non-linear. 
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FIGURE 9.19 SERIES TRANSISTOR CONTROLLED RAMP 
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(.) 

Control gain can be made very high by the use of a low resistance po-
tentiometer, connected as shown in Figure 9.20(a). Since the exponential 
charging of C is very fast, and limited by the voltage-division of the pot, the 
transfer characteristic is again non-linear, as shown in Figure 9.20(b). If the 
zener damp has any significant zener impedance, the clamped voltage will 
not be fiat, but will have a slight peak at 90 degrees. This curvature can pro-
duce an abrupt discontinuity, or "snap," in the transfer characteristic as indi-
cated by the dashed curve of Figure 9.20(b). 

100 

ao 

%VL60 40 
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(a) (b) 4 

FIGURE 8.20 RESISTANCE CONTROLLED PEDESTAL 

The use of an n-p-n transistor, Figure 9.21(a), will provide a high cur-
rent-gain, but non-linearity and possible snap are still present, as indicated in 
Figure 9.21(b). 
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FIGURE 9.21 SHUNT TRANSISTOR CONTROLLED PEDESTAL 

9.5.2 Ramp-and-Pedestal Control 

If the circuits of Figure 9.16 and 9.20(a) are combined with diode cou-
pling, as in Figure 9.22(a), the exponential ramp function can be caused to 
start from a higher voltage pedestal, as determined by the potentiometer. 
Transfer characteristic Curve 1 of Figure 9.22(b) is obtained when R2 is set 

loo 
ao 

%v.so 

20 

00 2040 6080100 
SRI 
(8) (4) 

WITH LINEAR RAMP FIGURE 9.22 RESISTANCE CONTROLLED PEDESTAL 

for a time-constant of 8 milliseconds. Higher control gain is obtained (Curve 
2) by making the R2C, time-constant about 25 milliseconds. The voltage 
wave-shape observed across C1 is a nearly-linear ramp sitting on a variable-
height pedestal, as in Figure 9.22(c). Small changes in pedestal height pro-
duce large changes in phase-angle of triggering. The linear relationship be-
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tween height and phase-angle results, however, in a non-linear transfer 
function because of the shape of the sine-wave supply. 

Both high gain and linearity are obtained by charging C, from the un-
damped sinusoidal waveform, as in Figure 9.23(a). This adds a cosine wave 
to the linear ramp to compensate for the sinusoidal supply waveform, result-
ing in the linear transfer characteristics shown in Figure 9.23(b). System gain 
can be adjusted over a wide range by changing the magnitude of charging 
resistor, R2, as indicated in Figure 9.23(c). By selecting a ramp amplitude of 
one volt, for example, and assuming a zener diode of 20 volts, then a change 
in potentiometer setting of only 5 per cent results in the linear, full-range 
change in output. 

The values shown in Figure 9.23(a) are typical for a 60 Hz circuit. The 
potentiometer resistance must be low enough to charge capacitor C, rapidly, 
in order to be able to trigger early in the cycle. This is the limiting factor on 
control impedance level. The logarithmic characteristic of diodes limits the 
control gain that can be achieved with a reasonably linear transfer character-
istic. At a one-volt ramp amplitude, diode non-linearity is not pronounced, 
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FIGURE 9.23 RESISTANCE CONTROLLED PEDESTAL WITH COSINE•MODIFIED 
RAMP. 

but at 0.1 volt ramp voltage, the capacitor is charged primarily by diode cur-
rent, thus obliterating the cosine-modified ramp. The sharper knee of a zener 
diode may be used to obtain higher gains, at the expense of requiring a 
higher voltage across the potentiometer. The third limiting factor is the peak-
point current of the unijunction transistor. This current must be supplied en-
tirely by R2 and should be no higher than one-tenth the charging current ,on 
C1, at the end of the half-cycle, in order to avoid distortion of the waveform. 
The 2N2647 unijunction transistor used in the example has a maximum peak. 
point current of two microamperes, hence is particularly well suited for high-
gain systems. The fourth limitation is the zener impedance of diode D1. This 
impedance must be very low in order to keep the peak-point voltage (trigger-
ing level) constant during the half-cycle. If this voltage changes 0.1 volt, then 
the ramp voltage should be on the order of 1 volt. Temperature effects on the 
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unijunction transistor, and other components, must also be taken into consid-
eration when attempting to work at very low ramp voltages. 

In Figure 9.24(a), manual control is replaced by a bridge circuit for 
feedback control. Zener diode D2 has a slightly lower zener-voltage than D, 
in order to hold the top of the clamped waveform more nearly flat. Resistors 
R, and R2 form the voltage divider which determines pedestal height. Varia-
tion in either of these resistors can therefore provide the control function, al-
though R2 is generally used as the variable. Figures 9.24(b) and (c) show the 
use of a thennistor for temperature regulation and a photoconductor for light 
control, in either open-loop or closed-loop systems. 

(o) 

FIGURE 9.24 

RI 

PHOTO-
CONDUCTOR 

THERMISTOR 

(b) (e) 

OHMIC-TRANSDUCER PEDESTAL CONTROL 

To obtain a higher input impedance, an n-p-n transistor may be used as 
an emitter-follower, as shown in Figure 9.25(a). If the transistor has a cur-
rent gain of 100, the values of R, and R2 can be increased from 3000 ohms 
to 300 K ohms, thus greatly reducing power dissipation in the sensing ele-
ment. This is particularly important when R, or R2 is a thermistor. Resistor 
R3 is required in the collector circuit of the transistor in order to limit charg-
ing current available to the UJT capacitor and thus prevent premature trig-
gering of the UJT. 

(a) (b) 

FIGURE 9.25 TRANSISTOR EMITTER-FOLLOWER CONTROL FOR AC OR DC INPUT 

In many feedback-control systems, high gain and phase-shifts often pro-
duce instability, ranging from excessive overshoot to large oscillations, or 
hunting (see Chapter 12). The transistor permits use of a DC sensing circuit 
followed by an appropriate RC "notch-network" (R, C1, R2 C2) to produce 
the required degree of damping. Since the cosine-modified ramp results in a 
uniform, linear response, system gain is constant and proper damping is 
much easier to obtain than in the case of the linear ramp where gain changes 
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with phase-angle. System gain is controlled by the ramp charging resistor (R2 
of Figure 9.23), which can be made a secondary variable through the use of 
a thermistor or a photoconductor. To avoid excessive loading on the DC sens-
ing circuit, a resistor is required in series with the base of the transistor. 
Upper and lower control limits may be obtained by the use of diode clamps. 

The capability of working from a DC control signal permits a soft-start 
and soft-stop circuit, shown in Figure 9.26(a). This circuit features individu-
ally adjustable rates of start and stop, good linearity, upper and lower limit 
clamps, and manual or resistive master phase control by means of the top 
clamping level. For a typical UJT peak-point of 2/3 the interbase voltage, 
the ramp amplitude may be set at 1/3 interbase voltage and the pedestal 
clamped at 1/3 and 2/3 this voltage. The resulting performance character-
istic is shown in Figure 9.26(b) and (c) for this condition, with the switch 
turned ON at t, and OFF at t3. 

•DC 

. Ve LOWER CLAMP 
UPPER CLAMP ANO MASTER PHASE CONTROL 

CHARGE 
RATE 

ON 

- 

(a) 

vc_./ \,_ 

tl ia t2 t2 "  

(b) 

FIGURE 9.26 SOFT START AND STOP CONTROL 

Remote control from an AC signal, such as an audio-frequency from a 
tape recorder or from a tachometer, or an RF carrier alone or with audio 
modulation, is shown in Figure 9.27. The offset voltage characteristic of a 
high-gain system provides immunity to noise and effectively decreases the 
band-width of the input resonant circuit. If offset is not desired, but high-
gain is required, the input circuit may be biased, by the dotted resistors R4 
and Rg, to a voltage just below offset. The use of a standard tatio-detector 
will permit control by an FM signal directly. 

AC 
INPUT 

,--..-' 
RESONANT 

FIGURE 9.27 FREQUENCY-SELECTIVE AC AMPLITUDE CONTROL CIRCUIT 

Alternate transistor connections are shown in Figure 9.28, providing a 
wide variety of performance characteristics. The emitter-follower circuit is 
simplified in Figure 9.28(a) for low-gain use. At high control gain (low ramp 
voltage) the emitter current requirement is very low, and the decrease in beta 
at such low currents causes excessive non-linearity. Standard common-emitter 
connections for n-p-n and p-n-p transistors, Figures 9.28(b) and (c), provide 
lower input impedance and higher voltage gain, but require temperature 
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compensation in high-gain applications. In addition, the n-p-n circuit of Fig-
ure 9.28(b) results in a sense inversion which may or may not be desirable. 
Sense inversion is also obtained in the p-n-p emitter-follower of Figure 
9.28(d). The excellent performance characteristics and low cost of the 2N2923 
silicon n-p-n transistor, however, make the choice of the n-p-n emitter-fol-
lower circuit attractive, particularly since the temperature changes have very 
little effect on operation of this circuit. 

(a) (b) (c) (d) 

FIGURE 9.28 ALTERNATE TRANSISTOR PEDESTAL CONTROL CIRCUITS 

An alternate form of the soft-start circuit is shown in Figure 9.29, using 
the clamping diode, D1, to control pedestal height on a linear ramp. Capaci-
tor C, may be several hundred microfarads and is charged slowly through R2. 
R1 continues the charging beyond emitter peak-point voltage to completely 
remove the effect of C1 and to provide a discharge path when power is re-
moved. The supply for this circuit must be obtained from the line, rather 
than from voltage across the triac, in order to completely charge C1. 

i_—„--„--,...-FUCED SUPPLY 

FIGURE 9.29 ALTERNATE SOFT-START CIRCUIT 

In Figure 9.30, compensation for changes in supply voltage is obtained 
by R2 and C, which add to the zener diode voltage a DC voltage propor-
tional to supply voltage. This is used to supply interbase voltage for the UJT. 
Since pedestal height is fixed by the zener diode, reducing supply voltage 
reduces interbase and peak-point voltages of the UJT, thus causing triggering 
to occur earlier on the ramp. The size of R2 is dependent on ramp amplitude, 
hence upon R5. The voltage compensation feature does not interfere with use 
of the pedestal height in any other control form, such as a feedback control 
system. This system has been found capable of holding RMS output voltage 
constant within 5% for a 50% change in supply voltage. The bottom end of 
control is reached when supply voltage drops to desired output voltage. 
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RI: 5000Q. 3%*/ R3: 3300 R5: 5M CI: 200.f. 10v QI GE 2N2646 

R2: 500 n R4: 10K R6: IK C2:0.1µf TI SPRAGUE I I Z 12 

FIGURE 9.30 WIDE RANGE LINE-VOLTAGE COMPENSATION CONTROL 

Current feedback control can be obtained by the use of voltage across a 
shunt resistor, but this requires rectification and filtering when AC is to be 
controlled since no current flows prior to triggering. In addition, a lamp may 
be used as the shunt, with a photoconductor sensing lamp output (see Chap-
ter 12). Response time of the lamp and photoconductor is generally long 
enough to provide filtering, and the control is on the square of current, hence 
will hold constant RMS value rather than average value. A resistor-thermistor 
combination will also provide RMS control. A current-transformer may be 
used to produce a higher output voltage signal on AC with less power loss. 
If power loss in the shunt is detrimental, a magnetic-flux sensitive element 
such as the Mistor* resistance transducer or a Hall-effect element may be 
used in a suitable coil and core. In these magnetic-flux sensors, the output 
will be a function of average current. 

These circuits are typical of a wide variety, based on the ramp-and-
pedestal concept for transfer from voltage, current, or impedance level to 
phase-angle of triggering for SCR's. Adjustable gain, linearity, selection of 
high or low input impedance, and operation from a DC input signal are at-
tractive features for use in feedback or open-loop control systems, or in spe-
cial function systems. 

9.6 TRIGGER CIRCUIT FOR INDUCTIVE AC LOADS 

Inductive AC loads present two basic requirements of the trigger cir-
cuits in order to provide symmetry and proper control: a) synchronization 
must be obtained from the supply voltage rather than SCR voltage; b) the 
trigger signal must be continuous during most of the desired conduction pe-
riod. Figure 9.31 shows a trigger circuit specifically designed to meet these 
requirements. 

Unijunction transistor Qi is connected across the AC supply line by 
means of the bridge rectifier, CR1 through CR4, thus permitting Qi to trigger 
on both halves of the AC cycle. 

*TM American Aerospace Controls, Inc. 
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120 VOLT 
AC SUPPLY 
60 CPS 

RI -3.3K ,5 WATT 
R2- 250K, 2 WATT 
R3- 3.3K, 1 WATT 
R4- 330, 1/2 WATT 
R5,R6- 22A, 2 WATT 
R7,R8- 330, 2 WATT 
R9,R10- 47.(I, 1/2 WATT 
CI,C2,C3- 0.1 MFD 
01- GE 2N2646 
SCR'. SCR2 — CONTROLLED RECTIFIERS, AS 

REQUIRED 
SCR3,SCR4- GE 2NI595 

FIGURE 9.31 TRIGGER CIRCUIT FOR 
INDUCTIVE LOAD. 

TRANSFORMER OR OTHER INDUCTIVE LOAD 

TO LOAD 

CRI TO CR4 - GE INI693 
CR5,CR6- GE INI765 
CR?- GE INI692 
CR8- GE INI776 
TI - ISOLATION TRANSFORMER 120/12.6/12.6 VAC; 

PRIMARY VOLTAGE DEPENDS ON LINE 
VOLTAGE (UTC FT-I0 FOR 120Y.) 

T2- PULSE TRANSFORMER PE 2229, UTC H5I OR 
SPRAGUE 93Z20 EQUIVALENT 

PHASE CONTROLLED SCR's FEEDING 

The time constant of potentiometer R2 in conjunction with capacitor C1 
determines the delay angle a at which the unijunction transistor delivers its 
first pulse to the primary of pulse transformer T, during each half-cycle. 
These pulses are coupled directly to the gates of SCR3 and SCR4. Whichever 
of these SCR's has positive anode voltage during that specific half-cycle trig-
gers and delivers voltage to its respective main SCR, firing it in turn. The 
low voltage AC supply for the "pilot" SCR's (SCR3 and SCR4) is derived 
from a "filament" type transformer T1. Zener diodes CR, and CR6, in con-
junction with resistors R5 and Rg, clip the AC gate voltage to prevent exces-
sive power dissipation in the gates of the main SCR's. The RC networks 
(117--C2 and R8—C3) also limit gate dissipation in the main SCR's while de-
livering a momentarily higher gate pulse at the beginning of the conduction 
period to accelerate the switching action in the main SCR's. 

If electrical isolation of a DC control signal from the AC voltage is re-
quired, the entire unijunction trigger circuit with its bridge rectifier and asso-
ciated components can be connected to an additional secondary winding 
(approximately 110 volts) on transformer T1. Total loading of this particular 
part of the circuit is less than 30 milliamperes. Of course, low level phase 
control signals for SCR3 and SCR4 can be secured from other circuits than 
the specific one shown, but this is incidental to the main objectives: driving 
SCR ]. and SCR2 from a square wave source synchronized to the AC line. 

Figure 9.32 is a smaller and lower-cost version of the inductive load 
phase control. The bridge rectifier D1-D4 supplies power to the UJT trigger 
circuit and supplies holding current to the SCR. If triggering should occur 
prior to turn-off of the triac, the SCR will be turned on and held by current 
through R1. When the triac turns-off at a current zero, triac gate current will 
flow, depending on polarity, through D5 or Dg, the SCR, and Dg or D2, thus 
re-triggering the triac. At the expense of higher voltage diodes and SCR, this 
circuit eliminates all transformers with their attendant cost, size and weight. 
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FIGURE 9.32 FULL-NAVE PHASE CONTROL FOR INDUCTIVE LOADS 

R5 
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For higher power-factor inductive loads, and where a small dissymmetry 
is permissible, the two-capacitor diac/triac circuit of Figure 9.15 may be 
used, with the load connected in the alternate position shown in that circuit. 
When R, is small, calling for maximum power, the trigger circuit supply is 
essentially the voltage across the triac, hence cannot attempt to trigger before 
commutation. When R, is large, the trigger circuit is largely powered from 
the supply voltage, thus providing good symmetry and very little DC compo-
nent of load current. 

9.7 NEON LAMP TRIGGER CIRCUITS 
Neon lamp SCR phase-controlled trigger circuits have the promise of 

combining the low cost of the RC diode circuit with improved performance. 
In addition, the possibility exists in such a relatively simple yet high imped-
ance circuit to exercise control over the charging rate of the trigger capacitor 
with suitable devices responsive to light, heat, pressure, etc. 

Figure 9.33 shows a half wave AC phase-controlled circuit using a 5AH 
as the trigger for a two terminal system. The 5AH will trigger when the volt-
age across the two 0.1 MFD capacitors reaches the breakdown voltage of the 
lamp. Control can be obtained full off to 95% of the half wave RMS output 
voltage. Full power can be obtained with the addition of the switch across 
the SCR. 
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FIGURE 9.33 HALF WAVE/TWO TERMINAL PHASE CONTROL 

Figure 9.34 is a transformer coupled full-wave AC phase-controlled cir-
cuit using a 5AH as the trigger for a two terminal system. The 5AH will per-
form the same as in the half-wave circuit but the pulse transformer will allow 
the SCR's to alternate in firing. The resistor R and the pulse transformer 
should be chosen to give proper shape of the pulse to the gate of the SCR. 
Some loss of load voltage will occur but will amount to only about 5% in 
terms of total RMS output voltage. 
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,-, OA MFD 
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32Z 28 

FIGURE 9.34 FULL WAVE TRANSFORMER COUPLED/TWO TERMINAL PHASE CON-
TROL 

9.8 TYPICAL PHASE-CONTROLLED CIRCUITS FOR DC LOADS 

Figure 9.35 illustrates the use of SCR's in a typical single phase center-
tap phase-controlled rectifier. By varying R7, the DC voltage across the load 
can be steplessly adjusted from its maximum value down to zero. As in the 
AC phase-controlled switch, a single UJT (Q,) is used to develop a gate sig-
nal to fire both SCR's on alternate half-cycles. Whichever of the two SCR's 
has positive anode voltage at the time the gate pulse occurs will fire, thus 
applying voltage to the load for the remainder of that half-cycle. The firing 
angle can be adjusted by means of R7. At 60 Hz, the firing angle of this cir-
cuit can be varied from approximately 10° to 180° (fully off). 

If the secondary voltage applied to the SCR anodes is less than approxi-
mately 100 volts RMS, a separate voltage supply should be used for the UJT 
control. In Figure 9.35 an additional 117 VAC winding on T, in conjunction 
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with a diode bridge CR4—CRT can be substituted for CRi, CR2, and R1 if 
the main secondary voltage is low. A more steeply rising square wave of 
voltage with sufficient amplitude is thereby provided for control purposes. 
If the load requires filtering, inductance L1 and free-wheeling diode CR8 
may be added, as shown. 

For feedback-controlled regulated power supplies, see Chapter 12. 

R6-33K,9 WATT IF SEC VOLTAGE OF T, IS 

117 VOLTS EACH SIDE OF CENTERTAP 

R2-47 O. 1/2 WATT 

R3,R4-22 El, 1/2 WATT 

R5-330 El, 1/2 MT 

Re 
CI 

2 7K, I/2 WATT SCR, SCR2- AS REQUIRED BY LOAD 

- SOK LINEAR POT CR,,CR2,CR4,CR2-G E 110695 

3.3K, 5 WATT CR5 INI776REOULATING 0100E 

0.2 MPS l G E 2N26413 

OPTIONAL. CRe - AS REQUIRED BY LOAD CURRENT 

L,—AS REQUIRED FOR FILTERING 

FIGURE 9.35 PHASE-CONTROLLED DC POWER SUPPLY 

9.9 POLYPHASE SCR CIRCUITS 

The use of controlled rectifiers is by no means limited to single-phase 
AC circuits. They may be used in polyphase circuits just as conventional two 
element semiconductor rectifiers. Regardless of the particular circuit config-
uration the two basic requirements that must be met are the supplying of a 
trigger turn-on signal at the appropriate time and provision in the circuit ex-
ternal to the controlled rectifier for turn-off. 

With regard to turn-off, the reversal of the line voltage across the device 
in common rectifier circuit configurations will return the controlled rectifier 
to a forward blocking state; this is often referred to as line commutation. On 
commutating, the rectifier is subjected to reverse voltage which facilitates the 
turn-off process. For this reason, common AC rectifier circuits do not impose 
unusual turn-off requirements on the controlled rectifier as do certain types 
of inverter or DC chopper circuits in which forward voltage is reapplied to 
the controlled rectifier immediately following turn-off. However, depending 
on the amount of phase retard the controlled rectifier and its associated recti-
fiers may be subjected to full peak reverse blocking voltage immediately after 
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having conducted full rated current. This type of service is conducive to the 
generation of recovery voltage transients. Particularly, in cases where SCR's 
are used in series in a leg of such a circuit, steps must be taken to force 
proper sharing of these transients between all the devices in the leg. This is 
discussed more fully in Chapter 6. 

The question of utilizing controlled rectifiers in polyphase circuits in-
volves providing appropriately timed triggering signals in accordance with 
the type of circuit used and the degree of phase control required. For exam-
ple, the circuit of Figure 9.36 shows the popular three phase bridge circuit 
in which the forward legs are controlled and the back legs consist of uncon-
trolled conventional two terminal rectifiers. This circuit will give full continu-
ous control from zero to 100% of its DC output when triggering signals 
capable of being phase shifted over 180 electrical degrees are supplied as 
shown in Figure 9.37(a). 

The triggering circuit discussed in Section 9.9.2 will provide such trig-
gering signals. If triggering signals are supplied as shown in Figure 9.37(b) 
such that they can be phase-shifted over 120 electrical degrees, the circuit 
will deliver full control from about 25% to 100% of full output power to the 
load. A circuit to do this is discussed in Section 9.9.1. 

THREE 
PHASE 
LINE 

• • 

TO 
LOAC 

TRIGGER 
CIRCUIT 

TRIGGER 
- CIRCUIT ' 

TRIGGER 
CIRCUIT 

• 

FIGURE 9.36 THREE PHASE BRIDGE CIRCUIT WITH THREE CONTROLLED LEGS 

In some special cases it is desirable to control all six elements of the 
three phase bridge circuit. Regenerative braking of a DC machine where 
either field or armature reversing is provided is an example of such a case. 
For this case, triggering signals capable of being phase-shifted over 120 elec-
trical degrees must be supplied as shown in Figure 9.37(c). 
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RECTIFIER 
NUMBERS 

I 

14-- 1 CYCLE  .4. 1 CYCLE si 

0 60 120 180 240 300 360 420 480 540 600 660 720 

DEGREES 

I \  
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3 

N  

(A) THREE LEGS CONTROLLED 

(B) THREE LEGS CONTROLLED —SIMULTANEOUS GATE EXCITATION 

(C) SIX LEGS CONTROLLED 

FIGURE 9.37 TRIGGERING PULSES FOR THREE PHASE BRIDGE CIRCUIT 

9.9.1 Simple Three Phase Firing Circuit (25% to 100% Control) 
This section describes a simple three-transistor SCR firing circuit that 

provides stepless control of the DC output voltage from a three-phase bridge 
between 25% and 100% of maximum output voltage, and also full interrup-
tion of output voltage. Means are incorporated to provide automatic compen-
sation for line voltage fluctuations and for phase unbalance without closed-
loop feedback. 

This circuitry is readily applicable wherever stepless control is not re-
quired over the full range from zero to 100% of the maximum DC output 
voltage. Its main features are its simplicity, low cost, compactness, and reli-
ability. Its inherent characteristics provide symmetrical output in all three 
phases without the need for special matching and adjustment of individual 
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circuits, and the circuit is insensitive to power factor or phase reversal. It 
lends itself readily to electrical feedback techniques and does not require a 
separate control voltage supply. No magnetic components are needed. 
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FIGURE 9.38 SIMPLE THREE PHASE FIRING CIRCUIT 

LOAD 

Figure 9.38 illustrates the complete firing circuit. CR, supplies positive 
line voltage to the control circuit whenever the anode voltage on an SCR 
swings positive with respect to the positive DC bus. This voltage is clipped 
at 20 volts by zener regulator CR2 and supplies a conventional unijunction 
transistor relaxation oscillator firing circuit of a type described in detail in 
Chapter 4. R, controls the firing angle of Q, by regulating the charging rate 
to capacitor C1. The pulse of voltage developed across R9 as unijunction Q, 
discharges C, is coupled simultaneously to the gates of all three controlled 
rectifiers, SCR,, SCR, and SCR3, through R10, 11 11, and R 12. Whichever 
SCR has the most positive anode voltage at the instant of the gate pulse 
starts conduction at that point. 

The circuit composed of transistors Q2 and Q3 prevents Q, from firing 
at any delay angle greater than 120°. If triggering pulses are retarded be-
yond 120°, the output voltage rises abruptly to 100% as the following phase 
is fired at the beginning of its cycle. Q, is an independent unijunction oscil-
lator which initiates its timing cycle at the same instant as Q. R, is set at a 
fixed value so that Q3 fires at an angle slightly less than 120°. Two modes of 
operation are possible: 
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1. If Q1 triggers before retard angle 8 = 1200; it fires the SCR whose 
positive anode voltage is providing the interbase bias for the unijunc-
tions through CRi. Firing this SCR shorts the control circuit supply 
voltage. The interbase bias voltage of Q drops to zero, causing Qg 
to fire and discharge C2 in preparation for the next cycle. This is the 
mode of operation when Q1 is controlling the DC output voltage be-
tween 25% and 100% of maximum. In this mode, Q2 and Q have 
no effect on the functioning of the bridge. 

2. If Qi is delayed beyond 8 = 120°, Q fires, discharging C2 through 
the base-emitter junction of Q2, saturating this device, and discharg-
ing C, through Q2. This alternate mode of discharging C1 does not 
impose a pulse on the SCR gates, and the DC output voltage is 
therefore zero in this mode. 

Instead of mechanical manipulation of potentiometer R2 to control the 
DC output voltage, electrical signals can be used to control the output by 
inserting a transistor in series with R2 in the charging path for C1, or alter-
nately a transistor in shunt with C1. Both methods are readily useful in con-
junction with feedback systems and are described in Chapter 4, and in Sec-
tion 9.5. 

The success of this circuit depends on Q maintaining its firing angle at 
slightly less than 120°. For this reason, base 2 of unijunction transistor Q is 
connected through R5 to a point separated from the clipped and regulated 
voltage across CR2 by resistor Rg. This acts to maintain the timing cycle of 
Q fixed at slightly less than 120° regardless of normal line voltage variations. 
Without this precaution, a drop in line voltage would make Q fire at a some-
what greater angle than 120° due to the lesser slope on the front of the 
clipped sine wave voltage being applied to R1. 

Rg serves another useful purpose. By connecting base 2 of unijunction 
transistor Q1 to the top of Rg, a marked degree of regulation of the DC out-
put voltage is provided for AC line voltage fluctuations. If the line voltage 
rises, the interbase bias voltage and therefore the peak-point emitter voltage 
on Q rises depending on the setting of Rg. Since the emitter charging circuit 
through R2 is connected to the fixed voltage across regulator CR2, the firing 
angle is phased back and the output DC voltage is maintained constant. For 
a decrease in line voltage, this action advances the firing angle to maintain 
the output constant. This inherent action is instantaneous and does not de-
pend on a change in the actual output voltage to take corrective action. 
Where unequal phase voltages exist, this circuit also acts to balance the con-
tribution of the individual phases to the DC output voltage, thus reducing 
the fundamental frequency ripple content in the DC. Since the compensation 
provided by R8 is not constant at all firing angles, R8 should be adjusted for 
optimum action near the voltage level at which operation will normally take 
place. 

With a three-phase 117 VAC supply, the circuit in Figure 9.38 can be 
varied steplessly over DC output voltages from 40 volts to 150 volts DC, a 
range of 3.75 to 1. It can also be turned off completely. With line voltage 
variations of -±10%, R8 can be adjusted to provide essentially constant DC 
output voltage at both extremes of line voltage. Test data with Rg = 350 
ohms, with 10 ohms of load, and with G-E C35B cells as the SCR's showed 
that for a variation in AC line input voltage from 130 volts to 100 volts the 
DC output varied from 93 volts to 92 volts. 

204 



AC PHASE CONTROL 

9.9.2 Full Range Three Phase Control System 
Figure 9.39 illustrates a phase-controlled circuit for a four wire AC sys-

tem feeding three wye-connected transformers. One pair of SCR's is con-
nected in series with each of the lines and the transformer neutral is con-
nected to the system neutral. Trigger circuits similar to the single phase type 
are connected from line to neutral of each phase. For illustrative purposes, a 
unijunction transistor is used to trigger the pilot SCR's. So that all three trig-
ger circuits can be controlled simultaneously with a single adjustment or elec-
trical signal, each unijunction circuit is isolated from the power circuit by a 
transformer T3. This permits the three unijunction circuits to be electrically 
inter-connected at any convenient point. Several variations for controlling the 
three unijunctions from a master signal are shown in Figure 9.40. The most 
suitable type depends on whether manual or electrical control is desired, also 
the magnitude and impedance level of the available master control signal. 
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FIGURE 9.39 PHASE CONTROL FOR THREE PHASE, FOUR WIRE POWER SYSTEM 
FEEDING WYE CONNECTED TRANSFORMERS. 
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Adjustments are provided in each unijunction circuit for establishing 
symmetrical firing between the phases. R4 in each circuit is set so that all 
three unijunctions trigger at the same emitter voltage (voltage across C1 and 
primary of T2). R2 is then adjusted for equal tracking of all three phases to a 
single control signal, such as the manual control setting in Figure 9.40(a). 

Proper operation of the circuit of Figure 9.39 requires significant cur-
rents to be carried in the neutral connection and care must be taken in de-
signing the power conductors and supply for this purpose. This circuit will 
not work over the complete voltage range with a delta connected transformer. 
Neither will it provide smooth control of the load voltage without the neutral 
connection between the supply and the wye connected transformers. In 
either of these two cases discontinuities in the load voltage occur as the con-
trol signal is varied. 
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18 MOTOR CONTROLS 

EMPLOYING PHASE CONTROL 

10.1 INTRODUCTION 

Since the AC power line is so universally convenient, and since phase 
control is the most convenient way of regulating this power source, it is little 
wonder that phase control has been used to control such a wide variety of 
motor types. Most of the motors so controlled however were not designed 
for this type of operation and were used because they were available or were 
low priced. Often the simplicity of the control circuits is due to a depend-
ence on motor characteristics, and an improper motor selection will cause 
poor circuit operation. Also, even the best control circuit is only part of an 
overall system, and can be no more successful than the overall system design. 

Most motors are given their ratings based on operation at a single speed, 
and depend on this speed for proper cooling. Attempts to use a motor at a 
lower speed can cause heating problems. The lubrication of bearings can be 
inadequate for low-speed operation. The presence of odd order harmonics in 
the phase-controlled wave form, can produce some odd side effects in induc-
tion motors. The speed vs. torque characteristic of a particular induction 
motor may make it totally unsuitable for use with a variable voltage control 
system. Some controls for universal series motors depend heavily on the ex-
istence of a significant residual magnetism in their magnetic structures, a 
characteristic that the motor vendor could be inadvertently trying to minimize. 

These potential problems are brought up to point out the importance of 
checking with the motor manufacturer to insure that the motor used is the 
proper one for this type of use. 

The use of a properly chosen and designed motor with a control of this 
type can however allow a wide versatility in application. For instance with a 
temperature compensated furnace blower control, a wide variety of motor 
sizes and speeds need no longer be used. A single, standard motor could be 
used with the variable requirements in different installations being compen-
sated by means of electrical adjustments at the control. In some cases, where 
the maximum speed of the motor is set by the control, the need for designing 
overvoltage capability into the motor is eliminated, thus allowing some sav-
ing in the motor design. 

10.2 BRUSH-TYPE MOTORS CONTROLLED BY BACK EMF FEEDBACK 

In order for a circuit to control the speed of a motor, it must be able to 
somehow sense the speed of that motor. The most easily available way to get 
this information from brush-type motors is by looking at the back EMF gen-
erated by the motor during the time that the controlling SCR is off. In the 
case of separately excited shunt field wound, and permanent magnet field 
motors, this EMF is directly proportional to speed. In series motors, the field 
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(A) 

is not energized at this time, and residual magnetism must provide the back 
EMF used by the circuit. Unfortunately, the residual magnetism is a function 
of the past history of motor current, so the voltage the circuit sees is not a 
function of speed alone. 

Care must also be taken in these circuits that brush noise does not inter-
fere with circuit operation. 
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FIGURE 10.1 UNIVERSAL SERIES MOTOR CONTROL WITH FEEDBACK 
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FIGURE 10.2 WAVESHAPES FOR FIGURE 10.1 

10.2.1 Half-Wave Universal Series Motor Controls 
The universal series motor finds use in a wide variety of consumer and 

light industrial applications. It is used in blenders, hand tools, vacuum clean-
ers, mixers, and in many other places. The control circuits to be described 
here can provide in effect an infinitely variable tap on the motor. 

The half-wave circuits of Figures 10.1 and 10.3 supply half wave DC to 
the motor. In order to have full-speed operation with these circuits, the motor 
must be designed for a nominal voltage of around 80 volts for operation on 
120 volt AC lines. Brush life of a motor driven by a half-wave supply may be 
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somewhat shorter than for a corresponding motor on full-wave AC. 
The two half-wave circuits shown, both employ residual back-EMF 

feedback to provide increased motor power as the speed of the motor is re-
duced by mechanical loading. This back EMF voltage is dependent on the 
residual magnetism of the motor which is determined by the magnetic struc-
ture of the motor and the characteristics of the iron. Care must be taken to 
ensure that the motor used has sufficient residual magnetism. For more infor-
mation see Reference 1. 

The circuit of Figure 10.1 operates by comparing the residual back 
EMF of the motor V2 with a circuit generated reference voltage V,. If the 
capacitor C, is not present, the voltage V, is the result of the divider net-
work composed of R, and the potentiometer R2. Current flows in this branch 
only during the positive half-cycle due to diode CR2. The voltage at V, then 
is a half sine wave with a maximum value at time "A" (Figure 10.2(a)). If the 
residual back EMF is greater than this maximum (the motor is going faster 
than the selected speed), CR, will be reverse biased and the SCR will not be 
triggered and will not supply power to the motor during this half cycle. As 
the motor slows down and its back EMF drops, V2 will become slightly less 
than V, at time "A," causing current to flow through CR, and the gate of 
SCR,, thus triggering the SCR. The speed at which this occurs may be varied 
by changing the magnitude of V, by adjusting potentiometer R2. Notice that 
the smallest impulse of power that can be applied to the motor is one-quarter 
cycle, since the latest point in the cycle that the SCR can trigger is at the 
peak of the AC line voltage. 

If the motor is loaded down so that its speed and back-EMF continue to 
drop, the time at which V, becomes greater than V2 comes earlier in the 
cycle causing the SCR to trigger earlier, supplying more power to the motor. 
If, however, the motor is lightly loaded and running at a low speed, one-
quarter cycle power may be enough to change the motor speed by a consid-
erable amount. If this happens, it may take a considerable number of cycles 
to return to the speed at which the SCR will again trigger. This causes a 
hunting or "cogging" effect which is usually accompanied by an objectionable 
amount of mechanical noise. 

In order to alleviate this problem, the smallest increment of power avail-
able must be reduced from a full-quarter cycle to that amount required to 
just compensate for the motor energy lost per cycle. To accomplish this, 
capacitor C, is added to the circuit. The capacitor voltage becomes a sinu-
soid in shape during the positive half cycle. This voltage is phase shifted by 
an amount determined by the circuit time constant and an exponential decay 
during the negative half cycle. 

Figure 10.2(b) shows the results on V,. Two main effects may be ob-
served. The first is that the latest possible triggering point "A" is delayed, 
thereby considerably reducing the smallest increment of power. The second 
is that the amount of change of V2 required to go from minimum power to 
full power, AV, is reduced, providing a more effective control. Increasing C, 
even more produces the results of Figure 10.2(c). It can be seen that the 
triggering point "A" comes still later, and AV becomes still smaller. Care 
must be taken however not to go too far in this direction, for increasing C, 
decreases àV and increases the loop gain of the system which could lead 
again to instability and hunting (see Chapter 12). 

It is important that the impedance level of the network formed by RI, 
R2 and C, be low enough to supply the current required to trigger the SCR 
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without undue loading. It can be seen in Figure 10.2(c) that this current 
available for triggering from this network approaches a sine wave, with its 
peak at 90°. If the current required to trigger the SCR is IGT as shown, the 
latest possible firing point would be at "B," not at "A" as one would believe 
from the voltage wave shape. 

In many cases, good low-speed operation without a restrictive specifica-
tion on gate current to fire would require such a low impedance network that 
the power ratings of the resistors and the capacitor size would become un-
wieldly and expensive. In such cases, a low-voltage trigger device such as an 
SUS can act as a gate amplifier as in Figure 10.3. Use of the SUS in this cir-
cuit allows a much higher impedance network to be used for RI, R2 and C1, 
hence allowing smaller size and lower cost components. In this circuit the 
reference voltage V, must exceed the back EMF V 2 by the breakover voltage 
of SUS1, which is about 8 to 10 volts. When SUS, triggers it discharges C2 
into the gate, supplying a strong pulse of current to trigger SCR,. This elimi-
nates any need to select SCR's for gate trigger current, and eliminates any 
circuit dependence on the trigger current of the particular SCR used. 

SCR I 
GE C228 

OR 
GE C32B 

UNIVERSAL 
MOTOR 

FIGURE 10.3 SUS TRIGGERED UNIVERSAL SERIES MOTOR SPEED CONTROL 
WITH FEEDBACK. 

FIELD 

FIGURE 10.4 FULL WAVE DC CONTROL WITH FEEDBACK 
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10.2.2 Full Wave Universal Series Motor Control 

Figure 10.4 shows the circuit of a full wave series motor speed control 
with feedback which requires that separate connections be available for the 
motor armature and field. The full wave bridge supplies power to the series 
networks of motor field, SCR, and armature, and R, and R2. Basically this 
circuit works on the same principle as that of Figure 10.1(a) using the counter 
EMF of the armature as a feedback signal. When the motor starts running, 
the SCR fires as soon as the reference voltage across the arm of R2 exceeds 
the forward drop of CR, and the gate to cathode drop of SCR,. The motor 
then builds up speed, and as the back EMF increases, the speed of the 
motor adjusts to the setting of R2 in the same manner as the circuit of Figure 
10.1(a). 

One of the drawbacks of this circuit is that at low speed settings, because 
of the decreased back EMF, the anode to cathode voltage of the SCR may 
not be negative for a sufficient time for the SCR to turn off. When this hap-
pens, the motor receives full power for the succeeding half cycle and the 
motor starts hunting. Furthermore, this circuit is limited by the fact that 
SCR, cannot be fired consistently later than 90°. A capacitor on the arm of R2 
is not a cure because there will be no phase shift on the reference due to full 
wave rectified charging. 

10.2.3 Shunt Wound and P-M Field Motor Control 

The shunt-wound DC motor is well suited for use with solid state speed 
control systems to provide smooth, wide-range control of speed. The speed of 
a shunt motor is inherently reasonably constant with changes in torque, thus 
permitting speed control to be achieved by controlling the voltage applied to 
the armature. The use of a small compound series winding can make the 
speed virtually independent of torque. Likewise, a small amount of feedback 
of speed information into the control that supplies armature voltage will re-
duce variations of speed with torque. 

GE A408 (4) 
BRIDGE 

RECTIFIER 

I 

120 VAC 
60 Hz 

FIELD 

e 

ARMATURE 

RI SPEED 
33K CONTROL 02 

- e----.--
250K INI694 

CI - 
R2 020 ...--' 
I5K 

SUS 
GE DI3PI 

SCR 
GE C3OB 

FIGURE 10.5 SPEED CONTROL FOR 1/2 HP, 115 VOLT SHUNT-WOUND OC MOTOR 

u€41. 
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Figure 10.5 shows a simple and low-cost solid state speed control for 
shunt-wound DC motors. This circuit uses a bridge rectifier to provide full 
wave rectification of the AC supply. The field winding is permanently con-
nected across the DC output of the bridge rectifier. Armature voltage is sup-
plied through the SCR and is controlled by turning the SCR on at various 
points in each half cycle, the SCR turning off only at the end of each half 
cycle. Rectifier D3 provides a circulating current path for energy stored in 
the inductance in the armature at the time the SCR turns off. Without D3, 
the current will circulate through the SCR and the bridge rectifier thus pre-
venting the SCR from turning off. 

At the beginning of each half cycle the SCR is in the OFF state and 
capacitor C, starts charging by current flow through the armature, rectifier 
D2, and the adjustable resistor R3. When the voltage across C, reaches the 
brealcover voltage of the SUS trigger diode, a pulse is applied to the SCR 
gate, turning the SCR on and applying power to the armature for the re-
mainder of that half cycle. At the end of each half cycle, C, is discharged by 
the triggering of the SUS, resistor 111, and current through R, and R2. The 
time required for C, to reach breakover voltage of the SUS governs the 
phase angle at which the SCR is turned on and this is controlled by the mag-
nitude of resistor R3 and the voltage across the SCR. Since the voltage across 
the SCR is the output of the bridge rectifier minus the counter EMF across 
the armature, the charging of C, is partially dependent upon this counter 
EMF, hence upon the speed of the motor. If the motor runs at a slower 
speed, the counter EMF will be lower and the voltage applied to the charg-
ing circuit will be higher. This decreases the time required to trigger the 
SCR, hence increases the power supplied to the armature and thereby com-
pensates for the loading on the motor. 

Energy stored in armature inductance will result in the current flow 
through rectifier D3 for a short time at the beginning of each half cycle. Dur-
ing this time, the counter EMF of the armature cannot appear hence the 
voltage across the SCR is equal to the output voltage of the bridge rectifier. 
The length of time required for this current to die out and for the counter 
EMF to appear across the armature is determined by both speed and arma-
ture current. At lower speeds and at higher armature currents the rectifier D3 
will remain conducting for a longer period of time at the beginning of each 
half cycle. This action also causes faster charging of capacitor C1, hence pro-
vides compensation that is sensitive to both armature current and to motor 
speed. 

This circuit provides a very large range of speed control adjustment. 
The feedback signal derived from speed and armature current improves the 
speed regulation over the inherent characteristics of the motor. 

Inductance of the field winding of a shunt motor is generally rather 
large, resulting in a significant length of time required for the field current to 
build up to its normal value after the motor is energized. In general, it is de-
sirable to prevent application of power to the armature until after the field 
current has reached approximately normal value. This sort of soft start func-
tion is readily added. For information on soft starting, see Chapter 9 and 
Reference 2. 

This relatively simple approach is capable of moderately good speed 
regulation on the order of 10 percent. For higher performance, a tachometer 
feedback circuit as discussed in Section 10.4.3 can be substituted for the 
trigger circuit. 
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Permanent magnet motors behave quite similarly to shunt wound mo-
tors, since they both have field strengths independent of armature current. 
Hence the circuit of Figure 10.5 may also be used with a P-M motor. 

Some special types of P-M motors, such as the so-called "printed circuit" 
motors, do not lend themselves readily to phase control. The effect of the low 
inductance, low resistance, and low operating voltage of these motors makes 
the peak-to-average current ratio excessive to an extreme, using phase con-
trol, causing high RMS currents in the line and therefore possible de-magne-
tization effects in the motor field magnets. This type of motor would there-
fore be more suitably controlled by means of a "chopper" type of circuit. 
This type of circuit will be discussed in Section 11.2.3. 

10.3 BRUSH-TYPE MOTOR CONTROL—NO FEEDBACK 

In many cases speed regulation is not required in the control. Where the 
load characteristics are relatively fixed, or where the motor drive is part of a 
larger overall servo system, a non-regulating control circuit may be used. In 
some cases, these non-regulating circuits can provide a considerable cost sav-
ing over regulated types. 

10.3.1 Half-Wave Drive for Universal, Shunt or P-M Motors 

Figure 10.6 illustrates one of the simplest and least expensive half wave 
circuits. It uses one SCR with a minimum amount of components. The series 
network of R1, P1, and C, supplies a phase shift signal to the neon bulb 
which triggers the SCR. Thus, by varying the setting of potentiometer P1, 
the gate signal of the SCR is phase shifted with respect to the supply voltage 
to turn the SCR on at varying times in the positive AC half cycles. Ve fires 
the neon bulb. on both positive and negative half cycles. The negative half 
cycles can be disregarded since both the trigger pulses and the anode voltage 
of the SCR are negative. 

70 VOLT OC MOTOR ARMATURE 
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FIGURE 10.6 HALF-WAVE CONTROL WITHOUT FEEDBACK (NEON TRIGGERED) 
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By replacing the neon with a trigger device, such as a Diac (the GE 
ST2) or a Silicon Unilateral Switch (the GE D13PD1), the performance and 
reliability of the circuit of Figure 10.6 can be improved considerably because 
semiconductor trigger devices are longer-lived and have a more stable firing 
point than neon bulbs. Also, because of their lower trigger voltage, these 
solid state trigger devices give a wider control range. The values of the R-C 
phase shift network would have to be increased to compensate for the lower 
breakover voltages of these devices. 

10.3.2 Full-Wave AC Drive for Universal Series Motors 

Since the universal series motor is generally designed to run on the 60 
Hz AC line, the simplest approach to a non-regulating control is the full wave 
phase control circuit of Figure 10.7. More details on the operation of this 
type of circuit can be found in Chapter 9. 

UNIVERSAL MOTOR 
(FULL WAVE) 

120 VAC 

R2 
RI 4 IOC 

250E 

DIAC 
GE ST -2 

TRIAC 

FIGURE 10.7 BASIC NON-REGULATED FULL-WAVE AC PHASE CONTROL FOR 
UNIVERSAL MOTORS. 

10.3.3 Full Wave DC Motor Drives 

C2 
0 ip.fd 

200 V 

SCR's are well suited for supplying both armature power and field exci-
tation to DC machines. 

A full wave reversing control or servo as shown in Figure 10.8 can be 
designed around two SCR's with common cathode (SCR2, SCR3) and two 
SCR's with common anodes (SCR', SCR4). In this circuit SCR2 and SCR3 are 
controlled by UJT Q, and the other pair, SCR, and SCR4, are controlled by 
UJT Q. Transistor clamp Q2 synchronizes the firing of Q3 to the anode volt-
ages across SCR, and SCR4. 

Potentiometer R, can be used to regulate the polarity and the magnitude 
of output voltage across the load. With R, at its center position, neither UJT 
fires and no output voltage appears across the load. As the arm of R, is 
moved to the left, Q, and its associated SCR's begin to fire. At the extreme 
left-hand position of R1, full output voltage appears across the load. As the 
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arm of R1 is moved to the right of center, similar action occurs except the 
polarity across the load is reversed. 

If the load is a DC motor, plugging action occurs if R1 is reversed 
abruptly. R 14 and R 15 are used in series with each end of the transformer to 
limit fault current in the event a voltage transient should fire an odd- or even-
numbered SCR pair simultaneously. Commutating reactor T3 and capacitor 
C3 limit the dv/dt which one pair of SCR's can impress upon the opposite 
pair. 

1 
12)-10012 //NEAR POT 

PLR. - 470 OGIGO 1/2 MIT 

PG.52-2700 0455,1/2 WATT 

14,11, -102.2 WATTS 

N-4700 0555,1/2 MATT 

CIT.G2 2.0123.011..C119.0112 -GE 151590 

00,0 12  2200 ONGS . 2 WATTS C112  

R14.0115  DOOMS, 900 12,,03 

02  
0 1,02 02100 

T,T2 

00°1.00°2.°Cli3eCR4- clov"OVSVEOCLZO,AlleA;,e,,ezt- il.) AS REQUIRES ST LOAD 
WE A VOLTAGE I 

GE 1011622 

 OE 2111621A 

GE 25330 

P E 2231, UTC POI, OR EOUGGLENT 

FIGURE 10.8 FULL WAVE REVERSING DRIVE 

10.3.4 Balanced-Bridge Reversing Servo Drive 

A phase-sensitive servo drive supplying reversible half wave power to 
the armature of a small permanent magnet or shunt motor is shown in Figure 
10.9. The power circuit consists of two half-wave circuits back-to-back 
(SCRi, CR1; and SCR2, CR2) fired by unijunction transistor, Q, on either the 
positive or negative half-cycle of line voltage depending on the direction of 
unbalance of the reference bridge resulting from the value of the sensing ele-
ment RI. R1 can be a photo-resistor, a thermistor, a potentiometer, or an out-
put from a control amplifier. 

The potentiometer R8 is set so that the DC bias on the emitter of uni-
junction transistor, Q, is slightly below the peak-point voltage at which Q 
fires, by an amount dependent upon the deadband desired. With R1 equal to 
R2 the bridge will be balanced, UJT (Q) will not fire and no output voltage 
appears across the load. If R1 is increased thus unbalancing the bridge, an 
AC signal will appear at the emitter of the UJT causing the emitter to be 
biased above the firing voltage during one half-cycle of the AC. Qi will fire 
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and, since SCR2 is forward biased, SCR2 will fire. When R1 is decreased, 
similar action occurs except that SCR' will fire, reversing the polarity across 
the load. 

MOTOR 
ARMATURE 

CRI,CR2,SCRI,SCR2 AS REQUIRED BY LOAD 
RI : 3.3K 1sEE NOT, R6: IK 
R2: 33K R7: 4711 
R3, 336,2* R8: 2500(1 
R4: 3.36,21N R6: 470 
123: 2 MEGOHMS RIO: 470 

C1 0.1pf 
01 GE 2N2646 

CR4' GE INI776 
CRS-8' GE INI695 

CR3' GE IN 1692 

NOTE: 
EITHER RI OR R2 MAY BE A VARIABLE RESISTANCE TRANSDUCER, 
SUCH AS THE GE 8425B PHOTQCONDUCTOR, OR THE GE 10301 
THERMISTOR, OR A POSITION SENSING POTENTIOMETER. 

FIGURE 10.9 BALANCED-BRIDGE REVERSING SERVO DRIVE FOR SHUNT-WOUND 
MOTOR. 

10.4 INDUCTION MOTOR CONTROLS 

There are a wide variety of induction motor types and within these a 
wide range of possible characteristics. Some of these characteristics can make 
a given motor type unsuited for control by means of phase control. The most 
obvious difficulty is that induction motors tend to be more frequency sensi-
tive than voltage sensitive, while phase control generates a variable-voltage, 
constant-frequency source. If the motor was not designed for use with phase 
control, the motor designer may have accentuated this problem in order to 
get better speed regulation. In general, the motor used should be as voltage 
sensitive as possible. Variable voltage drive of induction motors is a compro-
mise, one usually dictated by economics but very satisfactory in properly im-
plemented applications. A variable frequency drive would be superior in 
some applications, but generally far more expensive than phase control. In-
formation on variable frequency inverters that can be used for drives can be 
found in Chapter 11. 

Certain types of single phase induction motors, notably split-phase and 
capacitor start motors, require a switched start winding. Since there is a 
torque discontinuity when the start switch cuts in or drops out, it would be 
impossible to control the speed of the motor around these points. This means 
that where the higher starting torque of a switched start winding is required, 
the motor should be designed so that the switching point is below the range 
of speed over which phase control is desired. 

Another important consideration is the power factor of the motor. An 
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overly inductive motor can require a fair degree of sophistication in the con-
trol in order to avoid the problems associated with phase control of inductive 
loads. This topic is covered in detail in Section 9.6. 

10.4.1 Non-Feedback Controls 

Unlike brush type motors, induction motors give no convenient electrical 
indication of their mechanical speed. This means that direct speed feedback 
is not nearly as easily available. For some applications like fixed fan loads, 
direct voltage adjustment with no feedback yields satisfactory performance. 
An example is the circuit of Figure 10.7 when working with a permanent 
split capacitor motor or with a shaded pole motor. The need for the proper 
motor-load combination is shown by the speed torque curves of Figure 10.10. 
In the case of a low rotor resistance, Figure 10.10(a), it can be seen that 
varying the voltage of this motor will produce very little speed variation, 
while the higher rotor resistance motor of Figure 10.10(b) would give satis-
factory results. 

So 

SPEED SI 

S2 

FAN FAN 
LOAD O LOAD 

VI 

S2 

TORQUE --e. 

VI 

TORQUE --10. 

( A) POOR - LOW ROTOR RESISTANCE (B) GOOD - HIGH ROTOR RESISTANCE 

FIGURE 10.10 INDUCTION MOTOR SPEED-TORQUE CURVES FOR USE WITH A 
FAN-TYPE LOAD. 

10.4.2 Indirect Feedback 

Often the problem of speed regulation of induction motors may be by-
passed by considering the complete system control problem. As an example, 
consider the problem of controlling the speed of the blower in a hot air heat-
ing system in response to the temperature of the air. It can be seen that what 
is of prime interest is the temperature of the air, not the precise speed of the 
motor. This kind of analysis can lead to the circuit of Figure 10.11. 
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THERMISTOR 120V 60Hz 
PSC BLOWER MOTOR 

[MAC GE ST2 C2 0.1µfcIT 
FIGURE 10.11 FURNACE BLOWER CONTROL 

R 2 100 
C3 TO.1µfd 

In this circuit, thermistor R, acts in response to air temperature to con-
trol the power supplied to the motor. Resistor R, and its phase control net-
work serve to set a minimum blower speed, to provide continuous air circu-
lation and to maintain motor bearing lubrication. 

Figure 10.12 gives an example of a more sophisticated control system, 
capable of a much higher control gain. This could be used to control a blower 
motor in response to room temperature for heating control, or in response to 
cooling coil temperature to prevent air conditioner freeze-up. 
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D3 IC 04 
ad D1-•04 : GE Al4B D5 : GE AI4 A D6: GE INI776 QI : GE 2N2646 CI 8 C2 : 0.1µ1,50V R 1 : 68000 2W R2 : 470K11 I/2W R3 : 5 MEG 1/2 W R4 :1)(0. I/2W R5 : 10K.0 IW R6 : SEE NOTE R7 : 330 1/2 W C3 . 0.02µf, 200V 

Ti : XFMR 1:1 :SPRAGUE I1Z12 OR EQUIV. C4 :0.1µf 400V Re :4701(0 1/2W NOTE: IN THE ABOVE ARRANGEMENT CIRCUIT IS SET UP FOR A HEATING APPLICATION, IN A COOLING APPLICATION R6 a R5 ARE INTERCHANGED. R6 SHOULD BE A THERMISTOR WHICH WILL AFFORD 3K.6 TO SKR AT TEMPERATURE DESIRED. "TEMP ADJ" R5 SHOULD BE SET UP TO PROVIDE FULL "ON" AT DESIRED UPPER TEMP OF THE THERMISTOR R6. "GAIN" R3 OR "BANDWIDTH" MAY THEN BE SET FOR "FULL OFF" (ZERO SPEED) CONDITION AT DESIRED "LOWER TEMP " OF R6. 
FIGURE 10.12 TEMPERATURE CONTROL OF SPEED; SHADED POLE AND PSC 
MOTORS. 
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This is a ramp-and-pedestal system designed for the control of fan or 
blower motors of the shaded pole or permanent split capacitor type in re-
sponse to temperature of a thermistor. The circuit includes RF noise suppres-
sion and dv/dt suppression. 

10.4.3 Speed Regulating Control of Induction Motors 
In order to actually regulate the speed of an AC induction motor by 

means of phase control, it is necessary to provide speed information to the 
circuit by means of a small tachometer generator. Such a generator could be 
made quite inexpensively, as high precision is not necessarily required. In 
addition, the speed torque characteristics of the motor should be quite volt-
age sensitive such as that of Figure 10.10(b). A motor such as that of Figure 
10.10(a) would be quite difficult to control in a stable manner, as the open 
loop system characteristics would be highly nonlinear through the controlled 
speed range. The drop-out point of the start switch, if present, should be 
below the lowest desired controlled speed. 

Figure 10.13 shows a general block diagram of such a control system. 
For a practical circuit, a ramp and pedestal control circuit, with inductive 
load considerations (as shown in Figure 9.32) can be combined with the 
input connection shown in Figure 10.14. This connection is shown for an AC 

REFERENCE FIRING 
CIRCUIT 

SCR'S 
OR 

TRIAC 

INDUCTION 

MOTOR 

SPEED 
 ••• LOAD 

TACHOMETER 
GENERATOR 

FIGURE 10.13 BLOCK DIAGRAM OF AN INDUCTION MOTOR SPEED CONTROL 
SYSTEM. 

tachometer in the 4 to 6 volt range. The R1-C2 time constant is chosen to 
give adequate filtering at the lowest desired speed and tachometer frequency, 
consistent with system stability requirements (see Chapter 12). This system 
is also applicable to multiphase controls as well as DC motor drives. 

FIGURE 0.14 AC TACHOMETER CONNECTION TO A RAMP AND PEDESTAL 
FIRING CIRCUIT. 
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10.5 SOME OTHER MOTOR CONTROL POSSIBILITIES 

In addition to controlling or varying the speed of a motor, there are sev-
eral other control functions which can be done using solid-state control. 

One of the simplest functions is the use of a triac as a static switch for 
contactor replacement. When used with a reversing-type permanent split 
capacitor motor, a pair of triacs can provide a rapidly responding, reversing 
motor control, as shown in Figure 10.15. S1 and S2 can be reed switches, or 

FIGURE 10.15 TRIAC CONTROL OF A REVERSIBLE PERMANENT SPLIT CAPACI-
TOR MOTOR. 

the triacs can be gated by any of a number of other methods. Also, use of a 
solid-state static switching circuit, with an appropriate firing circuit, can 
provide a motor overtemperature control which senses motor winding tem-
perature directly. 

10.5.1 Single-Phase Induction Motor Starters 

In many cases, a capacitor start or a split-phase motor must operate 
where there is a high frequency of starts, or where arcing of the mechanical 
start switch is undesirable, such as where explosive fumes could be present 
in the neighborhood of the motor. In such cases, the mechanical start switch 
may be replaced by a triac. The gating and dropout information may be 
given to the triac in several ways. 

Perhaps the simplest form of connection is to use a conventional current 
or voltage sensitive starting relay as pilot contacts for a simple triac static 
switch as shown in Figure 8.1(a). 

Another method is that shown in Figure 10.16 which shows the triac 
gated on by the motor current through a small current transformer. As the 
motor speeds up, the current drops off and no longer fires the triac. A varia-
tion of this is to replace the current transformer with a small pickup coil, 
which is mounted near the end windings of the motor. This gives a somewhat 
more precise signal for the triac. 
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MOTOR 
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CURRENT  
TRANSFORMER i  

RUN 
WINDING 

STARTING 
CAPACITOR 

TRIAC 

FIGURE 10.16 TRIAC MOTOR STARTING SWITCH 

Where a tachometer generator is already sensing the speed of the motor, 
this same signal can be used to control a firing circuit for the triac. With this 
arrangement the dropout speed can be precisely set, so as to be outside the 
desired speed control range. 
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Ii' CHOPPERS, INVERTERS 

AND CYCLOCONVERTERS 

This chapter describes choppers, inverters and cycloconverters using 
SCR's which perform the functions previously performed by electrical ma-
chines, mechanical contacts, spark gaps, vacuum tubes, thyratrons and power 
transistors. These functions include standby power supplies, vibrator power 
supplie, radio transmitters, sonar transmitters, variable-speed AC motor 
drives, battery-vehicle drives, ultrasonic generators, ignition systems, pulse-
modulator switches, etc. 

The advantages of using equipment with solid-state switches to perform 
these functions are: 

Low maintenance 
Reliability 
Long life 
Small size 
Light weight 
Silent operation 
Insensitivity to atmospheric cleanliness or pressure 
Tolerance of freezing temperatures 
Operable in any attitude 
Instantaneous starting 
High efficiency 
Low cost 

11.1 CLASSIFICATION OF INVERTER CIRCUITS 

The following definitions are used in this chapter: 

Rectifier: Equipment for transforming AC to DC 
Inverter: Equipment for transforming DC to AC 
Converter: Equipment for transforming AC to AC 
DC Converter: Equipment for transforming DC to DC 
Cycloconverter: Equipment for transforming a higher frequency 

AC to a lower frequency without a DC link 
Cycloinverter: The combination of an inverter and a cyclocon-

verter 
Chopper: A "single ended" inverter for transforming DC to 

DC or DC to AC 

Note: The term inverter is also used in this chapter as a generic term 
covering choppers, inverters, and the several forms of converters. Thus 
"Classification of Inverters" covers classification of Choppers, Inverters, Con-
verters, and DC Converters. 
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11.1.1 Classes of Inverter Circuits (Table 11.1) 

The basic classification of inverter circuits is by methods of turn-off. 
These have been described in Chapter 5. There are six classes: 

CLASSES A 

CONFIG-
ORATIONS 

Class A 
Class B 
Class C 
Class D 
Class E 
Class F 

Self commutated by resonating the load' 
Self commutated by an LC circuit2 
C or LC switched by a load-carrying SCR3 
C or LC switched by an auxiliary SCR4 
External pulse source for commutation5 
AC line commutated(' 

$CR INVERTERS 

E 

SELF COMMUTATED 
BY RESONATING 

THE LOAD 

SELF COMMUTATED 
BY AN LC CIRCUIT 

,16 1 1,1 34 23456 

C OR LC SWITCHED 
BY LOAD-CARRYINO 

SCR 

23464 

1 
LC SWITCHED 
SY AUXILIARY 

SCR 

111 11 II 
I 23466 

WiReitlieLIÓMen 
3• CENTER TAPPED SUPPLY 
• • BRIDGE 
IS • THREE PHASE HALF WAVE 
6• THREE PHASE FULL WAVE 

TABLE 11.1 

11.1.2 Properties of the Inverter Classes 

EXTERNAL PULSE 
SOURCE FOR 

COMMUTATION 

Il Il 
123• 56 

AC LINE 
COMMUTATED 

1 1 111 11 
I 2 3 4 36 

Class A—Self commutated by resonating the load. These inverters are most 
suitable for high-frequency operation, i.e., above about 1000 cps, because of 
the need for an LC resonant circuit which carries the full load current. The 
current through the SCR is nearly sinusoidal and so the initial di/dt is rela-
tively low. Class A inverters lend themselves to output regulation by varying 
the frequency of a pulse of fixed width (time ratio control). 
Class B—Self commutated by an LC circuit. The great merit of this class is 
circuit simplicity, the Morgan chopper being an outstanding example. Regu-
lation is by time ratio control. Where saturable reactors are used, some skill 
is necessary in the design of these components, and manufacturing repeat-
ability must be checked. 
Class C—C or LC switched by a load-carrying SCR. An example of this 
class of inverter is the well known McMurray-Bedford inverter. With the aid 
of certain accessories this class is very useful at frequencies below about 
1000 cps. External means must be used for regulation. 
Class D—L or LC switched by an auxiliary SCR. This type of inverter is 
very versatile as both time-ratio and pulse-width regulation is readily incor-
porated. The commutation energy may readily be transferred to the load and 
so high efficiencies are possible. 
Class E—External pulse source for commutation. This type of commutation 
has been neglected. It is capable of very high efficiency as only enough 
energy is supplied from the external source for commutation. Both time-ratio 
and pulse-width regulation are easily incorporated. 
Class F—AC line commutated. The use of this type of inversion is limited to 
those applications where a large amount of alternating power is already 
available. Efficiencies are very high. 
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I. CHOPPER 

11.1.3 Inverter Configurations 
Rectifier circuits occur in several configurations such as half-wave, full-

wave, bridge, etc. Inverter circuits may be grouped in an analogous manner. 
Figure 11.1 shows the different types of configurations. Methods of trig-

gering and commutation have been left out for clarity. 

Z. CENTER-TAPPED LOAD 

4. BRIDGE 5. THREE PHASE HALF WAVE 

IL THREE PHASE MD« 

FIGURE 11.1 INVERTER CONFIGURATIONS 

3 CENTER TAPPED SUPPLY 

11.1.4 Properties of the Different Inverter Configurations 

CONFIGURATION 1 2 3 4 5 6 

Chopper CT Lead CT Supply Bridge 34. Half-Wave 30 Bridge 

Blocking Volts (I) E 2E E E E E 

Peak Load-Volts E E (') V2 E E E E (5) 

DC in Load yes no no no yes no (4) 

Number of SCR's I 2 2 4 3 6 

Ripple Frequency 
In Supply f 2f f 2f 3f 6f 

Ave SCR Current (2) 
1 1/2 I I /2 1/3 1/3 Supply Current 

Transformer-less 
Operation Possible yes no yes yes yes yes 

(1) Ignoring overshoot due to commutation. 
(2) Using a 1 transformer. 
(3) Line-to-line voltage. 
(4) Assuming symmetrical loading. 
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11.1.5 Discussion of Classification System 

This method of classification gives thirty-five (35) different classes and 
configurations. However there are many circuits which could fall into the 
same classification and which are yet different. This occurs particularly in 
Class D where the method of commutating the auxiliary SCR may take many 
forms. There must therefore be several hundred possible inverter circuits. 

In the following pages three examples are given to illustrate the scope 
of SCR inverters and the design procedure. The examples cover perhaps 1% 
of the possible circuit variations. It is for the equipment designer to use the 
classes and configurations together with the accessories to be described as 
building blocks to form the best combination for his particular application. 

11.2 TYPICAL INVERTER CIRCUITS 

11.2.1 A Class A Inverter 

The design of Class A inverters has been well covered in the fiterature.1 
The following data, taken from Reference 1.11, illustrates the performance 
of one Class A inverter. Space does not permit the inclusion of the develop-
ment of design procedures. 

11.2.1.1 Circuit Description 

The operation of the circuit is as follows. In Figure 11.2.1 when SCRi 
is triggered, current flows from the supply El charging up capacitor C to a 
voltage approaching 2E1. The current then reverses and flows back to the 
supply via diode D1 and C discharges. During the reverse current flow, turn-
off time is presented to SCRI. SCR2 is triggered next and a similar cycle 
occurs in the lower half of the circuit with a negative going pulse of voltage 
appearing across C. SCR1 is now triggered again and so the cycles repeat. 

- EI 
150V 

50µ F 

SCR' 
GE C141D 

D, 39R 

GE A280 

T 0.022µF 

4.7µF 30µH 

50µF 
7-

I  

3mH 
SCR2 

GE C141D 

30µ H 

GE 1280 

LOAD 

 1- > 

FIGURE 11.2.1 A CLASS A INVERTER CIRCUIT 

39R 

0.022µF 
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Figures 11.2.2(a) and (b) show the circuit waveforms with no load and 
full load respectively. A comparison reveals some of the features of this new 
inverter. The output voltage, the peak SCR voltage, and the output voltage 
waveform remain virtually unchanged. 

(a) NO LOAD (b) FULL RESISTIVE LOAD 

(c) FULL CAPACITIVE LOAD (d) FULL INDUCTIVE LOAD 

(A) SCR and Diode Current 

(B) Output Voltage 

(C) SCR Voltage (Anode to Cathode) 

FIGURE 11.2.2 CLASS A INVERTER WAVEFORMS FOR CIRCUIT OF FIGURE 11.2.1 
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Figure 11.2.2(c) shows the effect of a heavy capacitive load on the cir-
cuit waveform. Note the broadening of the current pulses and the increase 
in output voltage. Figure 11.2.2(d) shows the effect of a heavy inductive load 
with an opposite trend. Neither leading nor lagging zero power factor loads 
have any serious effects on turn-off time or component voltages in this in-
verter circuit. 

Figure 11.2.3 shows the effect of varying the triggering frequency (f.) 
on the output voltage waveform while keeping the resonant frequency (f,.) of 
the LC circuit constant. Lowest distortion is seen to occur at a ratio of 

= 1.35. 

FIGURE 11.2.3 EFFECT OF VARYING RATIO OF RESONANT FREQUENCY OF LC 
CIRCUIT h TO TRIGGERING FREQUENCY f. ON OUTPUT WAVEFORM OF CLASS A 
INVERTER (CIRCUIT OF FIGURE 11.2.1). 

The features of this inverter are: 
1. Good output waveform. 
2. Excellent load regulation. 
3. Ability to operate into an open circuit. 
4. Ability to work into a wide range of reactive loads. 
5. Relatively low and constant value of SCR voltage. 

Figure 11.2.4 gives the calculated and measured load regulation curves 
for reactive and resistive loads of the design described in detail in Refer-
ence 1.11. 

160 

140 

12() 

40 

20 

I 
Mr CAMICMVE 

O. RESISTIVE 

L. 
X   

1 

- CALCULATED 
X MEASURED 

• 6 B lo 

LOAD CURRENT M AMPS MRS] 

FIGURE 11.2.4 LOAD REGULATION OF CLASS A INVERTER OF FIGURE 11.2.1 

A suitable trigger circuit for this type of inverter is shown in Fig. 4.39. 
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11.2.1.2 Applications 

The following are some of the uses for Class A inverters: 
• Ultrasonic cleaning, welding and mixing equipment 
• Induction heaters 
• Radio transmitters in the VLF band 
• Sonar transmitters 
• Cycloconverter supplies, the output of the cycloconverter itself 

being useful for all applications where AC power is used 
• DC to DC converters where the advantages of light weight, 

small size, low cost and fast response time due to the high-
frequency link are very apparent 

11.2.2 Class C Inverters 

Typical of the Class C inverter is the well-known "McMurray-Bedford 
Inverter."3.2 This inverter circuit is shown in Figure 11.2.5. It operates as 
follows. Assume SCRI conducting and SCR2 blocking. Current from the DC 
supply flows through the left side of the transformer primary. Autotrans-
former action produces a voltage of 2Eb at the anode of SCR2 charging ca-
pacitor C to 2Eb volts. When SCR2 is triggered, point (A) rises to approxi-
mately 2Eb volts, reverse biases SCRi, and turns it off. Capacitor C maintains 
the reverse bias for the required turn-off time. When SCRi is again triggered, 
the inverter returns to the first state. It follows that the DC supply current 
flows alternately through each side of the transformer primary producing a 
square-wave AC voltage at the secondary. 

FIGURE 11.2.5 McMURRAY BEDFORD INVERTER 

Rectifiers CR1 and CR2 feed back, to the DC supply, reactive power 
associated with capacitive and inductive loads. With inductive loads, energy 
stored in the load at the end of a half cycle of AC voltage is returned to the 
supply at the beginning of the next half cycle. Conversely with capacitive 
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loads, energy stored in the load at the beginning of a half cycle is returned 
to the supply later in that half cycle. 

The feedback rectifiers are connected between the negative supply ter-
minal and taps on the transformer primary. In applications where losses 
would not be excessive, the diodes may be returned to the SCR anodes 
through small resistances as indicated by the dashed lines in Figure 11.2.5. 
In the tap connection some energy trapped in L is fed to the load. Use of the 
tap connection results in some variation of output with load power factor. 
but far less than with no feedback rectifiers. 

Optimum values for the commutating elements of a "McMurray-Bedford 

Circuit" are: 

c te'corn  
1.7 Eb 
t E 

L —  b 
0.425 Icon, 

where t, = minimum turn-off time presented to the SCR 
'corn = maximum value of load current at commutation 

Inverter waveshapes for different load power factors are shown in 
Figure 11.2.6. 

The above relations define C and L such that commutation is insured 
for maximum lagging load current. 

LEADING POWER FACTOR LAGGING POWER FACTOR UNITY POWER FACTOR 

(NOTE. COMMUTATION INTERVALS GREATLY EXPANDED) 

FIGURE 11.2.6 INVERTER WAVESHAPES FOR VARIOUS LOAD POWER FACTORS 

A useful accessory which may gainfully be employed with the Class C 
inverter is the Ott filter (see Section 11.3.3.2). This filter provides a sine wave 
output with good load regulation while presenting a capacitive load to the 
inverter over a large range of load power factor. This capacitive load to the 
inverter aids the SCR commutation situation. The filter circuit is shown in 
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Figure 11.3.5(a). Figure 11.3.5(b) relates load impedance to filter input irn-
pedance. The radial lines emanating from the origin represent loci of con-
stant load phase angle, the circles with centers at the origin are bd  of con-
stant load impedance magnitude. The other two sets of loci represent filter 
input impedance (magnitude and phase angle). All impedance magnitudes 
are normalized to the filter design impedance. Note that for the input im-
pedance to be capacitive for any load power factor, the normalized, rated, 
load impedance must be two or greater. 

11.2.2.1 Design Procedure 
The following is the design procedure for a Class C square wave in-

verter used in connection with the Ott filter to produce sinusoidal voltage. 
Required Specifications 

Output voltage (E0)—Volts (RMS) 
Output power (P0)—watts 
Output frequency (f)—Hz 
Rated load power factor (pf) 
Available DC supply (Eh)—volts 

FILTER DESIGN 

Load Resistance 
E02 x pf2  

RL = (ohms) 
Po 

Load Reactance 
RL 

XL = — 1 - pf2 (ohms) 
Pf 

Load Impedance 

IZLI = VRL2 ± XL2 (ohms) 
Z ZL = cos- ' pf (degrees) 

Filter Design Impedance 

, IZLI (ohms) 
Design ..-.. — /wanisa/‘ 3 

Design Radian Frequency 
top = 2 ir f (radians/sec) 

Filter Element Values 

C1 =  „ 
0 GD (1)D 

, 9 ZD 
1,1 = 2 (op 

1 1 
CO = (farads) 

3 ZD (0D 

ZD 1,2 = 
(OD 

(henrys) 

Filter Input Impedance 
ZIN, 14 and 'CD,/ are determined from Figure 11.3.5(b) 

Input Voltage to Filter 

\/-- 
E(gQ) = 

4 ir 
ZIN 

P 
n ° (volts) 
RIN 
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INVERTER DESIGN 

Transformer Turns Ratio 

E(aci) n = 
Eb 

Input Power, assuming 85% efficiency 
100 

P1 = Po x (watts) 
85 

Average Current in SCR 

Po I ZINI  
'AV (SCR) 2 Eb RIN 

Peak Forward Voltage Across SCR's 
Vim; ( sou < 2.5 Eb 

From the expressions for IAN• ( Elm and VPIC (SCR) 
SCR may be made. 

Peak Current in SCR's 

Turn-Off Time 

IPK (SCR) = 4Eb 

2,r 
to = 3 1/ LC 

c 
17, 

a preliminary choice of 

Rate of Reapplication of Forward Blocking Voltage 
0.85 Eb  

dv/dt — 
N/LC 

Turn-on di/dt 

di/dt 
2 Eb = 
L 

t = 0 
From the preceding four relationships, L and C may be determined as 

follows 

L — 6Eb te 
ir IPK(SCR) 

Choose the desired to and Ipx(scR) and determine L. Check dv/dt with 
the following 

3.44 dv/dt E1,2= 
L imscR) 

If dv/dt is too high, increase L accordingly and recalculate ImscR). 
Now: 

3 t Ip ic (Beg) 
C =  ear Eb 

The minimum value of L should be such as to keep the turn-on di/dt 
well below specification. 
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11.2.2.2 A 400 Hz Inverter With Sine Wave Output 

The design procedure for a 400 Hz inverter with sine wave output is 
given to illustrate the application of a Class C inverter used in conjunction 
with the Ott filter. 
Required Specifications 

Output power = 360 watts 
Output voltage = 120 volts (RMS) 
Output frequency = 400 Hz 
Rated load power factor = 0.7 lagging 
Available DC supply = 28 VDC 

FILTER DESIGN 

Load Resistance 

Load Reactance 

Load Impedance 

Rr, — 
360 

(120)2 x (.7)2 
=- 20 ohms 

' = -20 V1 — (.7)2 = 20 ohms 
.7 

IZ1,1 = V(20)2 + (20)2 = 28.3 ohms 

ZZI, = 

Filter Design Impedance 
28.3 

Z0 < 

Choose ZD = 1:ohms 

Design Radian Frequency 
WD = (2) (3.14) (400) = 2500 radians/sec 

Filter Element Values 

cos-1 (.7) = 

= Cr =  (6) (15) (2500) 4.5 x 10-6 farads 

C2 = (3) (15) (2500) 

(9) (15)  = 27 X 10 -3 henrys 
— 2 (2500) 

L2 = 15 = 6 X 10-3 henrys 
2500 

Filter Input Impedance 

From Figure 11.3.5(b) (point marked X) 
ZIN = (15) 5.5 L — 16° 

= 80—j 23 
RIN = 80 ohms 
XIN = 23 ohms 
IZ,NI = 83 ohms 

Input Voltage to Filter 

1 
= 9 x 10 -6 farads 

EsD — (3.14) (83) 
4 

360 
= 195 volts 

80 
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INVERTER DESIGN 

Transformer turns ratio 

195 
n=-78—= 7 

Input Power (assuming 85% efficiency) 
100 

= 360 X = 424 watts 
85 

Average Current in SCR's 

(360) (83) 
IAv(SCR) - 6.8 amps 

(2) (28) (80) 
Peak Forward Voltage Across SCR's 

VpK(sca) = (2.5) (28) = 70 volts 
From the above a G-E type C141A is chosen. 
Commutating Elements 

The C141A has a maximum turn-off time of 10µ sec and maximum 
dv/dt of 200 volts/sec. Choose te = 12 1.4sec and IPK(SCR) = 14 amps. 

6 (28) (12)  
L = = 45 x 10-6 henrys 

(14) (3.14) 
Checking dv/dt, 

(3.44) (790)  
dv/dt = = 4.3 volts/sec 

(45 x 10-6) (14) 

C — (3) (12x 10-6) (14)  = .75 x 10-6 farads 
(8) (3.14) (28) 

Turn-On di/dt 

di/ch 
t= 

G E 15356 

2 X 28 
= 1.25 A/psec 

45 

TURNS RATIO-
1:1 7 

155569 

FIGURE 11.2.7 A 400 Hz INVERTER WITH THE OTT FILTER 
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NOTES: 
1. Feedback rectifiers are chosen to have current and voltage capability 

similar to the SCR's. 
2. One ohm series resistors are used to limit power dissipation in the 

feedback rectifiers. 
3. The composite inverter-filter circuit for the 400 Hz inverter is shown 

in Figure 11.2.7. 
4. A suitable trigger circuit for the Class C inverter is shown in Fig. 

4.40. 

11.2.3 Designing a Battery Vehicle Motor-Controller Using 
The Jones SCR Chopper (Class D) 

11.2.3.1 Introduction 

Three methods are available for controlling the voltage to, and hence 
the speed of, a battery-driven DC series motor of any appreciable power: 

1. A rheostat may be inserted in series with the motor. This method has 
a smooth action but power is wasted in the rheostat. 

2. The battery or the field winding may be switched in series or parallel. 
This method is virtually lossless but the action is jerky. 

3. The third method involves the use of a rapid-acting switch, called a 
chopper, in series with the motor. 

The action of the chopper is shown in Figure 11.2.8. 

'bEF" TIME 

LOW 
SPEED 

›7; 
o 

î 

LOW AVERAGE VOLTAGE 

H !GU AVERAGE VOLTAGE 

HIGH 
SPEED 

TIME 

FIGURE 11.2.8 CHOPPER WAVEFORMS 

At low speeds the "on" time is much less than the "off" time. The result 
is that the average voltage across the motor is low. As the "off" time is de-
creased so the average voltage increases. The change in the average voltage 
is as smooth as the "off" time may be readily adjusted by a potentiometer 
controlled timer. This method combines the advantages of the two previous 
methods in that both smooth control and high efficiency are achieved simul-
taneously. The SCR makes an ideal switch for this chopper application. 

Figure 11.2.9 shows a diagram complete except for the method of turn-
ing the SCR on and off. This will be discussed later. 

52, S3, S4 and S5 are field-reversing relays. With S2 and 55 closed the 
direction is forward, whereas with S3 and S4 closed the direction is reverse. 

This SCR chopper has a practical duty cycle ranging from about 20% 
to about 80%. 

For the standstill state all four switches, S2, S3, S4 and S5, are open. 
When S2 and S5 are closed, and with the chopper operating at low speed, 
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SI L.It CRI 

2 

Eb 

S3 

FI LD 

S5 

°ARMATURE 

FIGURE 11.2.9 BASIC VEHICLE CONNECTIONS 

about 20% of the supply voltage is applied to the motor. This voltage may 
be increased to 80% of the battery voltage as more torque is required. When 
80% is reached relay S, is closed applying full voltage to the motor and 
maximum torque is obtained. 

The diode D, is the well known free-wheeling diode. Its purpose is to 
carry the inductive current when the SCR is turned off, thus preventing high 
voltages appearing across the motor. 

The controller to be described uses a variable-frequency constant-pulse-
width system. A variation is for the frequency to be held constant and the 
pulse width changed. 

11.2.3.2 The Jones Commutation Circuit 

Figure 11.2.10 shows the basic circuit. 
SCR, is the load-current-carrying SCR. When the gate is triggered, cur-

rent flows from the battery via winding L, of the autotransformer T, to the 
motor represented by an inductor L. and a resistor Rm. 

The start of the current flow induces a voltage into winding 1.2 which 
charges up the capacitor C. This charge is held until "off" SCR2 is triggered. 
The voltage across SCR, is then reversed and it is turned off. 

FIGURE 11.2.10 THE JONES CHOPPER 

Dj 
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One of the advantages of the Jones circuit over others is its ability to 
start reliably. Due to the autotransformer the capacitor is always charged up 
whenever load-current starts to flow and thus commutation energy is always 
available. 

The turn-off time te that the circuit presents to the SCR is shortest dur-
ing the first pulse of operation as the capacitor C must be assumed to be 
completely discharged. It is therefore important that calculations and meas-
urements of turn-off are made with the capacitor starting at zero voltage. 

Typical circuit waveforms are shown in Figure 11.2.11. 

IGI 

Vm 

'SCR' 

Vstoi 

Is2 

Isc.A2 

vscR2 

IC 

L 

"It 

FIGURE 11.2.11 WAVEFORMS IN THE JONES CHOPPER 
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11.2.3.3 Design Notes 

The following equations are given as a rough guide to the design engi-
neer to enable him to construct a working circuit. The calculations must be 
checked in a breadboard model before components are specified. See 11.2.3.6 
if plugging is to be used. 

The following information is required: The battery voltage El); the 
locked rotor current of the motor, I.. 

Selection of SCR' 
When a bypass switch is used, such as S1 in Figure 11.2.9, the follow-

ing rule-of-thumb holds in practice. The RMS rating of SCR1 __ I.. This as-
sumes an adequate heatsink for SCRI. 

Capacitor C 

tou X Irn  
C = i4F Eb 

where toff is the turn-off time of the SCR. Use a safety factor of 20% for 
vehicles. 

L2 and Pulse Repetition Rate for 80% Voltage 
The minimum pulse width that can be used must be greater than the 

charging time of C which is determined by L2 and C. 

Minimum pulse width > ir VL2 C where L2 is the unsaturated induct-
ance. A reasonable pulse width to use is 2,,VL2 C. 

100 
For 80% voltage the period is — X 2w-YL2 C 

80 
Thus, maximum pulse repetition rate 

0.8 
f —  

27rN/L2 C 
In practice this frequency extends from 100 Hz to about 400 Hz. If the fre-
quency is too low, the motor thumps at slow speeds. If too high, the motor 
heats up excessively. 
Also 

16 x 109  
L2 =  P C erl 

(where C is in p.F and f in Hz) 

Transformer T1 
A turns ratio of about 7:1 is used to achieve the desired turn-off time 

during the first pulse. 
Thus 

Primary Turns = = 7 = N1 1 N-L--,- 
Secondary Turns N2  1,2 

thus 

L2 L1 = — (L1 is the unsaturated inductance.) 
49 
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If the transformer core has an air gap made up of the ends of the lami-
nations butting together with no spacer, the number of turns may be found 
from the following approximate relation. 

N22 A = 6-

The core is assumed to be of the stacked type where A is the core cross sec-
tional area in square inches and 1,2 is in H. 

The choice of number of turns and core size must be checked regarding 
the maximum flux density in the core. 

Flux density = 
N1 A 

This flux density may be run just below saturation. 

Free-Wheeling Diode D1 
A rule-of-thumb for the maximum average current in DI is a quarter of 

the motor locked-rotor current I.. (Assume 180° conduction angle.) 

Average Current in SCR2, D2, C and L2 
The same average current flows in all four components. 
I,„ = f (CEb + 2 In, VLI C) x 10—° amps average 

RMS Current in L1 
A rule-of-thumb for the RMS current in winding LI: half the motor 

locked-rotor current Ina. 

Voltage Rating of SCRi, SCR2, D1, and C 
The peak forward and reverse blocking voltage across SCRi and SCR2, 

the peak reverse voltage across D1, and the peak voltage across C are found 
from the expression 

15 EbN/L2 C 

NTH( ( scRi ) Eb -I- I. \I L1 volts peak 
C 

Voltage Rating of D2 
N2 , y 

VP(D2) (D2) = 17' v PK(SCRO 

SCR Dynamic Characteristics 
SCRi: 

In, 
dv/dt = volts per its 

Eb 
Initial di/dt = — amps per es 

Li 
EbC 

Circuit Turn-off time te = —17.  its 

SCR2: 
VpK (SCR)i 

dv/dt — volts per ets 
VL2 C 

Vpii ( SCR) i 

Initial di/dt — Stray Inductance in Loop Formed by SCRI, SCR2 and C 

Circuit Turn-off time t, = (7r/2) VL2 C its 
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11.2.3.4 Worked Example 
Given: Eb = 36 volts 

= 110 amps 

Selection of SCRi: 

The G-E C154 has an RMS rating of 110 amps. 
The turn-off time toff is 10 is at 50 amps. 

Capacitor C 

12 x 110  
C = — 37 pf Use a 50 ,uf -±10% capacitor 

36 

L2 and Pulse Repetition Rate for 80% Voltage 

Choose 300 pulses per second. 

16 x 109  
Lo — = 3600 µI-1 

3002 x 50 

Transformer T1 

3600  
= = 73 µII 

49 

N22A — —3600 = 600 
6 

If a core of .75 sq inch cross sectional area is used 

N2 =1P4,= 28 turns 

N1 = 4 turns 

15 x 36 x V3600 x 50 
Flux Density — 

4 x .75 

= 76,000 lines per square inch 

With this flux density most of the silicon steel materials will do for the 
core. 

Free-Wheeling Diode D1 
I. 110 

= -= 27'5 amps 

Average Current in SCR2, D2, C and L2 

IAv(EICRO = 300 (50 X 36 + 110 X 2V73 X 50) X 10-6 

= 4.6 amps average 

RMS Current in L1 

2 = 55 amps RMS 

Voltage Rating of SCRi, SCR2, D1, and C 

Vpg(scgo 36 + 110 \I 7533 

= 170 volts 
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Voltage Rating of D2 

Vp1“1:12) 7 x 170 

1200 volts (in Figure 11.3.12 this voltage is clipped by 
means of a thyrector) 

SCR Dynamic Characteristics 

SCRi 

110 
dv/dt = = 2 volts per its 

50 

36 
Initial di/dt = = 0.5 amps per /is 

36 x 50  
te = = 16 its 

110 
SCR2 

170  
dv/dt — V 3600 — 0 4 volts per eis 

x 50 

Initial di/dt — 
Estimated 2 14,H 

= 85 amps  per its  

te = (,/2) V3600 x 50 = 560 ps 

The chosen components are listed in the complete schematic in Figure 
11.2.12. 

170 

R1 —220f1,2W URI-0 E C1546 
R2 —O TO 100K POTENTIOMETER (TAPER Z) SCR2— 0 E C1405 

Cl —0.1p ,100V 
C2-0.1pf,100V 
C3-0.22pf,100V 
C4-50,41, II5VAC 6E2661102 
Di —13 E IN2155 
D2-0 E IN36734 
—THYRECTOR GE 6RS21V1120D 

01-0 E 2N2646 
02-0 E 2N2647 

R 3 —20K,1/2W 
144 —33011,1/2W 
Re — 270.11,2W 
R 6 —3300,112W 
R y —15K,1/2W 
Re —loon.,1/2vi 

TI PULSE ENGINEERING 

} 12 TYPE PE 2229 
TS E 0746Y70011/ 
Zi —CI E 1N1771 

22 --0 E 1111771 
Z3 —0 E 1611775 

FIGURE 11.2.12 BATTERY VEHICLE CONTROLLER USING THE JONES CHOPPER 
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11.2.3.5 Testing Procedure 

The circuit should first be tested with a resistor of 1 ohm in place of the 
motor. The frequency range and pulse width should be checked. The turn-off 
time should be measured and should be from 50 to 70 ps. 

The 1-ohm resistor should be removed and the motor connected. After 
the operation has been confirmed, the turn-off time of SCR, should be meas-
ured with the heaviest load using a fully charged battery. The turn-off time 
(t0) must be greater than 10 its in the worked example. 

11.2.3.6 A Note on Motor Plugging 

Plugging means throwing the motor in reverse while it is coasting for-
ward. The result is that the motor acts as a generator with the polarity re-
versed. High values of current flow in the free-wheeling diode and the load 
resistance seen by SCR, is extremely small. 

In these circumstances the value of C or alternately the product L, X L2 
must be increased in order to increase the circuit turn-off time. 

11.3 INVERTER ACCESSORIES 

In practical applications of inverters it is often necessary to modify the 
design to accommodate one or more of the following requirements: 

1. The ability to operate into inductive loads 
2. Over-current protection 
3. Open-circuit operation 
4. Sine wave output 
5. Regulated output 

11.3.1 The Ability to Operate Into Inductive Loads 

When an inverter sees a reactive load as opposed to a purely resistive 
load several changts occur in the operation of the inverter. Without atten-
tion, a reactive load can cause high voltage transients to exist in the inverter 
resulting in loss of efficiency and power and jeopardizing the components. 

Consider Figure 11.3.1. Assume that SCR, is conducting. Current is 
flowing in the primary of the transformer as shown by arrow "a" and in the 
load by "b". When SCR, is turned off, current "b" still needs to flow. If no 
path were provided in the primary, the voltage would rise excessively. 

FIGURE 11.3.1 FLOW OF REACTIVE CURRENT 
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A convenient means of providing a current path is to place a diode 
across SCR2. Now current "c" can flow and this is magnetically the saine 
path as current "a". The dv/dt that the circuit applies to the SCR is greatly 
increased. Figure 11.3.2 shows the effect of a diode across the SCR on the 
voltage waveform. In Figure 11.3.2(b) it is seen that the voltage across the 
SCR is held at a low negative value while current is flowing through the 
diode. When the diode ceases to carry current, the voltage across the SCR 
suddenly snaps up to a high value. As the rise time is commonly less than 
1 ea, the value of dv/dt can be very high. Where possible, it is preferable to 
avoid placing the diode directly across the SCR. The circuit of Figure 11.2.5 
for example shows how an inductor can be used between the SCR and the 
diode. By this means both the high values of dv/dt and the low amount of 
reverse voltage can be avoided. 

VSCR 

O 

10/WITHOUT DIODE ACROSS SCR 111 WITH DIODE ACROSS SCR 

FIGURE 11.3.2 VOLTAGE WAVEFORM ACROSS THE SCR 

11.3.2 Overcurrent Protection 

If the load current in an inverter is increased beyond the rated output, 
some means must be provided for the protection of the components. The fol-
lowing methods may be considered. 

11.3.2.1 Fuses and Circuit Breakers in the DC Supply 

This, the most obvious of steps, has the advantage of simplicity. It is 
however necessary to match the overload capabilities of the SCR with the 
current-time rating of the fuses or circuit breakers. Thus the Pt rating of the 
SCR must be greater than that of the fuse. This is complicated by the fact 
that the Pt rating of the SCR drops substantially during the SCR turn-on 
time, and fuses or circuit breakers do not afford very good protection in this 
short time. 

Another snag is the location of the fuse in the DC supply. Invariably a 
ripple current due to the load current flows in the DC supply. Thus the fuse 
will see a relatively high RMS current and may, in the case of high frequency 
inverters, have to be derated because of skin effect. If on the other hand a 
large filter capacitor is placed between the fuse and the inverter to carry the 
ripple current then the fuse does not isolate the SCR from the energy in the 
capacitor. 
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11.3.2.2 Current Limiting by Pulse-Width Control 

The inverter components may be protected by sensing the output cur-
rent and using this information to narrow down the pulse width when the 
output current exceeds the rated value. With a very heavy load the current 
pulses then become narrow and have a high amplitude. The circuit is then 
liable to present short values of turn-off time and high values of di/dt to the 
SCR. If the load is distributed to more than one piece of apparatus, there 
may not be enough current in the case of a current limited supply to blow 
the local fuse where a short circuit occurs. 

11.3.2.3 Current Limiting by LC Resonance 

The bridge circuit in the output lead of the inverter in Figure 11.3.3 is 
in series resonance at the output frequency. If the Q of the capacitors and 
inductors is high, the overall efficiency of the inverter will not be appreciably 
changed. 

In the event of a current overload a fast acting switch is connected be-
tween points A and B. The bridge circuit then becomes a parallel resonant 
circuit at the operating frequency and the impedance to the load current 
becomes very high. 

The fast-acting switch may be either a saturating reactor or one of the 
forms of SCR AC switches described in Chapter 8. 

LOAD 

FIGURE 11.3.3 CURRENT LIMITING BY L. C. RESONANCE 

11.3.2.4 Current Limiting in Class A Circuits by Means of 
Series Capacitors 

Class A circuits such as Figure 11.2.1 can be made current limiting by 
connecting a capacitor C1 in series with the load R. See Figure 11.3.4. The 
value of capacitor is chosen so that, when the load is shorted, the resonant 
frequency of the LC circuit is still appreciably greater than the triggering 
frequency. Figure 11.3.5 shows a typical curve of load current versus load 
voltage. 
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11.3.3 Sine-Wave Output' 

Most applications of DC to AC inverters prefer a sine-wave rather than 
a square wave output. In conflict with this we are faced with the fact that 
the SCR is essentially a switch and switching a battery gives square waves. 
In fact the great efficiency with which SCR inverters operate is mainly due 
to the fact that the SCR switches at high speed from the fully-off to the 
fully-on mode. 

Sine-wave output-waveforms may be obtained from SCR inverters by 
the following approaches: 

1. Resonating the load 
2. Harmonic attenuation by means of an LC filter 
3. An LC filter plus optimum pulse-width selection 
4. Synthesis by means of output voltage switching 
5. Synthesis by control of the relative phase of multiple inverters 
6. Multiple pulse width control 
7. Selected harmonic reduction 
8. Cycloinversion 

11.3.3.1 Resonating the Load ' 

The waveform in the load may be made sinusoidal by inserting the load 
in a resonant circuit of a Q high enough to achieve the desired harmonic 
content. A typical circuit using this approach is found in Class A inverters. 
Owing to the large size of the LC components this circuit only becomes at-
tractive above about 400 Hz. 

11.3.3.2 Harmonic Attenuation by Means of an LC Filter7" 74 

This filter can take many forms. The most attractive is that by Ott 
described in ljeference 7.4. The circuit is shown in Figure 11.3.5. The Ott 
filter has the following very desirable characteristics: 

1. Good voltage transfer characteristics. 
2. Attenuation independent of the load. 
3. The input impedance can be designed to be capacitive over the 

working load range. 
For details see the Class C inverter example in Section 11.2.2. 
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11.3.3.3 An LC Filter Plus Optimum Pulse Width Selection 7.2 

The requirements of the LC filter can be appreciably reduced by using 
a narrower pulse width than 180°. Thus a 120° pulse has zero third harmonic 
distortion. See Figure 11.3.6. 

O 

FUNDAMENTAL 

DISMRTION 

IBM ISO. 140. IZO 

PULSE WIDTH IN DEIREES 
• 

COURTESY OF LTV MILFTARY ELECTRONICS DIVISION, LINO-
TERCO- VOUGHT, INC , DALLAS, TEXAS 

FIGURE 11.3.6 HARMONIC CONTENT VERSUS PULSE WIDTH WITH RECTANGU-
LAR WAVEFORMS. 

11.3.3.4 Synthesis by Means of Output-Voltage Switching 11 and 
The output from an inverter is coupled through a transformer (Figure 

11.3.7) to the load via SCR "tap switches". The appropriate SCR is trig-
gered to give the output waveform shown in Figure 11.3.8. The inverter 
operates, in this case, at five times the output frequency. This waveform is 
easily filtered to give a good sine wave output. 

FIGURE 11.3.7 OUTPUT VOLTAGE SWITCHING CIRCUIT 
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FIGURE 11.3.8 WAVEFORM WITH OUTPUT VOLTAGE SWITCHING 

11.3.3.5 Synthesis by Controlling the Phase Relationship of Multiple 
Inverters 7.1 and 7'5 

The basis of this method of harmonic reduction is to add the outputs of 
a multiplicity of inverters to form a quasi sine wave which has no low-order 
harmonic component. The remaining high-order harmonics are easily filtered. 

Figure 11.3.9 shows an outline of a three phase bridge inverter circuit. 
The voltages across outputs a, b and c are shown in Figure 11.3.10 and the 
line-to-line voltage across the output transformer is shown in Figure 11.3.11. 
If more phases are used the steps in the waveform become smaller giving an 
even lower harmonic content. 

V. TO CT 

Vb TO cr 

VI:, TO Cl' 

FIGURE 11.3.9 THREE PHASE BRIDGE INVERTER CIRCUIT 

FIGURE 11.3.10 PHASE RELATIONSHIPS IN THREE PHASE INVERTER 

vo vo) 

FIGURE 11.3.11 OUTPUT WAVEFORM OF THREE PHASE INVERTER 
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11.3.3.6 Multiple Pulse Width Control" 

This method of achieving a sine wave output is obvious from Figure 
11.3.12. This waveform may be obtained from a bridge circuit (Figure 
11.1.4). One pair of SCR's is triggered and turned off with various pulse 
widths to form the positive half cycle and then the other pair is operated 
similarly for the negative half cycle. 

/FUNDAMENTAL COMPONENT 

FIGURE 11.3.12 OUTPUT WAVEFORM USING MULTIPLE PULSE WIDTH CONTROL 

11.3.3.7 Selected Harmonic Reduction 7.3 

The circuit in Figure 11.1(4) is triggered so as to give a load waveform 
as shown in Figure 11.3.13. With precise control of the pulse widths the out-
put wave-shape can be made low in 3rd and 5th harmonic content. 

The advantages of this method over other methods of synthesis are: 
1. The fundamental output may be varied from zero to maximum am-

plitude without re-introducing the harmonic voltages. 
2. A three-phase circuit using only twelve SCR's can eliminate all the 

harmonics below the eleventh while still being able to control the 
fundamental frequency from zero to maximum. 

3. The triggering circuitry is considerably simplified. 

FUNDAMENTAL 

.. 
-... 

\ 
/ 

FIGURE 11.3.13 OUTPUT WAVEFORM WITH SELECTED HARMONIC REDUCTION 

11.3.3.8 The Cycloinverter 

A cycloinverter consists of an inverter, operating at about ten times the 
desired output frequency, to which is coupled a cycloconverter (see Section 
11.4.3) producing the desired output frequency waveform and amplitude. 

11.3.4 Regulated Output 8.1 

Most inverter customers specify that the inverter output be regulated 
both for input voltage and load current variations. 

The inverter designer has three choices: 
1. To regulate the supply voltage to the inverter 
2. To regulate within the inverter 
3. To regulate the output of the inverter 

252 



CHOPPERS, INVERTERS AND CYCLOCONVERTERS 

11.3.4.1 Supply-Voltage Regulation 

If the supply is a battery, fuel cells or some other DC supply, then the 
pre-regulation takes the form of a regulated DC to DC converter, the logic 
for the DC to DC converter coming from the output of the inverter, Figure 
11.3.14. 

The DC to DC regulated supply can take many forms. These are dis-
cussed in Chapter 12 and in Reference 8. If the inverter supply is from a 
rectified AC line, then pre-regulation can be achieved by substituting phase 
controlled SCR's for the rectifier diodes. The logic for the triggering circuits 
is again supplied from the output of the inverter, Figure 11.3.15. Phase con-
trolled rectifiers are discussed in Chapter 9. 

TO DC 
REGULATED 

T SUPPLY 

AC 
LINE 

 o o  

OC TO AC 
INVERTER 

 o o  

FIGURE 11.3.14 DC SUPPLY VOLTAGE REGULATION 

FIGURE 11.3.15 AC SUPPLY VOLTAGE REGULATION 

11.3.4.2 Regulation Within the Inverter 

LOAD 

LOAD 

By using Class D or Class E inverters pulse-width control is readily 
achieved. In addition some of the methods of obtaining sine wave output 
may readily be adapted for output-voltage regulation, the following being 
the pertinent Sections: 

11.3.4.6. Control of the relative phase of multiple inverters 
11.3.4.7. Multiple pulse-width control 
11.3.4.8. Selected harmonic reduction 
11.3.4.9. Cycloinversion 

11.3.4.3 Regulation After the Inverter 

All the methods commonly used in 60 and 400 Hz. supplies are appli-
cable to the regulation of the AC output of the inverter. These methods in-
clude the use of ferroresonant transformers, buck-boost switching of trans-
formers, phase control of SCR's (Chapter 9), and saturating reactors. Refer-
ences 8.2 and 8.3 describe an excellent means whereby the weight of the 
saturating reactor may be greatly reduced by means of an SCR "amplifier". 
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11.4 MISCELLANEOUS INVERTER-TYPE CIRCUITS 

11.4.1 Sequential Inverters" 

This is a type of inverter that uses a multiplicity of SCR's in conven-
tional circuits. The SCR's are triggered sequentially giving relatively long 
rest periods between anode-current pulses during which the junctions can 
cool down, the turn-off time can be long, and a long period is available to 
reapply forward blocking voltage. The advantage of this system is that SCR's 
with fairly poor dynamic characteristics may be used in audio frequency in-
verters or alternatively, high speed SCR's may be used as VLF and LF power 
generators. 

Figure 11.4.1 shows a circuit10.1 consisting of five sine-wave inverters 
(Class A). The gates are triggered sequentially 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 1, 
2, etc. The outputs from the five transformers are paralleled and connected 
to the load. The anode current through any one SCR is shown in Figure 
11.4.2 and the voltage across the SCR is shown in Figure 11.4.3. Note the 
presence in the voltage waveform of the output voltage from pulses in other 
SCR's. One of the requirements of this circuit is that the resonant circuit Q 
be high enough so that the voltage to which each capacitor is charged is 
greater than the peak voltage across the transformer primary 

FIGURE 11.4.1 SEQUENTIAL INVERTER CIRCUIT 

CURRENT 
IN 
SCR, 

VOLTAGE 
ACROSS 0 
SCR, 
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FIGURE 11.4.2 CURRENT WAVEFORM IN SCR, 

FIGURE 11.4.3 VOLTAGE WAVEFORM ACROSS SCR,. 
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11.4.2 Pulse Modulator Switches 9 

The conventional pulse modulator circuit using SCR's as switches oper-
ates as a Class A inverter. See Figure 11.4.4. 

The current pulses through the SCR are narrow, ranging typically from 
.1 its to 10,Ls base width. The repetition rate is from several hundred to sev-
eral thousand cycles per second. 

Turn-off time and dv/dt are usually not critical characteristics of SCR's 
for this application. The most critical static characteristic is blocking voltage 
and dynamically, high values of di/dt. The stress of high values of di/dt may 
be alleviated by using a saturating reactor in series with the SCR. 

In order to minimize jitter, and the delay and rise time, the gate of the 
SCR should be driven as hard as the ratings permit. The rise time of the gate 
pulse should be much less than 1 microsecond. 

High frequency SCR's such as the GE C141 make ideal pulse modulator 
switches. 

CHARGING 
CHOKE 

DC 
SUPPLY 

PULSE FORMING NETWORK 

FIGURE 11.4.4 BASIC PULSE MODULATOR CIRCUIT 

M 
1MAGNETRON 

OR 
KLYSTRON 

11.4.3 Cycloconverters 11 

A cycloconverter is a means of changing the frequency of alternating 
power using controlled rectifiers which are AC line (Class F) commutated. 
The cycloconverter is thus an alternative to the frequency changing system 
using a rectifier followed by an inverter. 

11.4.3.1 Basic Circuit 

The method of operation is readily understood from Figure 11.4.5. A 
single-phase full-wave rectifier circuit is equipped with two sets of SCR's, 
which would give opposite output polarities. Thus if SCRI and SCR2 are 

SCR' 

FIGURE 11 4.5 SINGLE PHASE CYCLOCONVERTER 
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triggered the DC output would be in the polarity shown on the left side of 
Figure 11.4.5. If SCR3 and SCR4 were triggered instead, the output polarity 
would be reversed as shown. Thus, by alternately triggering the SCR pairs at 
a frequency lower than the supply frequency a square wave of current would 
flow in the load resistor. A filter would be needed to eliminate the ripple. 

In order to produce a sine wave output, the triggering of the individual 
SCR's would have to be delayed by varying degrees so as to produce the 
waveform shown in Figure 11.4.6. 

INPUT 

OUTPUT 

OUTPUT •F TER FILTERING 

FIGURE 11.4.6 SINGLE PHASE CYCLOCONVERTER WAVEFORMS 

11.4.3.2. Polyphase Application 

The SCR cycloconverter is important in two applications. In the vari-
able-speed, constant-frequency system an alternator is driven by a variable-
speed motor such as an aircraft engine, yet the required output must be at a 
fixed and precise frequency such as 400 Hz. A second application is where 
the required output must be variable in both frequency and amplitude for 
driving an induction or synchronous motor. This makes possible variable 
speed brushless motors which could for example be used to drive the wheels 
of vehicles operating in difficult environments. 

Due to the advantages in AC motor design, most of the cycloconverter 
systems are polyphase. Figure 11.4.7 shows a typical schematic (excluding 
the trigger circuit). 

LOAD 

FIGURE 11.4.7 THREE PHASE CYCLOCONVERTER CIRCUIT 
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11.4.3.3 Discussion 

The pro's and con's of cycloconverters versus rectifier-inverters as fre-
quency changers may be summarized as follows: 

CYCLOCONVERTER RECTIFIER-INVERTER 

AC line commutation used 

Regeneration from overhauling loads 
possible 

Loads of any power factor may be 
accommodated 

Frequency range limited to below IA 
of generator frequency 

"Shoot through" of an SCR shuts the 
system down for less than one cycle 
provided the resulting current surge 
is non-destructive to the SCR 

In a three-phase system a minimum 
of 18 load-carrying SCR's are re-
quired 

Additional commutation circuit nec-
essary 

Regeneration in the rectifier stage 
not possible 

Sensitive to load power factor 

Wide frequency range 

"Shoot through" of any one SCR 
shuts down the whole system 

Readily adapted to run from battery 
emergency supply 

In a three-phase system a minimum 
of 6 rectifier diodes and 6 load-
carrying SCR's are required 
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11 REGULATING SYSTEMS 

USING THYRISTORS 

All regulating systems are closed loop systems. Closed loop systems, 
consequently regulating systems, are common in our everyday lives. For ex-
ample, while driving an automobile the driver judges the degree of pressure 
on the steering wheel by considering such factors as road surface and curva-
ture, speed of the automobile, foreign objects on the road, etc. The driver's 
eyes monitor these factors and through the human system, control his limbs 
to allow safe travel. This is a closed loop system. However, if the driver were 
to close his eyes, the result would be an open loop system. An open loop 
system is one which does not allow for unpredictable necessary corrections 
and is not recommended while driving an automobile. This chapter will be 
concerned with closed loop systems which do not rely on the human for com-
pleting the loop. 

There are three terms which are used to describe closed loop systems: 
regulator, servomechanism, and servo. A regulator is a closed loop system 
that holds a steady level or quantity such as voltage, current or temperature, 
and often it needs no moving parts. A servomechanism is a closed loop sys-
tem that moves or changes the position of the controlled object in accordance 
with a command signal. It includes some moving parts such as motors, sole-
noids, etc. The term servo has been generally adopted to mean either a regu-
lator or a servomechanism and will be used as such in this chapter. 

A well-designed servo has many advantages over an open loop system. 
It will accept a remote, low-power signal to precisely and quickly control a 
large amount of power. Because of its self-checking action it decreases the 
error which could result from external or internal disturbances. Its action is 
generally smooth. It provides unattended control. 

To obtain these advantages, however, servos require precise design to 
prevent such problems as instability and slow response. Texts are available 
which necessarily use higher mathematics to explain servo design. A few of 
these texts are referenced at the end of this chapter and should be consulted. 
We will be concerned only with presenting the general concept of simple 
electronic servos and specifically those which use thyristors as the power con-
trolling element. In general, these same principles could apply to hydraulic 
or mechanical systems. 

Many applications are presently being satisfied by servos utilizing thy-
ristors. The major parameters which are being controlled and some of their 
typical applications are as follows: 

Major Parameter Application 
Being Controlled 

Speed Pumps, fans, blowers, web drives, traction drives, con-
veyor belts, extrusion machinery, rolling mills, printing, 
silage unloading, home laundry, hand drills, food 
blenders and mixers, saber saws, electric knives, repro-
graphics, and ice cream mixers. 
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Position Welder position control, antenna drives, gun control. 

Temperature Reprographics, crystal ovens, room temperature, infra-
red ovens, chemical processing, extrusion head con-
trols, diffusion ovens, cooking ovens, hair dryers, cook-
ing utensils, clothes dryness controls, electric hot water 
heaters, electric blankets. 

Light Reprographics, room illumination, stage lighting, street 
light control, photoprojectors, decorative lighting. 

Voltage and Current Regulated battery chargers, DC to AC inverters, DC 
to DC converters, AC to DC power supplies, AC to AC 
cycloconverters. 

Even though the thyristor servo system is a relatively new concept, there are 
many more applications presently being satisfied by such systems than those 
listed above. The list is presented here to give the reader some indication of 
the existing variety of tasks which are being performed by the thyristor servo 
system. In the future, these applications will be increased many fold. 

Chapter 10 is devoted to some major methods of controlling motor 
speed using thyristors, the techniques of which are also applicable to motor 
position controls. The final part of this chapter will give some examples of 
complete thyristor servo systems which control the other major parameters of 
temperature, light, voltage and current. 

12.1 BASIC MAKEUP OF A SERVO SYSTEM 

As shown in the block diagram of Figure 12.1, a closed-loop system 
contains the following features: 

APPLIED 
COFINOL 

REFERENCE 

ERROR 
DETECTOR 

E.RI(KE+N) 

0(KE+N) 

FEEDBACK (KE+N) 
ELEMENTS 

(FEEDBACK GAINra ) 

POWER 
CONTROL 
SYSTEM 

(FORWARD GAIN.K) 

KE 

CONTROLLED 
QUANTITY 

FIGURE 12.1 CLOSED-LOOP SYSTEM BLOCK DIAGRAM 

EXTERNAL 

POWER 

DISTURBANCE 

1. Applied Control or Reference 
This is a device giving an input signal, R, which sets the level or posi-

tion the servo is asked to maintain. A potentiometer, or one of the many 
other well known reference devices, is used here. 
2. Controlled Quantity 

This is the resulting level or position (temperature, speed, illumination, 
etc.) which is being controlled by the system. It shall often be referred to as 
"KE + N" in this chapter. 
3. Feedback Elements 

This is generally a voltage or current sampler used to obtain an accurate 
indication of the controlled quantity (KE+N) and to process that quantity, 
g(KE+N),in a suitable form for comparison with the reference signal R. 
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4. Error Detector 
This may be any device which is capable of comparing the signals R 

and #(KE+N), which can differ in magnitude and phase, and provide a re-
sulting error, E. An electronic differential amplifier is an example of such a 
device. 
5. Power Control System 

This is a device or number of devices that are capable of receiving the 
error signal E and amplifying it with the result being KE. It can be one or 
more active elements. This element of the system includes the output device 
which produces or changes the controlled quantity (e.g., a resistance heating 
element to produce an oven temperature). 
6. External Power 

This is the power from a DC or AC source and is controlled proportion-
ally to the error signal E, thus "amplification of signal E." 
7. Disturbance 

This block represents external disturbances, N, acting upon KE. They 
can be in the form of a heating load, torque requirements on a motor, etc. 

12.1.1 Loop Operation 

The closed loop portion of Figure 12.1 operates as follows. The signal E 
asks for a change in KE+N. E passes through the power control system 
changing KE, so as to change KE+N. The result is fed through and modified 
by the feedback elements which report the change to the error detector. It 
should be noted that many systems have minor loops (i.e., feedback around 
an active element, etc.) in addition to the major loop (the control of the tem-
perature, light, etc.). We shall be concerned only with the major loop even 
though the theory applies to the minor loops as well. 

The system can be regenerative, known as a positive feedback system 
and used for oscillators, or it can be degenerative, known as a negative feed-
back system. 

Negative feedback systems, as employed by servo loops, have self-cor-
recting features. For instance, let reference R be constant which ideally 
would result in a constant controlled quantity, if all other factors were to 
remain unchanged. Unfortunately, in a practical system, all other factors 
do not remain unchanged. Therefore, let us assume K increases to K1, where 
KI>K. For an initial E, this results in Ki E>KE and KIE+N>KE+N. Con-
sequently /3(K,E+N)>/3(KE+N) which, when compared to R in the error 
detector, results in a decrease in E. This causes a decrease in KiE to a value 
close to the original KE, thus attempting to hold a constant controlled quan-
tity. As another example let the power P increase. This could result in an in-
crease in KE, /3(KE+N) and a decrease in E which would tend to return KE 
to the level as originally requested by R. Still another example: let N cause 
an increase in KE+N being fed to the feedback elements. This would in-
crease MKE-FN), decrease E and KE, and return KE+N close to its original 
level. Therefore we can conclude that a closed loop system with negative 
feedback suppresses internal and external disturbances and tends to maintain 
the controlled quantity at a level requested by the reference. It will be shown 
in the following section that the degree of maintaining the requested con-
trolled quantity becomes a function of /3, K and the time lags in the system. 
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12.2 THE IDEAL SERVO 

The output signal of the power control system is KE while its input is E. 
Therefore we can define its forward gain as +K. Likewise the output of the 
feedback elements is /3(KE+N) while its input is KE+N, therefore we can 
define the feedback gain as -Fe 

Note that we are applying the convention of "+" to f3 for negative feed-
back systems, therefore an increase in )3 results in a decrease in error signal 
E. For simplicity we shall allow "+K" and "1-S" to be represented by "K" 
and ",8." 

The product p K is known as loop gain. For example if K = 80 and p. 
1/4 (a loss through the feedback elements of 4/1 or a "gain" of 1/4), then 
the loop gain is 80 x 1/4 = 20. This could be measured by disconnecting 
the output of the feedback elements and terminating it with the representa-
tive impedance of the error detector. Then by utilizing suitable meters and 
increasing R a known amount, say 0.1 volt, and if the #(KE+N) signal 
changes by 2 volts, the loop gain pK is 2 volts/0.1 volt = 20. 

The loop gain determines the overall gain of the system, KE+N . This 
can be shown as follows: R 

Since E = 
R = E+S(KE+N). (12.1) 

Therefore, the ratio of controlled quantity to the reference signal is: 

KE-I-N 
R 

or, 

= overall system gain = 

KE+N _ 
R 

N 
K + 

E 

KE+N  
E-113(KE+N) 

1-1-13(K-I--1;-1—) 

Now if N approaches zero, 

Overall system gain = 
K 

(12.2) 

(12.3) 

1 -1-SK (12.4) 
1 

Note that if SK>>I, the overall system gain = — . In other words, in 
)3 

negative feedback systems where f3K>>1, the overall system gain is deter-
mined by the feedback and not the forward gain. The "operational amplifier" 
functions by this principle. It has a very predictable system gain as dictated 
by resistive feedback elements. KE+N  

In most servos, however, a more useful property is N , which is the 

system's ability to compensate for disturbances with a constant or zero R. 

Letting R approach zero in equation 12.1, 
E-I-SKE 

N = 
- 19 (12.5) 
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Hence, the ratio of controlled quantity to disturbance is: 

KE + E+SKE 

KE+N 
N = E+LIKE 

This simplifies to: 

KE+N 1 
 = effect of disturbances =   (12.6) 
N 1+pK 

Note in our example, where plc = 20, the effect of a disturbance would be 
1  1 

of what it would have been without the feedback loop. This 
1+20 = 21 

is usually referred to as the "stiffness" of the servo. Note that the stiffness 
improves about ten times with a p K = 200. 

—e9 

12.3 PRACTICAL SERVO 

12.3.1 Phase Shift and Instability 

We have been assuming an ideal closed loop system, i.e., a system in 
which the feedback signal, p(KE+N), is produced practically instantane-
ously with a change in the reference signal R. Unfortunately, in the majority 
of practical servos this is a bad assumption. 

In a practical servo the energy storing elements in the system, such as 
inductance, capacitance, moving elements, etc., delay the power control 
system and feedback signals. This can be considered as a phase lag which is 
aggravated as the rate of change of N or R is increased. Consequently, as 
the rate of change of N is increased while maintaining a constant R, the 
ability of the controlled quantity to remain constant is decreased. Likewise, 
as the frequency of R is increased, the ability of the controlled quantity to 
follow R is decreased. This is called its dynamic response and can be meas-
ured by applying an R signal of increasing frequency and monitoring the 
controlled quantity for a phase lag. A measure of dynamic response can also 
be obtained by applying a step function R signal while monitoring the con-
trolled quantity and observing the time required to obtain a steady state level. 

The block diagram of Figure 12.1 establishes that the function of the 
error detector is to subtract the feedback signal p(KE+N) from the reference 
signal R to give a resulting error: 

E = R—p(KE+N) (12.7) 

It is possible, however, when R has a high rate of change, to have suffi-
cient phase lag between R and p(KE+N) so that an addition will occur in 
the error detector. Concurrently, if the loop gain is large enough to compen-
sate for the losses in the system, a controlled quantity will be produced by 
p(KE+N), without a reference signal R. This is a positive feedback condition 
and is the basis of instability and self-oscillation. In oscillators of course this 
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is a very useful and desirable property. Fortunately, the loop gain decreases 
with increasing phase lag due to the shunting effects of capacitors, frequency 
response of active elements, etc. Nevertheless servos, if not properly de-
signed, have a tendency to be unstable when excited at some frequency for 
which ft(KE-EN) has sufficient phase lag and the concurrent loop gain is large 
enough to overcome the system losses. 

12.3.2 Analysis 

12.3.2.1 Nyquist Approach 

There are several methods available to the engineer for evaluating a 
simple* servo system with respect to its freedom from instability and self-
oscillation. One method is to disconnect and properly terminate the output of 
the feedback elements, and to apply an E signal consisting of a changing fre-
quency sine wave of constant unit amplitude. By monitoring E and /3(KE-FN) 
the phase lag and loop gain are recorded. Then, by using Equation 12.1, 
R = E-1-)3(KE±N), the phase lag, R and loop gain are plotted. It can then 
be predicted where, if at all, the closed loop system will be unstable or oscil-
late. This is known as the Nyquist approach with the result being a Nyquist 
plot as shown in Figure 12.2. 

UNIT E SIGNAL 

a(KE -1-N)&f i 
\ 

fe(NE+N)61fo 
APPLIED 
FREQUENCY. to 

/ CREASING 
je APPLIED FREQUENCY 

FIGURE 12.2 NYQUIST PLOT OF A TYPICAL SIMPLE SERVO SYSTEM 

As indicated on the plot at the frequency of f 1, the R magnitude shown 
would be necessary to produce the unit E after comparison in the error de-
tector with the ei(KE+N) shown at f1. If the plot were to take the path of the 
solid line, then at a phase lag of 180° (on the negative real axis) R and 
p(KE±N) would be in phase and add to produce a unit E. Note, however, 

*in general, level and speed regulators are considered "simple" servos. Although the methods 
of evaluation and general discussion presented here apply to complex position controls as well, 
the plots of 12.2, 12.4 and 12.8 are typical for "simple" servos only. 
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an R signal would be necessary to produce the E. Therefore, according to 
Nyquist, the gain is not high enough to cause instability even though this is 
positive feedback. If the plot were to take the path of the dotted line passing 
through the —1 point, then at a phase lag of 180°, R would be zero and 
/3(KE+N) would be as large as the unit E. This would result in the system 
self oscillating at whatever frequency caused the 180° phase lag. If now the 
plot took the path of the dotted line to the left of the —1 point, at a phase lag 
of 180° 13(KE+N) would result in an E larger than unity which would pro-
duce a still larger fl(KE+N), etc. This could cause a runaway or unstable 
condition. 

Therefore, the "Nyquist criterion" for a simple servo is that, if the plot 
were to take the path of the dotted line to the left of and so as to surround 
the —1 point, the system would have a tendency to be unstable or self-oscil-
late. In practice, however, it is advisable to keep a large stability margin by 
crossing the axis to the right of the —1 point. 

12.3.2.2 Bode Approach 

Another method of servo analysis is the Bode approach. Whereas the 
Nyquist approach required point by point measurement, the Bode requires 
only that the gain of the servo system be known at one frequency together 
with the time constants of the main energy storing elements in the system. 

To describe the Bode approach it is necessary to briefly review some 
simple circuits which have one energy storing element. 

ein 

(a) 

ein C   eo 

o T 0 ,b, 
FIGURE 12.3 SIMPLE ENERGY STORING CIRCUITS 

In (a) or (b) of Figure 12.3, as the frequency of ein is increased, the 

ratio of is decreased. At a frequency of: 

fi = 
(27r)( time constant) 

1 

we find that 

= 0.707 = 3 db loss or —3 db 
eh, 

In addition, e,, lags ein by 45° at that frequency. As the frequency of e1r, is 

further increased, say doubled, the ratio of —ec, decreases by approximately 

6 db with a corresponding increase in phase lag. It can be shown that each 

time the frequency is doubled (called an octave) the ratio —e,„ decreases by 
ein 

an additional 6 db with a corresponding increase in phase lag. In the limit, 
the phase lag would theoretically reach 90°. Consequently it can be said that 
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the effect of any energy storing element in a closed loop may be shown as a 
decreasing slope of 6 db/octave from the f, point. Further, this slope will 
eventually result in a 90° phase lag between R and /3(KE+N). 

The Bode approach or plot is one in which the f, point is calculated for 
each main energy storing element in the system. These points are then placed 
on a base line, usually the steady state loop gain of the system, with a —6 
db/octave line drawn from each point. The resulting points are then vectori-
ally added. A smooth curve is drawn so as to pass about 3 db inside the cor-
ners or breaks. This curve represents the system response. Figure 12.4 shows 
a Bode plot of a simple servo system with three energy storing elements. 

Since a 6 db/octave slope (called a unit slope) will ultimately result in 
a 900 phase lag between R and p(KE-FN), a 12 db/octave line (called a 
2-unit slope) will ultimately result in a 180° phase lag, etc. The system may* 
oscillate where the smooth curve has 2-unit slope or greater and a gain 
greater than zero db (point of unity gain). 

FREQUENCY OF R (Hz) 

FIGURE 12.4 BODE PLOT OF A SIMPLE SERVO SYSTEM WITH 3 ENERGY 
STORING ELEMENTS. 

The typical system shown may oscillate since it has sufficient gain con-
current with a 2-unit slope. 

12.3.3 Corrective Networks 
It appears from the Nyquist and Bode plots that it is necessary to reduce 

loop gain in order to prevent a servo from becoming unstable or from self-
oscillating. However, we previously established that a high loop gain may be 
desirable. Consequently, it is often necessary to install corrective networks in 
the system, the purpose of which is to allow a high gain, stable system. These 
corrective networks are usually placed in the low power circuitry where they 
can be small and have an overall effect on the system. 
(a) Phase Lead Network 

Since it has been established that instability is caused by phase lag to-
gether with sufficient loop gain, it seems appropriate to counteract the lag 
with a lead network. A typical lead network is shown in Figure 12.5. 

*An exact analysis would require a plot of instantaneous phase lag. This can be plotted by knowing 
the distance from the fi points and the magnitude of the slopes. 
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FIGURE 12.5 PHASE LEAD NETWORK 

At low el0 frequencies, e0 is almost solely dictated by the ratio of R, 
and R2. As the frequency is increased ,C tends to reduce the series imped-
ance and increase e.. 

If this network is strategically placed so that it cancels a portion of the 
system lags, a stable high gain system will result. This is easily seen on a 
Bode plot by summing a 6 db/octave increasing slope with a 12 db/octave 
decreasing slope. This would result in a 6 db/octave decreasing slope with 
its inherent ultimate phase lag of 900. The graphical effects of this will be 
shown in Figure 12.8. 
(b) Phase Lag Network 

Another method is to properly place a phase lag corrective network in 
the system. A typical network is shown in Figure 12.6. 

RI 
R2 

ein •. 

FIGURE 12.6 PHASE LAG NETWORK 

At low frequencies e0 nearly equals ein. As the frequency is increased, C 
reduces the shunting impedance until e0 is determined only by R, and R2. 
Since e,, does have a lower limit this particular lag network is referred to as a 
limited lag network. 

Essentially, a lag network results in a lower gain at higher frequencies. 
However, it is important that the total phase lag created does not result in 
an extended 2-unit slope of the smooth curve prior to crossing the zero db 
line when represented on a Bode plot. The graphical effects of this will be 
shown in Figure 12.8. 
(c) The Lag-Lead or Notch 

The result of combining the previously described lag and lead networks 
is a "lag-lead" or "notch" network as shown in Figure 12.7. 

CI 

'in 00 

FIGURE 12.7 LAG-LEAD OR NOTCH NETWORK 
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As in the lag network, at low frequencies e„ nearly equals ein. As the 
frequency is increased,e0 decreases due to the action of C1 and Co. The com-
ponents are chosen so that a reduction in e„ does occur at some frequency. 
As the frequency is further increased, e„ then increases due to the overtaking 
shunting effect of C, on R1. A network of this type is used where additional 
response plot shaping is required over that which can be obtained by a lag 
or lead network. 

The results of such a network are shown in Figure 12.8 as applied to 
Figure 12.4. 
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FIGURE 12.8 EFFECT OF A NOTCH NETWORK ON FIGURE 12.4 

For simplicity the final smooth curve is not shown. If it were it would 
show that the system would not oscillate since it does not have an extended 
2-unit slope until below zero db gain. 

12.3.4 Ease of Stabilizing 

Simple servos, in which the controlled quantity is a level or speed, are 
usually not difficult to stabilize. However, systems in which the controlled 
quantity is a position, as produced by a motor, are more difficult to stabilize. 
Due to the inherent 90° lag while the motor is establishing its position, the 
system starts out with a unit slope and will probably require corrective net-
works to avoid a 2-unit slope. There is a more difficult case however—sys-
tems which utilize one positioning motor to position another. This results in 
an immediate 2-unit slope during positioning and always requires precise 
corrective networks and design. 

12.3.5 Linearity Domain 

The previous discussion showed that, in a practical servo, there is a fre-
quency of R above which the accumulative phase lags may cause instability. 
It was not mentioned, however, that in some servos there is a lower fre-
quency of R below which KE+N is not regulated. These upper and lower 
limits specify a frequency range of R for which KE+N will be controlled. 
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In addition to the frequency range, there is also an amplitude range of 
R which is shown in Figure 12.9. 

IKE + N) 

  .4-- SATURATION EFFECTS 

KM-- LINEAR RANGE 

KAI-- DEAD ZONE 

AMPLITUDE OF R 

FIGURE 12.9 PRACTICAL SERVO RESPONSE TO AMPLITUDE CHANGES OF R 

Due to dead zones and saturation effects, for small and large amplitudes 
of R respectively, the response of KE+N is not proportional for all values 
of R. 

These two considerations, frequency and amplitude, dictate a range of 
R for which KE+N changes continually and proportionally. This range is 
called its linearity domain. A servo which operates within its linearity domain 
is considered to be "linear." The range of amplitude and frequency values 
within the domain are functions of each other, i.e., a given amplitude is not 
included in the domain for all frequencies. 

Servos can seldom be boldly classified as linear or non-linear. Usually, a 
so-called "linear" servo does not have an infinite linearity domain. Likewise 
a linearity domain can often be found for a non-linear servo—it may be ex-
tremely small however. The Nyquist and Bode approaches are designed to 
analyze systems within their linearity domains, i.e., "linear" systems. Unfor-
tunately, there are no comparable general solutions for systems which operate 
outside the linearity domain, i.e., "non-linear" systems. 

12.4 SERVOS UTILIZING LATCHING ELEMENTS (THYRISTORS) 
IN THE CONTROL SYSTEM 

Severe non-linearity occurs when on-off switching devices are utilized to 
regulate quickly responding controlled quantities. Further, when a latching 
switch is utilized (once triggered, it stays on until commutated off), such as 
an SCR or triac, the system becomes inoperative unless the controlled quan-
tity is made to have a slow response. 

12.4.1 SCR's with Quickly Responding Controlled Quantities 

As an example, let us attempt to regulate the voltage to a resistive load* 
utilizing an SCR phase control. (See Chapter 9 for a full discussion on phase 
control.) Also, assume no delays or averaging elements within the system. 
The results of this hypothetical system are shown in Figure 12.10. 

*It is convenient to refer to the element to which the power is applied as the load, i. e. the 
heater, lamp, etc. The load may either produce or change the controlled quantity as later examples 
will illustrate. 
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e 

APR.IED VOLTAGE 
TO 

RESISTIVE LOAD 

DESIRED VOLTAGE (REFERENCE) 

FIGURE 12.10 HYPOTHETICAL UNREGULATED REGULATOR 

Note the error signal forces the SCR to turn on at the beginning of each 
half cycle. Consequently full line voltage will be continuously applied. 
Therefore, the actual voltage will be the unregulated full one-half cycle 
average. 
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le) AC POWER SOURCE, PHASE CONTROL - CONTROLLED FULL WAVE 

(1/ AC POWER SOURCE, ZERO -VOLTAGE SWITCHING, PROPORTIONAL CONTROL 

FIGURE 12.11 REGULATING CONTROLLED QUANTITY WITH SCR OR TRIAC-
PROPORTIONAL CONTROL. 
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12.4.2 Thyristors with Slowly Responding Controlled Quantities 

Fortunately SCR's and triacs can be used to regulate controlled quan-
tities which have long averaging time constants when compared to their 
switching frequencies. Temperature, light, and motor speed are such quanti-
ties. They allow a linearity domain to be established with the result being 
the regulation of the controlled quantity. 

Figure 12.11(a) shows the regulation of a typical controlled quantity 
with a long averaging time. Also shown, and in the same time scale, are some 
of the basic switching methods for SCR's and triacs. The curves are drawn 
for a resistive load such as a heater or a lamp. The dotted lines in Figures 
12.11(b), (c), (d), (e), (f) indicate the average power being delivered to the 
load. The pulse spacing in some of the illustrations may not be exactly cor-
rect for the average power shown but serves to illustrate methods of varying 
the load power. 

12.4.2.1 DC Power Source 
Figures 12.11(b) and (c) indicate time ratio control as derived from a 

DC power source. The techniques involved in switching SCR's from a DC 
source are discussed in Chapter 5. 

12.4.2.2 AC Power Source 
Figures 12.11(d), (e), and (f) show power being delivered to the load 

from an unrectified and unfiltered AC source. These are very popular meth-
ods since a source of this type is readily available, simplifies SCR commuta-
tion (see Chapter 9), and is compatible with the triac (see Chapter 7). 

Figures 12.11(d) and (e) are phase-control methods as discussed in 
Chapter 9. One other basic phase-control method, which is discussed in 
Chapter 9 but not shown here, is the controlled-half-plus-fixed-half-wave. 
This method should be utilized for controlled quantities which require regu-
lation only from one-half to full power. It should be noted that Figures 
12.11(d) and (e) were drawn assuming the cosine-modified ramp and pedes-
tal technique as discussed in Chapter 9. Its importance in servo systems re-
quires the following brief discussion. 

Phase-control, without the use of the cosine-modified ramp and pedes-
tal, results in a non-linear curve of the voltage delivered to the load for a 
varying error signal. This is shown in Figure 12.12. 

VOLTAGE 
DELIVERED 
TO LOAD 

FIGURE 12.12 UNMODIFIED PHASE CONTROL 
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Note the large dead zones and saturation levels for small and large val-
ues of error signal respectively. At these values of E the system gain is low as 
compared to that of the intermediate region. Consequently, at these levels, 
the system's ability to compensate for disturbances would be decreased from 
that of the intermediate region. Unfortunately, in Figure 12.11, the small 
values of E are most important since this is the area of regulation. To im-
prove this regulation, the overall system gain would have to be increased and 
the system could become unstable in the intermediate region. However, the 
cosine-modified ramp and pedestal technique allows the curve of Figure 
12.12 to be linearized as shown in Figure 12.13. 

4 

VOLTAGE 
DELIVERED 
TO LOAD 

FIGURE 12.13 MODIFIED PHASE CONTROL 

The system is shown to have a constant voltage gain over the E range 
of interest. Consequently at small values of E, disturbances will have the 
same effect as experienced in the intermediate region. This will result in 
good regulation without the need for an increase in overall system gain. 

Figure 12.11(f) shows the load power being controlled by zero-voltage 
switching. Zero-voltage switching is a method whereby AC power is applied 
to the load only when the instantaneous line voltage is zero. This has signifi-
cant advantages in that it eliminates radio frequency interference (RFI). 
(Chapter 16 discusses RFI suppression.) It should be noted that, to obtain a 
"linear" system using this method, the time constant of the controlled quan-
tity must be larger than in the previous methods because of the longer on 
and off times involved. Consequently this method is not applicable to shorter 
time constant quantities such as light and motor speed, but has proven to be 
extremely useful for temperature controls. 

12.4.2.3 Proportional and On-Off Control 

All of the methods discussed in Figure 12.11 result in proportional con-
trol. The nature of a proportional control is to realize the magnitude of the 
error between the actual and desired levels of KE+N and adjust the power 
to the load accordingly. Consequently, KE+N approaches its final level at 
a lower rate than it originally had when the error signal was large. This re-
sults in a small overshoot and quick recovery. Note, however, that some 
steady state error must exist to supply sufficient power to the load in order 
to maintain KE+N at the desired level. The magnitude of the error is di-
rectly related to the gain of the system. If only a very small error is neces-
sary, the system will have high gain with all advantages thereof. However as 
the gain is increased, a point is ultimately reached where the proportionality 
feature is eliminated and the system reverts to on-off control. This results in 
larger overshoots but has the advantage of generally being able to hold 
KE+N with less error when subjected to internal and external disturbances. 
Figure 12.14 shows the resulting curves of an on-off system. 

276 



REGULATING SYSTEMS USING THYRISTORS 
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DESIRED LEVEL (KEYN) 

ERROR E 
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CONTROLLED QUANTITY 

+11) 
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'S s  

(o) REGULATED CONTROLLED QUANTITY AND RESULTING ERROR E 

Lad 1, 

( DI AC POWER SOURCE, ZERO • VOLTAGE SWITCHING, ON -OFF CONTROL 

FIGURE 12.14 REGULATING CONTROLLED QUANTITY WITH SCR'S OR TRIAC-
ON-OFF CONTROL. 

Note the large overshoot and the varying KE+N at "steady state." The 
system must have a variation, however slight, to regulate KE+N. 

Figure 12.14(b) shows AC power utilizing zero-voltage switching being 
supplied to the load. The dotted lines again show the average power. The 
comments that were made with reference to proportional zero-voltage switch-
ing are applicable to this on-off method as well. 

12.4.2.3.1 Selection of Control Considering 
Hysteresis, Overshoot, Transport Lag 

It should not be concluded that every on-off control exhibits improved 
regulation over a given proportional control in all applications. 

One reason is that if the curve of Figure 12.14 were explicitly correct, 
we would find that the load voltage would not be applied until the error sig-
nal became slightly positive. Further the voltage would not be removed until 
the error became slightly negative. The difference in error signal between 
voltage application and removal is known as hysteresis. Hysteresis reduces 
the regulation accuracy of an on-off control. 

Other obvious considerations as noted in Figures 12.11 and 12.14 are 
overshoot and speed of response. If large overshoots cannot be tolerated, 
then a proportional control should be utilized. However, the speed with 
which KE+N responds will decrease. 

Many systems cannot utilize a pure on-off control. This is especially 
true where a transport lag is present. Transport lag differs from overshoot in 
that KE+N is not realized until sometime after the initiation of an error 
signal. This constitutes a time delay as opposed to a phase delay associated 
with an overshoot. Consequently, if an on-off control were utilized in a sys-
tem with a transport lag, KE+N could vary between its maximum and mini-

277 



SCR MANUAL 

mum limits continuously due to the time lapse. However, a properly designed 
proportional control will allow the desired intermediate level to be main-
tained. 

Generalization is difficult when recommending proportional or on-off 
control. Each application must be analyzed individually considering such 
factors as mentioned above. 

12.4.2.4 Phase Lags 

Controlled quantities with long averaging time constants will help con-
siderably in reducing instability resulting from the energy storing elements 
in the system. However, the possibility of instability does exist and is highly 
probable with the quicker responding controlled quantities. To properly cope 
with instability, the principles reviewed here should be mastered through the 
use of the many texts devoted to the subject, some of which are referenced 
at the end of this chapter. 

12.5 ILLUSTRATIONS OF SERVOS USING THYRISTORS 

This section is devoted to examples of servo systems utilizing SCR's and 
triacs for controlling power to the load. They do not exemplify all of the 
available methods of utilizing these devices in servos, but will suffice to illus-
trate some of the more popular. 

The approach here will be to briefly explain the basic servo loop of 
these systems and to point out their salient features. 

12.5.1 1.2 kw Phase-Controlled Precision Temperature Regulator 

Figure 12.15 shows a temperature regulator utilizing cosine-modified 
ramp and pedestal phase-control. Its method of operation is as follows. The 
triac supplies controlled full wave, phase-controlled AC power to the heater 
load. This increases KE+N, which is the temperature in this case, at a rate 
slower than the switching frequency of the triac. Thus KE+N has a long 
averaging time constant. The feedback element, thermistor R4, senses the 
temperature and when compared by the unijunction error detector with the 
R5 reference signal, controls the turn on of the triac so as to regulate KE+N. 

It should be noted that the feedback elements, reference signal and 
error detector are located within the dotted block. The output of this block 
is the error E, which controls the triac through Tl . The basic configuration of 
the unijunction and complementary components located within the block is 
very popular when used with thyristors for obtaining any of the phase-control 
methods of Chapter 9. Therefore it is important to realize what constitutes 
the error E in this configuration. 

As discussed in Chapter 9 and also shown in Figure 12.11, phase-con-
trol methods control the power to a load by controlling the point in time 
within the half cycle at which the thyristor will turn on. Since the thyristor 
is a latching device, it will stay on for the remainder of that half cycle. 
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UJT TRIGGERING LEVEL 

PEDESTAL 
MOT 

UJT EMITTER VOLTAGE 

1.2KVi LOAD 

120 VOLTS 
60 i-11 

R1,R2 • 2200 OHMS, 2 WATTS 
R3.4700 OHMS, 1/2 W 
R4. TF1ERMISTOR, APPROX 5000 OHMS AT 

OPERATING TEMPERATURE, GE-4H 
R5.10,000 OHMS W.W. POTENTIOMETER 

R6. 5 MEGOHM POTENTIOMETER 
R7. 100K/1,1/2W 
R8.1000 OHMS, I/2W 

FIGURE 12.15 1.2 KW PHASE•CONTROL 

TLI 

QI• GE 2N2646 
02. GE SC468 
TI • SPRAGUE 352M923 

OR EQUIVALENT 
01-04-GE INI693 
05. GE Z4XL22 
06. GE IN1692 
CI • 0.1µfd,30V 

PRECISION TEMPERATURE REGULATOR 

Therefore, a large error should turn the thyristor on early in the half cycle 
and conversely a small error should result in a late turn on or possibly none 
at all. 

Consequently,the result of the magnitude of the error E is the point in 
time within the half cycle at which the pulse turns the thyristor on—not the 
presence of the pulse (assuming it is large enough for turn on). The insert in 
Figure 12.15 shows how this is accomplished with cosine-modified ramp and 
pedestal control. When the compound magnitude of the ramp and pedestal 
rises sufficiently to trigger the unijunction, a pulse will be delivered which 
will turn the thyristor on. Therefore, the error E is the length of time re-
quired for the magnitude of the ramp and pedestal to exceed the unijunc-
tion's firing point since it determines the point in time which the thyristor 
will fire. 

It is impprtant to note that it is necessary for the dotted block to be 
stable when subjected to variations in line voltage, ambient temperature, 
etc., i.e., the E of E = R — p(KE+N) remains constant for constant R and 
p(KE+N) throughout the variations. If this relationship were to change, the 
gain of the system probably would not be affected but would result in a 
steady state error in KE+N. This particular circuit utilizes common voltage 
points and the stability of the unijunction to maintain the accuracy of the 
relationship. 

As previously mentioned, this circuit utilizes ramp and pedestal phase 
control. Consequently the circuit gain can be increased through the setting 
of R6, with all the advantages (and disadvantages) thereof. 

279 



SCR MANUAL 

It is difficult to speak of the overall accuracy of a temperature regulator 
since it is a function of the rate of change and magnitude of the disturb-
ances, and the capacity of the heater when compared to the volume of the 
controlled chamber. However, it can be said that the dotted block is capable 
of controlling temperature to within a specified limit. Here the dotted block 
is capable of controlling temperature to within -±-2% of the thermistor resist-
ance over a -±-10% variation in line voltage. 

12.5.2 9.6 kw Zero-Voltage Switching Proportional or 
On-Off Temperature Regulator 

Figure 12.16 shows a temperature regulator which utilizes zero-voltage 
switching of AC power to supply the load. The system can be made to be 
proportional or on-off. Its servo loop operates identically to that of Figure 
12.15 with heater load L, through L4, temperature as the KE+N, thermistor 
T. the feedback element, SCR Q the error detector, and Rg the reference. 

RI - 221(02W R10 - 3K, IOW 
R2-0700 R11- 560 
83 -5.6110 R12 - 10K0 
R9 -391(11,2W 813 -22K,2W 
85 - 22 Kl1,7W R11- 10011 
R6- I KELPOT, I/2W RIS -2.21(0 
R7 -2200 RI6 -6.81111 
118-220Ka R17 - 1011 
R9 -2201(0 RIB- 100 

R19 -1011 
CI -SO.10,25 V 
C2 - 00109,25V 
C3- 0.19111,400V 
C4 -0.47,09, 25V 
CS -0.82914,400V 
C6 - Pd. I5V 
01,02 - GE C106Y1 
03 THRU 06- GE SC460 

01,05,06,07 - GE A130 
02,03,08 - GEAI3A 
04 - GE Al3F 
Z I - GE 24/0.16 
Z2 - GE vine' 
To -GE 2D102 11(025•C THERMISTOR 
LI THRU L4 - 2.4 K W HEATERS 
NOTE , ALL RESISTORS 1/2 W,NO% 

UNLESS OTHERWISE SPECIFIED 

FIGURE 12.16 9.6 KW ZERO-VOLTAGE SWITCHING PROPORTIONAL. OR ON-OFF 
TEMPERATURE REGULATOR. 

However, the system does have some additional features. Note that the 
total load, L1 through 1,4, is divided equally and supplied by a master (Q3) 
and 3 slaved triacs (Q4, Q5, Q6). Also note the components around and in-
cluding SCR Q2. This group will automatically fire the master triac at the 
start of the negative half-cycle* provided the master had been turned on at 
the start of the positive half-cycle through C5, R11, Do and D7. In addition 
the 10 ohm resistors in series with the gates of the slaved triacs assure that 
the slaves will faithfully turn on after the master on each half cycle. 

Consequently, the result of having a master, slaves, and automatic nega-
tive half-cycle is as follows. If the master does turn on at the start of the 
positive half-cycle, the negative half will follow automatically with the slaves 

*In all of these illustrations consider the negative half-cycle to exist when the lower incoming line 
is positive with respect to the upper line. 
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following the master on both half cycles. Consequently, the control circuit 
need only allow or not allow the master triac to turn on at the beginning of 
the positive half cycle. 

The control circuit consists of the feedback element, reference, and 
error detector located in the dotted block. Depending upon the ratio of T., 
Rg, and R7, the net result is Q, being off or on during the entire positive half 
cycle. If Q, is off, the master triac, and consequently the slaves, will apply 
load power during both half cycles. If Q, is on, the master will not have suffi-
cient gate drive, and power will not be applied to the load during that cycle. 

As in the last illustration, we are again concerned with the error signal 
being a true representation of R — S(KE+N) during voltage and temperature 
variations. The reference diodes Z,, Do and D3 are included for this purpose. 

The addition of components Rs), R8, D4 and C4 change the system from 
on-off to proportional, but still in the zero-voltage switching mode of oper-
ation. 

The basic concept of utilizing control SCR (Q1) to allow or not to allow 
gate drive to an SCR or triac for the entire half cycle is a very popular 
method of achieving zero-voltage switching. 

The dotted block is capable of regulating temperature with an accuracy 
of ±0.5% of the thermistor resistance over a ±10% variation in line voltage. 

12.5.3 5 kw Half-Wave Zero-Voltage Switched 
On-Off Temperature Control 

Figure 12.17 illustrates a temperature regulator which utilizes half wave 
zero-voltage switching, on-off control to control a low power hot wire relay. 
The relay in turn activates a large heater or other load operating directly 
across the power line. 

KE+N is again temperature, T„ the feedback element, SCR's Qi and Q2 
the error detector, and R4 the reference potentiometer. 

It should be noted that Q3 operates on the positive half-cycle only. 
However, the decision to allow or not to allow Q3 to turn on is made during 
the previous negative half-cycle. This is made possible by the leading voltage 
supplied by C,. If Q. is off when the line starts to go positive, Q3 will turn on 
through Rg, D3 and R7. However, if Q0 is on, Q3 cannot turn on for the re-
mainder of the cycle. This is another example of a control SCR (Q2) being 
utilized to provide zero-voltage switching of the power controlling element 
(Q3). 

The decision to allow or not to allow Q3 to turn on is made by the feed-
back element, reference, and error detector shown within the dotted block. 
Q2 and Q, are the major elements of the error detector. They subtract the 

as derived by T„, from the reference R4. This is accomplished by 
comparing the instantaneous magnitudes of the voltages at each gate. Since 
Q2 and Q, are cross coupled, one and only one of them will be on during each 
half-cycle. Therefore, the first one to turn on remains on for the remainder of 
the negative cycle (made possible by C1) and entire positive half-cycle. Con-
sequently, if the decision is for Q2 to turn on, Q3 cannot turn on during that 
positive half-cycle and voltage will not be applied to the hot wire relay for 
that cycle. 

The stability of the dotted block against voltage and temperature varia-
tions is achieved by symmetry. 
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The dotted block is capable of regulating with an accuracy of approxi-
mately ±0.2% of thermistor resistance over a ±-10% variation in line voltage. 

The hybrid concept (relay used with thyristors) of Figure 12.17 has the 
advantage of being able to control a large amount of power with relatively 
small thyristors. Also, the isolation provided by the relay allows this power to 
be easily utilized for loads other than heaters. Consequently, by proper choice 
of feedback elements, the circuit may be easily adapted to a number of high 
power loads. However, some of these may not allow a closed loop system, 
e.g., controlling the light level of a lamp load. 

240 V 

60 Hz 

NOTE: ALL RESISTANCES 
1/2 W,±10% UNLESS 

OTHERWISE SPECIFIED 

R6 - 5600, 
R2' R3 - I'8Kfl 

R4 - 1KO POT I/2W 

R5 - loon 
R7,R, - 'KO 

Ci - 200.04,100V 

,0 2 ,0 3 - GE C106F 

01,0 2 ,0 3 - GE A 13A 

To - GE 20102, 11(025°C THERM1STOR 

K - KING SEELEY 63552 11012COIL) 

LOAD - 5KW HEATER 

LOAD 

FIGURE 12.17 5 KW HALF-WAVE ZERO-VOLTAGE SWITCHED ON-OFF TEMPERATURE CONTROL. 

12.5.4 3 kw Phase-Controlled Voltage Regulator 

Figure 12.18 is shown here because it exemplifies a method of regulat-
ing the RMS value of an unfiltered phase-controlled voltage across a resistive 
load. As mentioned in Section 12.4.1, if fl(KE+N) were derived directly 
from the resistive load, regulation would be impossible. However, Figure 
12.18 utilizes a lamp in parallel with the load to provide the long averaging 
time constant which, in conjunction with a photocell, provides ¡(KE+N). 
The lamp can be considered as part of the load or feedback elements. We 
shall consider it to be the latter. Consequently, this introduces a useful con-
cept of the averaging being done within the feedback element. 

SCR's 3 and 4 supply KE+N which is the RMS voltage impressed across 
the 3 kw load resistor. The feedback elements, lamp L1 and photocell P.C., 
provide a /3(KE+N) which when compared by the unijunction error detector 
to the reference set by R4, control SCR's 3 and 4 to regulate the RMS output 
voltage. (Refer to section 12.5.1 for a discussion of error E with phase-control.) 

It should be realized that the KE+N of the system is the RMS voltage 
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and not the power being supplied to the load resistor, i.e., if the value of the 
load resistance were to change slightly so as not to disturb the KE-FN, the 
/3(KE+N) would not change and no correction would result. 

Included in the dotted blocks are again the feedback element, reference, 
and error detector. The points of interest here are the stability to voltage and 
temperature variations through the use of a differential amplifier and uni-
junction, the ramp and pedestal technique utilized with phase-control, and 
the unijunction working with SCR's for phase-controlled AC. 

The system also has other salient features which should be mentioned. 
For example, consider Figure 12.19. By placing a low resistance in series 
with the load and in parallel with the feedback lamp LI, a current regulator 
is formed. Again this will not regulate the power to the load but only the cur-
rent through it. 

CR1TNRU GRA-OE • 30 03-112521411 TO TURNS RATIO 1.412.•RVA 

git-In ek "  .......,... c.u. MET 
SCR3.3C131• OE 01355e, CUE  112 -225/1 

c012 CIT, OE MURES TI-22ov INES PRAIA. 123-111. 
C1-10. 23VOC 11.2 ,20.1 Qv RUS SECONDANT RA - IOND RNLI." -TuRN 'RN POT 

INNIATLIRE ToleuLAR «I ISL. CAP Mom«, RATED RS-10. 

". 21eranée193iRs-244A v—menezkez.,. 
ALADDIN PART NO 90-23.• RO-22. 

Lt• INCANDESCENT LAMP OF OE PURI ILATIP-FROTOCELL2 INTEGRAL REIIIIIETeGALLT WALED t.INFT 
PC -CRONNNI SoLFIDE PNOTOCELL OP OE FLSIN ILAIRP•PROTOCELL, INTEGRAL IIERIEETICALLY «MU U. 

ALL RES15,011.3 1 ../.0 wATT ExCEPT vmERE IKOICATE0 

RH -0 2142,10/MT2 
IN12-13.00 
1113-loo 

-22212« 

" 

FIGURE 12.18 3 KW PHASE-CONTROLLED VOLTAGE REGULATOR 

PHOTOCELL 
LAMP L1 

FIGURE 12.19 CIRCUIT CHANGES FOR CURRENT REGULATOR FOR FIGURE 12.18 
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FIGURE 12.20 SOFT-START CIRCUITRY FOR FIGURE 12.18 

An additional feature is that the 3 kw load could be a lamp. This would 
eliminate the need for the feedback lamp LI. In this case the photocell could 
monitor, and the system would regulate, the light output of the load. If this 
were done, the soft-start circuit of Figure 12.20 might be necessary. See 
Chapter 9 for discussion of soft-start circuits. 

Note also C1 and R, in Figure 12.18. These components constitute a 
"notch" network necessary for stabilization. 

Figure 12.21 shows the regulation obtained by the voltage regulator 
with a 3 kw resistive load for a regulated true RMS load voltage of 300 volts 
and a nominal input line voltage of 220 volts RMS, 60 Hz. 

Input Line Voltage 
True RMS 

Load Voltage 
Load Voltage 

Change Response Time 

220 V RMS (Nom) 300 (Nom) — Less Than 
190 V RMS Approx. 299.0 < (0.33%) 100 msec. for 
250 V RMS Approx. 299.0 < (0.33%) step change 

in input 

FIGURE 12.21 TABLE OF REGULATION FOR CIRCUIT OF FIGURE 12.18 
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12.5.5 860 Watt Limited-Range Low Cost Precision Light Control 

The system of Figure 12.22 is designed to regulate an 860 watt lamp 
load from half to full power. This is achieved by the controlled-half-plus-
fixed-half-wave phase control method discussed in Chapter 9. Half power 
applied to an incandescent lamp results in 30% of the full light output. Con-
sequently the circuit is designed to control the light output of the lamp from 
30% to 100% of maximum. 

The operation of the closed loop is straightforward with the major fea-
tures being the load L, and Lo, light the KE-FN, P.C. the feedback element, 
Q2 the error detector, and 111 the reference. 

The method of obtaining the controlled-half-plus-fixed-half-wave is eas-
ily seen by realizing that D, and Q, are in inverse parallel and in series with 
the load. Also note that Q, will turn on during the positive half-cycle at a 
time dictated by the feedback elements, reference, and error detector located 
in the dotted block. Consequently, the positive half-cycle is controllable. The 
function of the dotted block is identical to the ramp and pedestal control of 
Figure 12.15. Now note that D, will conduct during the entire period of 
every negative half-cycle. Therefore, the negative half-cycle is continually 
applied to the load. This configuration results in a controllable positive and 
fixed negative half-cycle applied to the load. It is interesting to note that 
when D, conducts during the negative half-cycle it resets the unijunction 
firing circuit. 

Again temperature and voltage stability of the dotted block is achieved 
by Z,, common voltage references, and the stability of the unijunction. 

This method of phase-control results in an unsymmetrical wave with a 
resulting DC component. Therefore, this waveform is not suitable for trans-
former-fed loads. 

The system will regulate the light level to within ±1% for a ±10% 
change in amplitude of the supply voltage. 

430W 

120V 
60Hz 

RI- 6.13Ka , 2W 

R2-4711 
R3- IKII 

R4 -68011 

R5- IK.O.,1/2W POT 

PC.- GE A35 

01-GE C2013 

02- GE 2N2646 
D, -GE A4113 

D2- GE Al3F 

Z1- GE Z4XLI6 

Li ,L 2 - 430W INCANDESCENT LAMP 

FIGURE 12.22 860W, LIMITED-RANGE, LOW-COST PRECISION LIGHT CONTROL 

21 

C1 -.030.1(0,25V 
C2 -010M, 25V 

NOTE , ALL RESISTANCES 

1/2w,109‘ UNLESS 
OTHERWISE NOTED. 
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12.5.6 1.2 kw, 60 V Regulated 0C Power Supply 

Figure 12.23 shows a regulated DC power supply which utilizes cosine-
modified ramp and pedestal control. The operation of the servo loop is simi-
lar to the previous examples with the load being any suitable external DC 
component or components, the DC output voltage being the KE+N, R, being 
the feedback element, Q, the error detector, and CR, the reference. 

The group of components operating on the output of SCR, and SCR., 
constitute a highly filtered DC supply. If the SCR's were replaced with suit-
able diodes, the load voltage would be fixed at a DC level dictated by the 
transformer secondary voltage, Ts. If the number of Ts turns were doubled, 
the fixed DC level would also double. Therefore, by phase controlling SCR, 
and SCR, the DC level can be controlled up to a maximum voltage dictated 
by the Ts winding and the 120 volt source. 

The function of the feedback element, reference, and error detector, all 
located in the dotted block, is to provide regulation by properly phase-con-
trolling the SCR's. The basic operation of the dotted block is very similar to 
Figure 12.15. By comparing a portion of the DC output voltage, as sampled 
by the wiper of R1, with the stable reference of CR9, an error is generated 
by Q3 (refer to section 12.5.1 for a discussion of error E with phase control). 
Consequently, by adjusting R, clockwise, the regulated output will increase 
until it reaches its maximum value. At maximum output, of course, the sys-
tem has no regulating ability. The minimum amplitude is fixed by CR0. A 
lower voltage CR, could be used which would allow a lower minimum out-
put voltage. 

The dotted block incorporates some interesting features. For example, 
the cosine-modified ramp and pedestal allow the use of the gain pot R10. This 
should be adjusted for maximum regulation, overshoot, etc. Also note that 
the combination of CR,„, R1, and C 4 constitutes a soft-start circuit (see 
Chapter 9 for a discussion on soft start circuits). This feature protects the 
supply when starting under heavy loads. In addition, stability of the dotted 
block is achieved by CR,, CR,, the differential amplifier of Q, and Q0, com-
mon voltage points and the unijunction Q3. 

0,012 - .40.1 
Or RUA 

CRIO. CR.- RC Roe 

RR- •70,01 
«Seder - 13•11 

eR• 

Mee{ Re 11-00 Nit RARRR CRee 
3341 

R0-4 en 
Re- 2.• 
R. -Unit 
▪ • 0 «4 flee Mg POT 
Re- 'RR 
e- eeD{e{00VIX Re Wee. 

C3- 100•81430 «ROC re ett fle feeel 
•- 10.4.23 We% 

000{.1.{ Melee, R2 ee 0.1eMeN {Mee". 

.3-1401{ 

0.041.11901, Mee« 
e.01 0{ babe 

FIGURE 12.23 1.2KW, 60V REGULATED DC POWER SUPPLY 
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Load 
Voltage 
volts DC 

Ripple - 120 Hz 
millivolts 

peak-to-peak 

 Response Time 
milliseconds 

Load Regulation 
Percentage 

Ti 
Ratio 

10 40 at 2.5 Amps IL 
70 at 20 Amps IL 

100 - 2.5 to 20 Amps 
100 - 20 to 2.5 Amps 

2% for 2 to 10 Amps IL 
.03% for 10 to 20 Amps IL 

4:1 

15 60 at 2.5 Amps IL 
360 at 15 Amps IL — — 

4:1 

20 40 at 2 Amps IL 
880 at 20 Amps IL 

200 - 2 to 8 Amps IL 
150 - 8 to 2 Amps IL 
No Check for VLine 

1% for 2 to 8 Amps IL 
2% for 8 to 20 Amps IL 
= 1/2% for =15% Swing in 
VLino at input to T 
10 Amp Load 

4:1 

25 800 at 20 Amps 
— 

2% for 2.5 to 10 Amps IL 
1% for 10 to 20 Amps Ii. 

21 

40 700 at 20 Amps 200 - 3 to 20 Amp IL 1/2% for 3 to 20 Amps IL 
1/2% for 3 to 8 Amps IL 

21 

50 200 at 10 Amps — =0.4% for =15% Swing in- 
VLine at input to T 
IL = 10 Amps 

21 

60 500 at 20 Amps 
280 at 12 Amps 

150 - 2.5 to 12 Amps IL 
75 - 12 to 20 Amps IL 

2% for 2.5 to 12 Amps IL 
1.5% for 12 to 20 Amps IL 

21 

FIGURE 12.24 PERFORMANCE OF CIRCUIT OF FIGURE 12.23 

Figure 12.24 shows the performance of the supply. The output voltage 
is adjustable between 7 and 21 volts, or 21 and 60 volts by changing the 
turns ratio of T5; with a maximum load of 20 amperes in each range. The 
response time could be reduced, if desired, at the expense of increased ripple. 

12.5.7 Fan and Coil, 3 Ampere Blower Speed Control, 
Temperature Regulator 

The system of Figure 12.25 illustrates a concept whereby a blower load 
is phase-controlled as a means of regulating temperature, the power to create 
the temperature being derived from an external source not included in the 
system. This regulator may be used with systems which have a single blower 
to regulate both room heating and cooling. 

Triac Qi supplies the power to the blower motor. This in turn changes 
the room temperature, KE+N, which is monitored by the feedback thermis-
tor T.. The feedback signal is then compared in the unijunction error detec-
tor with reference R5 and the resulting error fed to triac Q. 

It should be recognized that the KE+N, being temperature, has again a 
long averaging time constant compared to the switching frequency of the 
triac. The actual speed of the motor is of minor importance since it is in-
cluded within the closed loop. 

Again the feedback elements, reference, and error detector are located 
inside the dotted block. Note that this circuit utilizes ramp and pedestal con-
trol. Also note that Z1, common voltage points, and a unijunction are used 
for stability against voltage and temperature variations. The operation of the 
dotted block is very similar to Figure 12.15, however it also incorporates 
some additional features. Note the thermistor I', and the transistor flip-flop 
consisting of Q2 and Q. This combination senses the water temperature 
(when water is used as a medium to both heat and cool a room) to give the 
proper "sense" to the blower, i.e., to give the blower more or less speed as 
proves necessary to regulate room temperature under heating or cooling 
conditions. 

Note also Rn, D7, D8 and C4. These components provide a minimum 
speed below which the blower will not be requested to function. This is use-

287 



SCR MANUAL 

ful if a gentle circulation of air is required at all times or if the motor bear-
ings will not allow motor operation below a minimum speed. 

The combination of L1, C1, C 2 and R1 also provide an interesting feature 
of this circuit. This combination is used to reduce the rate of rise of voltage 
and current in the circuit thereby suppressing the possibility of the triac fail-
ing to commutate. This combination also suppresses radio frequency interfer-
ence. These two considerations are discussed in Chapters 9 and 16 respec-
tively. 

The dotted block is capable of controlling temperature to -±-3% of 
thermistor resistance throughout a ±10 % variation in line voltage. 

RI- 6212 R9- 3.31( 
R2- 4.7612,4W RIO- 4.760 
R3- lea RH-1000,1/2W 
R4- 51(12 POT, I/2W RID- IRO 
RS 51(0 POT, I/2W Ch.0.22$7111,200V 

Re- 3.3611 .05pfd, 200V 

Ri-5KO PDT, I/2W CS - 0414,50V 
Re -22611 C47. 0.1011,50V 

04 

Ii 
01 THRU D4 -GE 611616PBILAJI 
05 THRU 08- GE Al3F 
01- GE SC4113 
02,03 - GE 2N2712 
04- GE 2712646 610% UNLESS OTHERWISE SPECIFIED. 

21- GE Z4XL 20 

Te -GE 11603, 56 25°C THERMISTOR 
To -GE 10103,56025*C THERMISTOR 

MI - 3 AMP SHADED POLE MOTOR 
TI - SPRAGUE 11212 PULSE TRANSFORMER 

NOTE: ALL RESISTANCES 1/2 W, 

FIGURE 12.25 FAN AND COIL, 3 AMP BLOWER SPEED CONTROL, TEMPERATURE 
REGULATOR 
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13 LIGHT ACTIVATED 

THYRISTOR APPLICATIONS 

Light and similar forms of radiant energy are increasingly being used in 
conjunction with solid state devices. The use of light offers a convenient 
method for sensing the absence or presence of an opaque object and for 
achieving electrical isolation. These features are useful in the control of 
power devices and will be discussed in this chapter. Opto-electronic devices 
also find usage in communications, detection and other applications beyond 
the scope of this Manual. 

13.1 LIGHT ACTIVATED SEMICONDUCTORS 
There are many types of devices available for converting radiant energy 

into electrical information. Such information may be in the form of a variable 
resistance as in the photo conductors of cadmium sulphide, cadmium selenide 
and lead sulphide. Other types of devices convert radiant energy into a cur-
rent and voltage. Devices of this type include selenium, silicon and germa-
nium photovoltaic devices. Junction semiconductor devices are also used as 
radiant energy sensors. These include photo diodes, phototransistors and 
light activated PNPN devices. 

Radiant energy incident on silicon will create hole-electron pairs. If 
there is an electric field present, a current will flow. In phototransistors and 
PNPN devices, this current acts like a base current or gate current to activate 
the device. This type of light sensor is the only type to be discussed here. 

13.1.1 Light Activated SCR (LASCR) 

The General Electric Light Activated SCR is similar to the C5 type of 
SCR except that there is a glass window on top of the can (see Fig. 13.1a). 
The LASCR may be triggered on by means of a light incident on this win-
dow or in the normal manner at the gate. In other respects the operation is 
the same as the conventional SCR. The construction of the LASCR pellet is 
similar to that of conventional SCR's (see Fig. 13.1b). The device is capable 
of handling up to 1.6 amperes of current and of blocking up to 200 volts. 
The high gain of this PNPN device allows the small amount of power avail-
able in the incident light to switch large amounts of power directly. 

13.1.2 Light Activated Silicon Controlled Switch (LASCS) 
The General Electric Company Light Activated Silicon Controlled 

Switch is similar to the 3N80 series silicon controlled switch. The principal 
difference is that the metal can has a lens on top for triggering the LASCS 
with light. The LASCS performs as a conventional PNPN device. It is ,con-
structed, however, using planar transistor technology (see Fig. 13.1c). For 
greater flexibility in designing circuits, the anode gate lead has been pro-
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LIGHT 
II 

GATE 
ELECTRODE 

SCATTER LIGHT 
FROM CASE 

GATE 
LEAD 

HERMETIC 
SEAL 

WELDED 
MAIN SEAL 

LIGHT SENSITIVE 
AREA 

ANODE 

GATE 

(a) LASCR CONSTRUCTION 

DIRECT LIGHT 

GLASS 
TOP 

CATHODE LEAD 

HERMATIC SEAL 

SILICON PELLET 

CATHODE 
GATE 

CATHODE ANODE 4 2 I CATHODE 
ELECTRODE e— NEGATIVE  (4) 

APPLIED 
Ji FORWARD 

VOLTAGE 

J3 POSITIVE 

ANODE ELECTRODE, CASE + HEATSINK 

CATHODE 
GATE 

CATHODE 

(b) LASCR PELLET AND SYMBOL 

FIGURE 13.1 CONSTRUCTION METHODS 

3 ANODE 
GATE 

ANODE 

CATHODE 

ANODE 
GATE 

(c/LASCS PELLET AND SYMBOL 

vided, which is not normally available in SCR's. This device offers an eco-
nomical method for switching up to 175mA and 40 volts with low light levels. 

13.1.3 Photo Transistors 

The cui rent between the collector and the emitter of a photo transistor 
can be controlled by the light incident on the device. The effect of the inci-
dent light is similar to the effect of base current in the device. The photo 
transistor differs from an LASCR or an LASCS in that the photo transistor 
has a proportional response to light whereas the latter two devices operate as 
switches and can only be triggered completely on with light. The General 
Electric 14A502 photo transistor is a device similar to the 2N930 transistor 
with a lens in the top of the transistor can. This device is a high-gain, low-
current, planar transistor. It can be used with the base open or with a resistor 
between base and emitter to adjust the sensitivity of the device. 
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13.2 SPECIFICATIONS OF LIGHT INTENSITY* 
In order to apply these devices, it is necessary to know if a given source 

at a known distance will cause the desired response in a sensor. This is a 
function of the characteristics and intensity of the light, the response of 
sensor to that type of light, and the physical relationship and optical coupling 
between the source and sensor. The output of most sources is specified in 
terms of visible light. There is no general relationship between visible light 
and the effect of the radiation on a sensor. 

*see application Note 200.34 for more detailed discussion of this subject and applications of the 
LASCR. 

ULTRAVIOLET I VISIBLE I INFRARED 
RADIATION LIGHT RADIATION 

1.0 

0.9 

- 0.8 

0.7 

7 
I-
a. 0.6 

a 0.5 
04 

w 0.3 cc 

0.2 

0.1 

o 

1.0 

0.9 

.7e 0.8 ›-

0.7 

O 0.6 

cc 0.5 

> • 0.4 

w 03 

23- 0.2 

0.1 

o 

NEON 
LAMP 

TUNGSTEN 
LAMP 

3400°K 

LIGHT EMITTING 
"1- DIODE (LED II) 

2500°K 

‘. 1 1 1 1  

02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
WAVE LENGTH - ( X - MICRONS 

EYE 

LASCR 

LASCS 41V 14A502 
PHOTO TRANSISTOR 

012 0.4 0.6 0.8 1.0 1.2 11.4 11.6 11.8 
1  

WAVE LENGTH - ( X) - MICRONS 

FICURE.13.2 SPECTRAL DISTRIBUTIONS 
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13.2.1 Characteristics of Sources and Sensors 
Most people learn in high school physics that light is a form of electro-

magnetic radiation. Electromagnetic radiation is characterized by its fre-
quency (or more commonly in the case of light, wave length), magnitude and 
direction. Sources vary greatly in the components of frequency in their out-
put. Figure 13.2a shows the spectral distribution of some of the more com-
mon types of light sources. The characteristics of the light from a tungsten 
lamp are a function of the color temperature of that lamp. The color temper-
ature depends upon the type of lamp and upon the applied voltage. 

The effect of electromagnetic radiation on a sensor depends upon the 
wave length of the radiation. The relative effect of radiation of different wave 
lengths upon the eye and upon several types of silicon semiconductor sensors 
is shown in Fig. 13.2b. The eye responds to shorter wave lengths than do 
silicon devices. By comparing Fig. 13.2a and 13.2b, it can be seen that most 
of the radiation emitted by a tungsten lamp is not visible. Hence, it is impor-
tant to note that the amount of visible light produced by a source does not 
reveal how effective this source will be upon a silicon sensor. 

13.2.2 Definition of Light Intensity 
The intensity of electromagnetic radiation incident on a surface is called 

irradiance (H). Its dimensions are watts/square centimeter. Since any type of 
electromagnetic radiation has a spectral distribution, it is also reasonable to 
define the irradiance per unit of wave length (HA). HA is a function of the 
wave length. By definition then, 

H = f HA (IA 
YA is the relative response of a sensor to electromagnetic radiation at 

any given wave length. The effect of a particular wave length from a light 
source on a given sensor is the product HA YA. The effect of radiation on a 
sensor is additive so that to determine the total effect of a particular source 
on a particular sensor, it is necessary to add the HA YA products for all wave 
lengths of interest. Or, 

HE = f Fix YA dA 

0.07 

0.04 

0.01 

MOO 2000 2200 2•00 MOO 2000 1000 =0 3•00 

COle TEMPERAYUPE.CT, •K 71MIGSTEM LINO ONLY 

FIGURE 13.3 LASCR EFFECTIVE IRRADIANCE PER FOOTCANDLE FOR A TUNGSTEN LAMP VS COLOR TEMPERATURE 
HE is called effective irradiance. 

The definition of light is the effective irradiance on the human eye. The 
amount of light incident on a surface, or the illuminance (E), is given by the 
following equation: 

E = KfH,‘ YA dÀ. 
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YA in this case is the relative spectral response of the human eye as 
shown in Fig. 13.2b. K is a proportionality constant depending on the desired 
units. To get E in the units of foot candles, where H is given in terms of 
watts per square centimeter, K is equal to 6.35 x 105. 

Effective irradiance is used in specifying the LASCR and LASCS. The 
response of these devices versus wave length is provided on the specification 
sheet so that effective irradiance can be calculated if the characteristics of 
the light source is known. The effective irradiance to trigger (HET) is the 
minimum amount of effective irradiance that will trigger these devices into 
conduction. 

13.2.3 Design Procedures 
For a source with a given spectral distribution, there is a definite rela-

tionship between the illuminance (light) and the effective irradiance on a 
sensor. This ratio has been determined for the combination of a tungsten 
lamp and an LASCR and is given in Fig. 13.3 as a function of the color tem-
perature of the lamp. 

The irradiance on a device varies inversely with the square of the distance 
between a point source and the device. The devices are most sensitive if the 
lens in the cap is pointed directly at the source. The relative response for 
other angles is given on the specification sheets of the devices. As an exam-
ple, let us calculate the effective irradiance on an LASCR 6 inches from a 
point source emitting 100 candle power at a 2500°k color temperature. As-
sume the LASCR is perfectly aligned with the source. At .5 feet the light 
intensity is 

100 candlepower  
E = = 400 ft/candles 

The conversion factor from E to HE at 2500°k from Fig. 3 is .023 mW/ 
centimeter squared foot candles. This means that 

HE = E x.023 = 400 x .023 = 9.2 mW/cm2 
This amount of light would be adequate to trigger all L9 LASCR's which are 
specified at a minimum HET of 4.2mW/centimeter squared. 

13.2 4 Effective Irradiance to Trigger 
HET varies depending on how the device is applied in a circuit. Parameters 

that affect gate trigger current or base current affect HET in a similar manner. 
Increases in voltage, temperature or RGE will reduce HET and also the re-
quired irradiance to produce a given current in a phototransistor. 

Resistor RGE is almost always used with the LASCR and LASCS. Its 
purpose is to prevent the devices from being triggered by leakage current 
and to hold the sensitivity to "rate effect" triggering to a reasonable level. 
This resistor is particularly important in elevated temperature applications. 

Replacing RGE with an inductor (approximately 1 henry) makes the 
LASCR and LASCS sensitive to rate of rise of light intensity rather than 
absolute value. After triggering, the holding current of the device will in-
crease as the current in the inductor increases. If the holding current becomes 
greater than the anode load current, the device turns off. The ringing caused 
by capacitance in parallel with the inductor will sometimes cause the device 
to turn back on at a later time. An inductor with a high L/R ratio can reduce 
turn-off time of the thyristor by maintaining negative gate current during the 
commutating interval. 
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Using a capacitor in parallel with RGK makes the device sensitive to the 
time average of the applied light. This capacitor also causes an increase in 
turn-off time. A large capacitor (50 mfd) can extend turn-off time to about 
10 milliseconds, hence can produce a latching action in 60 Hertz, half-wave 
circuits. 

13.3 APPLICATIONS 

13.3.1 
The combination of an LASCR or a LASCS with a lamp is close to being 

the semiconductor analog of an electromechanical relay. This combination 
offers complete electrical isolation between input and output and an excellent 
current carrying capability. These are two characteristics that make a relay 
so useful. In addition, this combination offers the other solid state virtues of 
long life, microsecond response, freedom from contact bounce and small size. 
Fig. 13.4 depicts some basic LASCR relay configurations. Fig. 13.4a shows 

DIODE FOR INDUCTIVE LOADS 
r - - 

AC OR CC AC OR DC 
INPUT DC INPUT AC 

(a) DC LATCHING RELAY 

AC OR DC 
INPUT 

(b) AC NON LATCHING RELAY 

(a) AC OR DC CONTACT 

- AC 

ALTERNATE LOAD 
POSITION (AC) 

(d) ALTERNATE AC CONTACT 

FIGURE 13.4 LASCR RELAY CONFIGURATIONS 
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the LASCR used with a DC power supply. If the LASCR is off and the lamp 
is not energized, the load will see what appears to be an open circuit. When 
the input lamp is energized, the LASCR will switch into conduction so that 
there is approximately 1 volt drop across it. When the lamp is shut off, the 
LASCR will remain latched on and must be reset externally. 

Fig. 13.4b shows the same circuit with an AC power supply. Since the 
LASCR will not conduct when its anode is negative with respect to the cath-
ode, the current through the load will be halfwave rectified. The current 
through the load will flow only when the lamp is energized. The LASCR will 
reset during the negative half of the AC cycle. The free-wheeling diode 
shown in this circuit is used with inductive loads, such as relays or solenoids, 
to provide a smoother load current and reduce chattering. 

A nonlatching circuit for driving DC loads is shown in Fig. 13.4e. In 
this circuit fullwave rectified AC is applied to the LASCR and the load. The 
LASCR will reset when the voltage applied to the load goes to zero. This 
circuit is therefore nonlatching. Care should be taken when using this circuit 
with inductive loads since difficulty in LASCR commutation may be en-
countered. By placing the load in the alternate position shown, full wave AC 
power will be applied to it when the lamp is energized. An alternate method 
of driving an AC load is shown in Fig. 13.4d. The electrical isolation of the 
optical coupling allows the two LASCR's to be used in the inverse-parallel 
connection. A possible difficulty with this circuit is that a light level between 
the sensitivity of the two devices may cause one device to turn on and not 
the other thereby causing a DC component of current to flow through the 
load. 

13.3.2 Triggering Higher Power SCR's 

The power handling ability of any of the preceding circuits may be in-
creased by using the LASCR or LASCS as a gate amplifier to trigger a larger 
SCR (Fig. 13.5a). Repositioning the light sensitive device with respect to the 
driven SCR (Fig. 13.5b) converts the circuit into the equivalent of a normally 
closed relay contact. This is a useful configuration in many monitoring and 
alarm circuits requiring the load to be energized in the absence of light. 

(a) NORMALLY OFF SCR 

R1 

\\ 
LASCR 
OR 

LASCS 

R 

(b) NORMALLY ON SCR 

FIGURE 13.5 TRIGGERING HIGH CURRENT SCR'S 
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If the voltage applied to the load and the LASCR is greater than the 
voltage rating of the LASCR, an LASCS or an LASCR can be used to trigger 
a higher voltage SCR. The circuit for doing this is shown in Fig. 13.6. If DC 

A.C. OR D.C. 
POWER 

FIGURE 13.6 USE OF LASCR TO TRIGGER HIGHER POWER SCR'S 

power is used (or if AC power and a pulsed light), the capacitor indicated 
will allow larger resistance values to be used for resistors RI and R2 by fur-
nishing the necessary trigger current pulse for the SCR. If AC power is used, 
when a steady light is applied to the light sensitive device, a charge cannot 
build up on the capacitor so that it does not aid triggering. In this case R1 
must be small enough to provide adequate trigger current for the SCR and 
large enough so that the gate current rating of the SCR is not exceeded. 

For triggering very high voltage loads, series connections of SCR's are 
used. The circuit shown in Fig. 13.7 illustrates how the electrical isolation of 

HIGH VOLTAGE 
D.C. 
o 

FIGURE 13.7 USE OF LASCR'S TO TRIGGER SERIES CONNECTED SCR'S 

the LASCS or the LASCR can be used to good advantage. This circuit is 
capable of blocking voltages equal to the sum of the voltage ratings of the 
three SCR's. See Application Note 200.40 for a detailed explanation. 

13.3.3 Logic Circuits 

The binary nature of the LASCS and the LASCR makes them ideal ele-
ments for use in opto-electronic logic circuitry. Fig. 13.8 illustrates some of 
the common logic functions that can be implemented with these devices. 
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LASCS 
OR 

LASCR SUPPLY 

LASCS 
OR 

LASCR 

(a) "AND" CIRCUIT 

LASCRI 

(c) FLIP FLOP 

FIGURE 13.8 OPTO-ELECTRONIC 

13.3.4 Single Shots 
The circuits in Fig. 13.9 and 13.10 

are light triggered single shots. In 

Fig. 1:3.9, the unijunction transistor 
triggers approximately .6 sec after a 
pase of light turns on the LASCR. 
If the pulse of light has ended, the 
LASCR will turn off. If the light is still 
on the unijunction will operate as a 
relaxation oscillator. It will turn the 
LASCR off the first time it fires after the 
light is removed. When the LASCR is 
off, the high resistance in series with 
the capacitor prevents the unijunction 
from oscillating. 

(b) "OR" CIRCUIT 

D.C. SUPPLY 

INPUT TO LASCR 
TURNS ON LOAD 
INPUT TO LASCR 2 
TURNS ON LOAD 2 
RESETS LASCR 

MAKE R C ≥ 100p. 

LOGIC CIRCUITS 

FIGURE 13.9 SELF CLEANING SINGLE SNOT 
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In the circuit shown in Fig. 13.10, with no light applied to the LASCR, 
the 3N81 silicon controlled switch is in the conducting state. When a short 
pulse of light is applied to the LASCR, it is turned on and the SCS is com-
mutated off through the one microfarad capacitor. At the same time, the 
voltage at the junction of the four microfarad capacitor and the 220k resistor 
is pulled negative. This voltage gradually goes positive due to the charging 
action of the 220k resistor. After approximately .6 of a second the SCS is 
turned on. This in turn commutates off the LASCR. 

This circuit is useful for detecting the presence of pulses of light that 
last longer than some minimum time. If the pulses last longer than 0.6 sec, 
the LASCR will remain in the conducting state. 

20V 
SCS 
3N8I 

FIGURE 13.10 SINGLE SHOT AND PULSE WIDTH SENSOR 

13.3.5 Light Interruption Detector 

When the light incident on the LASCS in Fig. 13.11 is interrupted, this 
allows the voltage at the anode to the 2N4990 unilateral switch to go positive 
on the next positive cycle of the power and trigger the switch and the C5 
SCR when the switching voltage of the unilateral switch is reached. This will 
cause the load to be energized for as long as light is not incident on the 
LASCS. 

115 V, 60Hz 

FIGURE 13.11 LIGHT INTERRUPTION DETECTOR 
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The unilateral switch allows higher power SCR's with their higher gate 
triggering currents to be used while holding the power in the 18ka resistor 
to a reasonable value. The charge in the capacitor provides a pulse of current 
adequate to trigger high current SCR's. 

115V, 60Hz 115V, 60Hz 

(o) LIGHT PRESENCE DETECTOR (b) LIGHT ABSENCE DETECTOR 

FIGURE 13.12 HIGHER SENSITIVITY CIRCUITS 

13.3.6 Higher Sensitivity Light Detectors 

The 14A502 phototransistor and a unijunction transistor in combination 
allow much lower levels of light to be detected. Fig. 13.12 shows how this 
can be done. In Fig. 13.12a when the phototransistor has light incident upon 
it, the unijunction will oscillate as a relaxation oscillator. Since its frequency 
is considerably higher than 60 Hz, the C106 SCR is turned on early in the 
positive half of every cycle. The circuit in Fig. 13.12b energizes the load 
when light is removed from the phototransistor. In this circuit when the 
phototransistor is dark, the unijunction operates as a relaxation oscillator and 
energizes the load on positive half cycles. 

13.3.7 "Slave" Electronic Flash 

There is a need, in the photographic industry, for a fast photo-sensitive 
switch capable of triggering the "slave" flash units used extensively in multi-
ple-light-source high speed photography. Fig. 21 shows how an industry-
standard flashgun circuit can be modified with an LASCR to serve as a fast 
acting slave unit. With switch Si closed, capacitor C1 charges to 300 volts 
through RI, and capacitor C2, charges to approximately 200 volts through 
R2 and Ra. When the master flashgun fires (triggered by the flash con-
tacts on the camera) its light output triggers LASCR1, which then dis-
charges capacitor C2 into the primary winding of transformer T1. Its sec-
ondary puts out a high voltage pulse to trigger the flashtube. The fiashtube 
discharges capacitor C1, while the resonant action between C2 and T1 reverse 
biases LASCRI for positive turn-off. With the intense instantaneous light 
energy available from present-day electronic flash units, the speed of response 
of the LASCR is easily in the low microsecond region, leading to perfect syn-
chronization between master and slave. 

High levels of ambient light can also trigger the LASCR when a resistor 
is used between gate and cathode. Although this resistance could be made 
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adjustable to compensate for ambient light, the best solution is to use an in-
ductance (at least one henry) which will appear as a low impedance to am-
bient light and as a very high impedance to a flash. 

R1 810 OHMS 2W 

R2 
-r 

300 V DC 
SOURCE 

Cl 

1000p. F 

R 3 
1.8M 

1M 

UTC NO. PF7 

TI 

- C2 
0.22F 

\'4 

R4 
56K 

LASCR1 
L 8 B 

FIGURE 13.13 SLAVE FLASH 

G -E 
FT-106 
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1 PROTECTING THE THYRISTOR AGAINST 
OVERLOADS AND FAULTS 

Satisfactory operation of thyristor circuits and the equipment in which 
they operate often depends heavily on the ability of the system to survive 
unusual over-current conditions. One obvious answer to this requirement, 
not usually an economical one, although one that is becoming more reason-
able with the decreasing costs of semiconductors, is to design the system to 
withstand the worst fault currents on a steady-state basis. This requires 
semiconductors and associated components that are rated many times the 
normal load requirements. Where this approach is not possible because of 
economics or other factors, an adequate overcurrent protective system is 
usually used. 

14.1 WHY PROTECTION? 

The functions of an overcurrent protective system are any or all of the 
following: 

1. To limit the duration of overloads and the frequency of application 
of overloads. 

2. To limit the duration and magnitude of short circuits. 
3. To limit the duration and magnitude of fault currents due to shorted 

semiconductor cells.' 
The objective of these functions is to safeguard not only semiconductor 

components but also the associated electrical devices and buswork in the 
equipment from excessive heating and magnetic stresses. The trend toward 
high capacity systems feeding electronic converter equipment often results 
in extremely high available fault currents. Since both heating and magnetic 
stresses in linear circuit elements respond to the square of the current, the 
importance of adequate protection in "stiff" systems is self-evident. 

Elaborating on function No. 3 above, thyristors as well as diode recti-
fiers may fail by shorting rather than by opening. In many circuits such a 
device fault results in a direct short from line to line through the low forward 
resistance of the good devices in adjacent legs during at least part of the 

SHORTED 

CELL 

a 0000 
CELL 

FIGURE 14.1 ARROWS INDICATE FLOW OF FAULT CURRENT THROUGH GOOD 
DEVICE AFTER ADJACENT LEG HAS SHORTED. LOAD RESISTANCE DOES NOT LIMIT 
CURRENT. 
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cycle. See Figure 14.1 where the diode symbol is used to represent both 
SCR's and diodes for the sake of generalization. Under these circumstances, 
a protective system functions either to shut the entire supply down, or to 
isolate the shorted device in order to permit continuity of operation. This will 
be discussed at greater length later. 

It is difficult to make broad recommendations for overcurrent protection 
since the concept of satisfactory operation means different levels of reliability 
in different applications. The selection of a protective system should be 
based on such individual factors as: 

1. The degree of system reliability expected 
2. The need or lack of need for continuity of operation if a semicon-

ductor fails. 
3. Whether or not good semiconductor cells are expendable in the 

event of a fault. 
4. The possibility of load faults. 
5. The magnitude and rate of rise of available fault current. 
Depending upon the application, these various factors will carry more 

or less weight. As the investment in semiconductors increases for a specific 
piece of equipment, or as an increasing number of components in a circuit 
increases the possibility of a single failure, or as continuity of operation 
becomes more essential, more elaborate protective systems are justified. On 
the other hand, in a low-cost circuit where continuity of operation is not 
absolutely essential, economy type semiconductors may be considered ex-
pendable and a branch circuit fuse in the AC line may be all that is needed, 
or justified, for isolation of the circuit on faults, allowing semiconductor 
components to fail during the interval until the protection functions. In 
other designs, the most practical and economical solution may lie in over-
designing the current carrying capability of the semiconductors so that con-
ventional fuses or circuit breakers will protect the semiconductors against 
such faults. 

It is therefore reasonable that each circuit designer rather than the semi-
conductor component manufacturer decide precisely what level of protection 
is required for a specified circuit. Once the specific requirements are de-
termined the component manufacturer can recommend means of attaining 
these specific objectives. This chapter is prepared to assist the circuit 
designer in determining his protection requirements, and then to select 
satisfactory means of meeting these requirements. 

14.2 OVERCURRENT PROTECTIVE ELEMENTS 

The main protective elements can be divided into two general classes. 
One class consists of those devices which protect by interrupting or prevent-
ing current flow, and the other class consists of those elements which limit 
the magnitude or rate of rise of current flow by virtue of their impedance. 

Among the elements in the first class are: 
1. The AC circuit breaker or fuse which disconnects the entire circuit 

from the supply. 
2. The cell fuse or breaker which isolates faulted semiconductor cells. 
3. Load breakers or fuses which isolate load faults from the equipment 

or a faulted cell from DC feedback from the load or parallel con-
verter equipments. 
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4. Current limiting fuses and SCR circuit breakers. 
5. Gate blocking of SCR's to interrupt overcurrent. 
(The internal fusing characteristics of commercial semiconductors are 

generally not predictable nor reliable enough to be used as protective 
elements in practical circuits, even though internal leads may burn open 
under severe fault currents before regular protective elements function. 
Long before this however, the associated junction will have been per-
manently damaged to a shorted condition.) 

Among the elements of the second class which limit magnitude or 
rate-of-rise of current are: 

1. Source impedance. 
2. Transformer impedance. 
3. Inductance and resistance of the load circuit. 
Throughout this discussion it is well to bear in mind that circuit 

interrupting devices that are tripped by magnetic circuits, such as solenoids 
in fast-acting breakers and interrupting devices that are tripped by thermal 
means, such as fuses or breakers with thermal overloads, all react to the 
RMS value of the current. The semiconductor itself reacts essentially to 
heating, but having a non-linear resistance, it heats proportional to a cur-
rent value somewhere between the RMS and average value. The consider-
able difference that may occur between these respective values of current in 
rectifier circuits is of particular importance in co-ordinating protective 
elements with one another and with the semiconductors. 

14.3 CO-ORDINATION OF PROTECTIVE ELEMENTS 

Depending upon their complexity and the degree of protection desired, 
converter circuits include one or more of the various interrupting devices 
listed above. Functioning of these devices must be co-ordinated with the 
semiconductor and with each other so that the over-all protection objectives 
are met. Fuses or breakers must interrupt fault currents before semiconductor 
cells are destroyed. In isolating defective semiconductors from the rest of 
the equipment, only the fuse or breaker in series with a defective semi-
conductor cell should open. Other fuses and breakers in the circuit should 
remain unaffected. On the other hand, when a load fault occurs, main 
breakers or fuses should function before any of the semiconductor cell-
isolating fuses or breakers function. This fault discriminating action is often 
referred to as selectivity. In addition, the voltage surges developed across 
semiconductors during operation of protective devices should not exceed 
the transient reverse voltage rating of these devices. More complex protective 
systems require meeting additional co-ordinating criteria. The example of a 
protection system and its associated co-ordination chart described later in 
this discussion illustrates some of the basic principles of co-ordination for 
both overloads and stiff short circuits. 

The magnitude and waveshape of fault and overload currents vary with 
the circuit configuration, the type of fault, and the size and location of cir-
cuit impedances. Fault currents under various conditions can generally be 
estimated by analytical means. References 1, 2, and 3 show analytical 
methods for calculating fault currents for generally encountered rectifier 
circuits. 
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For overloads on rectifier or inverter circuits where the current is 
limited to a value which the semiconductors can withstand for roughly 50 
milliseconds, conventional circuit interrupting devices like circuit breakers 
and fuses can usually be used satisfactorily for protection. This type of over-
load can be expected where a sizeable filter choke in the load or a "weak" 
line limits the magnitude or rate of rise of current significantly or where 
semiconductor components are substantially oversized. By placing the circuit 
breaker or fuse in the line ahead of the semiconductors, the protective device 
can be designed to isolate the entire circuit from the supply source when-
ever the line current exceeds a predetermined level which approaches the 
maximum rating of the semiconductors for that duration of fault. 

For time intervals greater than approximately 0.001 second after appli-
cation of a repetitive overload, the thyristor rating for co-ordination pur-
poses is determined by the methods discussed in Section 3.6. If the over-
load being considered is of a type that is expected only rarely (no more than 
100 times in the life of the equipment), additional semiconductor rating for 
overload intervals of one second and less can be secured by use of the surge 
curve and Pt rating for the specific device being considered. 

The surge characteristic is expressed as the peak value of a half-sine 
wave of current versus the number of cycles that the semiconductor can 
handle this surge concurrent with its maximum voltage, current, and junc-
tion temperature ratings. In circuits that do not impose a half-sine wave of 
fault current on the semiconductors, the surge curve can be converted into 
current values that represent the particular waveshape being encountered. 
The surge curve for the semiconductor can be converted to different wave-
shapes or different frequencies in an approximate, yet conservative, manner 
for this time range by maintaining equivalent RMS values of current for a 
specific time interval. For example, the peak half-sine wave surge current 
rating of the C35 SCR for 10 cycles on a 60 Hz base is shown on the spec 
sheet to be 88 amperes. For a half-sine waveshape, the RMS value of cur-
rent over the complete cycle is one-half the peak value, or 44 amperes. To 
convert this to average cell current in a three-phase bridge feeding an 
inductive load (120-degree conduction angle), divide this RMS value by 
V-57(44 ÷ V-F-= 25.4 amps). To determine the total load current rating for a 
bridge using this cell, multiply the average cell current by 3. (25.4 x 3 = 
76.2 amps). 

14.4 PROTECTING CIRCUITS OPERATING ON STIFF POWER SYSTEMS 

Conventional circuit breakers and fuses can be designed to provide 
adequate protection when fault currents are limited by circuit impedance 
to values within the semiconductor ratings up to the time when these pro-
tective devices can function. However, circuits requiring good voltage regu-
lation or high efficiency will usually not tolerate high enough values of series 
impedance to limit fault currents to such low values unless substantially 
oversized semiconductors are used. When a fault occurs in a circuit without 
current limiting impedance, current will develop in a shape similar to the 
dashed line in Figure 14.2. Its rate of rise is limited by the inductance 
inherent in even the stiffest practical systems. If the peak available current 
substantially exceeds the semiconductor ratings, and if it is permitted to 
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flow in the circuit, the semiconductor would be destroyed before the cur-
rent reaches this first peak. Conventional circuit breakers and fuses will not 
function quickly enough. Instead, so-called "current limiting" fuses which 
melt extremely fast at high levels of current are used. Alternately, "elec-
tronic circuit breakers" of the type discussed in Section 8.8 can be designed 
for this purpose. 

PEAK 
AVAILABLE 

\ CURRENT 

PE AK LET-THRU 

(D CURRENT 

MAX di/01 

FIGURE 14.2 LIMITING ACTION OF CURRENT LIMITING FUSE 

The action of a typical current limiting fuse is indicated in Figure 14.2. 
Melting of the fuse occurs at point A. Depending on the fuse design and the 
circuit, the current may continue to rise somewhat further to point B, the 
peak let-thru current. Beyond this point the impedance of the arcing fuse 
forces the fault current down to zero at some point C. A satisfactory current 
limiting fuse will have an arcing time approximately equal to the melting 
time. If the fuse interrupts fault current too quickly, the high rate of change 
of current (di/dt) will induce levels of transient voltage in the circuit in-
ductances that can destroy semiconductors. For this same reason, it is not 
wise to use any higher voltage fuse rating than is required by the supply 
voltage. Surplus voltage rating of a fuse over the circuit voltage can lead to 
unnecessarily abrupt arc-quenching with resultant destructive voltage tran-
sients. However, the current interrupting rating of the fuse should be ample 
for the maximum available current to be expected. 

Since the buildup of current is so rapid and since the current amplitude 
is so high in a circuit with low impedance, additional phases and circuit 
legs usually help very little in increasing the fault current capacity of a cir-
cuit because permanent damage may be done before commutation to 
another leg can occur. For conservative design, all fault current on stiff 
faults should be considered to flow through only one leg, dividing only be-
tween the parallel cells in that particular leg. 

Both current limiting fuses4.5 and semiconductors with uniform current 
distribution across their junctions" exhibit ability to withstand essentially 
constant fi2dt below approximately one cycle (i=instantaneous current, t= 
time). This fortunate circumstance provides a simple tool for co-ordinating 
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current limiting fuses and semiconductors in this difficult-to-define area 
below one cycle. The necessity of calculating fault currents in this region 
for co-ordination purposes is thereby largely eliminated. If the interrupting 
or clearing Pt rating of a fuse is lower than the Pt rating of the semi-
conductor in series with it, the fuse will interrupt fault current before the 
semiconductor fails regardless of current magnitude or rate of rise in the 
subcycle region. 

Several fuse manufacturers now publish maximum clearing Pt data on 
their current limiting fuses. However, where manufacturers do not publish 
Pt ratings for their current limiting fuses, the clearing Pt to melting can be 
approximated from the melting time-current characteristics of the fuse. 
Figure 14.3 illustrates the characteristics of a line of current limiting fuses 
manufactured by the Chase-Shawmut Company, Newburyport, Massa-
chusetts. The melting Pt of the 30-ampere fuse, for example, can be approx-
imated by squaring the current value at 0.01 second and multiplying it by 
the time (902x.01 second =81 amp2-seconds). If the fuse co-ordination is 
critical in a particular application, the manufacturing tolerance should be 
factored into the current or time values used to determine melting I2t. 
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FIGURE 14.3 FORM 101 AMP-TRAP CHARACTERISTIC CURVES, MELTING TIME 
VS. CURRENT, 1 TO 30 AMPERE CARTRIDGE SIZE, 250 VOLT--TYPE 1. 

The arcing Pt of satisfactory current limiting fuses will not exceed twice 
the melting Pt, and total clearing Pt will therefore not exceed three times 
the melting Pt. In the above example, maximum clearing I2t will not exceed 
3 x 81=243 ampere2-seconds for the 30-ampere Form 101 Amp-Trap fuse. 
It is interesting to note that Chase-Shawmut specifies 240 ampere2-seconds 
for this fuse. In practice, this type of approximation should only be used 
when specific Pt data is not available from the fuse manufacturer. 

The minimum Pt rating of the semiconductor is specified by the semi-
conductor manufacturer. Depending on the semiconductor design, the Pt 
rating may vary with initial junction temperature and may depend on 
whether or not reverse voltage is impressed on the semiconductor following 
the current surge. 

Several companies manufacture current limiting fuses in various voltage, 
current and speed ratings. Their literature indicates the following ratings: 
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FUSE MANUFACTURER 

General Electric Co. 
Switchgear Dept. 
Philadelphia, Pa. 

Bussmann Mfg. Division 
McGraw-Edison Company 
St. Louis 7, Mo. 

Chase-Shawmut Co. 
347 Merrimac St. 
Newburyport, Mass. 

English Electric Corp. 
One Park Ave. 
New York, N. Y. 10016 

CURRENT LIMITING FUSE RATINGS 
(RMS VALUES UNLESS OTHERWISE INDICATED) 

250 Volts DC & AC 
250 Volts AC 
600 Volts DC & AC 
600 Volts AC 
850 Volts AC 
1000 Volts AC 
1500 Volts AC 
2000 Volts AC 
3000 Volts AC 

65 Volts 
130 Volts 
250 Volts 
600 Volts 
850 Volts 

AMP•TRAP FUSES, FORM 101 

130 Volts 
250 Volts 
300 Volts 
500 Volts 
600 Volts 
1000 Volts 
1500 Volts 

HRC FUSES 

150 PRVAC-115 VDC 
300 PRVAC-200 VDC 
350 PRVAC-120 VDC 
450 PRVAC-200 VDC 
1000 PRVAC-350 VDC 
2000 PRVAC 

6-200 Amps. 
300-600 Amps. 
6-200 Amps. 
3-4000 Amps. 
400-500 Amps. 
600 Amps. 
600-800 Amps. 
300 Amps. 
300 Amps. 

12-30 Amps. 
1-1000 Amps. 
1-800 Amps. 
1-800 Amps. 
100-400 Amps. 

1-10,000 Amps. 
1-5,000 Amps. 
1-30 Amps. 
40-400 Amps. 
1-2000 Amps. 
50-600 Amps. 
30-600 Amps. 

25-700 Amps. 
25-600 Amps. 
0.25-20 Amps. 
25-500 Amps. 
5-500 Amps. 
25-250 Amps. 

For data on the melting time-current and 12t characteristics of these 
fuses, the designer should refer to the curves and data published by the fuse 
manufacturer. 

When a current limiting fuse in the primary of a transformer must be 
coordinated with a semiconductor cell in the secondary, their respective I2t's 
can be compared by the following equation: 

V  Ptfuse ( )2-2Lee X Pteell 

where Vs„. = rated secondary voltage of transformer. 
= rated primary voltage of transformer. 

In similar manner, the clearing I2t of a fuse being fe 
parallel semiconductor cells should be no greater than N2 

d by a group of N 
times the Pt rating 
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of the individual cells if all the parallel cells share current equally. If the 
cells are derated for parallel operation to compensate for inequalities in cur-
rent sharing, the relationship between clearing I2t of the fuse and the I2t 
rating of the individual cell can be expressed as follows: 

I2tf .e. Pt,. [N(1 — S) + SP 

where 124 = clearing I2t of fuse 
Pt, = Pt rating of semiconductor cell 
N = number of parallel rectifier cells 
S = derating factor for parallel cell operation (usually 0.20) 

14.5 INTERRUPTED SERVICE TYPE OF PROTECTION 

By inserting the protective device in the AC lines feeding a semicon-
ductor AC to DC converter, protection can be provided both against DC 
faults and semiconductor device faults if there is no possibility of DC feed 
into faults of the semiconductor devices themselves. DC feed into cell faults 
will occur in single-way circuits when other power sources feed the same DC 
bus or when the load consists of CEMF types of loads such as motors, capac-
itors, or batteries. The following is an example of this type of AC line protec-
tion in a circuit without current limiting impedance. Upon functioning of the 
protective system, the circuit is interrupted and shut down. 

14.6 EXAMPLE OF FAULT PROTECTION 
(NO CURRENT-LIMITING IMPEDANCE) 

Application: —120 V RMS AC supply, 60 Hz 
—Single-phase bridge employing two C35H SCR's for phase 

control in two legs and two 1N2156 diode rectifiers in the 
other two legs. See Figure 14.4. 

CURRENT-
LIMITING 
FUSE 

120 VAC 

60 Hz 

o  

1 

CIRCUIT 

BREAKER 

/ 

LOAD 

C35H 

FIGURE 14.4 CIRCUIT FOR EXAMPLE OF FAULT PROTECTION 

1 FILTER CHOKE 

308 



PROTECTING THE THYRISTOR AGAINST OVERLOADS AND FAULTS 

—Maximum continuous load current = 12 amperes. 
—Choke input filter. 
—Line impedance negligible. Peak available fault current in 

excess of 1000 amperes. 
—Maximum ambient = 55°C free convection. Each semicon-

ductor mounted to a 4" x 4" painted copper fin Vio" thick. 
Requirements for Protective System: 

—Protection system must be capable of protecting SCR's and 
diodes against overloads, DC shorts, and shorting of individ-
ual semiconductors. System can be shut down when any of 
these faults occurs. 

Solution: —Since the current rating of the 1N2156 is higher than the 
C35 both at steady-state and under overload, the protection, 
if properly coordinated with C35, will be ample for protect-
ing the 1N2156 also. 
Using the data for a C35 on a 4" x 4" fin given in Figure 3.4 
and the load current rating equation in Figure 3.7 (e) which 
applies for the continuous square wave of current experienced 
in a single-phase circuit with inductive load, 

125 — 55  
P Q = 0.0083 >< 5.1 ± ( 1 0.0083 ) 

0.4 — 0.35 -F 0.2 
0.0167 0.0167 

= 27 watts maximum peak heating allowable per SCR on 
steady-state basis 

From the specifications for the C35, this level of heating will 
be developed by 18 amperes peak or 9 amperes average load 
current at 180 degree conduction angle with a rectangular 
current waveshape. Under inductive load conditions, the 
maximum steady-state RMS rating of the complete circuit is 
equal to the peak rating of each SCR = 18 amperes. 
Assuming that faults and overloads will be superimposed on 
the steady-state equipment rating of 12 amperes, the semi-
conductor overload rating can be calculated from Figure 
3.7 (f). 

T 1 — — PeD9  
Por, = • + P(l) e(t ) 

For example, for 10 seconds the SCR can dissipate the follow-
ing power without its junction exceeding 125°C: 

125 — 55 — 8 X 5.1  
Por. 8 = 21.3 watts/cell 

2.2 

Average current rating per cell =13.3 amps (from specification 
sheet). 
Rated bridge output current = 2 x 13.3 = 26.6 amps RMS. 

This point and others calculated by the same means are plotted on the 
coordination chart of Figure 14.5. Overload ratings achieved by this tech-
nique limit junction temperature to 125°C. 
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FIGURE 14.5 CO-ORDINATION CURVE FOR EXAMPLE OF FAULT PROTECTION 
OF SCR's. 

For non-recurrent types of overload as typified by accidental short 
circuits and failure of filter capacitors, the SCR is able to withstand con-
siderably higher overloading as specified in the Pt and surge current 
ratings. A typical point of this kind can be calculated as follows. At 0.1 
second, a time which is equivalent to 6 cycles on the surge curve, the peak 
surge current rating of the C35 is 92 amperes. The RMS bridge rating is 
92±Vi=65 amperes. This curve blends into ratings determined from the Pt 
rating below approximately 50 milliseconds. The Pt rating of the C35 is 75 
amps2-sec. At .001 second, the current rating of the SCR is 

V75 amps2-sec./.001 sec. = 274 amps. 
Below 1/2 cycle, the rating of a single SCR and the rating of the bridge are 
identical. Thus, at .001 second, the bridge is rated 274 amps RMS also. 

To afford protection against short circuits of the load and shorted semi-
conductors in this type of circuit, a current limiting fuse is required. The 
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fuse must carry the steady-state line current without melting. An Amp-Trap 
A25X15 Form 101 fuse rated at 15 amperes continuous current should 
handle the 12 amperes RMS steady-state line current satisfactorily. Melting 
characteristics of this fuse are shown in Figure 14.3, and are plotted directly 
on the co-ordination curve of Figure 14.5 since both curves are in RMS 
terms. Below 0.01 second, the fuse clearing characteristic can be determined 
on the basis of the fuse manufacturer's clearing Pt data or on approximations 
from the melting time vs. current curves as explained in Section 14.4. Since 
the manufacturer of the A25X15 fuse specifies a maximum clearing Pt of 60 
amp2-seconds for this fuse, the data is translated into clearing current vs time 
data for the co-ordination curve. For instance, at 0.001 second the maximum 
RMS current that this fuse will permit to flow is 

V60 amps2-seconds/.001 second = 245 amps. 
This data for the fuse below 0.01 second is plotted in Figure 14.5 and made 
very conservative by extending the straight line of the constant Pt clearing 
characteristic up to its intersection with the published melting current vs 
time at a time substantially greater than 0.01 second. 

From the co-ordination curve, it can be seen that the current limiting 
fuse in the line will protect the SCR's for any type of fault of sufficient 
magnitude to blow the fuse in 0.2 second or less since the fuse rating is to 
the left of the cell rating. 

The curves also indicate that, for times longer than 0.2 second, the 
SCR's are likely to fail before the fuse blows. In order to provide protection 
for the SCR's for these lower current faults, a circuit breaker is used. The 
co-ordination chart shows the tripping characteristic of a Heinemann 15-
ampere molded case circuit breaker using the Type 3X time-delay char-
acteristic. 

The co-ordination curve reveals that the circuit breaker will trip on any 
faults under 42 amperes RMS, but above 18 amperes RMS. Between 42 
amperes and 85 amperes, the fuse and/or the breaker will function. Above 
85 amperes, the fuse only should blow. Under no circumstances should 
good SCR's fail. 

14.7 NON-INTERRUPTED SERVICE UPON FAILURE OF SEMICONDUCTOR 

In the foregoing discussion and example, the semiconductors are pro-
tected against overloads and short circuits of the output and also against the 
fault currents that occur if another semiconductor in the circuit should short. 
Protection is afforded by disconnecting the entire circuit from its supply 
voltage. 

In some types of service such as high reliability military systems and con-
tinuous industrial processes, a service interruption due to a semiconductor 
failure cannot be tolerated regardless of how remote this possibility may be. 
To maintain service under these conditions requires redundancy of semi-
conductors and a means of disconnecting faulty cells whenever failure of a 
semiconductor occurs. It has been observed that, when failures of SCR's 
have occurred, they could be classified into three main categories: 

1. Loss of reverse blocking ability. In rectifier circuits this generally 
causes a high fault current to flow. 

2. Loss of forward blocking ability. In a rectifier circuit, this will gen-
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erally result in loss of control of output voltage, the SCR remaining 
in the forward "on" state. 

3. Failure to fire or switch into the forward conduction state. This will 
also result in loss of control of output voltage since the SCR will 
remain in the "off" state. 
(Conditions 1 and 2 may be combined in a short-circuited device.) 

Figures 14.6 and 14.7 suggest two of several possible methods of 
detecting and isolating defective SCR's from the circuit without interrupting 
the flow of controlled power to the load. Figure 14.6 illustrates a single-
phase centertap phase-controlled power supply in which the SCR's in each 
leg of the circuit are grouped into pairs of parallel-matched cells. A low 
value of resistance R is connected in series with each SCR. The value of R 
is selected to limit fault current through good SCR's if one SCR loses its 
reverse blocking ability. The contacts of an isolating circuit breaker are con-
nected in series with each pair of SCR's. The trip coil of each breaker or the 
coil of a pilot relay is connected across the bridge formed by the pair of 

AC INPUT 

MAIN BREAKER FOR 
OVERLOADS a LOAD 

SHORTS 

TRIP COILS 

FIGURE 14.6 PARALLEL SCR PAIRS FOR NON-INTERRUPTED SERVICE 
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FIGURE 14.7 SERIES SCR PAIRS FOR NON-INTERRUPTED SERVICE 

SCR's and their respective series resistors. When both SCR's of a pair are 
functioning properly and therefore identically, the instantaneous currents 
through the SCR's and their series resistors are essentially equal and there-
fore no current flows through the circuit breaker trip coil. If either SCR in a 
pair fails in any one or more of the three modes enumerated above, unequal 
currents will flow for at least part of each cycle through the SCR's. Current 
will flow through the trip coil associated with that SCR pair, tripping the 
series circuit breaker and isolating the pair from the main circuit. As long 
as the remaining SCR's in that leg of the circuit are capable of handling the 
full load current, the circuit will be capable of continuing operation in-
definitely. The circuit breakers can be used to actuate an alarm or annunciator 
scheme to warn the equipment operator of the failure so that he can replace 
the faulty SCR during a scheduled maintenance shutdown of the equipment. 

The circuit shown in Figure 14.7 is more economical than Figure 14.6 
for circuits requiring high output voltages rather than high currents. In this 
circuit the SCR's are grouped in series-connected pairs for the purpose of 
handling higher voltages. A resistor R is connected in shunt with each SCR 
to assist in voltage sharing and to provide in conjunction with the pair of 
SCR's a bridge across which to connect the circuit breaker trip coil. When 
both SCR's are functioning properly, only the difference in leakage currents 
between the two SCR's flows through the trip coil. When either SCR in a 
pair malfunctions for one of the reasons cited earlier, a substantial current 
will flow for at least part of the cycle through the trip coil, thus opening the 
circuit breaker and isolating that pair of SCR's from the circuit. In order 
that the trip coil will reliably discriminate between the normal leakage 
balancing current of the SCR's. and the unbalance current resulting from a 
faulty SCR, it may be necessary to reduce the value of each resistor R some-
what below the value otherwise adequate for forcing voltage sharing be-
tween the SCR's. 

Proper functioning of the type of protection shown in Figures 14.6 and 
14.7 requires that: 

1. None of the circuit breakers in series with the SCR's should trip on 
DC overloads or faults. Separate protection in the AC or DC lines 
should disconnect the load from the supply voltage for this type of 
fault. 

313 



SCR MANUAL 

2. Adequate SCR and circuit breaker capacity should be provided to 
handle the maximum load current with one of the parallel paths 
removed from the circuit by operation of a breaker. 

3. In isolating a pair of SCR's, the circuit breaker must cut off the 
current at a slow enough rate so that induced voltage (L di/dt) does 
not exceed the transient voltage rating of the SCR's in parallel with 
that pair. If they occur, excessive transient peaks may be reduced 
to tolerable levels by means of transient suppression techniques 
(Chapter 15). 

In some applications it may suffice to provide protection only against 
the possibility of SCR's and rectifier diodes failing by losing their reverse 
voltage blocking ability (shorting). In this event, the protective scheme can 
use current limiting fuses in simple parallel paths in a manner identical to 
that used for protecting diode rectifier circuits. 12 This type of protection 
presupposes that satisfactory operation can take place at least on a temporary 
basis with SCR's still in the circuit that have failed either by failure mode 
2 or 3 above. 

14.8 OVERCURRENT PROTECTION USING GATE BLOCKING 

In man\ phase-controlled and inverter type circuits, SCR's and other 
circuit components can be protected against overcurrent conditions by re-
moving the gate firing signal from the main power handling SCR's, as soon 
as excessive current is detected in the circuit. In a phase-controlled system, 
this will result in fault interruption within one-half cycle after the gate signal 
has been interrupted since the line voltage reversal will commutate (turn-off) 
the fault current. In an inverter type of circuit operating from DC without 
line commutation, the gate signal must be interrupted while the current is 
still low enough to be commutated by the circuit parameters. 

Figure 14.8 illustrates a typical gate blocking circuit as applied to the 
phase-controlled voltage regulator discussed earlier in Chapter 12. Under 
normal operation UJT Q3 develops firing pulses which are coupled to the 
gates of SCR1 and SCR2 through pulse transformer T2. The firing angle and, 
therefore, the average load voltage are controlled by the feedback action of 
the differential amplifier Q1 and Q2 on the pedestal height of the voltage 
waveform on capacitor C5. The UJT Q4, SCR3, a current-sensing resistor 
R21, and associated components are added to the basic voltage regulator to 
provide the overcurrent protection feature. 

Normally the voltage on the emitter of Q4 is slightly below the peak 
point triggering level of the UJT, as set by the "Trip Level Adjust" potenti-
ometer. When an overload occurs, the additional voltage drop across R21 
drops the voltage on Base 1 of UJT Q4, thus reducing the critical level of 
voltage required on the emitter to trigger this UJT. If the overload is suffi-
ciently high, Q4 triggers SCR3 and thereby shorts out through CR9 the inter-
base power supply to UJT Q3. This locks out Q3 from further triggering of 
the main SCR's in the regulator. SCR3 remains conducting, and the load 
voltage remains interrupted until the "Reset" button is depressed. 

Similar gate blocking circuits for protective purposes can be devised for 
other types of thyristor applications where the rate-of-rise of fault current is 
not excessive and where means for commutating this current are available. 
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14.9 STATIC SEMICONDUCTOR SWITCHES AND CURRENT-LIMITING 
CIRCUIT BREAKERS 

Static semiconductor switches and circuit breakers may be used for over-
current protection systems. Several circuits that can be used for this purpose 
are discussed in Chapter 8. For very high-speed protection of loads against 
overcurrent, the use of SCR's in electronic crowbar circuits like that shown 
in Figure 8.16 shunts fault currents away from the load in a few micro-
seconds. Interruption of the fault current is then performed by conventional 
means such as circuit breakers or fuses. 
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15 VOLTAGE TRANSIENTS 
IN THYRISTOR CIRCUITS 

In their early years of development, semiconductor components earned 
a reputation for being very sensitive to overvoltage conditions in the circuits 
in which they operated. This shortcoming was accentuated by the relatively 
limited voltage ratings of semiconductors in comparison with vacuum and gas 
tubes. More recently, however, significant progress has been made to alleviate 
the sensitivity of many types of semiconductors to overvoltage situations. 
High performance power SCR's and diode rectifiers now have voltage capa-
bilities approaching several thousand volts peak. Other semiconductors are 
now much less prone to damage when subjected to voltage transients that ex-
ceed normal operating levels, thanks to improved designs, methods of fabrica-
tion, testing, and rating techniques. 

With regard to their performance under transient voltage conditions, 
present-day power semiconductor components can be classified into the fol-
lowing three categories: 

1. Devices that are damaged by low-energy voltage transients above 
their peak voltage ratings. This category is typical of the majority of 
commercial semiconductor components on the market today. Because 
of their tendency to break down at a microscopic point on the junc-
tion periphery, these types of devices usually have little margin be-
tween the value of voltage which they can block satisfactorily in the 
blocking direction on a continuous basis, and the transient overvolt-
age which will destroy a unit by shorting in a matter of microseconds. 
Conventional SCR's and diode rectifiers manufactured by General 
Electric Co. carry a 1/4 cycle non-repetitive peak reverse voltage rat-
ing that varies between 10 and 50% above the recurrent voltage 
rating, depending on the type. This additional voltage capacity is a 
valuable tool in designing reliable circuits with this type of component. 

2. Devices that can harmlessly dissipate high levels of transient energy 
in their blocking direction. This category is typified by controlled 
avalanche rectifier diodes (Section 15.3.4) and voltage regulator 
(zener) diodes. 

3. Devices that switch harmlessly into conduction when subjected to 
excess voltage. Typical semiconductors of this type are triacs, and 
trigger devices like silicon bilateral switches (SBS) and diacs. As dis-
cussed in Chapter 3 the forward blocking characteristic of an SCR is 
also self-protected by switching into the highly conductive state when 
the forward breakover voltage is exceeded, except for those SCR's 
which have a peak forward voltage (PFV) rating. SCR's of this latter 
type that have very high values of forward breakover voltage may be 
damaged before anode voltage reaches the breakover voltage. 

The last of the three categories, while not plagued by damage to the 
semiconductor component under transient voltage conditions, may yet be ob-
jectionable if a misfire of the semiconductor switch due to a transient causes 
the circuit or system to malfunction. Such misfires may also occur due to a 
"first cousin" of voltage transient peaks, namely the dv/dt effect( Section 3.11) 
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Because of the profound influence of voltage transients on successful and 
reliable operation of SCR and other thyristor circuits regardless of the partic-
ular component type, an understanding of the sources of transient voltages 
in circuits and the means of reducing them is therefore essential. Thoughtful 
design practices can then achieve optimum and economical use of the ratings 
of semiconductor components. 

15.1 WHERE TO EXPECT VOLTAGE TRANSIENTS 

In the following discussion transients are considered to be those voltage 
levels which exceed the normal repetitive peak voltage applied to the semi-
conductor components. In the more common rectifier circuits operating from 
an AC source, the repetitive peak reverse voltage (VRom) applied to the semi-
conductors is equal to the peak line-to-line voltage feeding the circuit. In 
inverter circuits and other types of DC switches, the repetitive peak voltage 
applied to SCR's is a function of the particular circuit and must be analyzed 
on an individual basis. Either or both forward and reverse voltage may 
change widely in normal circuit operation as load current, conduction angle, 
load power factor, etc., are varied. 

In general, the effect of transient voltages on SCR's and other thyristors 
is similar to their effect on conventional silicon rectifier diodes, but it should 
be kept in mind that a thyristor is capable of acting as a high resistance in 
the forward direction as well as the reverse. In some instances, this blocking 
action will prevent transient energy from being delivered to and dissipated in 
the load unless the thyristor first breaks over in the forward direction. 

In addition to random line disturbances such as lightning which have 
been recorded as high as 5600 volts on a 120-volt residential power line, 
transient voltages across thyristor circuits may be generated by occurrences 
such as those described in Figures 15.1 through 15.8. The indicated diodes 
may be conventional rectifiers, SCR's, or other thyristors. 
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FIGURE 15.1 VOLTAGE TRANSIENT DUE TO INTERRUPTION OF TRANSFORMER 
MAGNETIZING CURRENT. 
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Further details on these sources of voltage transients may be found in 
Reference 7 or in "Rectifier Voltage Transients: Their Generation, Detection 
and Reduction," Publication 200.11, available on request from the General 
Electric Company, 1 River Rd., Schenectady, N. Y. 

15.2 HOW TO FIND VOLTAGE TRANSIENTS 

Only too often the presence of excessive voltage transients in a rectifier 
circuit is first suspected because of a rash of semiconductor failures in the 
prototype equipment in the laboratory. Worse yet, these first symptoms some-
times wait until the first equipment is shipped into the field where operating 
conditions may depart quite radically from the near-ideal conditions that had 
been successfully passed in the laboratory. When these failures occur at very 
light loads or immediately following circuit switching, voltage transients 
should be suspected as the culprit. 

Since the search and measurement for possible voltage transients in a 
circuit may destroy or at least permanently harm semiconductors in the cir-
cuit, the anode supply voltage should be reduced to about 1/4 or 1/2 the nor-
mal level initially and then gradually increased as measurements indicate the 
absence or reduction of transients to levels that the semiconductors can 
withstand. 

AC switching transients are usually worst at no load. Therefore, it may 
be desirable to test the circuit for this type of transient at no load with semi-
conductors of a lower current rating substituted for the main devices in order 
to reduce the cost of components that may be destroyed in the course of the 
test. Also, the higher blocking resistances of lower current components will 
aggravate voltage transients and thus will generally make measurements and 
corrective measures conservative. 

15.2.1 METERS 

Except for very slow high energy transients, instruments with moving 
coils as their detecting and indicating means are almost useless in measuring 
transient voltages because of their high inertia and low input impedance. Of 
the several transient voltage problems discussed earlier, this type of meter 
may be useful only in measuring the amplitude of regenerative voltage tran-
sients such as those generated by a hoist motor being driven by an overhaul-
ing load. 
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15.2.2 OSCILLOSCOPES 

A high speed oscilloscope with long persistence screen is probably the 
most useful single tool for analysis of voltage transients. For significant re-
sults in detecting and measuring all the types of transients that may cause 
rectifier failure, the oscilloscope should have a transient response of at least 
0.1 microsecond rise-time and be capable of writing rates in excess of ten 
million inches per second. Many commercial oscilloscopes meet this specifica-
tion. A practical screen material is the pli phosphor. Storage or memory 
scopes, although handicapped by relatively slow writing speeds and rise-
times, are very useful for recording the longer duration types of transients. 

For looking at cyclical transients such as those due to recovery from 
hole storage effects as discussed in Figure 15.6, the use of a scope is straight-
forward. In this case, the sweep should be repetitive and synchronized with 
the power system. However, for nonrecurrent types of transients due to 
switching, more careful precautions are necessary. The scope should be 
equipped with a hood, and for visual inspection the room should be darkened 
if possible and the eyes of the operator permitted to become accustomed to 
a low light level. For checking the amplitude of voltage transients visually, it 
is sometimes more effective not to use a horizontal sweep, but to use instead 
only the vertical deflection of the trace. Thus, the eyes can be focused on the 
precise part of the scope face where the transients will appear, if and when 
they occur. 

When a sweep is employed, it can be triggered by the transient itself or 
by some external means such as an extra contact or interlock on the circuit 
switch which initiates the transient. By this latter means, the sweep can be 
initiated before the transient occurs and any doubt about missing an early 
part of the transient is eliminated. 

The objectiveness of studying and measuring non-cyclical types of tran-
sients is enhanced if a photographic record is secured in addition to the 
fleeting image recorded in the mind by the human eye. In many cases, fast 
film such as Polaroid Type 42, 44, or 47 (exposure index 200, 400, and 3000, 
respectively) will catch traces that are not perceptible to the eye. 

Circuits should be checked for possible destructive voltage transients by 
connecting the scope input directly across the semiconductor to be checked. 

15.2.3 PEAK RECORDING INSTRUMENTS 

Electronic peak recording instruments with a memory can be very use-
ful in checking for transients when their occurrence is random and cannot be 
predicted. A simple, easy-to-build instrument of this type is described in a 
General Electric application note, "A Portable Transient Voltage Indicator 
for Semiconductor Circuits," 200.16, available upon request. This instrument 
is a "go-no go" type of device for indicating when a transient voltage exceeds 
the voltage level set on the dial. Accuracy is within 2% maximum setting for 
voltage pulses down to one microsecond duration. Battery operation increases 
flexibility of usage and provides continuous operation up to twelve days on 
one set of batteries. Variations of the basic unijunction-SCR circuitry of this 
Transient Voltage Indicator permit recording of the frequency of occurrence 
of voltage transients and the highest transient voltage over an extended inter-
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val. Ready-made instruments of this type can be purchased from manufac-
turers whose names will be furnished on request. 

15.2.4 SPARK GAPS 

For high voltage systems, calibrated sphere spark gaps can be used to 
measure the crest values of transient voltages.4,5 Current through the spark 
gap after it has broken down should be limited by a non-inductive resistance 
(at least one ohm per volt of test voltage) in series with the gap on the 
grounded side. Suitable overcurrent protective devices should be used to 
interrupt the power follow-through after the voltage surge has passed. In 
general, the breakdown voltage level for gaps varies significantly with the 
waveshape of the voltage being measured as well as with many environmen-
tal factors. 

15.3 WHAT TO DO ABOUT VOLTAGE TRANSIENTS 

Given an existing or potential voltage transient problem in a semicon-
ductor circuit, the designer has three main avenues open to him: 

1. Use components that are insensitive to the transient voltage or energy 
conditions. 

2. Eliminate or reduce the transients at their source. 
3. Provide additional energy storage or dissipation means in the circuit. 
The first alternative includes the obvious solution of employing semi-

conductor components that are less prone to damage by voltage transients. 
Such devices are typified by triacs which switch on harmlessly when a high 
voltage transient is applied, and controlled avalanche silicon rectifier diodes 
and selenium diodes which can dissipate substantial transient energy in their 
reverse avalanche characteristics. Also, SCR's without PFV limitations switch 
harmlessly into conduction in the forward direction when subjected to over-
voltages. Where the performance of such semiconductors is not adequate for 
an application, one must consider other alternatives. 

When working with more transient-prone semiconductors, a brute force 
solution is to provide additional voltage capability by using devices with 
higher voltage ratings or additional devices in series. This alone is usually 
not the most economical answer. Normally the best solution will lie in a rea-
sonable safety factor of semiconductor voltage rating (1.5-3 times the repeti-
tive circuit peaks) combined with suitable steps to reduce the amplitude of 
the transients to this semiconductor rating. In circuits using SCR's, economi-
cal protection of the SCR reverse characteristic against transients can be 
achieved by inserting a conventional rectifier diode in series with the SCR. 
Suitable shunting resistors should be used for voltage equalization. These re-
sistances should be in proportion to the rated voltage of the respective de-
vices across which each is connected. Shunt capacitors may be necessary to 
equalize the effects of severe commutation. 

An example of the second alternative above, eliminating or reducing 
transients at their source, is to perform switching in the transformer second-
ary rather than in the primary or load circuits. Since the primary must ulti-
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mately be opened, it may be possible to interlock this operation so that the 
rectifiers are disconnected from the transformer before the primary is opened. 
Another example of the second alternative is use of a switch or fuse that does 
not interrupt or chop current too abruptly, thereby limiting transients to 
lower levels. This type of interrupting device will dissipate the stored circuit 
energy in its arc. The following list can be used as a guide in selecting 
switches for low recovery voltage. The list is based on laboratory measure-
ments on samples of each type of switch on a 120-volt 60-Hz circuit. The 
switches are listed in the order of increasing recovery voltage. 

1. Relays (lowest transients) 
2. Circuit breakers 
3. Snap switches (including microswitches) 
4. Mercury switches 
5. Vacuum switches (highest transients) 
Where the hole storage recovery effect in rectifier diodes causes unde-

sirable voltage transients as described in Figure 15.6, this type of transient 
can usually be drastically reduced by use of so-called "fast recovery" rectifier 
diodes (Chapter 21). These components are particularly effective in free-
wheeling diode and inverter circuits where their roughly 100 to 1 reduction 
in stored charge practically eliminates the flow of reverse recovery current 
and the resultant voltage transient that follows it. An additional benefit that 
stems from the use of fast recovery rectifier diodes is the dramatic reduction 
in radio frequency interference (RFI) that accompanies the lower level of 
recovery transients. 

The third alternative above entails any number of various schemes for 
storing and dissipating transient circuit energy. These are treated in the fol-
lowing material. 

15.3.1 CAPACITORS 

Capacitive filters are one of the more commonly used types of suppres-
sors for low energy transients of the type shown in Figures 15.1 through 15.7. 
Filters of this type should be placed across the input lines to the semicon-
ductor circuit or across the semiconductor components themselves provided 
proper precautions are taken to limit the peak discharge current when the 
semiconductor is triggered. 

Figure 15.9 illustrates how the ripple voltage on a filter capacitor in an 
AC system may be reduced. By connecting the capacitor behind a double-
way rectifier as shown in this illustration, a single capacitor is effective in 
filtering transients that may occur between any of the lines in a three phase 
system. What would otherwise be 100% ripple voltage on the capacitor is 
reduced to approximately 5% and the economical energy storage capabilities 
of polarized electrolytic capacitors may be used to good advantage. 

Filter capacitors may need series resistance to keep them from oscillat-
ing with distributed circuit inductance when shocked by a voltage wavefront. 
When capacitors are connected across the AC line this resistance should be 
in the order of 5 to 20 times the rated load resistance of the circuit. Final 
selection of resistance should be based on experimental optimization and the 
initial di/dt or switching current permitted by the semiconductor rating for 
the turn-on interval. Series damping resistance is also required in so-called 
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" snubbing"  circuits across SCR's and diodes for reducing hole storage recov-
ery transients. For capacitors on the DC side of a rectifier, the series resist-
ance should be large enough to protect the semiconductors against the inrush 
charging current to the capacitor when the circuit is energized initially. The 
semiconductor manufacturer usually provides surge resistor selection charts 
for capacitor input filters of this type. The minimum resistance requirement 
is a function of the capacitance, the supply voltage, and the semiconductor 
characteristics (Pt). 

Since any inductance in series with the filter capacitor will reduce its 
effectiveness in suppressing transient voltages, care should be taken in select-
ing resistors with minimum inductance. Carbon resistors are favored over 
wire wound types, and capacitors with low self-inductance should be used 
for the same reason. Since the higher values of electrolytic capacitors may 
have considerable inductive reactance at high frequencies, it often is helpful 
to shunt this type with a high frequency type of capacitor (0.1 to 1.0 pfd) to 
handle these components of the transient. 

The size of capacitor required for a particular suppression job is a func-
tion of many circuit parameters such as the load current level, the trans-
former characteristics, and the speed of interruption of switching. Thus it is 
difficult to predict with any degree of accuracy the optimum size of capaci-
tance. As with the other means of energy storage and dissipation discussed 
in the following material, actual transient measurements on the prototype 
equipment will determine the optimum values of filter elements required. 

The following equation has proved useful in selecting ample filter capac-
itance values for one of the most common and severe sources of transient 
voltages: opening the transformer primary under no load or with inductive 
load (Figure 15.1): 

C — 
31 f (V,,k)2 

where C = filter capacity in farads 
VA = volt-ampere rating of transformer 
f = supply frequency, Hz 

V pk = peak transient voltage rating of each semiconductor leg 
of the circuit 

VA 
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For evenly distributing the hole storage recovery voltage transient (Fig-
ure 15.6) across long series strings of SCR's and diodes, capacitors should be 
connected across individual cells. The required capacitor size depends on the 
difference in recovery time between devices. In any event, it need not 
exceed: 

C = 
V 

where C = maximum capacitance to limit recovery transient within 
device voltage rating, microfarads 

If = amperes flowing through semiconductor immediately 
preceding commutation 

V = maximum continuous peak voltage rating (VRom) of 
semiconductor, volts 

This value is ultra-conservative and can often be reduced to a few percent of 
this by experimental optimization. 

Capacitors across individual semiconductor components in long series 
strings are also used to distribute the effects of steep voltage waveforms im-
pressed on the circuit. Because of capacitance between devices and ground, 
voltage with steep rates of rise would otherwise tend to "crowd" across those 
devices furthest from ground electrically.3 Again, resistance in series with the 
individual capacitors is generally necessary to limit the peak current through 
a thyristor when it is triggered, as well as to prevent overvoltage "ringing" 
with source reactance when the circuit is energized. 

15.3.2 RESISTANCE 

Ample resistive loading across individual legs of a rectifier circuit or 
across the AC input also provides a means for dissipating stored circuit 
energy without driving the voltage up to intolerable levels. Care must be 
taken to keep inductive effects in the resistors to a minimum so that they 
may dissipate high frequency components as well as lower ones. The disad-
vantage of the resistance loading approach is the inefficiency that it intro-
duces to the over-all circuit since these resistors dissipate substantial energy 
at normal voltage levels as well as during transient occurrences. 

In circuits where the rise-time of transient overvoltages is not excessive 
as in some regenerative types of load (Figure 15.8), a voltage sensitive relay 
,may be used to connect a dynamic braking resistor when the DC bus voltage 
rises to a predetermined level, and to disconnect it when the overvoltage has 
subsided. 

15.3.3 THYRECTOR SURGE VOLTAGE SUPPRESSORS 

The introduction of Thyrector surge voltage suppressors by the General 
Electric Company has greatly reduced the transient voltage protection prob-
lem for power semiconductors. These compact non-linear resistances are 
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essentially selenium "zener" diodes. In many applications they are far more 
economical and effective than the foregoing techniques of transient voltage 
suppression. 
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200 225 250 

Figure 15.10 illustrates the voltage-current relationship of the one-inch-
square Thyrector diode in an AC circuit. Below rated recurrent peak voltage, 
the Thyrector surge suppressor draws negligible current. However, as the 
voltage rises above this point, as would be the case under a transient condi-
tion, the Thyrector diode current increases rapidly and dissipates the tran-
sient energy. No measurable delay occurs in current flow. When correctly 
applied, Thyrector suppressors will generally clip transient voltages at 150 to 
200% of the recurrent peaks. The one-inch square Thyrector diode is rated 
25 volts RMS continuous. Thyrectors are available in compact series assem-
blies for any multiple of this voltage. Other Thyrector diode sizes are avail-
able for suppressing various transient energy levels. Application notes and 
specifications are available on request." 

15.3.4 CONTROLLED AVALANCHE AS A TRANSIENT 
VOLTAGE SUPPRESSOR 

Controlled Avalanche characteristics in silicon rectifier diodes provide a 
very convenient means of minimizing or eliminating the effects of transient 
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voltage in thyristor circuits, often without the addition of separate surge sup-
pressor components or substantial voltage safety factors. Introduced by Gen-
eral Electric in 1962, Controlled Avalanche rectifier diodes9 have avalanche 
(zener) diode type reverse characteristics that provide built-in transient 
suppression. 

While Controlled Avalanche silicon rectifier diodes have characteristics 
identical to conventional silicon diodes in the forward load current direction, 
special design as well as special processing and testing insure reverse charac-
teristics similar to those shown in Figure 15.11 for the A27 twelve ampere 
Controlled Avalanche rectifier diode. Maximum as well as minimum ava-
lanche breakdown is rigidly specified for each voltage grade. Within its 
power dissipation capabilities, this type of diode can be operated continu-
ously in the avalanche region, even at avalanche voltages well above 1000 
volts. On a transient basis, these rectifier diodes can operate still higher in 
the avalanche region as defined by the reverse power surge curve of Figure 
15.12. For instance, any A27 can dissipate 3900 yvatts of transient reverse 
energy for 10 microseconds. An A27 with an avalanche voltage of 1000 volts 
can therefore conduct over 3 amperes (3900 watts/1000 volts) in its reverse 
direction for 10 microseconds. 
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FIG. 15.11 REVERSE CHARACTERISTICS OF TYPICAL A27 CONTROLLED AVA-
LANCHE RECTIFIER DIODE. 
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Controlled Avalanche rectifier diodes are also available in several other 
forward current ratings extending from 1/2 ampere to 35 amperes continuous 
as indicated in Chapter 21. Detailed specifications are available on request. 

Besides protecting themselves in the reverse direction against moderate 
levels of transient energy, Controlled Avalanche diodes can be used to pro-
tect other circuit components such as SCR's against overvoltage by virtue of 
their rigidly specified maximum avalanche characteristics. For instance, the 
use of Controlled Avalanche diodes to perform the diode functions in the 
circuit of Figure 15.13 provides inherent suppressing action on voltage tran-
sients emanating from either the AC supply or the DC load provided the 
Controlled Avalanche devices have been properly selected and co-ordinated 
with the system and the SCR. 

Controlled Avalanche rectifier diodes can also be connected directly 
across individual SCR's as transient suppressors although in many circuits 
each Controlled Avalanche diode can be used to protect more than one SCR. 
For example, Figure 15.14 demonstrates the use of two Controlled Avalanche 
diodes across an AC line to protect four SCR's in a non-freewheeling bridge 
from line voltage transients. An interesting aspect of this approach is that the 
Controlled Avalanche diodes will also protect the SCR's against unexpectedly 
high transient energy levels in excess of the normal energy dissipation rating 
of the diodes by failing short. In this abnormal case, the Controlled Ava-
lanche rectifiers establish a short circuit 
across the AC input to the bridge, 
thereby blowing the line fuse and 
shutting down the circuit, but .c 
protecting the SCR's in the process. CONTINUO 

«WINO« 

Controlled Avalanche rectifier diodes O RECTIFIER 
WOOLS 

used as expendable overvoltage 
protective elements in this manner SCR 

are often an economical means for 
protecting higher priced 
semiconductors, particularly 
where the magnitude, frequency, 
and energy of transient 
overvoltages are not known. 

FIGURE 15.14 USE OF CONTROLLED AVALANCHE 
RECTIFIER DIODES TO PROTECT SCR BRIDGE 

AGAINST LINE VOLTAGE TRANSIENTS. 

IMO 

FIGURE 15.13 USE OF CONTROLLED AVALANCHE 

RECTIFIER DIODES TO LIMIT VOLTAGE TRANSIENTS 

IN SCR PHASE CONTROL CIRCUIT. 
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FIGURE 15.15 USE OF LOW POWER CONTROLLED 
AVALANCHE RECTIFIER DIODES TO TRIGGER SCR'S 
ON OVERVOLTAGE, THEREBY PROTECTING THE 

SCR'S AGAINST EXCESSIVE REVERSE VOLTAGE. 
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Lower power Controlled Avalanche rectifier diodes can also be used as 
high voltage regulator (zener) diodes in SCR trigger circuits to gate trigger 
SCR's before overvoltage reaches damaging levels on their anodes. For exam-
ple, the circuit in Figure 15.15 shows a back-to-back pair of SCR's used to 
phase control an AC load. Without suitable protection either SCR can be 
damaged in the reverse direction by excessive transient line voltage spikes if 
its companion SCR is not triggered in the forward direction. Addition of two 
Controlled Avalanche diodes selected so that their avalanche voltage occurs 
below the transient reverse voltage rating of the SCR's insures that neither 
SCR can be damaged by transient voltage of either polarity. 

15.3.5 MISCELLANEOUS METHODS 

Several other transient suppression means may be used to good advan-
tage depending on the particular circumstances of the application. Spark 
gaps may be used in high voltage circuits provided the precautions outlined 
in Section 15.2.4 are maintained.6 Silicon diodes can be used as discharge 
paths for the energy stored in inductive circuit elements such as generator 
fields and magnetic brakes. 

Electronic crowbar circuits of the type shown in Figure 8.16 use the SCR 
to provide microsecond protection against overvoltage conditions for entire 
circuits. Properly selected and applied triac and diac components can also be 
used to shunt transient energy away from sensitive electronic circuitry when 
voltage tries to rise above the breakover switching level of the particular 
protective semiconductor component. 
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le RADIO FREQUENCY INTERFERENCE 
AND INTERACTION OF THYRISTORS 

16.1 INTRODUCTION 

Each time a thyristor is triggered in a resistive circuit, the load current 
goes from zero to the load limited current value in less than a few microsec-
onds. A frequency analysis of such a step function of current would show an 
infinite spectrum of energy, with an amplitude inversely proportional to fre-
quency. With full wave phase control in a 60 Hz circuit, there is a pulse of 
this noise 120 times a second. In applications where phase control is used in 
the home, such as light dimming, this can be extremely annoying, for while 
the frequencies generated would not generally bother television or FM radio 
reception, the broadcast band of AM radio would suffer severe interference. 
In an industrial environment, where several control circuits may be used, 
these noise pulses cause interaction between one thyristor control and an-
another. The power system can act as a large transmission line and antenna 
system, propagating these radio frequency disturbances for a considerable 
distance. 

Although thyristor power switches can generate objectionable noise 
levels in phase control systems, they are in general no worse, and in some 
cases much better than such things as fluorescent lamp fixtures, electrome-
chanical governers, and series motor brushes. In some areas, notably in static 
switching of AC circuits, solid state devices can give a decided improvement 
over mechanical switches, since they have no contact bounce and arcing, and 
they turn off at current zero, avoiding the interruption of inductive current. 

16.2 THE NATURE OF RADIO FREQUENCY INTERFERENCE (RFI) 

There are two basic forms of RFI to consider. The first (and most com-
monly measured) is conducted RFI. In this form, the high frequency energy 
generated by the thyristor switching transients propagates through the power 
lines, which act as transmission lines. By using standard methods and equip-
ment, quantitative measurements may be fairly easily obtained on con-
ducted RFI.1 

The other main form is that of radiated RFI. This is the RF energy 
which is radiated directly from the equipment. This is a difficult type of RFI 
to measure since it can never be separated from the problems of location, 
wiring layout, ground effects, etc. 

In most cases, the radiated RFI from a properly designed piece of 
equipment is insignificant compared to the re-radiation of conducted RFI 
from the large antenna system we call power lines. 

The following military specifications set quantitative interference levels 
and give test procedures to which an equipment must be qualified if it is to 
conform to the specification: 

MIL-I-6181D 
MIL-I-16910C 
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16.2.1 Filter Design 
Since thyristors generate essentially a step function of current when 

they turn on into a resistive load, the conducted RFI has the frequency dis-
tribution of a step function, that is, a continuous spectrum of noise with an 
amplitude which decreases with frequency at a rate of 20 db per decade. 
This indicates that even unfiltered thyristor circuits would show very little 
tendency to interfere with such VHF services as television or FM broadcast-
ing. The AM broadcast band however lies between 550 and 1600 kHz, and 
would receive severe interference, if the thyristor circuits were not properly 
filtered. 

The simplest type of filter is merely an inductor in series with the load 
resistance to slow the rate of rise of current. This would give a filter effec-
tiveness of about 20 db/decade. The typical example shown in Figure 16.1 
shows that the bottom of the broadcast band requires from 40 to 50 db of 
suppression to reach a level of interference which could be considered ade-
quate (about 200 quasi-peak µvolts).* To achieve this, the breakpoint fre-
quency, f. = R/(2w. L) (where R is the load resistance), would have to be at 
5 kHz, or below. This would be a rather large and costly inductor. 

O- • 100K 

a. • 10,000 

(7) 

o 

100 

-60 db/decode 
L-C FILTER 
(FIG.16.2 B) 

THYRISTORS ONLY 

-20 db/decade 

-40 db/decode 
L FILTER ONLY 
(FIG.16.2 A) 

50KHz 500KHz 5MHz 

fo FREQUENCY 

FIGURE 16.1 TYPICAL THYRISTOR CIRCUIT NOISE SPECTRUM WITH AND 
WITHOUT FILTERING. 

*"Quasi-peak Volts" is a unit of measure which is determined by the standard test methods. It is 
in effect a measure of the "Nuisance Value" conducted RH.' 
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FIGURE 16.3 RFI FILTERING AND SHIELDING FOR BACK-TO-BACK SCR'S 

The addition of a shunt capacitance to the filter as shown in Figure 
16.2(b) gives a far superior characteristic as can be seen in Figure 16.1. Now 
the required 40 db of suppression can be obtained in a single decade. As a 
rule of thumb, the proper values for L and C may be found by making the 
L-R and L-C breakpoint frequencies equal. 

or in other words 

fo = 
RL 1 

27r L 27r-YLC 

1  
27rfoL= =R1, 

277- C ' 
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This allows a value of L one tenth that needed for a purely inductive filter. 
In a practical thyristor circuit, one side of the device is usually con-

nected to a heat sink, which because of its size or mounting, is capacitively 
connected to ground. In the case of the triac shown in Figure 16.2 main ter-
minal T2 is the heat sink side. If the choke L were in series with T2, as in 
Figure 16.2(a), the heat sink capacitance in conjunction with stray line capac-
itance would shunt the choke, thereby reducing its effectiveness as a filter. 
The proper connection of L in series with T, actually puts the stray capaci-
tances in parallel with C, thus enhancing filter effectiveness. 

The optimum connection for back-to-back SCR's is shown in Figure 
16.3. If a shielded enclosure is not present, C1 and C, should be a single 
capacitor connected between the anodes of SCRI and SCR2. 

It is important to note that any pulse transformers or triggering circuits 
should put the smallest possible capacitive loading on the cathode of the 
SCR's, since this capacitance will appear across the chokes. 

If you look at the circuits of Figure 16.2, you can see that the L-C and 
triac form a resonant discharge circuit, which depends on the load imped-
ance for damping. For circuit Q's greater than about 2.5 the current through 
the triac will reverse, as shown in Figure 16.4, and a specific triac might turn 
off if it is a relatively fast device. An SCR circuit would of course behave in 
an identical manner. This condition is worst for light loads, in this case about 
100 watts or less, or somewhat inductive loads, which contribute little damp-
ing to the circuit. The simple L-C circuit does behave properly however 
with heavier resistive loads, as shown in Figure 16.4(b). To obtain proper 
operation under light load conditions, for instance a lamp dimmer with a 60 
watt lamp, it is necessary to build the damping required into the filter. This 
can be done by adding another resistor and capacitor as shown in the circuit 
of Figure 16.5. The component values are chosen to give about the same 
filtering effect as the L-C filter of Figure 16.2(b). 

la) 60 WATTS 

T  

(b) 150 WATTS 

VERT.— 2 AMP/CM 
HORIZ.-5 ASEC/CM 

FIGURE 16.4 TRIAC CURRENT FOR THE CIRCUIT OF FIGURE 16.2(B) 
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FIGURE 16.5 TYPICAL DAMPED R-F FILTER 

16.2.2 Zero Voltage Switching 

As we have seen, the RF noise contribution of thyristors is primarily 
due to a sudden step in current as the thyristor switches. In some applica-
tions, particularly in electric heating, satisfactory control may be obtained by 
turning the thyristors on at line voltage zeros, giving only complete half 
cycles of current to the load. By eliminating the sudden steps of voltage, the 
RF noise contribution is brought to an absolute minimum. This eliminates 
the need for R-F filter components, which, for a large heating load, can be-
come quite large and costly. For details on this type of circuit, see Chapters 
4 and 8. 

16.2.3 Fast Recovery Rectifiers 

In circuits which use rectifier diodes, RF noise may be generated by the 
reverse recovery performance of the diodes. Due to the minority carrier stor-
age effect, the diode does not immediately block voltage when the circuit 
causes current reversal. When, after a few µseconds, the charge which had 
been stored in the diode is "swept-out," the diode can again block the flow 
of reverse current. At this point, the current can stop quite suddenly, giving 
a "snap-off" effect. The energy stored in the circuit inductance at this point 
can be shown to be equal to 

W T = QR Ec 
where QR is the total charge swept-out 

E0 is the circuit commutation voltage.2 
Figure 16.6 shows the waveform of the recovery current of a conventional as 
well as a fast recovery diode. 
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FIGURE 16.6 COMPARISON OF REVERSE RECOVERY PERFORMANCE OF TYPICAL 
RECTIFIER DIODES. VERTICAL =- 8 AMPS. PER CM. HORIZONTAL = .5 RSEC. 
PER CM. 

On each "snap-off" commutation of a diode there is a step of current of 
height I. The RF components of this step are given by 

S(w) = 
IRE> 

7E 0) 

where w is an RF noise component frequency. 
This result is found by Fourier Integral Analysis of a step function.3 

The RF energy at a given frequency is proportional to the square of 
this value, or 

W (G) I CC • .77.2 (02 

But W T is proportional to iRp2, SO 

W (0) W T 
(.82 

IRp2  

Since the value of W T runs better than 100 times less for a fast recovery rec-
tifier than for a conventional rectifier, there is a considerable reduction in 
RFI problems when using fast recovery devices. 

16.2.4 Reduction of Radiated RFI 

The minimization of radiated RFI is as much a matter of good construc-
tion practice as anything else. Referring to Figure 16.2(b), the current 
through the loop formed by C, L, and the thyristor contains high frequency 
components of a much greater magnitude than the line current. (The inner 
loop has only a single L filter). The wiring of this loop can act as an an-
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tenna for direct radiation. Since the radiation efficiency of an antenna of 
this type is proportional to the area enclosed by the loop, good practice re-
quires that this current loop be constructed with a minimum of enclosed 
area. It should be pointed out that trigger circuits can also be offenders in 
direct radiation, and the same techniques apply. 

Figure 16.3 illustrates proper shielding techniques. The SCR's with 
their filter circuitry are enclosed inside their own shielded compartment, 
with leads from the power line and to the load passing through feedthrough 
capacitors C3-C6. Either the pulse transformer or the gate pulse generation 
circuitry should be located within the compartment, since locating them re-
motely forces one to hang leads on the cathodes of the SCR's, thereby pro-
viding excellent antennas. 

16.3 INTERACTION 
In some instances the thyristor system acts as a "receiver" of voltage 

transients generated elsewhere in the circuit. These transients act either (or 
both) on the thyristor trigger circuit or directly on the anode of the thyristor 
in the main power circuit. Interaction will cause the thyristor system acted 
upon to completely or partially follow, or track, another thyristor system. 
Also, various types of partial turn on, depending on the nature of the trigger 
circuit, have been known to arise. Elimination of interaction phenomena must 
take total system layout into consideration. Section 16.6 gives some general 
design practices which should be followed to minimize possible sources of 
interaction. Beyond good design practice in the system as well as in trigger-
ing circuits very specific steps for decoupling can be taken as outlined for 
UJT circuits in Section 16.4. 

16.3.1 Interaction Acting on Anode Circuit 

When a thyristor circuit is acted upon with its gate circuit disconnected 
(open gate or terminated per specification bulletin) the nature of the interac-
tion is usually attributable to a rate of rise of forward voltage (dv/dt) phe-
nomenon. When energizing the circuit, such as by a contactor or circuit 
breaker, applicable dv/dt specifications for the device must be met. This 
subject is discussed in detail in Chapter 3. Once the circuit is energized the 
thyristor will sometimes respond to high frequencies superposed on the anode 
supply voltage. For example, a 1-megacycle oscillation having a peak ampli-
tude of 10 volts has an initial rate of rise in the order of 60 volts per micro-
second. Applicable specifications for the thyristor must meet this condition 
or steps should be taken to attenuate the rate of rise of voltage. 

Due to the nature of anode circuit interaction a thyristor will rarely 
track another circuit over the full control range of phase control. Usually, it 
will tend to lock in over a very limited range near the top of the applied 
anode voltage half cycle where the dv/dt is greatest. The best means of sup-
pressing this type of interaction is to select a device with increased dv/dt 
withstand capability, to increase dv/dt withstand capability by means of 
negative gate bias, or, conversely, to reduce the rate of rise of positive anode 
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voltage by suitable circuit means. The effect of negative gate bias on SCR 
dv/dt withstand capability and dv/dt suppression circuitry is discussed in 
Section 3.11. Often a combination of these steps yields the desired results. 
In addition, of course, good circuit layout and system practices should be 
observed as outlined in Section 16.6. 

16.3.2 Interaction Acting on the Trigger Circuit 

There are basically two cases to distinguish here: 
1. The trigger circuit is acted upon from the supply line directly; 
2. The trigger circuit is acted upon from the thyristor gate circuit. 

Both of these mechanisms may cause the trigger circuit to fire prema-
turely, giving rise either to spurious triggering or complete or partial tracking 
of the thyristors in the circuit. The response of the trigger circuit to incoming 
transients will determine the degree of interaction, if any. There are no gen-
eral rules for every type of trigger circuit. However, in the design of a trigger 
circuit it is well to take the possibility of interaction into account. The de-
signer will be in the best position to assess the transient susceptibility and 
stability of his circuit. 

When using the unijunction transistor trigger circuit there are a few 
relatively simple steps that can be taken to decouple these circuits against 
both supply voltage and gate circuit transients. These methods are outlined 
in the following two sections. 

16.4 DECOUPLING THE UJT TRIGGER CIRCUIT 
AGAINST SUPPLY TRANSIENTS 

Depending on the nature of the particular circuit conditions, either one 
or a combination of the following will give effective decoupling against line 
voltage transients acting on the unijunction transistor trigger circuit: 

1. Use of control (isolation) transformer with an RF filter across its sec-
ondary, if necessary; 

2. Use of "boot strap" capacitor between base two and the emitter of 
the unijunction transistor; 

3. Use of a Thyrector diode connected across the supply to the unijunc-
tion circuit. 

The value of the "boot strap" capacitor C, should be chosen so that the 
voltage divider ratio of C, and C2 in Figure 16.7(A) is approximately equal 
to the intrinsic standoff ratio of the UJT, or: 

Cl  
ci + c2 -17 

If this condition is met, positive or negative transients on the unijunction 
supply voltage will not trigger the UJT. 
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(A) POWER SUPPLY 
TRANSIENTS 

(B) TRANSIENTS FROM 
SCR GATE CIRCUITS 

FIGURE 18.7 CIRCUITS FOR ELIMINATION OF ERRATIC FIRING FROM VOLTAGE 
TRANSIENTS IN U/T CIRCUITS. 

16.5 DECOUPLING U1T CIRCUITS 
AGAINST SCR GATE TRANSIENTS 

Negative voltage transients appearing between the gate and cathode of 
the SCR's when transmitted to the UJT can cause erratic triggering. When 
transformer coupling is used, these transients can be eliminated by using a 
diode bridge in the gate circuit of the SCR as shown in Figure 16.7(B). Neg-
ative transients often arise in SCR gate circuits in forced-commutated circuits 
(see Chapter 5) and under certain conditions in AC phase control circuits. 

16.6 GOOD DESIGN PRACTICES TO MINIMIZE 
SOURCES OF SCR INTERACTION 

Radio frequency interference and interaction are both total system phe-
nomena and no one step is necessarily the most effective in attaining the 
desired level of suppression. A combination of good system design practices, 
good circuit layout, good equipment layout, and, if necessary, a small amount 
of circuit filtering, as was outlined above, will suppress RFI to acceptable 
levels and eliminate various types of interaction phenomena. 

When the following system considerations are met it is often unneces-
sary to take additional specific steps to filter trigger or anode circuits (Section 
16.2) or use negative gate bias and dv/dt suppression circuitry (Section 3.11): 

1. Operate parallel and potentially interacting thyristor circuits from a 
stiff (low reactance) supply line; 

2. If supply line is soft (high reactance), consider using separate trans-
formers to feed the parallel branch circuits; each transformer should 
be rated no more than the required rating of the branch circuit load; 

3. Avoid purely resistive loads operating from stiff lines—they give 
highest rates of current rise on switching; 

4. Keep load moderately inductive—limiting rate of current rise on 
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switching is in the direction of attenuating RFI and minimizing the 
possibility of interaction; 

5. Keep both leads of a power circuit wiring run together—avoid loops 
that encircle sensitive control circuitry; 

6. Arrange magnetic components so as to avoid interacting stray fields. 
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POWER SEMICONDUCTOR 

Successful application of SCR's depends to a great extent on adequate 
cooling of these devices. If junction temperature of an SCR rises high 
enough, permanent damage may occur in its characteristics and the device 
may fail by thermal runaway and melting. Circuits may fail before thermal 
runaway or melting in the SCR occurs since insufficient cooling can reduce 
the forward breakover voltage, increase SCR turn-off time, moving these and 
other SCR characteristics outside specifications sufficiently to induce circuit 
malfunction. For these reasons, all SCR's and rectifier diodes are designed 
with some type of heat transfer mechanism to dissipate internal heat losses. 

17.1 LEAD-MOUNTED SCR'S 

For small lead-mounted SCR's like the C3, C5, C6, C7, C8 and C9 
series, and some configurations of the C106 (see Fig. 17.1), cooling is main-
tained by radiation and convection from the surface of the case and by ther-
mal conduction down the leads. 

Several good common sense practices for minimizing the SCR tempera-
ture should be used whenever possible. Minimum lead length to the terminal 
board, socket, or printed board permits the mounting points to assist in the 
cooling of the SCR most efficiently. Other heat dissipating elements such as 
power resistors should not be connected directly to the SCR leads where 
avoidable. Also, high temperature devices like tubes, power transformers, 
and resistors should be shielded from radiating their heat directly on the SCR 
case. To increase heat dissipation of the standard TO-5 case, clip-on tran-
sistor radiators are available from a number of commercial vendors. 

Several of the General Electric lead mounted SCR's in the TO-5 case 
are also available on a power transistor type of base for attachment by screw 
to a heatsink or chassis. Directions for mounting these devices are given on 
the specification sheet for that type of SCR. 

17.2 TAB-MOUNTED SCR'S 

Figure 17.1 shows various configurations of the C106 SCR. Some con-
figurations of the SCR are provided with an anode tab for mounting directly 
to an appropriate heat exchanger. Because of this unique package design, it 
can be mounted in a variety of methods, depending upon the heatsink re-
quirements and the circuit packaging methods. 
The tab and the leads will bend easily, either perpendicular to the flat or 

to any angle, and may also be bent, if desired, immediately next to the plas-
tic case. For sharp angle bends (90° or larger), a lead should be bent only 
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once since repeated bending will fatigue and break the lead. Bending in 
other directions may be performed as long as the lead is held firmly between 
the case and the bend, so that the strain on the lead is not transmitted to the 
plastic case. 

FIGURE 171 LEAD OR TAB MOUNTED TYPE C106 SCR 

The mounting tab may also be bent or formed into any convenient 
shape so long as it is held firmly between the plastic case and the area to be 
formed or bent. Without this precaution, bending may fracture the plastic 
case and permanently damage the unit. 

As a service to its customers, the General Electric Company provides a 
lead and tab shaping capability. Any of the derived types shown in Figure 
17.2 are available directly from the factory to original equipment manu-
facturers. 
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DERIVED MIS 

(The types shown below are derived from the 
basic types illuatrated in the left.hand column.) 

RAMC TIME 
PRINTED CIRCUIE 140/1213 

MOUNTING 
(Upright or Flat) 

RIVET OR SCREW MOUNTING TO FLAY SURFACE 

o 

CIO/ TypE 1 

- 

C1136 Type n 

C1ON Type 32 C106 Type 33 CIIM Typo 3 

FIGURE 17.2 LEAD/TAB ARRANGEMENTS FOR TYPE C106 SCR 

17.3 SCR STACK ASSEMBLIES 

For higher rated SCR's, stack assemblies are supplied by General Elec-
tric. Figure 17.3 shows typical stack assemblies. Various fin sizes and config-
urations provide conservative cooling of each SCR type in the General Elec-
tric line. These stacks are fully rated in terms of ambient conditions (air 
velocity, temperature). Literally tens of thousands of pre-wired circuit com-
binations are available, and associated rectifier diodes can be assembled 
integrally in the same stack. Detailed specifications are available on these 
SCR stack assemblies. They explain how these stacks can perform many use-
ful functions in diversified applications. 

FIGURE 17.3 TYPICAL GENERAL ELECTRIC PRE-WIRED SCR-RECTIFIER STACK 
ASSEMBLIES. 
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17.4 MOUNTING SCR'S TO HEATSINKS 

Other than the lead or tab mounted SCR types, four different packages 
are in common use for SCR's. These four types are the stud-mounted, press 
fit, flat-base, and Press Pak configurations. We will discuss general considera-
tions of mounting first and then cover those situations peculiar to each pack-
age type. Usually some form of heatsink or heat exchanger is required with 
an SCR. The heatsink may consist of a busbar, chassis, liquid cooling system, 
or a special cooling fin for dissipation of heat to the surrounding air. 

If the heatsink is to perform an optimum cooling job, the semiconductor 
package must be mounted not only in a good location on the heatsink, but 
also in such a manner as to achieve low thermal resistance to heat flow from 
the stud to the heatsink. Proper mounting is not always a straightforward 
simple matter. Several precautions should be considered. 

17.4.1 Selection of Heatsink Materials 

Maximum cooling electiveness calls for copper as the heatsink material 
because of its high thermal conductivity. However, cost considerations may 
dictate steel instead, and in some cases weight and ease of extrusion may 
bring aluminum into the picture. Two significant factors should be consid-
ered particularly for aluminum heatsinks. 

Where moist or corrosive atmospheres are expected, galvanic action be-
tween aluminum and the copper SCR case may lead to gradual deterioration 
of the joint, and an increase in thermal resistance. A good nickel or silver 
plate over the copper case as provided on General Electric SCR's, combined 
with use of a corrosion inhibitor, such as Burndy-Penetrox A; Alcoa No. 2, or 
Penn-Union Cual-Aid, minimizes corrosion at this joint. 

17.4.2 Heat Exchanger Surface Preparation 

Optimum heat transfer from semiconductor case to heat exchanger sur-
face depends heavily on adequate contact between the two surfaces. Care 
should be taken to insure a flat surface, free of ridges or high spots. 

The surface under the semiconductor contact surface should be flat to 
within 0.001 inch per inch and have a surface finish of 63 micro-inches or 
less. Before final assembly, the semiconductor case surface should be checked 
for removal of all burrs or peened-over corners that may have occurred dur-
ing shipping and subsequent handling and that would otherwise cause re-
duced heat transfer across the surfaces. 

Most heat exchanger surfaces have some treatment to aid radiation heat 
transfer and give corrosion protection. Copper fins are plated, painted, or 
ebnoled. Aluminum fins are generally painted or anodized. The heat ex-
changer surface under the semiconductor contact surface must be free of 
paint, anodization, or ebnol to give minimum contact thermal resistance. 
While plating in this area does not have to be removed, excessive oxides 
should be removed. 
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17.4.3 Mounting the Stud Type SCR 

The stud-mounted SCR is a particularly flexible component and has 
wide acceptance. This type of SCR uses a copper stud with a machine thread 
for making mechanical, electrical and thermal contact to a heatsink of the 
user's choosing. 

If the hole is punched, the fin should be subsequently blanked. If the 
hole is drilled, the burr should be carefully removed. The hole size should be 
between 0.005 and 0.015 inch larger than the stud outside diameter. If the 
stud has a fillet where the thread meets the flat surface of the hex, the fin 
hole should be chamfered to prevent the stud from hanging up on this fillet. 

Mounting straight threaded copper studs into a threaded hole in an 
aluminum fin is not recommended. Unequal temperature coefficients of ex-
pansion of aluminum and copper cause "thermal ratcheting." This tends to 
unscrew the copper stud from the threaded hole as the temperature cycles. 
The result is higher stud-fin contact thermal resistance. 

Where a copper stud is screwed into a tapped hole in a copper heat 
exchanger, extreme care must be taken to assure that drilling and tapping 
are at right angles with the heat exchanger surface. 

When mounting copper studs to a fin through a clearance hole by means 
of a nut on the backside, relaxation and metal creep may cause the mounting 
to gradually loosen. This condition is accelerated by temperature cycling and 
is dependent upon the magnitude of the time-temperature relation. As a con-
sequence of this condition, the stud-fin contact thermal resistance will in-
crease with time-at-temperature because of a loss of contact pressure. Tests 
have shown that after 1000 hours of operation, the stud-fin contact thermal 
resistance can increase as much as three times the initial value. 

To minimize the effect of relaxation, which is common in any fastener 
under torque, it is recommended that a belleville spring washer be used be-
tween the nut and fin. A commercially available nut-belleville washer assem-
bly, made by Shakeproof Corp., Elgin, Illinois, has been found to be satis-
factory for maintaining the initial stud-fin contact thermal resistance. Tests 
using the %, 1h and 3/4 inch nut-washer assembly, Shakeproof numbers 
ND16470, ND16105, and ND16501 respectively, showed a 11 per cent max-
imum increase in the initial stud-fin contact thermal resistance after 1000 
hours at 150°C. 

Good thermal contact between the semiconductor stud and the heatsink 
requires adequate pressure between these two surfaces as applied by torque 
on the threads of the device. However, torque beyond a certain point no 
longer improves the thermal contact and may mechanically stress the SCR 
junction and materials soldered or brazed to the stud inside the housing. 
Permanent damage to the device characteristics may result. For this reason, 
precise adherence to the manufacturer's torque recommendations is neces-
sary, and a torque wrench should always be used in mounting this type of 
semiconductor. Table 17.1 lists recommended mounting torques for the Gen-
eral Electric line of stud-mounted SCR's and rectifier diodes. 

The recommended torques are for clean, dry threads. Also, on semicon-
ductors with a %-24 stud or larger, the torque is applied on the nut while 
holding the semiconductor stationary. 

Torque wrenches, such as those made by the P. A. Sturtevant Company, 
should be chosen for the accurate range of torque that is to be used on a 
given rectifier diode or SCR. 
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Typical 
Max. 

Recom. 
mended 

Case Contact Thermal Resistance* 
( C, Watt) 

Torque With 0.005" 
(in lb.) Effective Aetal to Me al Mica Insulation 

Flat- 
Hex 
Size 

(For exact 
values 

Hex, Base 
Diameter 

With, 
G623 

Base Stud Across see spec. (Inches) With DC-3 With 
Dia. Size Flats sheets) d Dry Penetrox DC-4 Dry Penetroxt 

10-32 NF its" 
316" 

15 

30 

0.46 

0.59 

0.75 

0.45 

0.60 

0.35 - 

6.5 

4.0 

6.0 

3.5 

14"-28 13{6" 30 0.72 0.30 0.25 - 2.5 2.2 

%"-2a 144,- loo 0.91 0.15 0.10 - 
%"-20 L31." 150 0.91 0.10 0.09 - 
%"-16 1-14" 300 1.20 0.06 0.05 - 
%"-16 1-%" 300 1.50 - - 0.08 
- - § L75 - - 0.08 - - 

'Values apply for studs tightened down with maximum recommended torque to reasonably smooth 
flat surfaces by means of nut and clearance hole moun ing. Thermal resistance values are 
stabilized values from studs to point on fin at diamete d. Value for flat-base unit when 
mounted as per 17.4.4. 
tG623-General Electric Co. Silicone Prod. Dept, Waterford, New York. 
DC-3 and DC-4-Dow Corning Co., Midland, Michigan 

#Penetrox 'A,' made by the Burndy Corp. 
§See Section 17.4.4. 

TABLE 17.1 CHARACTERISTICS OF STANDARD POWER SEMICONDUCTOR PACKAGES 

17.4.4 Mounting the Press-Fit Semiconductor 

Certain sizes of SCR's such as the types C22, C32, C33 and triacs such 
as the SC41 and SC46 as well as silicon rectifier diodes like the A44 and A45 
are available in the so-called "press-fit" package. This package is designed 
primarily for forced insertion into a slightly undersized hole in the heatsink. 
When properly mounted this type of SCR has a lower thermal drop to the 
heatsink than the stud type mounting. Also, in high volume applications the 
cost of this type of mounting is generally less than that for the stud type 
of SCR. 

The following simple procedures should be followed when press-fitting 
appropriate SCR's: 

1. Heatsink materials may be copper, aluminum, or steel in order of 
preference. The heatsink thickness should be a minimum of 1/2  inch, 
the width of the knurl on the housing. 

2. The hole dimensions are shown in Figure 17.4. The hole may be 
punched and reamed in a flat plate or extruded and sized in sheet 
metal. A slight chamfer on the hole should be used to guide the 
housing. 

HEAT SINK 

4985 

4965 - 

(STRAIGHT KNURL) 

(CATHODE) 

(GATE) 

.505  
501 

00 OF KNURL 

NOTE ALL DIMENSIONS ARE 
IN INCHES 

FIGURE 17.4 MOUNTING THE PRESS-FIT POWER SEMICONDUCTOR 
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3. To insure maximum heat transfer the entire knurl should be in con-
tact with the heatsink. The unit must not be inserted into the heat-
sink past the knurl. This is to prevent the header from taking pres-
sure off the knurl in a deep hole. 

4. The insertion force must be limited to 800 pounds. This is to prevent 
misalignment with the hole and/or excessive unit-to-hole interfer-
ence. Pressure must be uniformly applied to the face of the header as 
shown in Figure 17.5. 

ID /.370 
- /.500 

-C- 1 -.UNIFORM PRESSURE AREA 

FIGURE 17.5 AREA OF APPLYING PRESSURE TO PRESS-FIT POWER SEMI-
CONDUCTOR. 

If the device is inserted in the above prescribed manner (using a copper 
heatsink), the thermal resistance, case to heatsink, will be less than 0.5°C/ 
watt. The insertion is generally accomplished by means of an hydraulic ram. 
Reading the pressure and knowing the piston area, one can pre-set the maxi-
mum insertion force. Another possible insertion method which is simple to 
employ, but which gives no provision for measuring insertion force, is accom-
plished by the use of two blocks of wood and a bench vise as shown in 
Figure 17.6. 
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VISE 0000 HEAT HMO VISE 
JAW WOOD SINK WOOD JAW 

FIGURE 17.6 USE OF VISE TO INSERT PRESS-FIT POWER SEMICONDUCTOR 

There are commercially available heatsinks specifically designed to ac-
commodate press-fit devices. One such is a radial fin semiconductor cooler 
(NC-300-R series) manufactured by Wakefield Engineering Inc. These cool-
ers are available in different sizes with hole accommodation for one or two 
press-fit units. 

Several other mounting methods for press-fit devices are possible. Dif-
ferent types of mountings will demonstrate different thermal characteristics 
and in a good many cases the characteristics will not be readily predictable 
from theory. For suggestions on different mounting techniques, see Refer-
ence 4. 

17.4.5 Mounting the Flat Base Semiconductor 

A number of General Electric high current SCR's and rectifier diodes 
are provided in a flat base package such as shown in Figure 17.7. At present 
only one package size is available in this flat base configuration and therefore 
our discussion can be specific. However, the points covered will generally 
apply to any similar flat-base package. 

1.1 

FIGURE 17.7 THE FLAT-BASE POWER SEMICONDUCTOR 
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The following mounting hardware is supplied with each device: 
4 bolts (2 lengths) 
2 hex nuts 
1 spring clamp 
2 spacers 

For those mounting situations requiring a second spring clamp (see Fig-
ure 17.9a) it should be requested when ordering SCR. The second clamp for 
this SCR is supplied at no additional cost. Heatsink surface preparation is 
described in Section 17.4.2. 

17.4.5.1 Heatsink Thickness 

1. For all heat sinks over 7/8 " in thickness at mounting surface, two 
holes are to be drilled and tapped for a 5A6-18 UNC2A bolt to a 
depth of 1/2 ". See Figure 17.8. 

2. For all heat sinks 7/8 " and under in depth, two clearance holes are to 
be drilled for a 5i0" bolt, 2½" =I.- %4" apart, center line to center line. 

ing—I 2 I/2" 

HEATS INK 

FIGURE 17.8 DRILLING THE HEATSINK FOR THE FLAT-BASE PACKAGE 

17.4.5.2 Mounting Procedure 

1. See Section 17.5 for proper lubrication of cell-heat exchanger inter-
face. 

2. On all heat sinks between 1/4" and 7/8" thick (heat sinks under 1/4" 
are not used) slide both bolts through the spring clamp, spacers, heat-
sink and spring clamp (on the opposite side of the heatsink). See 
Figure 17.9(a). 

3. Run the nuts up the bolts finger tight and position the cell so that 
the cable on the cell can be easily connected to its proper location 
without a strain on the cell. 

4. Tighten the nuts until the spring clamp over the cell bottoms against 
the spacers. (The spring clamp will then be flattened.) 

5. Be sure that there is no strain on the cable when connecting it to its 
proper terminal. 

6. For thick heatsinks over 7/8") the procedure is similar with the ex-
ception that only one spring clamp is used. See Figure 17.9(b). For 
further mounting details see appropriate specification bulletin. 

17.4.6 Mounting the Press-Pak 

In 1966 General Electric introduced the Press-Pak SCR. This radical 
change in power semiconductor packaging is shown in Figure 17.10. For 
package details, see appropriate specification bulletin. 
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NEAT MKS LESS THAN 1/.4 . INCH ARE NOT USED. 

(el 

FIGURE 17.9 MOUNTING THE FLAT-BASE PACKAGE 

FIGURE17.10 THE C350 AND C380 PRESS-PAK 

The Press-Pak is a presure mounted device wherein the pressure is ex-
ternally applied and retained; that is, proper electrical and thermal contact 
is maintained by presure mounting the Press-Pak between two heat ex-
changers. Of course, single sided cooling is also feasible with a heat ex-
changer on one side and a retaining surface on the other side. 

The Press-Pak shown in Figure 17.10 must be mounted with 700 to 900 
pounds force. The heatsink(s) for this device must be parallel to the face of 
the device and as smooth as the device surface, which is flat within 0.0003 
inches. A swivel mounting clamp is recommended to assure parallelism. For 
this purpose, a special double-spring mounting clamp assembly kit with a 
swivel pressure stud is available from the General Electric Company. See 
Press-Pak specification bulletin for detailed instructions to use kit. 

Figure 17.11 shows the Press-Pak installed using one of these kits. 
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(I)I/4- 20 NUT, HEX HO. 

(2 REVD) 
(2)SPRING WITH SWIVEL 

(3)SET SCREW 

(4)INSULATING SLEEVE ON 

BOLT (2 REO'D) 

(5)SWIVEL PAD 

(6) INSULATION 

(7) HEATSINK AND TERMINAL 

un PRESS PAR  
(9) HEATSINK AND TERMINAL 

(10) SPRING 

(II) 1/4- 20 NUT, HEX HD. 
(2 RECI'D) 

FIGURE 17.11 PROPER MOUNTING OF PRESS-Pk 
USING G-E MOUNTING KIT 

The use of two springs puts the heatsink in compression only, without bend-
ing moments. The two nuts are finger tightened against the bolt insulation, 
with the setscrew free. The setscrew is finger tightened, and then tightened 
with an Allen wrench the specified number of turns. This provides the nec-
essary force. The swivel pad under the setscrew assures an even distribution 
of pressure. 

The exaggerated sketch of Figure 17.12(a) shows how a flat heat ex-
changer may bend under the mounting force unless supported with the sec-
ond spring clamp as shown in Figure 17.11. The exaggerated sketch of Fig-
ure 17.12(b) shows that without the recommended self-leveling contact on 
one side of the mounting, uneven pressure is applied to the contact surface 
of the Press-Pak. Even a slight difference in the tightening of the two nuts 
can result in a markedly uneven pressure when the recommended swivel 
contact is not used. 

SPRING WITH SWIVEL 

SET SCREW 

SWIVEL PAD 

INSULATION 

HEATSNK fi TERMINAL 

PRESS PUG 

HEATMNK a TERMINAL 

114-20 NUT. HEX HD, 

IS RECall 

FIGURE 17.12 EXAMPLES OF IMPROPER MOUNTING OF PRESS•PAK 

SPRING 

INSULATION 

HEATSINK & TERMINAL 

PRESS PAR  

INSULATING SLEEVE ON 

HEATS1NK a TERMINAL 

SPRING 

1/4-20 NUT, HEX HD. 

12 REV)) 
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Although the Press-Pak is a rugged component, reasonable care in han-
dling is recommended. Dropping, or other hard jarring, of the device can 
damage the silicon pellet and destroy electrical characteristics. Dents, nicks, 
or other distortion of the contact surfaces can also retard the flow of heat 
through the cooling fin, and cause the junction to overheat. 

17.5 LUBRICATION OF JOINT 

Any practical thermal joint will have trapped air pockets in the in-
evitable depressions and voids between the surfaces. Since air is a relatively 
poor thermal conductor, the thermal transfer can be improved by applying a 
thin layer of thermal lubricant to the contact interfaces before joining. In the 
case of stud type packages, care should be taken not to get the joint com-
pound on the stud threads. Also, be sure there are no foreign objects in the 
compound, such as brush hairs. Wipe excess grease from around base of cell 
to help prevent dirt accumulation. Table 17.1 indicates the improvement in 
thermal resistance that can be expected for typical SCR packages by use of 
a thermal lubricant. 

17.6 ELECTRICAL INSULATION OF CASE FROM HEATSINK 

In some applications it is desirable to electrically insulate the semicon-
ductor case from the heatsink. Hardware kits for this purpose are available 
for stud-mounted semiconductors with machine threads in the low and me-
dium power ratings. These kits generally employ a .003 to .005 inch thick 
piece of mica or bonded fiberglass to electrically isolate the two surfaces, yet 
provide a thermal path between the surfaces. As evidenced by the data in 
Table 17.1, the thermal resistance of the joint may be raised as much as ten 
times by use of this insulation. As in the direct metal-to-metal joint, some 
improvement in thermal resistance can be made by using lubricant on each 
side of the mica. 

Tests using beryllium oxide (99 per cent) for electrical insulation have 
shown this material to be excellent in heat transfer. Insulating a semicon-
ductor with a 1/2 -20 stud, using Be0 (99 per cent) washers (1.00 inch OD x 
.52 inch ID x .125 thk) gave a stud-fin contact thermal resistance of 0.14°C/ 
watt. Applying Penetrox 'A' to all contact surfaces decreased that thermal 
resistance to 0.1°C/watt. 

Beryllium oxide discs are also available with one or both sides metalized. 
With this metallization it is possible to solder the semiconductor case, the 
heat exchanger, or both to the Be0 disc. This technique is particularly useful 
with the flat-bottom press fit package. Figure 17.13 shows the drastic im-
provement in case-to-sink thermal impedance using the metallized Be0 and 
solder technique. 

Beryllium oxide washers in large, formed sizes and small quantities are 
basically somewhat expensive items. However, careful consideration should 
be given to the over-all economics before using any other material when 
electrical insulation is required. Several standard washer sizes are available 
from companies such as National Beryllia Corporation, Frenchtown Porce-
lain, or Brush Beryllium Company. 
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Another method used for insulating the semiconductor case from the 
heat exchanger is to directly solder the device to a small metal plate and 
then insulate that from the heat exchanger. Figure 17.14 shows this approach 
used with the flat-bottomed press-fit package. The SCR is soldered to a flat 
metal plate (say 3 or 4 square inches in area). Soldering must be accom-
plished below 200°C; a 60-40 (Pb-Sn) solder can be employed at about 
180°C. A solder which looks quite promising for this application is "Alloy 82" 
from Alloys Unlimited Inc. This is a lead-tin-indium (37 1/2 -37 1/2 -25) preform 
of 468 mils diameter and 9.5 mils thickness. Soldering with this alloy can be 
accomplished at 150°C. 
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FIGURE 17.13 MOUNTING THE PRESS•FIT PACKAGE WITH BERYLLIUM OXIDE 
INSULATION. 
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SOLDER 

METAL PLATE 

TAPE 

HEATSINK 
OR 

CHASSIS 

FIGURE 17.14 MOUNTING THE PRESS FIT PACKAGE WITH TAPE INSULATION 

The SCR-flatplate assembly is then mounted to the heat exchanger by 
means of an epoxy coated, mylar tape. The tape recommended is Scotch 
Brand #75. This is a one mil mylar tape with about 2 mils of epoxy (when 
cured) on both sides. The epoxy cures at 121°C in three hours. 

The advantage of the above outlined mounting technique is that the 
operating heat generated at the device junction is first spread out over a 
large physical area before it tries to traverse the insulating medium. This re-
duces the total thermal resistance of that insulation. 

Other techniques employing the direct use of epoxy adhesives, epoxies 
with a filler, and the direct use of insulating tape have been successfully em-
ployed.4 Since in most cases a rather high price in current rating is paid in 
thermal resistance for insulated mounting, such mounting is not recom-
mended for high power SCR's. 

17.7 COOLING FIN DESIGN 

The most common means of cooling SCR's other than lead or tab types 
is to mount them to a metallic cooling fin. Heat losses at the junction of the 
semiconductor will then flow down through the case, into the fin, and will 
then be dissipated to the ambient air by radiation and either free or forced 
convection heat transfer. 
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17.7.1 General 
Because the mechanisms of radiation and convection are of distinctly 

different nature, the so-called heat transfer coefficient (h) for each effect must 

Symbol Definition I Dimensions 

A Surface Area of Fin in.2 
c Thermal Capacity watt-sec/lb. °C 
h Heat Transfer Coefficient watts/in.2°C 
k Thermal Conductivity watts/°C-inch 
L Length of Fin (in specified direction) inches 

cl Rate of Heat Flow watts 
T Temperature °C 
AT Temperature Difference °C 
Ts Surface Temperature of Heatsink °C 
TA Ambient Temperature °C 
V Air Velocity ft./min. 
E Radiation Surface Emissivity — 

Fin Effectiveness — 
0 Thermal Resistance °C/watt 

TABLE 17.2 BASIC THERMAL UNITS 

be calculated separately and combined with the fin effectiveness (n) to deter-
mine the over-all heat transfer coefficient if any degree of confidence is to be 
placed in the analytical design. The rate of heat flow, q, from the fin to the 
ambient air can be expressed as follows: 

q hAnAT (17.1) 
where h = total heat transfer coefficient of the fin 

A = surface area of the fin 
= fin effectiveness factor 

AT = temperature difference between hottest point on fin and 
ambient 

Table 17.2 lists these and other symbols used in the following discussion to-
gether with their dimensions. 

A short discussion on each of the major factors in Equation 17.1 will re-
veal the variables on which they depend. The examples cited all apply to the 
same size fin and temperature conditions so that the reader can compare the 
relative magnitude of each of the various mechanisms of heat transfer. 

It should be emphasized that while the individual equations are quite 
accurate when the conditions on which they are based are fulfilled in detail, 
the practical heatsink design will depart from the conditions to some extent 
because of local turbulence in the air due to mounting hardware and leads, 
thermal conduction down the electrical leads and the mounting for the fin, 
nearby radiant heat sources, chimney cooling effects caused by other heated 
devices above or below the cooling fins, etc. Fortunately most of these addi-
tional effects enhance rather than reduce the heat transfer. Therefore, it is 
common practice to disregard these fringe effects in the paper design stages 
except where designs are being optimized to a high degree. Even in a highly 
optimized design, precisely calculated values may be subjected to substantial 
corrections when the design is actually checked in the prototype. The final 
measure of the effectiveness of the cooling fin will always be the fin tempera-
ture at the case which should never be allowed to exceed the manufacturer's 
rating for a given load condition. 
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17.7.2 Radiation 

For stacked fins with surface emissivity of 0.9 or more and operating up 
to 200°C, the radiation coefficient (h,.) can be closely approximated by the 
following equation:* 

3 

2 watts  hi. = 1.47 X 10— (Ts + TA ± 
1°E (1 — F) (17.2) 273) 

2°C 
where € = surface emissivity (see Table 17.3) 

F = shielding factor due to stacking (F = 0 for single unstacked 
fins) 

Ts = surface temperature of cooling fin (°C) 
TA = ambient temperature (°C) 

Table 17.3 indicates the wide variation in emissivity for various surface 
finishes. In free convection cooled applications, the radiation component of 
the total heat transfer is substantial, and it is therefore desirable to maximize 
radiation heat transfer by painting or anodizing the fin surface. 

Note that oil paints regardless of color improve surface emissivity to 
practically an ideal level (unity). 

Figure 17.15 presents Equation 17.2 in the form of a nomogram which 
considers the detrimental effects of stacking cooling fins. As fin spacing is 
reduced shielding effects become more marked, and radiation heat transfer 
is reduced, 

RADIATION NOMOGRAM 
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I 11.2 34 6 10 20 
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1  Surface Emissivity (E) 

Anodized Aluminum 
Commercial Aluminum (Polished) 
Aluminum Paint 
Commercial Copper (Polished) 
Oxidized Copper 
Rolled Sheet Steel 
Air Drying Enamel (any color) 
Oil Paints (any color) 
Lampblack in Shellac 
Varnish 

0.7-0.9 
0.05 

0.27-0.67 
0.07 
0.70 
0.66 

0.85-0.91 
0.92-0.96 

0.95 
0.89-0.93 

TABLE 17.3 EMISSIVITIES OF COMMON SURFACES 

Example of Use of Radiation Nomogram 

Given: —Stack composed of 3" x 3" square cooling fins 
—1" spacing between fins 
—ambient temperature = 40°C 
—fin surface temperature = 100°C 

Problem: Determine coefficient of radiation heat transfer (hr) and total radi-
ation heat transfer (q,) assuming fin effectiveness = 1. (See Section 
17.7.5) 

Ts + TA 100 + 40 
Solution: TG =  2 =  2 = 70° C 

Following the dashed line sequence starting at 1 for the above 
conditions, h, = .0024 w/in. 2°C. 
q, = hrApT = (.0024 watts/in. 2°C) (3 x 3 in.2) (2 sides) (100 — 
40°C) = 2.6 watts per fin. 
For single unstacked fins surrounded by 40°C ambient h, = .0054 
watts/in. 2°C by the indicated line on the nomogram. 
q„ = hrAAT = (.0054) (3 x 3 x 2) (100 — 40) = 5.8 watts per fin. 

17.7.3 Free or Natural Convection 
For vertical fins surrounded by air at sea level and at surface tempera-

tures up to 800°C, the free convection heat transfer coefficient (he) can be 
approximated by the following equation which assumes laminar flow of the 
cooling medium :2 

( àT ) watts  
he = 0.00221 —L 0.25 2°C (17.3) in.  

where à'T = temperature difference between surface and ambient 
air ( °C) 

L = vertical length of fin (inches) 
This equation remains conservative for fin spacing down to approxi-
4 _ 

mately VL inch. Figure 17.16 presents Equation 17.3 in the form of a nomo-
gram for convenience. 

"This equation can be derived from Equations 31-3 and 31-90 In Reference 1. 
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FIGURE 17.16 FREE CONVECTION NOMOGRAM (VERTICAL FINS—SEA LEVEL AIR) 

Example of Use of Free Convection Nomogram 

Given: —3" x 3" square cooling fin 
—ambient temperature = 40°C 
—fin surface temperature = 100°C 

Problem: Determine free convection coefficient of heat transfer (h,) and 
total convection heat transfer (q0) assuming fin effectiveness = 1. 
(See Section 17.7.2). 

Solution: ,C,T = Ts — TA = 100 — 40 = 60°C 
L = 3 inches 
As shown by dashed line on nomogram, h, = .00465 watts/in. 2°C. 
q, = 11,AaT = (.00465 w/in. 2°C) (3 x 3 in.2) (2 sides) (100 — 
40°C) = 5.02 watts. 

Altitude derating factors for the free convection heat transfer coefficient 
are shown in Figure 17.17 for fins from 1/2 inch to 2 feet on a side. 
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17.7.4 Forced Convection 

100 

When air is moved over cooling fins by external mechanical means such 
as fans or compressors, heat transfer is improved and the convection heat 
transfer coefficient can be approximated by the following equation:* 

II, = 11.2 \I— V-
L — X 10-4 watts/in. 2*C (17.4) 

where V = free stream linear cooling air velocity across fin surface 
(ft./min.) 

L = length of fin parallel to air flow (inches) 
This equation is based on laminar (non-turbulent) air flow which exists 

for smooth fin lengths up to L C/V, where C is a constant given in Table 
17.4 for various air temperatures. For L > C/V, air flow becomes turbulent 
and heat transfer is thereby improved. Turbulent air flow and the resultant 
impovement in heat transfer may be achieved for shorter L's by physical pre 
jections from the fin such as wiring and the rectifier cell itself. However, 
turbulence increases the power requirements of the main ventilating system. 

I-- Minimum spacing for the above is B .\ L inches where B is also a constant 
V 

given in Table 17.4. 

Air Temperature B C 

25°C 3.4 37,000 
55°C 3.8 45,000 
85°C 4.1 52,000 
125°C 4.5 63,000 
150°C 4.7 70,000 

TABLE 17.4 LAMINAR FLOW LIMITATIONS 

*This is accurate within 1% of Equation 7.48, Reference 2, p. 149 for air properties up to 250°C. 

359 



SCR MANUAL 

Figure 17.18 presents a nomogram for convenience in solving the forced 
convection equation, Equation 17.4 above. 
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FIGURE 17.18 FORCED CONVECTION NOMOGRAM 

Example of Use of Forced Air Convection Nomogram 

Given: —3" x 3" square cooling fin 
—air velocity = 300 linear FPM 
—ambient air = 40°C 
—fin surface temperature = 100°C 

Problem: Determine forced convection heat transfer coefficient (h,) and total 
convection heat transfer (q0) assuming fin effectiveness = 1. 

Solution: L = 3 inches, V = 300 LFPM 
As shown on dashed line on nomogram, h, = .011 watt/in. 2°C. 
q, = licApT = (.011 watts/in. 2°C) (3 x 3 in.2) (2 sides) (100 — 
40°C) = 11.9 watts. 

17.7.5 Fin Effectiveness 

For fins of thin material, the temperature of the fin decreases as dis-
tance from the heat source (the SCR) increases due to effects of surface cool-
ing. Thus calculations of heat transfer, such as those above, which are based 
on the assumption that the fin is at a uniformly high temperature are opti-
mistic and should be corrected for the poorer heat transfer which exists at 
the cooler extremities of the fin. The correction factor which is used is called 
fin effectiveness (77). n is defined as the ratio of the heat actually transferred 
by the fin, to the heat that would be transferred if the entire fin were at the 
temperature of the hottest point on the fin. The hottest spot, of course, is 
adjacent to the stud of the SCR. The effectiveness depends on the length, 
thickness, and shape of the fin, on the total surface heat transfer coefficient h, 

360 



COOLING THE POWER SEMICONDUCTOR 

and on the thermal conductivity k of the fin material. As defined in Equation 
17.1, the total actual heat transfer may be calculated by multiplying the fin 
effectiveness factor by the total surface heat transfer (determined by adding 
the radiation and convection heat transfer as calculated in the examples 
above). 
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Fin effectiveness can be computed by means of the nomogram shown in 
Figure 17.19. The typical sequence of proceeding through the nomogram is 
indicated by the encircled numbers adjacent to the scales. 

Example of Use of Fin Effectiveness Nomogram 
(;1\ull —Stack composed of 3" x 3" square painted aluminum fins, 

each 1/64 inch thick. 
—Effective stud hex diameter d = 0.59 inch. 
—1 inch spacing between fins 
—300 LFPM air velocity 
—Fin temperature at stud = 100°C. 
—Ambient air temperature = 40°C. 

Problem: Determine total heat transfer of each fin. 
Solution: 

1st Step: Determine total heat transfer coefficient. Radiation heat transfer 
coefficient hi. = .0024 w/in. 2°C per example in Section 17.7.2. 
Convection heat transfer coefficient h = .011 w/in. 2°C per 
example in Section 17.7.4. 
Total heat transfer coefficient = hr + he = .0024 ± .011, h = 
.0134 w/in. 2°C. 
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2nd Step: Determine fin effectiveness factor from nomogram. 
.59 b = 0.564E — d/2 = (0.564) (3) — 0 — = 1.39" 
2 

1.128 x 3  
D/d = = 5.64 

0.59 
For h = .0134 w/in. 2°C and thickness 8 = .0155 inch. a = 
0.58 as indicated by the dashed line on the nomogram. Through 
b = 1.39 and a = 0.58, a line is extended to the graph where 
D/d = 1. Projecting horizontally on this graph to D/d = 5.64, 
n is found to be 0.67. 

3rd Step: Determine total heat transfer. 
Total heat transfer q = hArpIT 
q = (.0134 w/in. 2°C) (18 in.2) (0.67) (100 — 40°C) 
= 7.2 watts per fin. 

For fin materials other than copper or aluminum, use the "copper" scale 
on the nomogram by multiplying the actual fin thickness by the ratio of the 
thermal conductivity of the material being considered to the thermal conduc-
tivity of copper. Thus, for a 1,43 inch steel fin, enter axis 2 on the copper scale 
at 0.125 inch x 1.16/9.77 = 0.0'5 inch. Thermal conductivities of several 
commonly used fin materials are given in Table 17.5. 

Material Density 
(lbs/in.3) 

Heat Capacity (c) 
(watt-sec./lb. °C) 

Thermal 
Conductivity (1c; 
(watts/in. *C) 

Aluminum 0.098 407 5.23 
Brass 0.30 179 2.70 
(70 Cu, 30 Zn) 
Copper 0.32 175 9.77 
Steel 0.28 204 1.16 

TABLE 17.5 THERMAL PROPERTIES OF HEATSINK MATERIALS 

In general, it will be found that fin thickness should vary approximately 
as the square of the fin length in order to maintain constant fin effectiveness. 
Also, a multi-finned assembly will generally have superior fin effectiveness 
and will make better use of material and weight than a single flat fin. 

17.7.6 Typical Example of Complete Fin Design 

Given: —Four C35 SCR's with 9/16" hex and 1/4"-28 thread are 
operated in a single-phase bridge at 10 amperes DC maxi-
mum each. The specifications for this rectifier indicate that at 
this current level each SCR will develop 16 watts of heat 
losses at its junction and that for satisfactory service at this 
current level, the stud temperature should be maintained 
below 92°C. The maximum ambient temperature is 40°C and 
free convection conditions apply. 

Problem: Design a stack of fins to adequately cool the four SCR's in this 
bridge circuit. 
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Solution: 
1st Step: Determine maximum allowable fin temperature at radius of stud 

hex. From Table 17.1, the thermal resistance from stud to fin for 
a joint with lubricant is 0.35°C/watt maximum. The maximum 
fin temperature therefore must not exceed 92°C — (0.35°C/watt 
x 16 watts) = 86°C. 

2nd Step: Estimate required fin designs based on space available: 6" x 6" 
painted vertical fins at one inch spacing. Material .08 inch thick 
steel. Assume all cell losses are dissipated by fin. 

3rd Step: Determine surface heat transfer coefficient and fin effectiveness 
of estimated fin design: 
Radiation (from Nomogram in Figure 17.15) 

86 -F 40  
TG = 2 = 63°C = .00145w/in. 2°C 

Free Convection (from Nomogram in Figure 17.16) 

= 86 — 40 = 46°C = .0037w/in. 20C  AT  
htotal = .0052w/in. 2°C 

Fin Effectiveness (from Nomogram in Figure 17.19) 
D = 1.128E = 1.128 x 6 = 6.768 
d = 0.59 from Table 17.1 

b = 0.564E — d/2 = 0.564 X 6 — 0.59 = 3.089 
2 

6.768 1.16 
D/d = — 11.5; Cu = (.08) — = .0095 in. 

0.59 9.77 
Using these parameters in the nomogram, 71 = 55%. 

4th Step: Determine total heat transfer for estimated fin. 
q = hAnAT 
= (.0052) (6 x 6 in.2) (2 sides) (0.55) (86 — 40°C) 
= 9.7 watts 

5th Step: Determine error in approximation. Re-estimate fin requirements, 
and recalculate total heat transfer. In this example, the capabili-
ties of the initial fin design fell considerably below the require-
ments of 16 watts. To sufficiently increase the heat transfer, a 
1/4 " thick copper fin would be needed. Alternately a thinner fin 
of larger area could be used. 

17.8 MEASUREMENT OF CASE TEMPERATURE 

Heatsink design should be checked in the prototype equipment. A 10 or 
12 mil thermocouple wire should be used. A copper-constantan thermo-
couple junction is suggested. The thermocouple junction should be carefully 
soldered to the SCR case as indicated in Figure 17.20. The temperature 
at this point closely approximates the tern perature of the case immediately 
below the junction, which is usually inaccessible once the device is mounted 
to a fin. The point of measurement on the stud should be shielded from any 
forced air which might cause localized cooling, and the leads should be kept 
out of any flow of cooling air since they can provide a heat flow path which 
will lower the temperature at the thermocouple junction. 
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Unless carefully calibrated leads and instruments are available, a ther-
mocouple bridge rather than a pyrometer should be employed. Care should 
be taken to keep the thermocouple leads out of electric fields that might in-
duce error voltages in the leads. 

As an alternative to using a thermocouple, temperature indicating waxes 
and paints bearing such trademarks as `Thermocolors" (manufactured by 
Curtiss-Wright Research Corporation) and "Tempilaq" (manufactured by 
Tempil Corporation, New York City) can be used to indicate whether the 
case exceeds a specific level of temperature. Careful attention should be 
given to the manufacturer's instructions for using this type of temperature in-
dicator to prevent mis-application and errors. Temperature indicating paints 
and waxes are particularly useful in high electrical fields where substantial 
errors may occur in electrical measurement techniques or where the fin is 
inaccessible for thermocouple leads during the test, such as on the rotor of a 
rotating machine. Care must be taken in applying paints so their presence 
does not materially affect the emissivity of the surface. 

THERMOCOUPLE 
LEADS 

(a) STUD 

THERMOCOUPLE COOLING FIN 
LEADS 

THERMOCOUPLE 
LEADS 

COOLING FIN 

lc I PRESS FIT 

I d) PRESS PAR  

DERtA000UPL 
LEADS 

HEAT SINK 

II0 FLAT BASE 

THERMOCOUPLE LEADS 

HEATSIM( 

SPRING CLAMPS 

FIGURE 17.20 PREFERRED LOCATION FOR MOUNTING THERMOCOUPLE FOR CASE 
TEMPERATURE MEASUREMENTS. 
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Use of the foregoing procedures to produce a well-engineered cooling 
fin design for SCR's can pay big dividends in reliable operation, low material 
costs, and minimum space and weight requirements. 
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18 
18.1 INTRODUCTION 

SCR RELIABILITY 

Reliability is not new as a concept, but the language and techniques 
relating to its treatment have continued to develop as technology has ad-
vanced and become increasingly complex. The need to define reliability as a 
product characteristic has expanded as the newer technologies have moved 
from laboratory to space to industry to home. The steel mill calculates the 
cost of down time in thousands of dollars per minute; the utility is sensitive 
to the low tolerance level of its customers to interruptions in service; the 
manufacturer of consumer equipment relies on a low incidence of in-war-
ranty failures to maintain profitability and reputation. 

The complexity of equipment, on the one hand, and the development of 
new components on the other, have forced industry to invest considerable 
effort in finding means for controlling and predicting reliability. The efforts, 
in many cases, were accelerated by the desire of the military to evaluate, and 
improve where necessary, the reliability of new devices, which offered the 
promise of improvements in size, weight, performance, and reliability in aero-
space and weapons systems. One new device so favored was the SCR, the 
first of the thyristor family of devices to be commercially available. 

The first SCR, the General Electric C35, was successfully qualified to 
the first SCR military specification only two years after it was made commer-
cially available. At approximately that same time, a specification was finalized 
to which this same device was qualified as part of the highly publicized 
Minuteman missile high reliability program. These programs, and others that 
followed, contributed a great deal to the knowledge and understanding of the 
inherent reliability of semiconductors such as the SCR, and of those factors 
in design, rating, process control and application that effectively determine 
the reliability achieved. As a result the General Electric Co. has been able, 
in a relatively brief span of time, to develop and produce a wide variety of 
thyristor devices tailored to the particular needs of various fields of applica-
tion. The variety of thyristor type devices offered by the General Electric Co. 
at this time includes the SCR, the SCS, the SUS, the SBS, the light-activated 
SCR and SCS, and the triac. Chapter 21 indicates the broad range of current 
and voltage available in these devices. Applications thus far are so diverse as 
to include automobiles, computers, missiles, spacecraft and aircraft, industrial 
controls, lighting systems, hand tools, and household appliances. 

18.2 WHAT IS RELIABILITY? 

Reliability may be defined as the probability of performing a specific 
function under given conditions for a specific period of time. Reliability is a 
measure of time performance as opposed to quality, which is a measure of 
conformance to specified standards at a given point in time. Although system 
reliability is influenced by factors such as the selection and design of circuits, 

367 



SCR MANUAL 

discussion in this chapter is limited to the effects of component part reliabil-
ity. In addition, the assumption is made that the parts are properly applied, 
and that they are not subject to stresses that exceed rated capability. 

18.3 MEASUREMENT OF RELIABILITY 

In the case of large systems, the common unit of reliability measurement 
is MTBF, or Mean Time Between Failures. MTBF expresses the average 
time in hours that the system operates between failures, providing a basis for 
estimating the cost of system maintenance. The MTBF measurement further 
contributes in the establishment of preventive maintenance scheduling and 
in estimating productivity as a function of availability, which is that percent-
age of time that the system can be expected to be productively operable. 

The reliability of a system is based on the summation of the reliabilities 
of all the parts that make up the system. This process is made complex by 
factors such as the need for weighting based on the effect on total system 
performance of the failure of a particular component or circuit, and the as-
signment of correction factors to compensate for stress levels applied. If these 
complexities are ignored, and if a further simplification is made in the form 
of the assumption that the failure rates of the components are constant over 
time, then Failure Rate is the reciprocal of MTBF, and system MTBF is the 
reciprocal of the sum of the Failure Rates of the component parts. 

18.3.1 Failure Rate 

An individual component part, such as a semiconductor, does not lend 
itself to reliability measurement in the same manner as does a system. For 
this reason, the statistical approach to estimating device reliability is to relate 
the observed performance of a sample quantity of devices to the probable 
performance of an infinite quantity of similar devices operated under the 
same conditions for a like period of time. The statistical measurement is 
based on unit hours of operation, using a sampling procedure whose deriva-
tion takes into account the resolution with which the sample represents the 
population from which it was drawn and the general pattern of behaviour of 
the devices observed with time. 

The sampling plan most commonly applied to semiconductors is given as 
Table C-1 of Mil-S-19500D, and is shown here as Figure 18.1. "Failure Rate" 
is a commonly used term, generally applied interchangeably with LTPD (Lot 
Tolerance Percent Defective), which is also called "Lambda" when used in 
connection with a one thousand hour test period. The table given permits 
calculation of failure rate at the ninety percent confidence level as a function 
of the number of devices observed and the number of failures occurring. 

According to the sampling plan, satisfactory operation of 231 devices for 
1000 hours is indicative that the failure rate is no greater than 1.0% per 1000 
hours at a 90% confidence level. If it were desired to demonstrate a maxi-
mum failure rate of 0.1% per 1000 hours, the minimum sample would be 
2,303 devices with no failures allowed. This could also be demonstrated with 
a sample of 3,891 samples, allowing one failure. In either case, a successful 
test would be the equivalent of demonstrating an MTBF of 1,000,000 hours 
for a system made up solely of the devices under test. Several points become 
evident in these observations: 
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(a) It would be extremely difficult to perform an accurate test demon-
stration to verify failure rate below even 1.0% since the test equipment and 
instrumentation must have a still greater MTBF in order not to adversely 
affect the test results. The problem compounds as the failure rate being 
tested for is lowered. Not only is test equipment complexity increased, but 
its MTBF must be increased at the same time! 

(b) The terminology "Failure Rate" is perhaps a poor choice of words. 
To the reliability engineer it relates the performance of a limited number of 
observations to the probable performance of an infinite population. To those 
not familiar with the statistics used, it unfortunately conveys the impression 
of actual percent defective. 

18.4 SCR FAILURE RATES 

Even at the early stages of development and application, it was appar-
ent that the SCR would permit the improvement of equipment reliability. In 
1962, Mil-HDBK-217 included the following failure rate estimates for de-
vices operated at rated power: 

semiconductor diodes-0.1% per 1000 hours 
transistors-0.2% per 1000 hours 
single receiving tubes-0.2% to 0.9% per 1000 hours 
single power tubes-1.0% to 2.0% per 1000 hours 
composition resistors-0.045% per 1000 hours 
transformers, magnetic amplifiers, and coils (Class H insulation, 

0°C to 90°C hot spot temperature)-0.5% per 1000 hours 
For purposes of presentation, SCR's are not treated separately in Mil-

HDBK-217, but are included with the semiconductor diodes. Two possible 
reasons that the SCR could be categorized with the diode rather than the 
transistor are: (1) the SCR has a geometry that is usually somewhat less sus-
ceptible to the degrading effects of surface phenomena than the transistor. 
(2) The SCR is a bistable rather than a linear device, and is therefore more 
tolerant of possible parameter degradation. 

From 1962 through 1965, a cumulative total of approximately 500 sam-
ple C35 SCR's were subjected to full load intermittent operation of 1000 
hours in formal lot acceptance testing to Mil-S-19500/108. Of these, none 
were observed to be failures to the specification end point limits. The calcu-
lation of failure rate based on these results indicates the failure rate to be no 
more than 0.46% per 1000 hours at 90% confidence. 

In Mil-HDBK-217, the end point limits used to define failure were: an 
open; a short; and a radical departure from initial characteristics in a short 
period of time. The end point limits specified by Mil-S-19500/108 are essen-
tially; an increase of forward or reverse blocking current beyond twice the 
initial acceptance limit; and an increase of gate current to trigger beyond 
110% of the initial acceptance limit. If it is conservatively estimated that as 
many as 10% of observed failures are catastrophic, then a factor of ten can 
be applied to the failure rate calculated against the drift limits of Mil-S-
19500/108. This allows a more direct comparison with the projection of 
Mil-HDBK-217. Applying this factor, the above calculated maximum failure 
rate is reduced to 0.046% per 1000 hours at 90% confidence. Even were 
the failure rate of semiconductors constant rather than decreasing with time, 
this would still represent an MTBF of 2,150,000 hours. 
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Minimum size of sample to be tested to assure, with a 90 percent confidence, a Lot Tolerance Percent Defective or X no greater than the LTPD specified. The minimum quality 
(approximate AOL) required to accept (on the average) 19 of 20 lots is shown in parenthesis for information only. 

Maximum 
Percent 

Defective 
(LTPD) or 

20 15 10 7 5 3 2 1.5 1 0.7 0.5 0.3 0.2 0.1 

X (1) 

Rejection Acceptance 
Number Number Minimum Sample Sixes 

1 0 11 15 22 32 45 76 Hé, 153 231 328 461 770 1152 2303 
(0.46) (0.34) (0.23) (0.16) (0.11) (0.07) (0.04) (0.03) (0.02) (0.02) (0.01) (0.007) (0.005) (0.002) 

2 1 18 25 38 55 77 129 195 258 390 555 778 1298 1946 3891 
(2.0) (1.4) (.94) (.65) (.46) (.28) (.18) (.14) (.09) (.06) (.045) (.027) (.018) (.009) 

3 2 25 34 52 75 105 176 266 354 533 759 1065 1777 2662 5323 
(3.4) (2.24) (1.6) (1.1) (.78) (.47) (.31) (.23) (.15) (.11) (.080) (.046) (.031) (.015) 

4 3 32 43 65 94 132 221 333 444 668 953 1337 2228 3341 6681 
(4.4) (3.2) (2.1) (1.5) (1.0) (.62) (.41) (.31) (.20) (.14) (.10) (.061) (.041) (.018) 

5 4 38 52 78 113 158 265 398 531 798 1140 1599 2667 3997 7994 
(5.3) (3.9) (2.6) (1.8) (1.3) (.75) (.50) (.37) (.25) (.17) (.12) (.074) (.049) (.025) 

6 5 45 60 91 131 184 308 462 617 927 1323 1855 3099 4638 9275 
(6.0) (4.4) (2.9) (2.0) (1.4) (.85) (.57) (.42) (.28) (.20) (.14) (.084) (.056) (.028) 

7 6 51 68 104 149 209 349 528 700 1054 1503 2107 3515 5267 10533 
(6.6) (4.9) (3.2) (2.2) (1.6) (.94) (.62) 1.47) 1.31) (.22) (.155) (.093) (.062) (.031) 

8 7 57 77 116 166 234 390 589 783 1178 1680 2355 3931 5886 11771 
(7.2) (5.3) (3.5) (2.4) (1.7) (1.0) (.67) (.51 ) (.34) (.24) (.17) (.101) (.067) (.034) 

9 8 63 85 128 184 258 431 648 864 1300 1854 2599 4334 6498 12995 
(7.7) (5.6) (3.7) (2.6) (1.8) (1.1) (.72) (.54) (.36) (.25) (.18) (.108) (.072) (.036) 

10 9 69 93 140 201 282 471 709 945 1421 2027 2842 4739 7103 14206 
(8.1) (6.0) (3.9) (2.7) (1.9) (1.2) (.77) (.58) (.38) (.27) (.19) (.114) (.077) (.038) 

11 10 75 100 152 218 306 511 770 1025 1541 2199 3082 5147 7704 15407 
(8.4) (6.3) (4.1) (2.9) (2.0) (1.2) (.80) (.60) (.40) (.28) (.20) (.120) (.08) (.04) 

(1) The life test failure rate lambda (X) shall be defined as the LTPD per 1000 hours, 

FIGURE 18.1 LAMBDA SAMPLING PLAN AT 90% CONFIDENCE 
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The stability of SCR parameters over an extended period was demon-
strated by a test, initiated in 1960, that employed some of the first commer-
cially produced devices. The conditions imposed were random, roughly simu-
lating the conditions such devices might be exposed to over a long period of 
time in a derated application. Temperature cycling, storage at various am-
bient temperatures, and sporadic short term operation at low current levels 
essentially constituted the test conditions. 

Forty-nine devices were started into the test cycle, of which three be-
came early failures. One of the failures resulted from a mechanical imperfec-
tion, the cause for which was subsequently eliminated through design 
improvement. The other two were analyzed to be the result of leaks in the 
hermetic seal. Refinements in housing fabrication and final sealing techniques 
plus the development of improved sensitivity leak detection methods have 
since provided effective control over the occurrence of this type of defect. 

Observations of the forty-six devices that remained on test indicate that 
the most significant characteristic being monitored was forward blocking cur-
rent. Though it is difficult to evaluate the degree of instrumentation error 
present, it is reasonable to assume that some actual change in blocking cur-
rent was experienced with several of the devices. Figures 18.2a and 18.2b 
show percentile distributions of forward and reverse blocking currents to 
twelve thousand, five hundred hours of test time. 

Figures 18.2c, 18.2d, 18.2e, 18.2f and 18.2g show percentile distribu-
tions of gate trigger current, gate trigger voltage, on voltage, holding current, 
and forward breakdown voltage of the same devices over the same test inter-
val. Because of the sensitivity of these tests to measurement error, actual 
variances with time are considered to be below the resolution of available 
instrumentation. 
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The true measurement of reliability can only be made on the basis of 
performance in the field. There are, unfortunately, no adequate means for the 
component manufacturer to gather unit hour data on devices in the field for 
failure rate analyses. It is, however, significant to note the rapid acceptance 
of the SCR in such traditionally conservative industries as steel, aluminum, 
and paper, where devices and systems must be well proven before they are 
used. This approach is necessary because of the extremely close relationship 
between product cost and equipment reliability and efficiency. In these in-
dustries alone, it is estimated that 500,000 kilowatts of SCR controlled sys-
tems were installed or purchased from 1962 through 1965. 

18.5 DESIGNING SCR'S FOR RELIABILITY 

The design of reliable devices is concerned with the assurance that per-
formance related characteristics remain within specified tolerances over the 
useful life of the devices. This relates particularly to thermal and mechanical 
design. 

In the case of thermal design, the stability of thermal transfer charac-
teristics are important for the reason that junction temperature is the major 
application limitation. The deterioration of the thermal path can lead to 
thermal runaway and device destruction. Interface materials scientifically 
selected for matched coefficients of expansion compatible with the rated 
range of temperatures are necessary to reduce the likelihood of metal fatigue. 
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Mechanical reliability requires the use of rigid assemblies of low mass, 
low moments of inertia, and the elimination of mechanical resonances in the 
normal ranges of vibration and shock excitation. Equally critical is the design 
of the protection of the junction surface, whether it be hermetic seal or passi-
vation. Since degradation failures are mainly manifestations of changes at the 
junction surface, reliability is closely related to the integrity of the surface 
protection. 

Continuing research and development are constantly expanding tech-
nologies that permit the use of lower cost materials and processes in the pro-
duction of semiconductor devices by limitation of the maximum rating rather 
than at the expense of reliability. The temperature range of the C30, for 
example, is limited to —40°C to +100°C. Hence it need only be capable of 
performing over a maximum temperature range of 140°C. The C35, by con-
trast, has a storage rating from —65°C to +150°C and must perform reliably 
over a range of 215°C, placing a greater demand on both the glass to metal 
seal of the package and the mechanical interfaces in the thermal path. 

Lower costs can also be accomplished through new techniques, as ex-
emplified by the C106. Effective passivation and the development of a com-
patible encapsulant have eliminated the need for glass to metal hermetic 
seals. This in turn has made possible lower cost high volume processing 
techniques without the compromise of reliability. 

18.6 PRODUCTION FOR RELIABILITY 

The complete manufacturing process must be carefully designed and 
controlled if all design criteria, including reliability, are to be maintained in 
volume production. Certain aspects of the process allow a greater degree of 
opportunity than others, to optimize for the achievement of reliability criteria. 
MATERIALS—Complete and properly detailed material specifications are 
an obvious basic necessity. Also important, however, are adequate means for 
thorough evaluation of the materials both prior to and, as in the case of gases, 
during their use. The necessary facilities are extensive and often quite sophis-
ticated. They provide the ability to perform electrical, mechanical, physical, 
chemical, and environmental evaluations. 
WORKMANSHIP—Rigid test and inspection standards throughout the proc-
ess provide an effective means for monitoring controls. The human element 
is ever present, even in the most automated of processes, and rigid standards 
of workmanship help to instill a sense of urgency in the operators for the 
maintenance of the necessary degree of control. 
TOOLS—The tooling and equipment used in the processing and fabrication 
of the semiconductor device can make an increased contribution to reliability 
of the completed device if their design is optimized for ease of set-up, easy 
maintainability, repeatability, and simplicity of operation to minimize or 
eliminate operator judgment. 
TEST AND INSPECTION—The design and efficient implementation of in-
process inspections and device testing provides for positive monitoring of the 
effectiveness of controls, with a minimum time lag for the institution of im-
mediate corrective action when the need is indicated. The testing may in-
clude electrical tests in both the sub-assembly and completed stages, as well 
as environmental and electrical stressing of the completed devices. 
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18.7 FAILURE MECHANISMS 

Failure mechanisms are those chemical and physical processes which 
result in eventual device failure. The kinds of mechanisms that have been 
observed in the semiconductor classification of component device are shown 
in the table of Figure 18.3. Also shown in the table are those kinds of stresses 
to which each mechanism is likely to respond. 

If more than a few such failure mechanisms are, to any significant de-
gree prevalent in a given device type from a given process, it would not be 
reasonable to expect to achieve the degrees of reliability that have been 
demonstrated by many semiconductors. The dominant mechanisms to which 
a device type may be susceptible will vary according to the peculiarities of 
the design and fabrication process of that device. 
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FIGURE 18.3 FAILURE MECHANISMS AND ASSOCIATED STRESSES 

18.7.1 Structural Flaws 

Structural flaws are generally considered to be the result of weak parts, 
discrepancies in fabrication, or inadequate mechanical design. Various in-
process tests performed on the device, such as forward voltage drop at high 
current density levels and thermal resistance measurement, provide effective 
means for the monitoring of controls against such flaws. These tests also pro-
vide a means for the elimination of the occasional possible discrepant device. 

The modes of failure generally associated with the mechanical flaw cate-
gory of failure mechanism for an SCR are excessive on-voltage drop, failure 
to turn on when properly triggered, and open circuit between the anode and 
cathode terminals. Because these types of failure mechanism are relatively 
rare, the incidence of these modes of failure is low. 
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18.7.2 Encapsulation Flaws 

Encapsulation flaws are deficiencies in the hermetic seal that will allow 
undesirable atmospheric impurities to reach the semiconductor element. For-
eign atmospheres, such as oxygen and moisture, can react in such a way as 
to permanently alter the surface characteristics of the silicon metal. 

A change in surface conductivity is evidenced by gradual increase of 
the forward and reverse blocking current characteristics. Because the SCR is 
à current actuated device, it will lose its capacity to block rated voltage if 
blocking current degrades beyond some critical point. This type of mecha-
nism may eventually result in catastrophic failure. The rate of degradation is 
dependent mostly on the size of the leak and the level of stress, particularly 
temperature, that is applied. 

18.7.3 Internal Contaminants 

The inclusion of a source of ionizable material inside the sealed package 
can result in failure mechanisms similar to those resulting from encapsulation 
flaws if the inclusion is gross. It can also result in apparently similar mecha-
nisms except that the amount of electrical change that occurs is limited. 

The mechanism need not be a permanent change in the surface charac-
teristics of the silicon, but can be an electrical change in base width near the 
silicon surface due to the formation of inversion layers. This condition is often 
reversible, with recovery accomplished through the removal of electrical bias 
and the introduction of elevated temperature. 

Because the SCR is a bistable, rather than a linear device, concern for 
this category of failure mechanism arises only if forward blocking current 
can increase to the point where forward blocking capability is impaired. The 
probability of occurrence is extremely low except for the possible case of the 
small junction area, highly sensitive devices. Even here, the mechanism is 
often negated through negative gate or resistor biasing in the circuit. 

18.7.4 Material Electrical Flaws 

This category of failure mechanism involves, basically, imperfections in 
junction formation. Discrepancies of this nature are not generally experienced 
with SCR's because of their relatively thick base widths and because the 
blocking junctions are formed by the diffusion process, which allows consist-
ent control of both depth and uniformity of junction. 

18.7.5 Metal Diffusion 

Of the possible failure mechanisms observed in semiconductors, metal 
diffusion is the least significant. Though diffusion will occur over a long 
period of time when two metals are in intimate contact at very high tempera-
tures, the rate at which it progresses is too slow to have tangible effects dur-
ing the useful life of the device or the system in which it is applied. 
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18.7.6 Nuclear Radiation 

The only true means for determining the actual tolerance of any device 
to the effects of nuclear radiation is through actual radiation exposure testing 
of that device. Approximate levels of SCR tolerance, however, have been 
determined through various tests performed on the General Electric C35 
(2N685 series). Critical levels have been shown to be 1014 nvt for fast neu-
tron bombardment and 5x106 R/sec for gamma radiation. 

Fast neutron bombardment of the silicon results in permanent damage 
to the crystal lattice, reducing minority carrier lifetime. Significant effects 
that appear between 1013 nvt and 1014 nvt are increased gate current to 
trigger and, to a lesser degree, increased holding current, on voltage, and 
forward breakdown voltage. 

Although gamma radiation may also produce permanent effects on the 
SCR, it is expected that failure in the typical radiation environment would 
result first from fast neutron bombardment. Gamma radiation, however, pro-
duces high energy electrons by photoelectric and Compton processes which 
create a leakage current during irradiation. High pulse levels of irradiation 
can have the transient effect of triggering the SCR on. At 106 R/sec, there is 
a fifty percent chance that the General Electric C35 SCR will be triggered on. 

18.8 EFFECTS OF DERATING 

From the above, the most probable failure mechanism is degradation of 
the blocking capability as a result of either encapsulation flaw (or damage) 
or internal contaminants. The process can be either chemical or electrochem-
ical, and therefore variable in rate according to the degree of temperature 
and/or electrical stress applied. 

If, by derating, the degradation of a "weak" device is retarded such that 
failure occurs later in time, MTBF is increased and failure rate is lowered. 
Suppose, for example, that a sample of 778 devices is tested under rated con-
ditions for 1000 hours with one failure observed. The calculated lambda is 
0.5 (see Table 18.1), and the MTBF is 200,000 hours. If the failed device 
would have remained within limits at the 1000 hour point because of lower 
applied stress, the calculated lambda becomes 0.3 and MTBF is increased to 
333,000 hours. 

The failure rate improvement factor, also referred to as acceleration or 
correction factor, is a function of the nature of the particular device type. 
It is governed by the kinds of failure mechanisms most likely to exist and the 
degree to which they are sensitive to the different stresses. 

In order to develop approximate acceleration curves for General Electric 
thyristors, it was necessary to analyze the behaviour of a series of devices 
subjected to a matrix of test conditions including temperature, voltage, cur-
rent and combinations thereof. The obvious limitations of such testing 
include: 

1. Inability to perform testing on a unit hour basis high enough to give 
truly significant statistical value to a large number of test conditions. 

2. The low incidence of observed failures. Failures must exist under 
each of the conditions to permit actual failure rate calculations. As a 
result, analytical failures were created through use of restrictive 
failure definitions. 
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Available commercial data on SCR's were used in conjunction with 
matrix test data developed by General Electric as part of Signal Corps con-
tract DA-36-039-AMC-03619(E) to produce the failure rate improvement 
curves in Figure 18.4. Because of the data limitations such as described, the 
acceleration values shown in Figure 18.4 must be considered somewhat less 
than would be experienced in actual practice. The acceleration factors shown 
are considered generally applicable to General Electric's thyristor type devices. 
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FIGURE 18.4 FAILURE RATE IMPROVEMENT VS. DERATING 

From paragraph 18.4, the calculated maximum failure rate of the C35 
series was shown to be no greater than 0.46% per 1000 hours. This was 
reduced to 0.046% by applying a catastrophic definition of failure. Since 
the testing was performed at rated conditions, a still lower failure rate can 
be anticipated if the devices are operated at less than rated conditions. From 
Figure 18.4, improvement factors of two and forty can be used if, in the 
actual application, the devices are subjected to a maximum of 50% of rated 
peak voltage and 50% of rated junction temperature on a continuous basis. 
The maximum failure rate, in this case, is reduced from 0.046% to 0.00058% 
per 1000 hours, and MTBF is increased from 2,150,000 hours to 1.75x108 
hours. 

The purpose of developing and making available acceleration informa-
tion is to permit the extrapolation of failure rate predictions, thereby mini-
mizing the cost and opportunity for error inherent in the large scale testing 
necessary to directly demonstrate the very low failure rates known to be 
achievable with various semiconductors, including SCR's and other thyristor 
devices. 

Note: Mil-HDBK-217 referenced in this chapter is offered for sale by 
the Superintendent of Documents, U. S. Government Printing Office, Wash-
ington 25, D. C. This publication includes a comprehensive bibliography on 
the subject of reliability. 
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19 TEST CIRCUITS FOR THYRISTORS 

19.1 INTRODUCTION 

The following circuits can be used for a number of purposes; incoming 
inspection of thyristor components, trouble shooting circuits in which these 
devices are used, preventive maintenance, comparison of different types and 
brands of components, and for obtaining a better understanding of thyristor 
operation. In general the circuits yield test results which can be correlated 
with max/min values and curves published on a specific device specification 
sheet. 

19.2 INSTRUMENTATION 

The current waveform into, and the current and voltage waveforms out 
of a thyristor circuit may be distorted, due either to the nature of the circuit, 
e.g., a phase control circuit, or to non-linearities in the semiconductor itself, 
e.g., its logarithmic forward voltage drop-current relationship. The selection 
of proper instrumentation for use in thyristor evaluation is therefore of prime 
importance, if accurate measurement is to be made. 

Conventional rectifier diodes and SCR's are rated in terms of average 
forward current, average current being defined as that value of unidirectional 
current indicated by a DC-reading ammeter placed in series with the diode 
or SCR. The average value of a waveform should not be confused with its 
RMS value, which is a measure of the heating (PR) effect of the waveform 
in a linear resistance. The ratio of RNIS value to average value of any wave-
form is called its Form Factor (F), and F is a function of the ripple content 
of the wave. For pure (rippleless) DC, F = 1, and F increases as the ripple 
content increases. Thus, the Form Factor of a full wave rectified sine wave is 
1.1 1, but rises to 1.57 for a half wave rectified sine wave. 

Triacs, because of their hi-directional nature, are rated in terms of RMS 
current. 

The type of metering used in a particular thviistor circuit will depend 
on the input voltage to the thyristor. If the input is AC, input voltage should 
be measured in terms of its RMS value. Note that the commonly available 
types of "RMS reading" meters (VOM's, most VTVM's) only read RMS cor-
rectly when the waveform is a pure undistorted sine wave (rectifier-moving 
coil instrumets actually measure average current, but are calibrated to read 
RMS as long as F = 1.11). There are three types of meter that do measure 
true RMS, independently of waveshape: the iron vane, dynamometer, and 
thermocouple type instruments. The dynamometer meter is accurate and rea-
sonable in cost, the thermocouple meter is very accurate but delicate, while 
the iron vane type, although low in cost, has a limited frequency capability. 
A typical "chopped" sine wave, as produced by SCR phase control, contains 
a high percentage of harmonics which may be beyond the frequency range 
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of an iron vane meter: The output "DC" voltage and current of an SCR cir-
cuit as well as the current through individual SCR's can be measured with 
conventional moving-coil instruments. RMS load current must be measured 
by an RMS ammeter. Ripple voltage is best measured with an oscilloscope, or 
with an RMS voltmeter in series with a capacitor having low impedance to 
the ripple compared with the voltmeter. Peak-to-peak voltage is normally 
read directly from an oscilloscope trace, or with a meter designed to read 
peak-to-peak values (RCA Senior Voltohmyst WV98C for instance). 

19.3 TEST CIRCUITS FOR FORWARD AND REVERSE BLOCKING VOLTAGE 
AND LEAKAGE CURRENT MEASUREMENTS 

19.3.1 Forward and Reverse Blocking Voltage Test for Triacs 
and All SCR's Above 2 Amperes Rating* 

Figure 19.1 illustrates a circuit for testing the forward and reverse block-
ing characteristics of all G-E low, medium and high current SCR's and triacs, 
except the very low current types rated at less than 2 amperes. The circuit 
consists of a variable voltage current-limited power supply that develops a 
half sine wave of voltage across the thyristor under test to minimize junction 
heating. Instrumentation consists of suitable meters to indicate blocking volt-
age and leakage current. An oscilloscope with separate horizontal and vertical 
amplifiers provides a visual display of the forward and reverse voltage-cur-
rent characteristics of the test device. Test procedure is as follows: 

SAFETY 
INTERLOCK 

117 VOLTS 
AC 

IA TI 
VARIABLE 

TRANSFORMER 

RI 

01  
GE INI692 

R2 

SI A 
GE 

IN4458 
(3 REO' D) 

SCOPE 
  HOR1Z 

INPUT 
REV FWD (VOLTAGE) 
SIB 

THYRISTOR A 
20m UNDER TES® 

6 oK 

50 

SCOPE 
GROUND 

SCOPE 
VERT 
INPUT 

(CURRENT) 

PEAK BLOCKING VOLTAGE 

RI • 5X MAX. LEAKAGE CURRENT SPEC. OF TEST CELL 
R2 • 10 OHMS MINUS RESISTANCE OF METER I 
V • 500.A MOVEMENT CALIBRATED TO 1 KV FULL SCALE 

I • 50 MA FULL SCALE (MEASURES FULL CYCLE AVG.) 

TI .> 117/700 VOLT 100 MA TRANSFORMER. 

FIGURE 19.1 FORWARD AND REVERSE BLOCKING CHARACTERISTICS TEST SET 

*This test set operates at a frequency of 60 Hertz. Stray capacitance charging currents flowing in 
the equipment are comparable in magnitude to the very low leakage currents of small thyristors. 
Use the circuit of Figure 19.2 for testing these devices. 
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FIGURE 19.2 FORWARD AND REVERSE BLOCKING CHARACTERISTICS TEST SET 
FOR LOW CURRENT SCR's. 

19.3.1.1 VBR(F0), (ffppm for triac), and Forward Leakage 
Current Measurement 

Switch S, to "FWD" position. Raise voltage by means of the adjustable 
transformer T, until the meter V reads rated \Tim, r„,, or V1,0m. Read full 
cycle average leakage current from I, or peak leakage current from the volt-
age-current trace on the oscilloscope. To measure actual forward breakover 
voltage, increase the applied voltage° by means of T, until the scope trace 
indicates that the test device is breaking over (the current will rise sharply 
just prior to breakover). Third quadrant blocking voltage measurements on 
triacs can be made by switching S, to "REV" and repeating the test. 

*Applied voltage must not exceed peak forward voltage rating (PFV) of a specific device, if the device 
has a PFV rating—see applicable specification sheet. 

19.3.1.2 VROM (rep) and Reverse Leakage Current Measurement 

Switch S, to "REV" position. Raise V to the V,tom(rep) rating of the 
SCR. Read full cycle average reverse leakage current Iito(Av) on I, or peak 
leakage current on the scope display. 

19.3.2 Blocking Voltage and Leakage Current Test for Low Current SCR's 
(Less Than 2 Amperes Current Rating) 

The circuit of Figure 19.2 provides a simple and inexpensive means for 
checking the instantaneous leakage characteristics and blocking voltage capa-
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bilities of low current SCR's. Note that the push button switch S1 minimizes 
junction heating and should not be omitted. Tests may be conducted at ele-
vated temperatures by placing the test SCR in an oven. To use, set switch S1 
to "FWD", depress S1 and turn up the input so that V reads rated blocking 
voltage. Read off leakage current from I. To measure actual forward break-
over voltage, turn up R1 until I increases sharply and V decreases. Reading 
of V just prior to this point is the forward breakover voltage of the test de-
vice. Reverse blocking voltage and leakage current measurements are made 
with switch So in the "REV" position. 

19.4 GATE TRIGGER VOLTAGE AND CURRENT TESTS 

19.4.1 General 

These gate tests are used to determine, under stated conditions, the 
magnitude of the gate trigger voltage and current necessary to switch a 
thyristor from forward blocking to the on-state. In all circuits, forward voltage 
is applied to the device under test and the gate voltage is slowly increased in 
magnitude until the thyristor switches from blocking to the on-state. 

19.4.2 Pulse Trigger Test Set for All SCR's and Triacs 
Above 2 Amperes Rating 

The blocking voltage waveform applied to the test thyristor in this cir-
cuit (Figure 19.3) consists of a clipped half sine wave of peak magnitude 6 
volts or 12 volts, depending on the setting of SI. The correct setting of Si is 
determined from the specification sheet of the thyristor under test, as is the 
value of the anode load resistor R. Gate source voltage consists of a square 
wave pulse, whose magnitude can be varied from zero to 6 volts, and whose 
pulse width is adjustable from about 5 µseconds to greater than 100 µseconds. 
Gate voltage can be switched either positive or negative for testing triacs. 
Instrumentation consists of a gate current "looking" resistor R4, an oscillo-
scope with separate vertical and horizontal amplifiers, and a DC voltmeter V1 
to monitor when the test device triggers. 

::::,-14,;""•ure,:revrcmaezzr 
van ..0100 IMiEletS1 

Ticr574:: 'Pe t•LOIS:ite SW/ !CM 0.01. RE.RED FC41 SCR TISTIre. 

FIGURE 19.3 PULSE TRIGGER TEST (SCR's AND TRIACS) 
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Test procedure is as follows: R1 is adjusted so that a gate pulse occurs 
only once during each half cycle of applied anode blocking voltage and the 
pulse should be timed (by R1) to occur approximately 4 milliseconds after the 
start of the half cycle. R. is then adjusted to give the desired width of pulse. 
Note that gate pulse widths in excess of 100 itseconds result in measured 
values of trigger voltage and current that are equivalent to continuous DC 
measurements. With R3 set initially for zero volts output, the applied gate 
voltage is gradually increased (via R3) until the test thyristor triggers. Be-
cause the gate impedance may change when triggering occurs, the readings 
of gate voltage and current must be made just prior to triggering. Triggering 
is indicated by a sudden drop in the reading of VI, or by a sudden step in 
the gate E-I trace observed on the oscilloscope. 

19.4.3 DC Gate Test for All SCR's and Triacs Above 2 Amperes Rating 

The test circuit of Figure 19.4 is essentially a DC version of the pulse 
test described in 19.4.2. Anode supply circuitry is identical, while the pulse 
generator is replaced with a simple adjustable DC power source. Instead of 
monitoring trigger voltage and current with an oscilloscope, DC meters are 
used. As before, R3 is turned up until the test thyristor triggers. I and V2 are 
read off just prior to the trigger point. 
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FIGURE 19.4 DC GATE TRIGGER TEST (SCR's AND TRIACS) 

19.4.4 Gate Trigger Test Set for Low Current SCR's 
(Less Than 2 Amperes Current Rating) 

The measurement of low current SCR triggering voltage and current is 
complicated by the fact that the gate impedance changes drastically when 
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the test device switches on. In addition, the gate trigger voltage and current 
values are dependent on the source impedance of the test set, and the source 
impedance must therefore be specified when making tests. The circuit of 
Figure 19.5A is designed specifically for testing all present G-E low current 
SCR's. In this circuit a variable half sine wave of voltage is applied to the 
gate (from a controlled impedance source) and the gate E-I characteristic is 
monitored with an oscilloscope. The triggering point is detected by the sud-
den change in gate impedance that occurs when the device switches on. 

Figure 19.5B shows a typical scope presentation of a gate E-I charac-
teristic during the gate trigger current and trigger voltage test. The trace is 
shown dotted beyond the triggering point. In the actual case, the trace sud-
denly jumps at the triggering point due to the change in gate impedance. 
The portion of the trace beyond the triggering point becomes somewhat re-
duced in intensity. 

The gate trigger voltage is that value of voltage which will just cause 
the device to switch to the on-state. As shown in Figure 19.5B it is read just 
prior to the switching point. Unlike trigger voltage, the gate trigger current 
value must be read at the point where it is a maximum, although this is not 
necessarily the actual triggering point. It must be kept in mind that in order 
to reach the actual triggering point, the trace must first pass through this 
maximum, and the firing circuit design must take this into account. 

Many low current SCR's exhibit triggering with a negative value of gate 
current. Figure 19.5C shows a typical gate E-I trace for this type of device. 
Note that the gate trigger voltage is always positive. On this type of unit 
only the gate trigger voltage is of interest. A negative gate trigger current is 
meaningless to the circuit designer, and it is not necessary to measure it. 
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FIGURE 19.5 GATE TRIGGER TEST SET FOR LOW CURRENT SCR's. 
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19.5 LATCHING AND HOLDING CURRENT TESTS 

19.5.1 General 

By definition, latching current is the minimum current that must flow 
through the anode terminal of a thyristor for the device to switch to the "on" 
state, and remain in the on state after removal of the gate trigger pulse. 
Holding current is defined as the minimum current that can flow through the 
anode terminal of a conducting thyristor without the device reverting to the 
off state. Because latching and holding current values are dependent on gate 
conditions and anode supply voltage, these parameters must be specified as 
test conditions. A thyristor may also exhibit more than one value of on-voltage 
at a given forward current level, especially if the maximum value of anode 
current never rises much above holding level. This latter phenomenon can 
lead to several values of holding current for the same device. To properly 
perform a holding current test it is therefore necessary to turn the device on 
initially into a fairly high current pulse, and subsequently reduce the current 
down to holding level. The test circuit of Figure 19.6 fulfills this require-
ment; it may also be used for performing latching current tests. 
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19.5.2 Latching Current Measurement 

For latching current measurements (S3 in the LATCH position), the cir-
cuit consists essentially of the test thyristor in series with a current adjusting 
resistor 110, milliameter I', and the 24 VDC power supply. S1 and R3 provide 
trigger signals for the test SCR. R3 is selected to provide specified trigger 
current for the thyristor under test. Operating procedure is as follows: R2 is 
set initially at its maximum resistance value and is then gradually reduced 
while switch S1 is periodically depressed and released. Each time S1 is de-
pressed I will deflect and then drop back to zero when S1 is released as long 
as the anode current flowing through the test thyristor is less than its latching 
current. When latching finally occurs I will deflect and remain deflected as 
S1 is released. The value of current indicated by I, at the transition point is 
the latching current of the test thyristor. 

19.5.3 Holding Current Measurement 

For holding current measurements, S3 is moved to the HOLD position 
and R, initially is left at the setting determined during the latching current 
test. Now each time Si is depressed to trigger the test thyristor, SCR' also is 
triggered and SCR' sums an additional pulse of current through the test 
thyristor as it turns on. The magnitude of this initial current pulse is deter-
mined by the setting of R1 and is specified for each thyristor type. Its value 
is monitored by the 1 ohm "looking" resistor R4. Pulse width is fixed by C1 
and T1 and is satisfactory for presently available G-E devices. To measure 
the holding current of a particular thyristor, S1 is depressed to trigger the 
test device and then released. R2 is then increased in value until I drops 
suddenly to zero. The reading on I just prior to this point is the holding 
current of the test thyristor. 

19.6 AVERAGE FORWARD VOLTAGE (VF AvG ) TEST SET 

The circuit of Figure 19.7 can be used to test the forward voltage drop 
of a thyristor in the conducting state. In this test, the thyristor is subjected to 
a DC current as read by meter M1 and the voltage drop is measured by 
meter M2. To make the measurement, close S1 with T1 in a position approxi-
mately midway between the end positions. Adjust T1 to the level of current 
desired on M". Read M2 by depressing S,. These readings should be less than 
the maximum values specified on the forward characteristic curves in the 
specification bulletin for the particular device. A current level somewhere 
near the continuous duty current rating of the thyristor is recommended. If 
the thyristor is not attached to a heatsink for this measurement, the readings 
should be completed within two or three seconds to prevent overheating of 
the cell. The foregoing tests can be conducted at any ambient temperature 
within the operating range provided that the ratings at the stud temperature 
are not exceeded. 
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19.7 TURN-OFF TIME TEST CIRCUIT 

As discussed in Chapter V, the turn-off time depends on a number of 
circuit parameters. Thus, a turn-off time specification inherently must include 
the precise value of these circuit parameters to be meaningful. Accordingly, 
specifications for General Electric SCR's with guaranteed turn-off limits list 
the applicable circuit parameters and show the test circuit which will apply 
these parameters to the SCR. For this information, the reader is referred to 
the specification bulletin for the SCR under consideration (e.g., GE C9, C12, 
C40, C55, C140, etc.). 

For general turn-off time test work, the type of circuit shown in Figure 
19.8 can be used for low, medium, and high current SCR's by proper manip-
ulation of the circuit constants. Forward load current is adjustable by R5 
from approximately 1/2 ampere to 70 amperes and the length of time SCR' 
is reverse biased during the turn-off cycle can be adjusted by manipulating 
R5 and C1. The peak reverse current during the recovery period can be ad-
justed by R7 and this current can be viewed on a scope by monitoring the 
voltage across a non-inductive shunt Rs. If one is interested in only one par-
ticular load current range, there is of course no necessity in providing the 
complete range of resistors and capacitors specified in Figure 19.8. 
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FIGURE 19.8 TURN-OFF TIME TEST 
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This test circuit subjects the SCR to current and voltage waveforms 
similar to those found in a parallel inverter circuit. Closing S, and S3 fires 
SCR,, the unit under test, so that load current flows through R5 and the am-
meter. In less than a second C, charges through 116 to the voltage being de-
veloped across R5 by load current flow. If So is now closed, SCR2 turns on. 
This applies C, across SCR, so that the current through SCR, is reversed. 
C, furnishes a short pulse of reverse recovery current through SCR, until this 
SCR recovers its reverse blocking ability. After this initial pulse of current, 
C, continues its discharge through SOL, the battery, and R5 at the rate de-
pendent on the time constant of R5C,. After a time interval, t1, in Figure 
18.7, somewhat less than the 11,C, time constant, the anode to cathode volt-
age of SCR, passes through zero and starts building up in the forward direc-
tion. If the turn-off time, t„fr, of the SCR is less than ti, it will remain turned 
off and the ammeter reading will return to zero. If not, the SCR will turn 
back on and current will continue to flow until S3 is opened. 

The turn-off interval t, can be measured by observing the anode to cath-
ode voltage across SCR, on a high speed oscilloscope such as the Tektronix 
545A or equivalent. A waveshape similar to that shown in the figure will be 
observed. 

Satisfactory operation of this circuit requires careful attention to detail. 
The DC source must have good regulation if C, is to develop ample commu-
tation voltage for turning off SCR,. In order to minimize circuit inductance, 
power leads should be heavy copper. braid when testing medium and high 
current SCR's and lead lengths should be held to an absolute minimum. 

Turn-off time testing in the General Electric factory is performed with a 
fixed rate of rise of reapplied forward voltage as indicated by the dashed line 
in Figure 19.8. This is a more severe test on the SCR than the exponential 
curve and it requires considerably more elaborate test equipment than in 
Figure 19.8. For those who wish to test under these conditions, information 
on the factory test circuit will be provided upon request. (Ref. 1) 

19.8 DV/DT TEST 

The forward blocking capability of a thyristor is sensitive to the rate at 
which the forward blocking voltage is applied. If the rate of rise exceeds a 
critical value, switch-on will occur, even though the applied voltage is less 
than the static breakover voltage of the device. For energization of a device 
from rest with an exponentially rising voltage waveform, the numerical value 
of dv/dt is computed as follows: 

dv/dt — Applied Forward Voltage  x .63 
Exponential Time Constant 

Where this parameter appears on the device specification sheet, it en-
ables the circuit designer to design filters to prevent false triggering. Figure 
19.9 illustrates a simple circuit to check the dv/dt capabilities of p-n-p-n 
devices. 
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The switch SW1, if it is not of the mercury wetted type, must have a closure 
time (including bounce) of not more than .1 R, C1. R3 is a current limiting 
resistor to prevent damage to the device under test in the event of dv/dt 
triggering. 

With the gate open-circuited, or with the specified bias conditions oper-
able, an exponential voltage waveform is applied across the test cell each 
time SW, closes. The test is a GO-NO GO test performed by increasing the 
supply voltage until the device under test switches on, or until the specified 
voltage limit value is reached without switching. The exponential waveform 
may be observed by connecting an oscilloscope directly across the test cell. 

19.9 TURN ON VOLTAGE TEST 

The circuit of Figure 19.10 may be used to gauge the ability of an SCR 
to switch high current loads satisfactorily. When an SCR is gate triggered, it 
turns on initially only in the region nearest the gate contact, and the turned-
on portion then spreads laterally to encompass the entire pellet area. Until 
the whole pellet is in conduction, any load current through the SCR concen-
trates in the turned-on portion, effectively limiting the maximum current-
carrying ability of the SCR for the first microsecond or so after triggering. 
Since the forward voltage drop of an SCR is proportional to current density, 
it is possible to compare the switching characteristics of a batch of devices 
by measuring their individual forward voltage drops at a standard current 
level and time interval subsequent to triggering. In the circuit as shown, the 
UJT (Q1) oscillator frequency is set by means of R1 so that the test SCR 
triggers sometime after the peak of the 60 Hertz input sine wave. Trans-
former T1 is then adjusted until the peak magnitude of the 10 microsecond 
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wide half sine wave resonant discharge current pulse that ensues is 150 am-
peres, as measured by the current probe and oscilloscope. By taking measure-
ments at the peak of the current pulse, voltage errors due to stray inductance 
in the circuit are eliminated. The SCR forward voltage drop at the 150 am-
pere standard current is a measure of its di/dt capability. Care is needed in 
the connections of the voltage and current probes to avoid errors due to stray 
pickup from ground loops. 
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FIGURE 19.10 TURN ON VOLTAGE TEST 

19.10 COMMUTATION DV/DI TEST FOR THE TRIAC 

19.10.1 General 

Operation of the triac into an inductive load may create problems that 
must be allowed for during circuit design. The most serious of these prob-
lems is commutation dv/dt. Commutation dv/dt is that rate of rise of voltage 
impressed across the triac by a circuit at the cessation of current flow. In an 
inductive AC circuit (Figure 19.11) current lags voltage by a phase angle ct, 
and as a result current goes through zero sometime after the supply voltage 
has reached a finite value in the opposite direction. Since the triac tries to 
turn off at zero current, the instantaneous line voltage at that point appears 
suddenly across the device at a rate limited only by circuit stray capacitance 
and the capacitance of the triac itself (CT). For the triac to turn off reliably in 
an inductive circuit, the rate of voltage rise across the device must be kept 
within specified limits, and the test circuit of Figure 19.11 is intended to 

*1, includes stray inductance of main discharge loop (C1, 1., and test SCR). The discharge loop leads 
should be as short and heavy as possible to minimize losses. 
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check this dv/dt withstand ability. In this circuit, the rate of rise of voltage 
across the triac is made adjustable (from 10 volts per microsecond down to 
less than 0.3 volts per ¿second) by deliberately adding capacitance C1 in 
shunt with the test device. Resistor R2 prevents high peak current from flow-
ing through the triac when it turns on and discharges CI. 

19.10.2 Test Procedure 

Testing procedure is as follows. Set C1 initially to 1 µf and R1 to maxi-
mum resistance. With power applied adjust R1 so that IRms = 5 amps RMS. 
The easiest way to set I'm = 5 amps is to monitor the voltage across R3 
with a true RMS voltmeter (V113 = 55 volts RMS). If testing is to be done at 
maximum junction temperature, additional heating must be supplied the 
triac. One method is to screw the triac stud into a 4" x 4" x 1/2 " aluminum 
block and heat the block with a commercial hot plate or skillet.• 
Press-fit type triacs can be laid on the hot plate directly. Case temperature 
as monitored with a thermocouple placed on the side of the triac (see Chap-
ter 17 ) is set to 80°C for the SC40 and SC41, or 88°C for the SC45 and 
SC46. Junction temperature will then be rated 100°C. C1 is then progres-
sively reduced until the desired rate of voltage rise across the triac is reached, 
or failure to commutate results as monitored by the test oscilloscope. Numeri-
cal rate of voltage rise is defined by the waveforms of Figure 19.11. Note 
that for triac types SC40, 41, 45, 46 the rate of voltage rise during the first 
20 volts only of reapplied voltage (v = 20 volts) defines the device dv/dt 
capability. 

*It is recommended that the bimetallic temperature controller supplied with the hot plate _or skillet 
be discarded in favor of a more precise electronic control like the circuit of Figure IZ.15 
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19.11 COMMERCIAL SCR TEST EQUIPMENT 

There are several manufacturers who offer ready-made SCR test gear 
for use by OEM's and others. These manufacturers should be contacted di-
rectly for details of other respective equipments. A partial listing of such 
manufacturers follow. 

Baird-Atomic Inc. 
33 University Road 
Cambridge 38, Mass. 

Geauga Electronics Co. 
7336 Samuel Lord Drive 
Chagrin Falls, Ohio 

International Electronics Technology 
Winthrop, Massachusetts 

Modern Design Electronics 
Vestal Parkway, 
Vestal, New York 

Owen Laboratories Inc. 
55 Beacon Place 
Pasadena, Calif. 

Power-Radiation Inc. 
Box 616 
Suffern, N. Y. 

Seco Electronics Inc. 
1201 S. Clover Dr. 
Minneapolis 20, Minn. 

Sensory Systems 
P. 0. Box 2071 
Costa Mesa, California 

Solitron Devices, Inc. 
Norwood, N. J. 

Teltronics Inc. 
23 Main Street 
Nashua, New Hampshire 

Special oscilloscopes, such as the Tektronix 575A Transistor Curve 
Tracer (Tektronix Inc., Beaverton, Oregon) may also be used for checking 
SCR characteristics such as forward and reverse blocking voltage, leakage 
current, gate trigger parameters, holding current, etc. 
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19.12 IEEE TEST STANDARDS 

The Semiconductor Components Committee of the IEEE is presently 
preparing a Standard for Semiconductor Controlled Rectifiers. At this writing 
no Standard has been issued. 

REFERENCE 

1. "Turn-Off Time Characterization and Measurement of Silicon Controlled 
Rectifiers," R. F. Dyer and G. K. Houghton, AIEE CP 61-301. 

2. "Portable SCR and Silicon Rectifier Tester," Application Note 201.3, 
available from General Electric Co. 
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20 SELECTING THE PROPER THYRISTOR 
AND CHECKING THE COMPLETED 

CIRCUIT DESIGN 

20.1 SELECTING THE PROPER THYRISTOR 

A glance at the device specification section in Chapter 21 shows that 
the equipment designer has available to him a wide range of thyristor com-
ponents from which to choose. Basic SCR types are offered with current rat-
ings extending from 1/2 amp to 850 amps RMS, and with voltage ratings 
spanning the range 25 volts through 1800 volts peak. Within this range in 
many instances economy/light industrial SCR's exist side by side with simi-
larly rated industrial/military types. Many specialized SCR types also are 
listed, including high speed inverter SCR's with guaranteed dynamic charac-
teristics, SCR's for use over very wide temperature ranges, SCS's, light-
activated SCR's, very high voltage SCR's, and SCR's tested to very rigid 
quality levels for high reliability applications. Bidirectional thyristors (triacs), 
intended primarily for use on 120 volt and 240 volt AC power lines, are 
presently available in 6, 10, and 15 amp sizes. Diacs and UJT's, while not 
strictly speaking thyristors, are included because of their wide usage as 
thyristor trigger components. Packaged assemblies ("stacks") of individual 
thyristors and/or rectifier diodes—both with and without suitable control 
circuitry—complete the range. For the equipment designer understandably 
confused by this profusion of types, the following selection criteria are 
offered. 

20.1.1 Semiconductor Design Trade-Offs 

Within the present state of the power semiconductor art it is true to say 
that there is no such thing as a "universal thyristor." An SCR optimized for 
use in a high speed inverter or chopper circuit for instance may be a bad 
choice for use in a 60 Hz phase control application. By the same token, a 
thyristor designed for use in very high voltage applications is by nature un-
suited for use in high frequency circuits. These various incompatibilities stem 
from the fact that most device design approaches leading to good high power 
handling capabilities (voltage or current) are diametrically opposite to those 
leading to good high frequency performance. As a result state of the art high 
frequency devices tend to have limited power handling capabilities, while 
the highest power devices are relatively slow. Between these two extremes 
there are naturally many general-purpose devices that combine medium 
speed performance with medium power handling capabilities. Figure 20.1 
summarizes some of the design factors that affect practical thyristor electrical 
performance at this writing. 
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Design Variable 
(increase) 

EFFECT ON 

Current 
Rating 

Voltage 
Rating 

Turn Off 
Time 

dv dt Withstand 
Ability 

Ability to Switch 
High Currents 

Rapidly 
(di dt) 

Pellet Area 
(emitter) 

+ 4, 

Base Width 4, + T + 4, 

Resistivity ,k + 4, 

Lifetime + + T 4, + 

Thermal Resistance 4, 4, T 4, 4 

Surface Contouring 4, f 

Emitter Shorts + .11. 

Optimized Gate 
Structure (field injection) 

4, 4 

Key: Beneficial Effects— 
Increase 
Decrease 

Undesirable Effects— 
Increase 
Decrease 4, 

FIGURE 20.1 THYRISTOR DESIGN TRADE-OFFS 

As discussed in Chapter 1, there are also several design compromises 
that can be made in the mechanical construction of a thyristor. For example, 
when a thyristor is designed specifically for use in the light industrial and 
consumer markets—environments characterized by limited temperature ex-
cursions and absence of wide range cyclical loading—simple low cost fabri-
cation techniques are usually employed in its construction. Such techniques, 
while completely adequate for their intended purpose, would be completely 
unacceptable if applied to the design of a 500 amp SCR destined for use in 
a steel mill drive. Here, a premium thermal-fatigue resistant and high voltage 
structure would be a "must." 

20.1.2 Selection Check List 

To select and apply any thyristor successfully, none of its published 
ratings should be exceeded. Equally evident, it would be uneconomical to 
apply the device too conservatively. To make a proper device selection then, 
the equipment designer should first of all prepare a check-list outlining all 
the limiting conditions of his particular application. Since thyristor ratings 
are usually specified as maximum or minimum values (worst case), the de-
signer subsequently can determine which device best fits the needs of the 
application. The following is a check list of the steps that should be taken, or 
considered, in selecting the proper thyristor for a given application. 

1. Determine Circuit Requirements on Thyristor 
Voltage across and current through the thyristor must be determined in 

terms of circuit input voltage and output power requirements. Figure 9.4 
shows these relationships for some common SCR circuits. 

Note. Check voltage transients (Chapter 15). 
Check current carrying capability required of the thyristor if the current 

waveform is irregular (Chapter 3). 
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Determine temperature range over which the circuit must operate. Is a 
high-reliability or "MIL-Spec" device desirable or mandatory? 

2. Select Proper Thyristor 
Refer to Section 21.1 and then to the more detailed specifications in 

Chapter 21. For final check, consider individual device specification sheets 
with more detailed information. 

3. Determine Proper Heatsink 
(a) Check maximum allowable ambient temperature if a lead mounted 

device was selected. 
(b) Select proper size heat sink from fin curves given on specification 

sheet for stud mounted thyristors, OR determine proper size heatsink from 
Chapter 17 if fin curves are not available for the particular thyristor selected, 
OR select suitable pre-assembled thyristor stack assembly from the many 
types available as indicated in Chapter 21. 

4. Design Triggering Circuit 
See Chapter 4 for thyristor triggering requirements and design criteria. 

Also, there are commercially available packaged triggering circuits using 
magnetic and semiconductor components. 

5. Design Suitable Overload Protection, if Required 
Protect the thyristors and associated semiconductors against short cir-

cuit, and other fault conditions. In some applications economic factors and 
industry practice may preclude or not require protective circuitry coordina-
tion. Do not overlook "normal overloads" such as cold inrush to incandescent 
light bulbs, or starting current of induction motors, etc. 

Beyond these elementary steps there are often other considerations 
meriting special attention: 

1. Series or parallel operation of individual thyristors—Chapter 6. 
2. Radio interference suppression—Chapter 16. 
3. Frequency response—Chapter 3 and Chapter 5. 

20.2 Checking Circuit Design 

The purpose of this section is to aid the designer in diagnosing and cur-
ing poor performance in his completed circuit. It also provides a step-by-step 
procedure for checking the design to ensure long life and reliable operation 
of the thyristors. 

20.2.1 Thyristor Ratings and Characteristics 

Thyristors must be operated within their ratings as given in the specifi-
cation sheet. Do not design around samples; the sample may well be much 
better than the type number would indicate. If production quantities are 
later involved, some thyristors may be received which are, for example, of 
lower voltage capability than the sample. Use specification sheet values, 
not sample data. 
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Voltage and current measurements must be made on all the thyristors in 
the prototype. For this purpose an oscilloscope is essential. It should have a 
rise time of less than 100 nanoseconds in order that the waveforms may be 
reliably scanned for steep wave fronts. 

Measurements should be made under extreme as well as normal load 
conditions. Include open-circuit operation, momentary overloads, and the 
first starting cycle. 

20.2.2 Voltage Measurement (See also Section 19.2) 
Make sure that the probe is adjusted to give a flat response. Make sure 

too that no ground-current loops are present; the rule is that only one ground 
lead should run from the circuit to the oscilloscope. 

20.2.3 Current Measurement (See also Section 19.2) 
Current measurements are more difficult to make accurately than voltage 

measurements. No universal instrument is available but satisfactory results 
are obtained using a combination of the following types. 

Current Probe. This is a clamp-on type of current transformer with the 
secondary connected to an oscilloscope. An example is the Tektronix Type 
P6016 current probe, Figure 20.2. When used with an amplifier this probe 
can handle 15 amperes peak to peak and has a frequency response extending 
from 50 Hz to 20 mHz. It is especially useful for measuring gate-current 
pulses because the readings are free from external pick up. 

FIGURE 20.2 CURRENT PROBE AND AMPLIFIER 

400 



SELECTING THE PROPER THYRISTOR AND CHECKING THE COMPLETED CIRCUIT DESIGN 

This type of instrument cannot measure DC and is liable to saturate if 
the DC component exceeds 0.5 ampere. The current range of the current 
probe of Figure 20.2 may be extended by winding a current transformer as 
shown in Figure 20.3. CURRENT TO 

.m-----BE MEASURED 

FIGURE 20.3 METHOD FOR EXTENDING CURRENT RANGE OF OSCILLOSCOPE 
CURRENT PROBE 

The core may be of ferrite, powdered iron or powdered molybdenum (typi-
cally Arnold Mfg. Co. Cat. #106073-2). The number of turns = current ratio, 
thus Figure 20.3 shows a 10:1 arrangement. 

Current Shunt. The current shunt is a non-inductive resistor which is 
inserted in the circuit. The voltage across this resistor is then observed on an 
oscilloscope. An inexpensive form of a current shunt is described in Chapter 
19 and construction details are given in Figure 19.10. This shunt can handle 
about 20 amperes rms and has a usable frequency response from DC to 
about 1 mHz. 

A much more elegant design is shown in Figure 20.4. This shunt, made 
by T & M Research Products, 1312 Espanola Avenue, N.E., Albuquerque, 
New Mexico, has a frequency response from DC to 150 mHz and can carry 
60 amperes mis continuously'. The only limitations of this form of current 
measurement lie in the practical difficult.), of inserting the shunt in the circuit 
and in avoiding false readings due to stray pick up from ground loops. 

FIGURE 20.4 A COMMERCIAL NON-INDUCTIVE CURRENT SHUNT 
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20.2.4 The Power Circuit 

The following anode voltage and current relations should be measured 
on all thyristors in the circuit: 

Peak forward blocking voltage 
Peak reverse voltage 
dv/dt 
Turn-off time (t1.) (if required, as in an inverter or chopper) 
Rate of change of turn-on current (initial di/dt) 
Forward current before turn-off (if required) 
Peak reverse current (if required) 

These items are generally specified in the specification sheet. If the 
thyristor is running outside of specifications, either choose another rating or 
modify the circuit so as to run the device within ratings. 

20.2.5 Modifications to Soften dv/dt 

Add a series RC network across the thyristor. Note that this may, with 
low values of R, increase the di/dt. The effectiveness of the network may be 
increased by shunting a fast recovery diode across the resistor. This increases 
softening of the dv/dt without worsening the initial di/dt (see Chapter 6). 

20.2.6 Modification to Soften Initial di/dt 

The initial di/dt may be limited by means of a reactor or saturating 
reactor connected in series with the thyristor. The design of the saturating 
reactor is discussed in Section 3.9. 

20.2.7 Gate Circuit 

The following gate voltage and current relations should be measured in 
the prototype: 

Gate voltage before triggering 
Peak gate triggering voltage 
Pulse width of triggering gate voltage 
Gate triggering current 
Gate current rise time 

From the above data check that the following are within the specified 
limits: 

Peak and average gate power 
Peak reverse voltage on gate 
Peak gate triggering voltage 

Note that for short trigger pulses the peak gate voltage that will trigger 
all thyristors has to be increased as the pulse width decreases (Chapter 4). 

Remember that a slowly rising gate pulse that will only just trigger a 
thyristor is liable to increase local junction heating if fast rising anode cur-
rents exist. Always trigger an SCR used in inverters with as steep a rise time 
as possible (preferably shorter than 500 ns) and with as high an amplitude as 
is permitted. 
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Negative gate bias voltage may be applied to an SCR while blocking to 
improve dv/dt and turn-off time. This also negates random triggering. 

Where the anode current of an SCR is liable to oscillate due to reso-
nance in the load, it will be necessary to trigger the SCR with a broad pulse. 
A gate pulse which did not extend to time t. in Figure 20.5 would result in 
only the shaded part of the anode current flowing. By continuing the gate 
pulse to time t.,, the SCR will be retriggered when the circuit again causes 
anode current to flow. Extended gate pulse duration is also necessary when 
triggering is initiated before current zero in phase control applications with 
lagging power factor load as discussed in Section 9.6. 
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FIGURE 20.5 TYPICAL OSCILLATORY ANODE CURRENT WAVEFORM 

Alternatively, the gate may be triggered by a train of pulses such as 
shown in Figure 20.6. 

FIGURE 20.6 PULSE TRAIN FOR GATE TRIGGERING 

Cheek the gate current for spurious signals. The clamp-on current probe 
is ideal for this purpose. 

20.2.8 Temperature Measurement 

The case and junction temperatures of a thyristor have a strong influ-
ence on its characteristics. It is therefore necessary in checking thyristors in 
a circuit to measure the case temperature of each and, if the specification 
sheets do not supply adequate data, to estimate the junction temperature. 
The estimated junction temperature should then be used in prescribing the 
required thyristor characteristics. Methods of calculating the junction tem-
perature are discussed in Chapter 3. 
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20.2.9 Magnetic Saturation 

Iron core inductors and transformers can saturate and mar the per-
formance of some thyristor circuits. There are two cases where unexpected 
saturation can commonly be encountered. 

1. In phase control circuits with a transformer load. Asymetrical trig-
gering, whether gate or anode type triggering, will cause a DC component of 
current to flow through the transformer, thus tending to saturate it. 

2. When an inverter is initially triggered, the voltage applied to the 
iron core transformer may be in the same polarity as the half cycle before it 
was previously turned off. The additional magnetomotive force may cause 
saturation of the core. 

Corrective methods include: 
(a) Designing the core for operation at reduced flux density. 
(b) Controlling the trigger pulses so that the magnetization polarity is 

symmetrical and is always automatically reversed. 
(c) Starting at a frequency which is momentarily higher than normal. 
(d) Introduction of current limiting impedance. 

20.2.10 Supply Impedance 

Check the power supply impedance. Remember that in an inverter the 
supply has to carry output-frequency current. Electrolytic capacitors are not 
always suitable for carrying AC superimposed on DC owing to their rela-
tively high loss factor. Oil impregnated paper capacitors are much better. 

Avoid having mechanical switches in the line from the supply to the 
thyristor whenever possible. Contact bounce is a common cause of transients 
and high values of dv/dt. 
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20.2.11 

Measure and check the following against the component specifications. 
Max. Min. Starting 
Load Load Load 

D D 
D Cl 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 
D D D 

Peak forward blocking voltage 
Peak reverse voltage 
Rate of change of turn-on current at operating frequency 
Forward current before turn-off 
Average forward current 
RMS forward current 
Peak reverse current 
Maximum gate voltage before triggering 
Maximum gate reverse voltage before triggering 
Peak gate triggering voltage 
Peak gate triggering current 
Peak gate power 
Average gate power 
Cate voltage rise time 
No spurious signals on gates 
Cate pulse width suitable for the circuit 
No undesired saturation in magnetic core reactors 
No undesired saturation in magnetic core transformers 
Power supply impedance 
No contact bounce effects from mechanical switches 
Electrolytic capacitors checked for high AC current 
Case temperature 
Operation satisfactory at maximum ambient temperature 
Operation satisfactory at minimum ambient temperature 
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21 GENERAL ELECTRIC THYRISTOR AND 
DIODE CONDENSED SPECIFICATIONS 

This chapter is primarily devoted to condensed specifications of General 
Electric's thyristors, thyristor assemblies, trigger devices, and diodes. These 
specifications are intended for reference only. For full information the de-
signer should rely on the complete specifications indicated for each type. 

The selection chart on the following page is included to give the de-
signer an overall look at General Electric's thyristors in addition to serving as 
a preliminary guide to selecting a device. It should be noted on the chart 
that the SCR's are classified into ten groups based on their salient features 
and potential applications. It should also be noted that each SCR family 
appears once on the chart even though it is applicable to more than one of 
the eight classifications. Multiple classification was ignored to avoid con-
fusion. 

This chapter also includes a handy alpha-numeric index and a list of 
General Electric's military approved thyristors and diodes. 
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21.1 THYRISTOR SELECTION CHART 

1. LOW CURRENT (UP TO 10A) GENERAL PURPOSE INDUSTRIAL AND MILITARY SCR'S 

GE 
Typo 

JEDEC 
No. 

Forward 
Current 
If (RMS) 
Amp 

Peak 
Voltage 
Range 

Con. 
densed 
Spec on 
Page 

Complete 
Spec No Comments 

2N877-81 
2N885-89 .5 30 thru 200 411 412 

150.5 IGT = 200 µA 
I.;-r =.- 20 µA 

2N1929-35 1.1 25 thru 300 413 150.12 

C5 

C511 

2N2322-29 
2N2322A-28A 1.6 25 thru 400 415 

416 
417 

150.10 
IGT = 200 µA, TO-5 
IGT = 20 µA, T0-5 
IGT = 200 µA, diamonc 

base 

C6 
C611 

1.6 25 thru 200 418 
419 

150.8 TO-5 
Diamond Base 

C7 2N2344-48 1:6 25 thru 200 420 150.11 High Gate Sensitivity 

2N1595-99 1.6 50 thru 400 421 150.15 Low Holding Current 

C11 2N1770-78 
2N2619 7.4 25 thru 600 425 150.21 High Gate Sensitivity 

2. MEDIUM CURRENT (10-50A) GENERAL PURPOSE INDUSTRIAL AND MILITARY SCR'S 

2N681-92 25 25 thru 800 432 160.20 No PFV Limit 

C35 35 25 thru 800 434 160.22 

3. HIGH CURRENT (OVER 50A) GENERAL PURPOSE INDUSTRIAL AND MILITARY SCR'S 

C45 
C46 55 25 thru 900 439 170.17 

Flag Type Terminals 
Flexible Cathode and 

Gate Leads 

C50 
C52 

2N1909-16 
2N1792-98 110 25 thru 900 441 170.20 

Flag Type Terminals 
Flexible Cathode and 

Gate Leads 

C500X1 1200 Up to 1800 453 170.61 Water Cooled 

4. GENERAL PURPOSE, IMPROVED DYNAMIC CHARACTERISTIC SCR'S 

C135 2N3753-61 35 50 thru 800 437 160.40 Guaranteed dv/dtGuaranteed di/dt 

C137 35 500 thru 1200 438 160.45 Guaranteed dv/dtGuaranteed di/dt 

C145 55 50 thru 1200 440 170.18 uuaa rraa nntteeeecdl g i ; c c II t t 

C150 
thru 

C153 
110 500 thru 1300 444 

445 
170.23 

No PFV Limit 
Guaranteed dv/dt 
Guaranteed di/dt 

C178 200 100 thru 1200 448 170.51 Guaranteed dv/dt 
Guaranteed di/dt 

C280 235 700 thru 1700 450 170.58 Guaranteed di/dt 

C290 
C291 470 100 thru 1200 452 170.60 Guaranteed dv/dt 

Guaranteed di/dt 

C350 110 avg. 500 thru 1300 

447 

170.54 New PRESS PAK 
Guaranteed dv/dt 
Guaranteed di/dt 

C380 235 avg. 500 thru 1300 
451 

170.56 New PRESS PAK 
Guaranteed dv/dt 
Guaranteed di/dt 
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5. LIGHT INDUSTRIAL AND ECONOMY SCR'S (LIMITED TEMPERATURE) 

GE 
Type 

JEDEC 
No. 

Forward 
Current 
Ir (RMS) 
Amp 

Peak 

Voltage Range 

Con-
densed 
Spec on 
Page 

Complete 
Spec No Comments 

C106 2 30 thru 200 422 150.9 High Gate Sensitivity 

C20/C22 7.4 25 thru 400 424 150.30 

C15 8 25 thru 400 427 150.22 Stud and Press Fit 

C36 16 25 thru 400 428 160.21 

C37 25 25 thru 800 431 160.23 

C30, C32 
C31, C33 25 25 thru 400 429 

430 
160.27 Stud and Press Fit 

Stud and Press Fit 

6. HIGH TEMPERATURE SCR'S (150°C) 

C10 2N1770A-77A 7.4 25 thru 400 423 150.20 -65°C to 150°C 

C38 35 25 thru 500 435 160.30 -65°C to 150°C 

C60 
C61 2N2023-29 110 25 thru 300 443 170.26 -65°C to 150°C 

-40°C to 150°C 

7. FAST TURN-OFF SCR'S 

C9 1.1 25 thru 300 414 150.12 tort = 12 µsec Max. 

C12 7.4 25 thru 400 426 150.25 toff = 12 µsec Max. 

C40 35 25 thru 400 436 160.25 toff = 12 µsec Max. 

C55, C56 110 25 thru 600 442 170.21 toff = 12 µsec Max. 

C154 
thru 

C157 
110 100 thru 500 446 170.35 toff - 10 µsec 

No PFV-  Limit 

C180 
C181 
C185 

235 100 thru 1300 449 170.52 
I no Surge = 3500A 
Ito, Surge = 2500A 
Iro, Surge = 3500A 

8. HIGH FREQUENCY SCR'S (UP TO 25K Hz) 

C140 
C141 

2N3549-53 
2N3654-58 35 50 thru 400 433 160.35 High dv/dt, di/dt 

Short toff 

9. TRIACS 

SC4OB 
SC41B 6 200 454 175.10 

 Stud Mount 
Press Fit 

SC4OD 
SC41D 6 400 454 175.15 Stud Mount 

Press Fit 

SC45B 
SC46B 10 200 454 175.10 Stud Mount 

Press Fit 

SC45D 
SC46D 10 400 454 175.15 Stud Mount 

Press Fit 

10.LIGHT ACTIVATED SCR'S AND SCS'S 

L8 
L811 
L9 
L911 

1.6 25 thru 200 

, 

460 190.10 Light Activated SCR 

L1V 175 ma 
Anode Current 

40 458 55.41 Light Activated SCS 
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21.2 ALPHA-NUMERIC INDEX TO GENERAL ELECTRIC'S THYRISTORS 

GE or JEDEC Type 

Con- 
densed 
Spec 

on Page 

GE or JEDEC Type 

Con-
densed 
Spec 

on Page 

C5U, F, A, G, B, H, C, D 415 C178A, B, C, D, E, M, S, N, T, P, PA, PB 448 

C6U, F, A, G, B 418 C180A, B, C, D, E, M, S, N, T, P, PA, PB, PC 449 

Chi, F, A, G, B 420 C181A, B, C, D, E, M, S, N, T, P, PA, PB 449 

C8U, F, A, G, B, H, C 413 C185A, B, C, D, E 449 

C9U, F, A, G, B, H, C 414 C280S, N, T, P, PA, PB, PC, PD, PE, PM, PS 450 

ClOU, F, A, G, B, H, C, D 423 C290F, A, B, C, D, E, M, S, N, T, P, PA, PB 452 

C1111, F, A, G, B, H, C, D, E, M 425 C291E, M, S, N, T, P, PA, PB 452 

Cl2U, F, A, G, B, H, C, D 426 C350E, M, S, N, T, P, PA, PB, PC 447 

Cl5U, F, A, G, B, C, D 424 C380A, B, C, D, E, M, S, N, T, P, PA, PB, PC 451 

C2OU, F, A, B, C, D 427 C500X1 453 

C22U, F, A, B, C, D 427 C511U, F, A, G, B, H, C, D 417 

C3OU, F, A, B, C, D 429 C611U, F, A, G, B 419 
C31U, F, A, B, C, D 430 L8U, F, A, G, B 460 

C32U, F, A, B, C, D 429 L9U, F, A, G, B 460 

C33U, F, A, B, C, D 430 L811U, F, A, G, B 460 
C35U, F, A, G, B, H, C, D, E, M, S, N 434 L911U, F, A, G, B 460 
C36U, F, A, G, B, H, C, D, E 428 SC4OB 454 
C37U, F, A, B, C, D, E, M, S, N 431 SC400 454 
C38U, F, A, G, B, H, C, D, E 435 SC418 454 
C4OU, F, A, G, B, H, C, D 436 SC41D 454 
C45U, F, A, G, B, H, C, D, E, M, S, N, T 439 SC45B 454 
C46U, F, A, G, B, H, C, D, E, M, S, N, T 439 SC45D 454 
C5OU, F, A, G, B, H, C, D, E, M, S, N, T 441 SC468 454 
C52U, F, A, G, B, H, C, D, E, M, S, N, T 441 SC46D 454 
C55U, F, A, G, B, H, C, D, E, M 442 ST2 459 
C56U, F, A, G, B, H, C, D, E, M 442 2N681-92 432 
C6OU, F, A, G, B, H, C 443 2N877-81 411 
C61U, F, A, G, B, H, C 443 2N885-89 412 
C106Y, F, A, G, B 422 2N1595-99 421 
C135F, A, 8, C, D, E, M, S, N 437 2N1770-78 425 
C137E, M, N, P, PB 438 2N1770A-77A 423 
C140F, A, B, C, D 433 2N1792-98 441 
C141F, A, B, C, D 433 2N1909-16 441 
C145F, A, B, C, D, E, M, S, N, T, P, PA, PB 440 2N1929-35 413 
C150E, M, S, N, T, P, PA, PN, PC 444 2N2023-29 443 
C151E, M, S, N, T, P, PA 445 2N2322-29 415 
C152E, M, S, N, T, P, PA, PB, PC 444 2N2344-48 420 
C153E, M, S, N, T, P, PA 445 2N2619 425 
C154A, B, C, D, E 446 2N3649-53 433 
C155A, B, C, D, E 446 2N3654-58 433 
C156A, B, C, D, E 446 2N3753-61 437 
C157A, B, C, D, E 446 
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CONDENSED SPECIFICATIONS 

21.3 CONDENSED SPECIFICATIONS 

21.3.1 SCR'S 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 150.5 

.5A RMS SCR UP TO 200V 
• Miniature TC-18 Package 
• High Gate Sensitivity 
• Low Holding Current 
• Designed for Military Applications 

1)sitsai 
2N877-2N881 
Outline Drawing No. 1 

Types 

Peak Pomace Blocking Voltage, VFXSI 
T, = —65°C to +125°C 
RGIC — 1000 Ohms 

Maximum 

Working and Repetitive 
 Peak Reverse Voltage, 
V.,. (wkg) and Ilsou (rep) 
 .1._, = —65°C to +150°C 

Non-Repetitive PeakReverse Voltage, 

Vii..m (non-rep) 
<5 Milliseconds 

T, = —65°C to +125°C 

2N877 30 volts 30 volts 45 volts 
2N878 60 volts 60 volts 90 volts 
2N879 100 volts 100 volts 130 volts 
2N880 150 volts 150 volts 200 volts 
2N881 200 volts 200 volts 275 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state le  5 Ampere 
Average Forward Current, On-state ht(sv)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Wu (surge)  7 Amperes 
Peak Reverse Gate Voltage, VOGil  6 Volts 
Operating Temperature Tr   —65°C to +150°C 
Forward and Reverse Blocking Current' Irx lox Typ. 10/Max. 100 µAdc 
Holding Current# lux Typ. 1.7/Max. 5.0 mAdc 
Turn-off Timet  tort Typ. 15 µsec 
dv/dt" 40 Typ. V/µsec 

tTr = +25°C, Roe = 1000 ohms 
°Tr = +125°C, Ros = 1000 ohms 
fir = +125°C, Rom = 100 ohms 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.5 

.5A RMS SCR UP TO 200V 
• Miniature TO-18 Package 
e Very High Gate Sensitivity 
$ Low Holding Current 
• Designed for Military Applications 

e)mswe 

2N885-2N889 
Outline Drawing No. 1 

Types 

Peak Forward Blocking 
Voltage, VFN NI 

Ti — —65°C to +125°C 

Working and Repetitive 
Peak Reverse Voltage, 

VROM (wkg) and VII, 1M (rep) 

Non-Repetitive Peak 
Reverse Voltage, 
V ROM (non-rep) 

RGK — 1000 Ohms 
Maximum 

T66.c t150°C ., = —65°C o +150°C <5 Milliseconds  
T., = —65°C to +125°C 

2N885 30 volts 30 volts 45 volts 
2N886 60 volts 60 volts 90 volts 
2N887 100 volts 100 volts 130 volts 
2N888 150 volts 150 volts 200 volts 
2N889 200 volts 200 volts 275 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF 5 Ampere 
Average Forward Current, On-state IF(Av)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IOM (surge)  7 Amperes 
Peak Reverse Gate Voltage, VGRM  6 Volts 
Operating Temperature T.I   —65°C to +150°C 
Forward and Reverse Blocking Current° lex lux Typ. 10/Max. 20 µAdc 
Holding Currentt   lxx Typ. 1.1/Max. 3 mAdc 
Turn-off Timer  tort Typ. 15 µsec 
dv/dt* 40 Typ. V/µsec 

TTJ = +25°C, RGIL = 1000 ohms 
*TJ = + 125°C, RGIC = 1000 Ohms 

tri = +125°C, RIM = 100 ohms 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.12 

1.1A RMS SCR UP TO 300V 
• Permits Point-to-Point Wiring 
• Short Turn-cif Time 

2N1929-35 
Outline Drawing No. 3 

2N1929 2N1930 2N1931 2N1932 2N1933 2N1934 2N1935 

Repetitive Peak Reverse 
Voltage (PRV)* 25 50 100 150 200 250 300 volts 

Minimum Forward Break-over 
Voltage (VB0) 25 50 100 150 200 250 300 volts 

Transient Peak Reverse 
Voltage (Nol -recurrent 

<5 millisec.)* 35 75 150 225 300 350 400 volts 
*PRV ratings apply for zero or negative gate voltage only. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.1 Amperes 
Average Forward Current, On-state IF(AV)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Wu (surge)  30 Amperes 
Peak Reverse Gate Voltage, %ill   10 Volts 
Operating Temperature T.1   —65°C to +125°C 
Maximum Reverse (Is) or 2N1929 2N1930 2N1931 2N1932 2N1933 2N1934 2N1935 

Forward (Is) DC Leakage 
Current Ti = +125°C 4.0 4.0 2.0 1.5 1.1 1.0 0.9 Max. mAdc 

Holding Current Ti = +25°C   lirx Typ. 8 mAdc 
Turn-off Time Ti =. +125°C   tort Typ. 6 µsec 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.12 

1.1A RMS SCR UP TO 300V 
• Permits Point-to-Point Wiring 
• Guaranteed Turn-off Time Less Than 12 µSec. 

C9 
Outline Drawing No. 3 

C9U C9F C9A C9G C9B C9H C9C 
Repetitive Peak Reverse 

Voltage (PRV)* 25 50 100 150 200 250 300 volts 
Minimum Forward Break-over 

Voltage (VBO) 25 50 100 150 200 250 300 volts 
Transient Peak Reverse 

Voltage (Non-recurrent 
<5 millisec.)* 35 75 150 225 300 350 400 volts 

*PRV ratings apply for zero or negative gate voltage only. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.1 Amperes 
Average Forward Current, On-state I FIAT)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), I Mal (surge)  30 Amperes 
Peak Reverse Gate Voltage, VG1(31   10 Volts 
Operating Temperature Tx   —65°C to +125°C 
Maximum Reverse (la) or 

Forward (Is) DC C9U C9F C9A COG COB C9H C9C 
Leakage Current 4.0 4.0 2.0 1.5 1.1 1.0 0.9 Max. mAdc 

Holding Current Tx = +25°C   lux Typ. 8 mAdc 
Turn-off Time Ti = +125°C   tort Max. 12 µsec 

MAXIMUM ALLOWABLE AMBIENT TEMPERATURE 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.10 

1.6A RMS SCR UP TO 400V 
• High Gate Sensitivity 
• Standard TO-5 Package 
• Ideal for Printed Circuit Applications 
• Low Holding Current 
• Designed to Meet Mil-S-19500/276 (Navy) 

C5 (2N2322-29) 
Outline Drawing No. 2 

Types 

Peak Forward Blocking 
Voltage, Vrxm 

7, =_ —65°C to +125°C 
0,1K = 1000 Ohms 

Working and Repetitive 
Peak Reverse Voltage, 

VRO If (wkg) and VROM (rep) 
Ti = —65°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
Vuom (non-rep) 
<5 Millisec. 

Ti = — 65°C to +125°C 

C5U (2N2322) 25 volts 25 volts 40 volts 

C5F (2N2323) 50 volts 50 volts 75 volts 

C5A (2N2324) 100 volts 100 volts 150 volts 

C5G (2N2325) 150 volts 150 volts 225 volts 

C5B (2N2326) 200 volts 200 volts 300 volts 

C5H (2N2327) 250 volts 250 volts 350 volts 

C5C (2N2328) 300 volts 300 volts 4()0 volts 

CSD (2N2329) 400 volts 400 volts 500 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.6 Amperes 
Average Forward Current, On-state Ir(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Irsr (surge)   15 Amperes 
Pt (for fusing)  5 Ampere seconds (for times -.. 1.5 milliseconds) 
Peak Reverse Gate Voltage, VORIS   6 Volts 
Operating Temperature T.,   —65°C to +125°C 
Forward and Reverse Blocking Current* hex IRx Typ. 40/Max. 100 µAdc 
Holding Currents   lirx Typ. 1.0/Max. 2.0 mAdc 
Turn-off Timet   tort Typ. 40 µsec 

ST: = +25°C, %lc = 1000 ohms 
*Ti = +125°C, RGIC = 1000 ohms 
113 = +125°C, RGIC = 100 ohms 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.10 

1.6A RMS SCR UP TO 400V 
• Very High Gate Sensitivity 
• Standard TO-5 Package 
• Ideal for Printed Circuit Applications 
• Low Holding Current 
• Designed to Meet Mil-S-19500/276 (Navy) 2N2322A-28A 

Outline Drawing No. 2 

Types 

Peak Forward Blocking 
Voltage, VI, X M 

Tr = —65°C to +125°C 
ROK = 2000 Ohms 

Working and Repetitive 
Peak Reverse Voltage, 

Viiiin (wke and YHONI (rep) 
T., .= —65°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
Viiiin (non-rep) 
<5 Millisec. 

Tr =. —65°C to +125°C 

2N2322A 
2N2323A 
2N2324A 
2N2325A 
2N2326A 
2N2327A 
2N2328A 

25 volts 
50 volts 
100 volts 
150 volts 
200 volts 
250 volts 
300 volts 

25 volts 
50 volts 
100 volts 
150 volts 
200 volts 
250 volts 
300 volts 

40 volts 
75 volts 
150 volts 
225 volts 
300 volts 
350 volts 
400 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.6 Amperes 
Average Forward Current, On-state IFi.tv)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Inn (surge)   15 Amperes 
14 (for fusing)  5 Amperea seconds (for times 1.5 milliseconds) 
Peak Reverse Gate Voltage, Vonn   6 Volts 
Operating Temperature Tr   —65°C to +125°C 
Forward and Reverse Blocking Current*  Inx Inx Typ. 40/Max. 100 nAdc 
Holding Current  lax Typ. 1.0/Max. 2.0 mAdc 
Turn-off Timet   toff Typ. 40 µsec 

tTr = +25°C, RCM = 2000 ohms 
°Tr = +125°C, Roic = 2000 ohms 
fi, = +125°C, Ron = 100 ohms 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.10 

1.6A RMS SCR UP TO 400V 
• High Gate Sensitivity 
e Diamond Flange Simplifies Heat Dissipation 
• Low Holding Current 

C511 
Outline Drawing No. 2 

Types* 

Peak Forward Blocking 
Voltage, VFX M 

TJ = —65°C to +125°C 
RGK = 1000 Ohms 

Working and Repetitive 
Peak Reverse Voltage, 

Vuom (wkg) and VKGM (rep) 
TJ = —65°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
Vicom (non-rep) 
<5 Millisec. 

Tj „s. —65°Cto +125°C 

C511U 25 volts 25 volts 40 volts 

C511F 50 volts 50 volts 75 volts 

C511A 100 volts 100 volts 150 volts 

C511G 150 volts 150 volts 225 volts 

C5116 200 volts 200 volts 300 volts 

C511H 250 volts 250 volts 350 volts 

C511C 300 volts 300 volts 400 volts 

C511D 400 volts 400 volts 500 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.6 Amperes 
Average Forward Current, On-state I F(AV)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), I FM (surge)   15 Amperes 
1-t (for fusing)  5 Amperes seconds (for times 1.5 milliseconds) 
Peak Reverse Gate Voltage, VGam 
Operating Temperature TJ 

6 Volts 
—65°C to +125°C 

Forward and Reverse Blocking Current" Irx lux Typ. 40/Max. 100 µArk 
Holding Current $   Typ. 1.0/Max. 2.0 mAdc 
Turn-off Time'   tort Typ. 40 µsec 

flu = +25°C, RGK = 1000 ohms 
"Ti = +125°C, ROK= 1000 ohms 
flu = +125°C, FIGR = 100 ohms 
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SCR MANUAL 

CONDENSED SPECIFICATIONS— FOR COMPLETE SPECIFICATIONS SEE 150.8 

1.6A RMS SCR UP TO 200V 
e Low Cost 
e Sensitive Gate 
• Standard TO-5 Package 
• Ideal for Printed Circuit Applications 

C6 
Outline Drawing No. 2 

Types 

Peak Forward Blocking 
Voltage, VFX if 

7, _—. —40°C to +125°C 
RGg = 1000 Ohms 

Working and Repetitive 
Peak Reverse Voltage, 

VROM (wkg) and VROM (rep) 
LT -= —40°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
VROM (non-rep) 

Milllsec. 

40°C to +125°C Ti = —40°C 

C6U 
C6F 
C6A 
C6G 
C6B 

25 volts 
50 volts 
100 volts 
150 volts 
200 volts 

25 volts 
50 volts 

100 volts 
150 volts 
200 volts 

40 volts 
75 volts 

150 volts 
225 volts 
300 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.6 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ind (surge)   10 Amperes 
Peak Reverse Gate Voltage, VGRM   6 Volts 
Operating Temperature T,   —40°C to +125°C 
Forward and Reverse Blocking Current* Ipx lux Typ. 40/Max. 100 µAdo 
Holding Gurrentf   lEix Typ. 1.0/Max. 5.0 mAdc 
Turn-off Timet   tat Typ. 40 µsec 

$7.1 =- +25°C, Rox _= 1000 ohms 
*T.7 = + 125°C, Rox = 1000 ohms 

= +125°C, Rox = 100 ohms 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.8 

1.6A RMS SCR UP TO 200V 
• LOW Cost 

• Sensitive Gate 
• Diamond Flange Simplifies Heat Dissipation 

C611 
Outline Drawing No. 2 

Types 

Peak Forward Blocking 
Voltage, VF X TT 

Ts = —40°C to +125°C 
RGR = 1000 ohms 

Working and Repetitive 
Peak Reverse Voltage, 

VIM! (wkg) and VROM (rep) 
Ti 0°C to +125°C ., = 40°C 

Non-Repetitive Peak 
Reverse Voltage, 
VRom (non-rep) 

Millisec. 

Ti = —40°C to +125°C 

CfillU 
C611F 
C611A 

C611G 
C611B 

25 volts 
50 volts 

100 volts 
150 volts 

200 volts 

25 volts 
50 volts 
100 volts 
150 volts 

200 volts 

40 volts 
75 volts 

150 volts 
225 volts 
300 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   1.6 Amperes 
Average Forward Current, On-state IF(Av)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ind (surge)   10 Amperes 
Peak Reverse Gate Voltage, VGRM  6 Volts 
Operating Temperature Ti   —40°C to +125°C 
Forward and Reverse Blocking Current* Ism Ix Typ. 40/Max. 100 µAdc 
Holding Current#  IHx Typ. 1.0/Max. 5.0 mAdc 
Turn-off Time?   tort Typ. 40 µsec 

+25°C, R OR = 1000 ohms 
*Ts = +125°C, ROR = 1000 ems 

= +125°C, ROR = 100 ohms 

  ) 031100 110.011101.00.80 TO TOO CITT 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.11 

1.6A RMS SCR UP TO 200V 
• Very High Gate Sensitivity 
• Standard TO-5 Package 
• Ideal for Printed Circuit Applications 
• Suitable for High RGK 
• Low Holding Current 

Cl (2N2344-48) 
Outline Drawing No. 2 

Types 
. 

Peak Forward Blocking 
Voltage, VFXM 

Ts — —65°C to ± 100°C 
RGK = 40,000 Ohms 

Working and Repetitive 
Peak Reverse Voltage, 

VROM (wkg) and VKOM (rep) 
Is z_-_ —65°C to 4- 100°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5 Millisec. 

Vimos (non-rep) 
Ti ,_- —65°C to + 100°C 

C7U (2N2344) 
C7F (2N2345) 
C7A (2N2346) 
C7G (2N2347) 
C7B (2N2348) 

25 volts 
50 volts 

100 volts 

150 volts 
200 volts 

25 volts 
50 volts 

100 volts 
150 volts 
200 volts 

40 volts 
75 volts 

150 volts 
225 volts 
300 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   1.6 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFM (surge)   15 Amperes 
Peak Reverse Gate Voltage, Vuesr   6 Volts 
Operating Temperature 1*,   —65°C to +100°C 
Forward and Reverse Blocking Current*  lex lax Typ. 40/Max. 100 gAdc 
Holding Currentt   lux Typ. 0.2 Max. 1.0 mAdc 
Turn-off Timet   tors Typ. 20 gsec 

$1..1= + 25°C, 126K -= 40,000 ohms 
*TJ = +100°C, RGTE = 40,000 ohms 
tTJ = +100°C, ROK = 100 ohms 

« 
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met.e 

MAXIMUM ALLOWABLE CASE TEMPERATURE 

1 111111111 
NOTES' 
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FIRING POINTS FROM -65•C TO 0100•C 

21 •UNC11011 TEMPERATURE - Est TO •100•C 
131 6 VOLTS DC se0E TO CATHODE 
YU 40000 ONI4 RESISTOR FROM GATE TO CATHODE 

AS SHOWN IN CIRCUIT BELOW 
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0.4 

0.2 

40000 
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GATE TRIGGERING CHARACTERISTIC 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.15 

1.6A RMS SCR UP TO 400V 
• Low Holding Current 
• Standard TO-5 Package 
• Ideal for Printed Circuit Application 
• For Use in Low Power Switching and Control Applications 

- e 
2N1595-99 

Outline Drawing No. 2 

Minimum Forward Breakover Repetitive Peak 
Type 

Voltage V(BR)F0 Reverse Voltage (PRY) 
Ti = —65°C to +125°C 
RGK = 1000 Ohms 

Ti = —65°C to +150°C 

2N1595 50 volts 50 volts 

2N1596 100 volts 100 volts 

2N1597 200 volts 200 volts 

2N1598 300 volts 300 volts 

2N1599 400 volts 400 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-sta e IF   1.6 Amperes 
Average Forward Current, On state le(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFm (surge)   15 Amperes 
Peak Reverse Gate Voltage, VGRM   6 Volts 
Operating Temperature Ti   —65°C to +150°C 
Forward and Reverse Blocking Current*  IFx lax Typ. 40/Max. 100 µAdc 
Holding Currentt   lax Typ. 0.5 mAdc 
Turn-off Timef  tort Typ. 20 µsec 
Gate Current to Fire$  los Typ. 0.9/Max. 10 mAdc 
Gate Voltage to Firet 

$T3 = +25°C, RGIC = 1000 Ohms 
*1.1 = + 125°C, Roe = 1000 ohms 

fur = +125°C, ROK = 100 ohms 

A 40 
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AVERMM P004/A110 OIRRENT- AMPERES 

I 14 

MAXIMUM ALLOWABLE CASE TEMPERATURE 
(125°C Junction Temperature) 

Vet, Typ. 0.6/Max. 3.0 Vdc 

los is defined in the circuit below: 

12 OHMS 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.9 

2A RMS SCR UP TO 200V 
• Very Low Cost 
• High Gate Sensitivity 
• Versatile Package Configurations 
• Plastic Encapsulated 
• Reliable 

TYPE 1 TYPE 2 

C106 
Outline Drawing No. 6 

TYPE 3 TYPE 4 

T ype  
Peak Forward Blocking 

Voltage, VF, SI 
RGg = 1000 Ohms 

TJ = —40°C to +110°C 

Working and Repetitive 
Peak Reverse Voltage, 

VR,,,, (wkg) and VIMNI (rep) 
T, = —40°C to +110°C 

C106Y1, C106Y2, C106Y3, C106Y4 
C106F1, C106F2, C106F3, C106F4 
C106A1, C106A2, C106A3, C106A4 
C106G1, C106G2, C106G3, C106G4 
C10681, C10682, C106B3, C106B4 

30 volts 
50 volts 
100 volts 
150 volts 
200 volts 

30 volts 
50 volts 
100 volts 
150 volts 
200 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   2.0 Amperes 
Average Forward Current, On-state IF(AV)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Wu (surge)   15 Amperes 
lot (for fusing) 0  5 Ampere2 seconds (for times 1.5 milliseconds) 
Peak Reverse Gate Voltage, Von!   6 Volts 
Operating Temperature Tr   —40°C to +110°C 
Forward and Reverse Blocking Current* lax lxx Typ. 10.0/Max. 100 irAdc 
Holding Current# IHx Typ. 0.3/Max. 3 mAdc 
Turn-off Time*  tort Typ. 40/Max. 100 gsec 
dv/dt*  Typ. 20V/µsec 
di/dt  Max. 50 A/iLsec 

411 = +25°C, Ras = 1000 ohms 
*TL = +110°C, Ram = 1000 ohms 

1101. 

OIMITIV OR 
IMUCTIVE 1.000.90 TO 
400 •• 

tezegreure— 
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MAXIMUM ALLOWABLE TEMPERATURES MAXIMUM GATE TRIGGER CURRENT AND VOLTAGE 
VARIATION WITH TRIGGER PULSE WIDTH 

422 



CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 150.20 

7.4A RMS SCR UP TO 400V 
• Designed to meet Mil-S-19500/168 
• No Gate Bias Required 
• Specified Maximum Holding Current 

• Full V(BR)F ratings from —65 ° C to +150 °C 
C10 (2N1770A-71A) 

Outline Drawing No. 9 

(C10U) (C10F) (C10A) (CIOG) (C10B) (C1OH) (C10C) (C10D) 

2N1770A 2N1771A 2N1772A 2N1773A 2N1774A 2N1775A 2N1776A 2N1777A 

Transient Peak Reverse 

Voltage, VROM 
(non rep) <5 millisec 35 75 150 225 300 350 400 500 volts 

Repetitive Peak Reverse 

Voltage, VRom (rep) 25 50 100 150 200 250 300 400 volts 

Minimum Forward 

Breakover Voltage, 

VolRir 25 50 100 150 200 250 300 400 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   7 Amperes 
Average Forwàrd Current, On-state IF(AV)  Depends on conduction angle (see chart) 

Peak One Cycle Surge Forward Current (Non-repetitive), Inr (surge)   60 Amperes 
1-t (for fusing)   4.9 Ampere seconds (for times -•-• 1.5 milliseconds) 
Peak Reverse Gate Voltage, VORM   10 Volts 

Operating Temperature Tx   —65 °C to +150 ° C 

Holding Current (TJ =- +25°C)  IHx Typ. 8/Max. 25 mAdc 
Turn-off Time  tor r Typ. 10 µsec 

dvidt   not specified 

di/dt     not specified 
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SCR MANUAL 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 150.22 

8A RMS SCR UP TO 400V 
• Ideal for Power Switching Applications 
• Low Cost 

C15 
Outline Drawing No. 4 

Type 
Minimum Forward 

Breakover Voltage (Vuo) 
Ti = —65°C to +105°C 

Repetitive Peak Reverse 
Voltage (P1110* 

Ti =. —65°C to +105°C 

Transient Peak Reverse 
Voltage (Non-recurrent) 

<5 Millisec* 
Ti = —65°C to +105°C 

C15U 25 volts 25 volts 40 volts 
Cl5F 50 volts 50 volts 75 volts 
Cl5A 100 volts 100 volts 150 volts 
Cl5G 150 volts 150 volts 225 volts 
Cl5B 200 volts 200 volts 300 volts 
Cl5C 300 volts 300 volts 400 volts 
Cl5D 400 volts 400 volts 500 volts 

`Values apply for zero or negative gate voltage only. Maximum stud to ambient thermal resistance 
for which maximum PRV ratings apply equals 18°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   8.0 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFaz (surge)   60 Amperes 
lit (for fusing)   4.9 Ampere seconds (for times --; 1.5 milliseconds) 
Peak Reverse Gate Voltage, VGRIf   10 Volts 
Operating Temperature Ti   —65°C to +105°C 
Forward and Reverse Blocking Current (Ti = 105°C)   IFX IRX 

Cl5U-C15A/Max. 9.0 mAdc; Cl5G/Max. 8.0 mAdc; Cl5B/Max. 6.0 mAdc; Cl5C/Max. 4 0 mAdc; 
Cl5D/Max. 2.0 mAdc. 

Holding Current (T, = +25°C) ill Max. 30 ma 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 150.21 

7.4A RMS SCR UP TO 600V 
• No Gate Bias Required 
• High Gate Sensitivity 
• Over 6 Years of Successful Field Experience 

C11 (2N1710-18, 2N2619) 
Outline Drawing No. 4 

Tyne 

Minimum Forward 
Breakover 

Voltage Voui,rx 
Ti = —65°C to +125°C 

Repetitive Peak Reverse 
Voltage Vitnu (rep) 

Ti = —65°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5 Millisect 

Viiiim (non-rep) 
Ti = —65°C to +125°C 

Cl1U (2N1770) 25 volts 25 volts 40 volts 

CUE (2N1771; 50 volts 50 volts 75 volts 

C11A (2N1772) 100 volts 100 volts 150 volts 

CIIG (2NI773) 150 volts 150 volts 225 volts 

C11B (2N1774) 200 volts 200 volts 300 volts 

CIIH (2N1775) 250 volts 250 volts 350 volts 

ClIC (2N1776) 300 volts 300 volts 400 volts 

ClID (2N1777) 400 volts 400 volts 500 volts 

CIIE (2NI778) 500 volts 500 volts 600 volts 

CUM (2N2619) 600 volts 600 volts 720 volts 

fValues apply for zero or negative gate voltage. Maximum case to ambient thermal resistance for 
which maximum VRONI (rep) ratings apply = 18'C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state le   7.4 Amperes 
Average Forwa'd Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Inm (surge)   60 Amperes 
lot (for fusing)   4.9 Ampere2 seconds (for times -'-- 1.5 milliseconds) 
Peak Reverse Gate Voltage, Voem   10 Volts 
Operating Temperature Ti   —65°C to +125°C 
Holding Current (Ti .= +25°C)  In Typ. 8.0 mAdc 
Turn-off Time (Ti = +125°C)   tort Typ. 15 µsec 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.25 

7.4A RMS SCR UP TO 400V 
e Specially Designed for Inverter, Pulse Modulator, Chopper, 

Cycloconverter and Other High Frequency Applications 
• Guaranteed Turn-off Time of Less Than 12 µsec 

C12 
Outline Drawing No. 4 

Type 

Minimum Forward 
Breakover 

Voltage, V,iiii,ro• 
Ti = —65°C to +125°C 

 Repetitive Peak Reverse 
Voltage, 1/,,,,,, ‘,...„,* 

Is = —65°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5.0 Millisec. 
VROM (non-rep)* 

Ti = —65°C to +125°C 

Cl2U 25 volts 25 volts 40 volts 
Cl2F 50 volts 50 volts 75 volts 
Cl2A 100 volts 100 volts 150 volts 
Cl2G 150 volts 150 volts 225 volts 
C1213 200 volts 200 volts 300 volts 
Cl2H 250 volts 250 volts 350 volts 
Cl2C 300 volts 300 volts 400 volts 
Cl2D 400 volts 400 volts 500 volts 

*Values apply fo zero or negative gate voltage only. Maximum case to ambient thermal resistance 
of which maximum VROM (rep) ratings apply equals 18°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   7.4 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ira( (surge)   60 Amperes 
14 (for fusing)   40 Ampere2 seconds (for times -._. 1.5 milliseconds) 
Peak Reverse Gate Voltage, Volta(   10 Volts 

Operating Temperature Ti   —65°C to +125°C 
Holding Current (Ts = +25°C)   lir Typ. 8.0 mAdc 
Turn-off Time (Ti = +.125°C)  tort Typ. 8.0/Max. 12 µsec 
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MAXIMUM ALLOWABLE CASE TEMPERATURE MAXIMUM CIRCUIT COMMUTATED TURN-OFF TIME 
FOR RECTANOULAR CURRENT WAVEFORM vs. PEAK FORWARD CURRENT, ON-STATE 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 150.30 

Outline Drawing No. 5 

C20 

7.4A RMS SCR UP TO 400V 
• Low Cost 
• Flexibility of Mounting 

C22 

• One-piece Terminals 
e High Surge Current Capabilities 
e Low Power Required for Triggering 

Type 

Minimum Forward 
Breakover 

Voltage, V(I Voltage, 
IMFOt 

Ti = —25°C to +100°C 

Repetitive Peak Reverse 
 Vitom(ree 

Ti = —25°C to +100°C 

Non-repetitive Peak 
Reverse Voltage 
<5.0 millisec 
VROM(non-ree 

Ti = —25°C to +100°C 

C2OU, C22U 
C20F, C22F 
C20A, C22A 
C20B, C22B 
C20C, C22C 
C20D, C22D 

25 volts 
50 volts 

100 volts 

200 volts 
300 volts 
400 volts 

25 volts 
50 volts 

100 volts 
200 volts 
300 volts 
400 volts 

35 volts 
75 volts 

150 volts 
300 volts 
400 volts 
500 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   7.4 Amperes 
Average Forward Current, On-state IF/Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ind (surge)   80 Amperes 
14 (for fusing)  27 Ampere2 seconds (for times .•-- 1.5 milliseconds) 
Peak Reverse Gate Voltage, WHIM   5 Volts 
Operating Temperature Ti   —25°C to +100°C 
Peak Reverse and Forward Blocking Current (Ti = +100°C) IRom and IFom 

C2OU, C22U Typ. 1.0/Max. 10.0 ma; C20F, C22F Typ. 1.0/Max. 10.0 ma: C20A, C22A Typ. 1.0/ 
Max. 7.0 ma; C208, C22B Typ. 1.0/Max. 3.5 ma; C20C, C22C Typ. 1.0/Max. 2.3 ma; C20D, C22D 
Typ. 1.0/Max. 1.7 ma. 

Holding Current (Ti = +25°C)  lux Typ. 10/Max. 30 mAdc 
toff Not specified Furs-off Time 

Special selections of Gate Trigger Current down to 4.0 mAdc are available upon request. 
Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum Vitom (rep) ratings apply equals 18°C/watt. 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.21 

16A RMS SCR UP TO 500V 
e Good Turn-off Time 
• Ideal for Power Switching Applications 

C36 
Outline Drawing No. 7 

C36U C36F C36A C36G C36B C36H C36C C36D C36E 
Repetitive Peak Reverse 
Voltage (PRV)* 25 50 100 150 200 250 300 400 500 volts 

Minimum Forward Breakover 
Voltage (Voo) 25 50 100 150 200 250 300 400 500 volts 

Transient Peak Reverse Voltage 
(Non-recurrent <5 millisec.)* 35 75 150 225 300 350 400 500 600 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   16 Amperes 
Average Forward Current, On-state IF(Av)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), lem (surge)  125 Amperes 
lit (for fusing)   40 Ampere° seconds (for times 1.5 milliseconds) 
Peak Reverse Gate Voltage, VORSI   5 Volts 
Operating Temperature Tr   —40°C to +100°C 

C36U C36F C36A C366 036B C36H C36C C36D C36E 
Maximum Reverse (In) or 

Forward (Is) Leakage Current 
(Full Cycle Average)*  Typ. 22.5 19.0 12.5 6.5 6.0 5.5 5.0 4.0 3.0 mAdc 

Holding Current (Tr = +100°C)  lux Typ. 20 mAdc 
Turn-off Time (Ti = +100°C)   tort Typ. 15 µsec 
dv/dt   not specified 
di/dt  not specified 

•PRV ratings apply for zero or negative gate voltage. For positive gate voltage applied simultaneously 
with PRV, see Application Notes. Maximum heat sink thermal resistance for which maximum PRV 
ratings apply equals 11.0°C/watt. 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.27 

Outline Drawing No. 5 

C30 

25A RMS SCR UP TO 400V 
• Low Cost 
e Flexibility of Mounting 

C32 

• One-piece Terminals 
• High Surge Current Capabilities 
• Low Power Required for Triggering 

Type 
Peak Forward Blocking 

Voltage, VFOM 
Ti = —40°C to + 100°C 

Repetitive Peak Reverse 
VOltaget, VROM(re13) 

Ti = —40°C to ± 100°C 

Non-Repetitive Peak 
Reverse Voltaget 
<5.0 Millisec 
VROM (non-rep) 

Ti = —40°C to ± 100°C 

C3OU, C32U 
C30F, C32F 
C30A, C32A 
C300, C32B 
C30C, C32C 
C30D, C32D 

25 volts 
50 volts 
100 volts 
200 volts 
300 volts 
400 volts 

25 volts 
50 volts 
100 volts 
200 volts 
300 volts 
400 volts 

35 volts 
75 volts 
150 volts 
300 volts 
400 volts 
500 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   25 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Wm (surge)  250 Amperes 
12t (for fusing)  260 Ampere2 seconds (for times ≥. 1.0 millisecond) 
Peak Reverse Gate Voltage, VGRid   5.0 Volts 
Operating Temperature Ti   —40°C to +100°C 
Peak Reverse and Forward Blocking Current (Ti = +100°C)   IR and IF 

C3OU, C32U Typ. 1.0/Max. 10.0 mA; C30F, C32F Typ. 1.0/Max. 10.0 mA; C30A, C32A Typ. 1.0/ 
Max. 7.0 mA; C30B, C32B Typ. 1.0/Max. 3.5 mA; C30C, C32C Typ. 1.0/Max. 2.3 mA; C30D, C32D 
Typ. 1.0/Max. 1.7 mA. 

Holding Current (Ti = +25°C)  IHX Typ. 10/Max. 50 mAdc 
Turn-off Time   tar not specified 

tValues apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum Vnom(rep) ratings apply equals 18°C/watt. 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.27 

Outline Drawing No. 5 

C31 

25A RMS SCR UP TO 400V 
• Low Cost 
e Flexibility of Mounting 

C33 

e One-piece Terminals 
• High Surge Current Capabilities 
• High Gate Sensitivity 

Type 
Peak Forward Blocking 

Voltaget, VFONI 
Ti = —40°C to + 100°C 

Repetitive Peak Reverse 
Voltaget, Vkiim(rep) 

Ti -= —40°C to + 100°C 

Non-Repetitive Peak 
Reverse Voltaget, 
<5.0 Millisec 
VFom (non-rep) 

Ti = —40°C to ± 100°C 

C31U, C33U 
C31F, C33F 

C31A, C33A 
C31B, C33B 
C31C, C33C 
C31D, C33D 

25 volts 
50 volts 

100 volts 
200 volts 
300 volts 
400 volts 

25 volts 
50 volts 

100 volts 
200 volts 
300 volts 
400 volts 

35 volts 
75 volts 

150 volts 
300 volts 
400 volts 
500 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   25 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), I FM (surge)  250 Amperes 
12t (for fusing)  260 Ampere2 seconds (for times ≥ 1.0 millisecond) 
Peak Reverse Gate Voltage, VG1111   5.0 Volts 
Operating Temperature Ti   —40°C to +100°C 
Peak Reverse and Forward Blocking Currentt (Ti = +100°C)   I ROM and loi 

C31U, C33U Typ. 1.0/Max. 10.0 mA; C31F, C33F Typ. 1.0/Max. 10.0 mA; C31A, C33A Typ. 1.0/ 
Max. 7.0 mA; C31B, C33B Typ. 1.0/Max. 3.5 mA; C31C, C33C Typ. 1.0/Max. 2.3 mA: C31D, C33D 
Typ. 1.0/Max. 1.7 mA. 

Holding Current (Ti = +25°C)  lux Typ. 10/Max. 50 mAdc 
Turn-off Time   to not specified 

tValues apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum Vnou(rep) ratings apply equals 18°C/watt. 

#Specia I selections of gate current to trigger available. 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.23 

25A RMS SCR UP TO 800V 
• Standard TO-48 Package 
e Ideal for Power Switching Applications 

C37 
Outline Drawing No. 8 

Type 

Peak Forward 
Blocking 

Voltage, VFOM 
T( = —40°C 
to + 105°C 

Peak Forward 
Voltage, PFV 
«n = —40°C 
to ± 105°C 

Repetitive Peak 
Reverse Voltage, 

Vnoldrep)t 
Tv = —40°C 
to + 105°C 

Non•RepetitIve 
Peak Reverse 

Voltage, 
VROM (non-rep)r 

Tc =- —40°C 
to + 105°C 

C37U 25 volts 480 volts 25 volts 40 volts 

C37F 50 volts 480 volts 50 volts 75 volts 

C37A 100 volts 480 volts 100 volts 150 volts 

C37B 200 volts 480 volts 200 volts 300 volts 

C37C 300 volts 480 volts 300 volts 400 volts 

C37D 400 volts 500 volts 400 volts 500 volts 

C37E 500 volts 600 volts 500 volts 600 volts 

C37M 600 volts 720 volts 600 volts 720 volts 

C37S 700 volts 840 volts 700 volts 840 volts 

C37N 800 volts 960 volts 800 volts 960 volts 

Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum VFOM and VROM ratings apply equals 11°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   25 Amperes 
Average Forward Current, On-state IF(Av)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), ITsr (surge)  125 Amperes 
12t (for fusing)   40 Ampere2 seconds (for times -- 1.5 milliseconds) 
Operating Temperature TJ   40°C t +105°C 
Turn-off Time   tor: not specified 
dv/dt   di/dt  not specified not specified 

I I I 
11111,1reV.S. 0-c0.,10101.ISTISS LOW, 

181 OSTISOS OMSCIS POO 0.5 WATT   

CCF\CWCT1ON SYSISKOS SSTS «OWES OISSIST 0« 

ISI S'S 3. IS «111.1«..«. SUS 00 
•IIICII OSTINOS AMY .11,0 
MIT .11110A. TICIUSISS Ides.STSIIISS 

  CASS TO 01011.11 I  

ANGLE. 30• 60. SO. 1206 

oo 

DC 

360. 
ONOUCT1ON ANGLE 

• IC 14 20 24 Ell 

AVERAGE FORWARD CURRENT - AMPERES 

MAXIMUM ALLOWABLE CASE TEMPERATURE 

60 

20 

40 

30 

20 

o 

I DC 

CC/COMM AIWILZ 
100. 

120. 
110.,/ 

CONDUCTION 6  • MOLE • re 

/ 
MOTE: JUNCTION 

*106°C 
TEMPERATURE • 

4 It IC 20 24 

IWERAGE FORWARD CURRENT - AMPERES 

MAXIMUM POWER DISSIPATION 

os 

431 



SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.22 

25A RMS SCR UP TO 800V 
• Standard TO-48 Package 
• 9 Years of Design and Field Experience 

2N681-92 
Outline Drawing No. 8 

Tyne 

Peak Forward 
Blocking 

Voltage, VFOM 
T.. = —65°C 
to +125°C 

Peak Forward 
Voltage, PFVt 
Tc = —65°C 
to +125°C 

Repetitive Peak 
Reverse Voltage, 

VH.,m(reP)* 
Tr = —65°C 
to +125°C 

Non-Repetitive 
Peak Reverse 

Voltage, 
<5 Millisec. 

Vnom(non-rep)° 
Tr = —65°C 
to +125°C 

2N681 25 volts 35 volts 25 volts 35 volts 
2N682 50 volts 75 volts 50 volts 75 volts 
2N683 100 volts 150 volts 100 volts 150 volts 
2N684 150 volts 225 volts 150 volts 225 volts 
2N685 200 volts 300 volts 200 volts 3E0 volts 
2N686 250 volts 350 volts 250 volts 350 volts 
2N687 300 volts 400 volts 300 volts 400 volts 
2N688 400 volts 500 volts 400 volts 500 volts 
2N689 500 volts 600 volts 500 volts 600 volts 
2N690 600 volts 720 volts 600 volts 720 volts 
2N691 700 volts 840 volts 700 volts 840 volts 
2N692 800 volts 960 volts 800 volts 960 volts 

'Values apply for zero or negative gate voltage only. Max*mum case to ambient thermal resistance 
for which maximum VFONI and VROM ratings apply equals 11 C/watt. 

tCells with higher PFV ratings are available upon request. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   25 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFm (surge)   150 Amperes 
14 (for fusing)   75 Ampere2 seconds (for times 1.5 milliseconds) 
Operating Temperature Ti   —65°C to +125°C 
Turn-off Time  tort Not specified 
dv/dt   not specified 
di/dt   not specified 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.35 

35A RMS SCR UP TO 400V 
• Ideal for High Frequency Power Switching 
• Up to 25KHz 
• Guaranteed dv/dt 
• Guaranteed di/dt 
• Short Turn-off Time 

C140 (2N3649-43) 
C141 (2N3654-58) 

Outline Drawing No. 8 

Type 

DC Forward 
Blocking 

Voltage, Vrot 
Te = —65°C 
to +120°C 

Peak Forward 
Voltage, PFVt 
Ti, = —65°C 
to +120°C 

DC Peak Reverse 
Voltage, Vnot 
T,, = --65°C 
to +120°C 

Non-Repetitive 
Peak Reverse 

Voltage, 
(Half Sine Wave) 
., •oominon-repit 
T, = —65°C 
to +120°C 

Cl4OF (2N3649) 
C141F (2N3654) 
C140A (2N3650) 
C141A (2N3655) 
C140B (2N3651) 
C141B (2N3656) 
C140C (2N3652) 
C141C (2N3657) 
C1400 (2N3653) 
C141D (2N3658) 

50 volts 

100 volts 

200 volts 

300 volts 

400 volts 

50 volts 

100 volts 

200 volts 

300 volts 

400 volts 

50 volts 

100 volts 

200 volts 

300 volts 

400 volts 

75 volts 

150 volts 

300 volts 

400 volts 

500 volts 

11,4aximum case to ambient thermal resistance for which maximum VFO, VRO ratings apply equals 
5°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   35 Amperes 
Peak One Cycle Surge Forward Current (Non-repetitive), IFM (surge)   180 Amperes 
Pt (for fusing)  165 Ampere2 seconds (for times ≥.. 1.0 millisecond) 
Operating Temperature To   --65°C to +120°C 
Turn-off Time (Te = +120°C)  tat C140 Max. 15 µsec; C141 Max. 10 µsec 
dv/dt (Te = +120°C)  Min. 200V/µsec 

w-^ 
MAXIMUM ALLOWABLE CASE TEMPERATURE FOR 

RECTANGULAR CURRENT WAVEFORM 
TURN-ON CURRENT LIMIT 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.20 

35A RMS SCR UP TO 800V 
• Compatible with 2N681-92 
• Thermal Fatigue Free 
• No Peak Forward Voltage Limitation 
• Designed to Meet Mil-S-19500/108B 
• 9 Years of Design and Field Experience 
• Standard TO-48 Outline 

C35 
Outline Drawing No. 8 

Type 
Peak Forward Blocking 

Voltage, VFOM 
Tc = —65°C to +125°C 

Repetitive Peak Reverse 
Voltage, Vvom(rep)* 

Tc =_ —65°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5.0 Millisec 
Vsom(non-rep)* 

Tc = —65°C to +125°C 

C35U 25 volts 25 volts 35 volts 
C35F 50 volts 50 volts 75 volts 
C35A 100 volts 100 volts 150 volts 
C35G 150 volts 150 volts 225 volts 
C358 200 volts 200 volts 300 volts 
C35H 250 volts 250 volts 350 volts 
C35C 300 volts 300 volts 400 volts 
C35D 400 volts 400 volts 500 volts 
C35E 500 volts 500 volts 600 volts 
C35M 600 volts 600 volts 720 volts 
C355 700 volts 700 volts 840 volts 
C35N 800 volts 800 volts 960 volts 

*Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum VFOm and VRom ratings apply equals 11°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   35 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFS! (surge)   150 Amperes 
lot (for fusing)   75 Ampere seconds (for times •-. 1.5 milliseconds) 
Operating Temperature Tr   —65°C to +125°C 
Turn-off Time   t. f Max. 75 µsec 
dv/dt (Tr = +125°C)   U, F, M, S, N ...10V/Asec 

A, G, B H .. 20V/µsec 
C, D, E... .25V/jisec 

tti = +125°C, Ro x = 100 ohms 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.30 

» 

" 

35A RMS SCR UP TO 500V 
• No Peak Forward Voltage Limitation 
• Thermal Fatigue Free 
• High Junction Temperature 
• Low Thermal Resistance C38 

Outline Drawing No. 8 

Type 
Minimum Forward 

Breakover 
Voltage, VIBIOF0* 

7, =. —65°C to +150°C 

Repetitive Peak Reverse 
Voltage, Vriou(rep)• 

Ti = —65°C to +150°C 

Transient Peak 
Reverse Voltage, 
(Non-recurrent) 
<5.0 Millisec. 

T., = —65°C to +150°C 

C38U 25 volts 25 volts 35 volts 
C38F 50 volts 50 volts 75 volts 
C38A 100 volts 100 volts 150 volts 
C38G 150 volts 150 volts 225 volts 
C38B 200 volts 200 volts 300 volts 
C38H 250 volts 250 volts 350 volts 
C38C 300 volts 300 volts 400 volts 
C38D 400 volts 400 volts 500 volts 
C38E 500 volts 500 volts 600 volts 

Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum Vitou ratings apply equals 11°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state lr   35 Amperes 
Average Forward Current, On-state IF(Ar)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ind (surge)   150 Amperes 
lit (for fusing) . .. ............... 75 Ampere2 seconds (for times .-.- 1.5 milliseconds) 
Operating Temperature TJ   —65°C to +150°C 
Turn-off Time (Tz = +150°C)   tort Typ. 24 µsec 
dv/dt (Tor = +150°C)   Min. 20V/µsec 
di/dt  not specified 
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SCR MANUAL 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 160.25 

35A RMS SCR UP TO 400V 
• Guaranteed Turn-off Time Less Than 12 µsec 
• Specially Designed for Inverter and Chopper Applications 

C40 
Outline Drawing No. 8 

Type 

Minimum Forward 
Breakover 

Voltage, VOMFO* 
Ti- = —65°C to +125°C 

Repetitive Peak Reverse 
Voltage, Vuom(reP). 

Ti  -= —65°C to +125°C 

Non-Repetitive 
Peak Reverse Voltage, 

<5.0 Millisec. 
Vuom(non-ree 

Tc = —65°C to +125°C 

C4OU 25 volts 25 volts 35 volts 

C4OF 50 volts 50 volts 75 volts 

C40A 100 volts 100 volts 150 volts 

C4OG 150 volts 150 volts 225 volts 

C4OB 200 volts 200 volts 300 volts 

C4OH 250 volts 250 volts 350 volts 

C40C 300 voits 300 volts 400 volts 

C4OD 400 volts 400 volts 500 volts 

'Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum VROM (rep) ratings apply equals 11 °C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   35 Amperes 
Average Forward Current, On-state lecev)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ind (surge)   150 Amperes 
12t (for fusing)   75 Ampere° seconds (for times 1.5 milliseconds) 
Operating Temperature Tc  —65°C to +125°C 
Turn-off Time (Tc = +125°C)   tar Max. 12 µsec 
dv/dt (Te = +125°C)   U, F, M, S, N Min. 10V/µsec 

A, G, B, H Min. 20V/µsec 
C, D, E Min. 25V/p.sec 

same as C35 
di/dt 

• caOut vo. •,01 

,m100.0 SCR 00(00 
  0, SO •0•01 1•10001000 

MTV .00 I_ 

oce• 

.1 • • 0 I. 0 SO 

0.410010 r0••••• •••00 • 000.0 

MAXIMUM ALLOWABLE CASE TEMPERATURE 
FOR RECTANGULAR CURRENT WAVEFORM 

ol••••• 0,••80, •0,01 •••••••• 

MAXIMUM CIRCUIT COMMUTATED TURN-OFF TIME 
vs. PEAK FORWARD CURRENT, ON-STATE 
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CONDENSED SPECIFICATIONS 

MAXIMUM ALLOWABLE CASE TEMPERATURE 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 160.40 

35A RMS SCR UP TO 800V 
• Guaranteed dv/dt (200V/µsec) 
• Guaranteed di/dt (200A/µsec) 

gele: 

C135 (2N3753-61) 
Outline Drawing No. 8 

Type 

Peak Forward 
Blocking 

Voltage, Vrom 
Te = —40°C 
to +120°C 

Peak Forward 
Voltage, PFV 
T, = —40°C 
to +120°C 

Repetitive Peak 
Reverse voltage, 

11nom(reP)*. 

to +120°C T, = —40°C 

Non-Repetitive PeakReverse Renege, 

< 5 minis«. 

V om(non-reP)* 
Rle -=- —40°C 
to +120°C 

C135F (2N3753) 50 volts 75 volts 50 volts 75 volts 
C135A (2N3754) 100 volts 150 volts 100 volts 150 volts 
C135B (2N3755) 200 volts 300 volts 200 volts 300 volts 

C135C (2N3756) 300 volts 400 volts 300 volts 400 volts 
C135D (2N3757) 400 volts 500 volts 400 volts 500 volts 
C135E (2N3758) 500 volts 600 volts 500 volts 600 volts 

C135M (2N3759) 600 volts 720 volts 600 volts 720 volts 
C1355 (2N3760) 700 volts 840 volts 700 volts 840 volts 
C135N (2N3761) 800 volts 960 volts 800 volts 960 volts 

°Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum VFOM and VROM ratings apply equals 5°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   35 Amperes 
Average Forward Current, On-state 'p(xy)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), lxxr (surge)   250 Amperes 
12t (for fusing)  100 Ampere2 seconds (for times _≥.. 1.0 millisecond) 
Operating Temperature Tx   —40°C to +125°C 
Turn-off Time (T.1 .=. +120°C)   toff Max. 75 µsec 
dv/dt (Ti . +120°C)  Min. 200V/µsec 

NOT'S 011eountrogoot ;NI:we've tom 

e4.7r.e. re.= 
-zta er 

INIAECHSTELT PRIOR TO TuRN•0111' 
40 C TO CV C 

I ) SWITCHING PROW RPM VOLTAGE 
(41 GATE SuPPLv 0 VOLT OPEN 

CIRCUIT, 
SQUARE 
RISE TINE 
SWIWUld. 

ZO 0141A, 
WAVE 
01, 

LS, 
ULU 
SEC 

SEC 

I AAAAAA MEOUS VALUE 011 All. 
CURRENT MUST NEVER MEOW... 
CUI111.1 LIMIT LIME .0. 

TR. FROM STA. OF CURRENT EL. 141.0242011D2 

TURN-ON CURRENT LIMIT 
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SCR MANUAL 

IS e 16 20 24 26 

AVERAGE FORWARD CURRENT-AMPERES 

32 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 160.45 

35A RMS SCR UP TO 1200V 
• Guaranteed di/dt (150A/µsec) 
• Guaranteed dv/dt (100V/µsec) 
• No Peak Forward Voltage Limitation 

C131 
uutline Drawing No. 8 

Type 

Peak Forward 
Blocking 

Voltage, VFOM 
Te = —40°C to +120°C 

Repetitive Peak Reverse 
Voltage, linmilrePr 

T, = --40°C to +120°C 

Non•Repetitive 
Peak Reverse Voltage, 

<5.0 MIllisec. 
Yawl(norl-reP)̀ 

Te . —40°C to +120°C 

C137E 
C137M 
C137N 
C137P 
C137PB 

500 volts 
600 volts 
800 volts 
1000 volts 
1200 volts 

500 volts 
600 volts 
800 volts 
1000 volts 
1200 volts 

600 volts 
720 volts 
960 volts 
1200 volts 
1440 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   35 Amperes 
Average Forward Current, On-state Iv(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), In! (surge)   360 Amperes 
12t (for fusing)  300 Ampere2 seconds (for times ≥ 1.0 millisecond) 
Operating Temperature Tx   —40°C to +120°C 
Turn-off Time (Te = +120°C)   toff Max. 75 µsec 
dv/dt (Te = +120°C)   Min. 100V/µsec 

°Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum //ROM and VROM ratings apply equals 5.0°C/watt. 

NOTES (I) RESBT1VE OR INDUCTIVE LOAD 50 TO 400 H:1 

1 12) RATINGS DERIVED FOR 0 5 war AVERAGE 
GATE POWER DISSIPATION 

(3)5 C PER WATT MAX THERMen. 
RESISTANCE. CASE TO AMBIENT 

MAXIMUM ALLOWABLE CASE TEMPERATURE 

1000 

BOO 

60D 

400 

200 

« IOC 

110 

8 40 

O 

O 
ol 02 04 0.6 08 10 2 4 6 6 0 

TIME FROM START OF CURRENT FLOW-MICROSECONOS 

I I NOTES -4 
—(I) DC TO 400HE   
— (2) JuNCTION TEMPERATURE IMMEDIATELY PRIOR 

To TURN-ON -40.0 TO +120.0 — 
(S) SWITCHING FROM RATED VOLTAGE. 
(4) GATE SUPPLY 0 VOLTS OPEN CIRCUIT. 

20 OH«, I5,SEC SQUARE WAVE 
PULSE. RISE T ME CI,SEC 
mAmeuld 110% TO 90461 

NSTANTANEOuS SALUE OF ADORE 
CURD NT MUST NEVER EXCEED 
TURN ON CURRENT LIMIT LINE 
SHOWN. 

TURN-ON CURRENT LIMIT 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.17 

-4Fiamràeamnuaiee-.'"'"---

C45 
Outline Drawing No. 10 

55A RMS SCR UP TO 900V 
• Choice of Flag or Flexible Cathode and Gate Terminals 

• Thermal Fatigue Resistant 
e No Peak Forward Voltage Limitation on 

Units Rated 500 Volts and Above 

C46 
Outline Drawing No. 11 

Type 

Minimum Forward 
Breakover 

Voltage, V(ILR)F0 
T., = —40°C 
to +125°C 

Repetitive 
Peak Reverse 

Voltage, 
VROM(reP) 

Ti = —40°C 
to +125°C 

Non-Repetitive 
Peak Reverse 

Voltage, 
<5.0 Millis«. 
VRO If (non-rep) 

T, = —40°C 
to +125°C 

Peak Forward 

Voltage, PFV 

C45U, C46U 25 volts 25 volts 35 volts 500 volts 

C45F, C46F 50 volts 50 volts 75 volts 500 volts 

C45A, C46A 100 volts 100 volts 150 volts 500 volts 

C45G, C46G 150 volts 150 volts 225 volts 500 volts 

C45B, C468 200 volts 200 volts 300 volts 500 volts 

C45H, C46H 250 volts 250 volts 350 volts 500 volts 

C45C, C46C 300 volts 300 volts 400 volts 500 volts 

C45D, C46D 400 volts 400 volts 500 volts 500 volts 

C45E, C46E 500 volts 500 volts 650 volts No Limitation 

C45M, C46M 600 volts 600 volts 720 volts No Limitation 

C455, C46S 700 volts 700 volts 840 volts No Limitation 

C45N, C46N 800 volts 800 volts 960 volts No Limitation 

C457, C467 900 volts 900 volts 1040 volts No Limitation 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   55 Amperes 
Average Forward Current, On-state 15-Av )   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IThi (surge)   700 Amperes 
lit (for fusing)  2000 Ampere seconds (for times ?---. 1.5 milliseconds) 
Operating Temperature Ti   —40°C o +125°C 
Turn-off Time (Ti = +125°C)   tort Typ. 30 p.sec 

U, F, A, G, B, H Typ. 30V/p,sec 
C, D, E, M Typ. 20V/µsec 

S, N, T Typ. 15V/A•sec 

dv/dt (Ti = +120°C) 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.18 

55A RMS SCR UP TO 1200V 
• Guaranteed di/dt rating of 50 amps/c,see 
e Guaranteed dv/dt rating of 200 volts/48c 
• Reduced Package Size, Mounted on a 36 Inch Stud 

C145 
Outline Drawing No. 12 

Tyne 

Peak Forward 
Blocking 

Voltage, VFOlt 
Tc = —40°C 
to +120°C 

Peak Forward 
Voltage, PFV 
Tc = —48°C 

120°C to + 

Repetitive Peak 
Reverse Voltage, 

VROM(rep)* 
Tr = —40°C 
to +120°C 

Non-Repetitive 
Peak Reverse 

Voltage, 

<5 MiIllsec 
VRow(non-reP)° 
Te . —40°C 
to +120°C 

C145F 50 volts 75 volts 50 volts 75 volts 
C145A 100 volts 150 volts 100 volts 150 volts 
C145B 200 volts 300 volts 200 volts 300 volts 
C145C 300 volts 400 volts 300 volts 400 volts 
C145D 400 volts 500 volts 400 volts 500 volts 
C145E 500 volts 600 volts 500 volts 600 volts 
C145M 600 volts 720 volts 600 volts 720 volts 
C1455 700 volts 840 volts 700 volts 840 volts 
C145N 800 volts 960 volts 800 volts 960 volts 
C1457 900 volts 1080 volts 900 volts 1080 volts 
C145P 1000 volts 1200 volts 1000 volts 1200 volts 
C145PA 1100 volts 1320 volts 1100 volts 1320 volts 
C145PB 1200 volts 1440 volts 1200 volts 1440 volts 

*Values apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maxium VFOM and VROM ratings apply equals 1.3°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   55 Amperes 
Average Forward Current, On-state Ir(xv)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFm (surge)   700 Amperes 
12t (for fusing)  2000 Ampere2 seconds (for times 1.5 milliseconds) 
Operating Temperature Ti   —40°C to +125°C 
Turn-off Time   not specified 
dv/dt (Ti = +120°C)  Min. 200V/µsec 

Is . 

NOTES: 
,11 11 .1 

1/ RESISTIVE OR INOUCTIVE LOAD, SO 
TO 400 CPS 

It/ RATIONS 
AVERME. 

3) I.3 6C PER 

DERIVED FOR 10 WATT 
SATE POWER DISSIPATION 
WATT NAXINUII THERMAL 

-CONDUCTION 

RESISTANCE, CASE TO AMBIENT. — 

ANSLE 306 
606 

le 
DC 

/ 
/ 
/ 
/ 

0. 1006 
PI 

\ 
CONDUCTION 
ANOLE 

I I 
10 GO 30 40 

AVERAGE FORWARD CURRENT-410101E3 

MAXIMUM ALLOWABLE CASE TEMPERATURE 

50 60 

MIMI. AMMO - •0141110 

MAXIMUM FORWARD POWER DISSIPATION 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 170.20 

C50 (2N1909-16) C52 (2N1192-98) 
Outline Drawing No. 11 

110A RMS SCR UP TO 900V 

Outline Drawing No. 10 

• Designed to Meet MIL-S-19500/204A • Thermal Fatigue Resistant 
• Backed by 6 Years of Design and Fieid • Immunity to Forward Voltage Destruction 

Experience • Choice of Flag or Flexible Cathode and Gate Terminals 

'Type 

Minimum 
Forward 

Breakover 
Voltage, V1111111,11 

Ti = —40°C 
to +125°C 

Repetitive 
Peak Reverse 

Voltage ', 

Viiumffell/ 
Ti = —40°C 
to +125°C 

Non-Repetitive 
Peak Reverse 

Voltage, 
<5.0 millisec. 

eB„,, (non-rep) 
Tj = 40°C 
to +125°C 

Peak 
Forward 
Voltage, 
PFV" 

C5OU (2N1909) C52U 25 volts 25 volts 35 volts 500 volts 

C5OF (2N1910) C52F (2N1792) 50 volts 50 volts 75 volts 500 volts 

C50A (2N1911) C52A (2N1793) 100 volts 100 volts 150 volts 500 volts 

C5OG (2N1912) C52G (2N1794) 150 volts 150 volts 225 volts 500 volts 

C5OB (2N1913) 0526 (2N1795) 200 volts 200 volts 300 volts 500 volts 

C5OH (2N1914) C52H (2N1796) 250 volts 250 volts 350 volts 500 volts 

C50C (2N1915) C52C (2N1797) 300 volts 300 volts 400 volts 500 volts 

C5OD (2N1916) C52D (2N1798) 400 volts 400 volts 500 volts 500 volts 

C50E C52E 500 volts 500 volts 650 volts No Limitation 

C5OM C52M 600 volts 600 volts 720 volts No Limitation 

C5OS C52S 700 volts 700 volts 840 volts No Limitation 

C5ON C52N 800 volts 800 volts 960 volts No Limitation 

C5OT C52T 900 volts 900 volts 1040 volts A No Limitation 

Device may be safely switched into the forward conducting state by anode voltage. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   110 Amperes 
Average Forward Current, On-state I F(AV)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Curent (Non-repetitive), I FM (surge)   1000 Amperes 
In (for fusing)   4000 Ampere2 seconds (for times ?-- 1.5 milliseconds) 
Operating Temperature .1.,   —40°C to +125°C 
Turn-off Time (Tc =. +120°C)   tort Typ. 30 gsec 
dv/dt (Te = +120°C)   U, F, A, G, B, H Typ. 30V/gsec 

C, D, E, M Typ. 20V/gsec 
S, N, T Typ. 15V/itsec 

I 7 DC.14,3+,60 CIRCUITS-R 
_ „INDUCTIVE LOAD, , 

1 -• I 1 • 1 

- 1- 1 1 • 1 1 

a o L 
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SCR MANUAL 

CONDENSED SPECIFICATIONS--FOR COMPLETE SPECIFICATIONS SEE 170.21 

1 

3 

C55 
Outline Drawing No. 11 

110A RMS SCR UP TO 600V 
• Thermal Fatigue Resistant 
• Choice of Flag or Flexible Cathode 

and Gate Terminals 

C56 
Outline Drawing No. 10 

• No Peak Forward Voltage Limitation on 
Units Rated 500 Volts and Above 

• Specially Designed for Inverter and Chopper Applications 
• Insured Turn-off Time of Less than 20 µsec 

Type 
Peak Forward Blocking 

Voltage, VFOM* 
Te = —40°C to +120°C 

Repetitive Peak Reverse 
Voltage, Vuou(reP). 

Tc = 40°C to +120°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5 Millised 

Viiou(non-reP)° 
Tc = —40°C to +120°C 

C55, C56U 25 volts 25 volts 35 volts 
C55, C56F 50 volts 50 volts 75 volts 
C55, C56A 100 volts 100 volts 150 volts 
C55, C56G 150 volts 150 volts 225 volts 
C55, C56B 200 volts 200 volts 300 volts 
C55, 05611 250 volts 250 volts 350 volts 
C55, C56C 300 volts 300 volts 400 volts 
C55, C56D 400 volts 400 volts 500 volts 
C55, C56E 500 volts 500 volts 650 volts 
055, C56M 600 volts 600 volts 720 volts 

a ues apply for zero or negative gate voltage only. Maximum case to ambient thermal resistance 
for which maximum VFOM and VROM ratings apply equals 3.5°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   110 Amperes 
Average Forward Current, On-state IF(Av)  Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFm (surge)   1000 Amperes 
12t (for fusing)   4000 Ampere2 seconds (for times .-. 1.5 milliseconds) 
Operating Temperature T1   —40°C to +125°C 
Turn-off Time (LT . + 120°C)   tort Typ. 15/Max. 20 µsec 
dv/dt (Te -= +120°C)   U, F, A, G, B, H Typ. 30V/µsec 

C, D, E, M Typ. 15V/µsec 
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CONDENSED SPECIFICATIONS 

MAXIMUM ALLOWABLE STUD TEMPERATURE 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.26 

110A RMS SCR UP TO 300V 
• Freedom from Thermal Fatigue 
• Welded Seals 
• High Junction Temperature 

C60 (2N2023-29) 

C61 
Outline Drawing No. 11 

NOTE: The 2N2023-2029 has a guaranteed low temperature limit of —65°C; the C61 series is 
guaranteed to —40°C. In all other respects they are identical. 

2N2023 2N2024 2N2025 2N2026 2N2027 2N2028 2N2029 
(C60U) (C60F) (C60A) (C60G) (C608) (C6OH) (C60C) 
C61U C61F C61A C61G C61B C61H C61C 

Transient Peak Reverse Voltage 
(Nonrecurrent <5 millisecond)* 35 75 150 225 300 350 400 volts 

Repetitive Peak Reverse 
Voltage, Vitom(rep)* 25 50 100 150 200 250 300 volts 

Minimum Forward 
Breakover Voltage, V(1111)3.1) 25 50 100 150 200 250 300 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   110 Amperes 
Average Forward Current, On-state tray)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFNI (surge)   1000 Amperes 
Idt (for fusing)   4000 Amperea seconds (for times 1.5 milliseconds) 
Operating Temperature Ti  C60 —65°C to +150°C 

C61 —40°C to +150°C 
Turn-off Time (Ti = +150°C)   tort Typ. 30 µsec 
dv/dt  not specified 
di/dt  not specified 

*Vaord ratings apply for zero or negative gate voltage. Maximum heatsink thermal resistance for 
which maximum VR0111 ratings apply equals 3.5°C/watt. 
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SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.23 

C150 
C150 Outline Drawing No. 11 

110A RMS SCR UP TO 1300V 
• Guaranteed dv/dt (200 V/issec) 
• Guaranteed Value of di/dt 
• No PFV Limit 

Type 
Peak Forward Blocking 

Voltage, VFOM* 
Tc = —40°C to +120°C 

Repetitive Peak Reverse 
Voltage, Vumd(rep)* 

Tc = —40°C to +arc 

Transient Peak Reverse 
Voltage, 

(Non-recurrent 
<5.0 Millisec.) 
vstom (non-rep) 

Te = —40°C to +120°C 

C150, C152E 500 volts 500 volts 600 volts 
C150, C152M 600 volts 600 volts 720 volts 
C150, C152S 700 volts 700 volts 850 volts 

C150, C152N 800 volts 800 volts 950 volts 

C150, C152T 900 volts 900 volts 1075 volts 

C150, C152P 1000 volts 1000 volts 1200 volts 

C150, C152PA 1100 volts 1100 volts 1325 volts 

C150, C152PB 1200 volts 1200 volts 1450 volts 

C150, C152PC 1300 volts 1300 volts 1550 volts 

qweee 
C152 

C152 Outline Drawing No. 10 

*Ratings apply fo zero or negative gate voltage. Maximum heatsink thermal resistance for which 
maximum PRV rat ngs apply equal 1.1°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   110 Amperes 
Average Forward Current, On-state leisai   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ini (surge)   1500 Amperes 
12t (for fusing)   7000 Ampere2 seconds (for times 1.5 milliseconds) 
Operating Temperature Ti   —40°C to +125°C 
Turn-off Time (Ti =- +120°C)   tart Typ. 100 µsec 
di/dt Switching from 1000V or Less, Max. 75A/sec 

Switching from 1300V to 1000V, Max. 50A/iasec 
dv/dt (Ts = +120°C) Min. 200V/sisec 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.23 

C151 
C151 Outline Drawing No. 11 

110A RMS SCR UP TO 1100V 
e Guaranteed dv/dt (200 V/µsec) 
e Guaranteed Value of di/dt 
• Guaranteed Value of tort 
• No PFV Limit 

C153 
C153 Outline Drawing No. 10 

Transient Peak Reverse 

Peak Forward Blocking Repetitive Peak Reverse Voltage, 
Non-recurrent 

Type Voltage, Veou" Voltage, V ROM (rep)* <5.0 Millisec 
Tc = —40°C to +120°C Tc = —40°C to +120°C Voom(non-rep) 

Te = —40°C to +120°C 

C151, C153E 500 volts 500 volts 600 volts 
C151, C153M 600 volts 600 volts 720 volts 

C151, C153S 700 volts 700 volts 850 volts 

0151, C153N 800 volts 800 volts 950 volts 

C151, C153T 900 volts 900 volts 1075 volts 

C151, C153P 1000 volts 1000 volts 1200 volts 

C151, C153PA 1100 volts 1100 volts 1325 volts 

'Ratings apply for zero or negative gate vol age. Maximum heatsink thermal resistance for which 
maximum PRV ratings apply equal 1.1°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   110 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ind (surge)   1000 Amperes 
14 (for fusing)  4000 Ampere° seconds (for times ≥. 1.5 milliseconds) 
Operating Temperature Ti   — 0°C t 125°C 
Turn-off Time (Ti = +120°C)   t.rr Typ. 30/Max. 50 µsec 
di/dt Switching from 1000V or less, Max. 75A/µsec 

Switching from 1100V to 1000V, Max. 50A/p.sec 
dv/dt (Tr = +120°C)   Min. 200V/sec 
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SCR MANUAL 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 170.35 

C154 
C155 

Outline Drawing No. 11 

110A RMS SCR UP TO 500V 
• Short Turn-off Times 
• No PFV Limit 

C156 
C157 

Outline Drawing No. 10 

• Guaranteed dv/dt (200 V/µsec) 
• Guaranteed di/dt (100 A/µsec) 
• Choice of Flag or Flexible Cathode and Gate Terminals 

Tyne 

Peak Forward Blocking 
Voltage, VFOSI* 
To = —40°C 
to +125°C 

Repetitive Peak Reverse 
Voltage, VROM (rep)* 

Te = —40°C 
to +125°C 

Transient Peak 
Reverse Voltage, 
(Non-recurrent 
<5 Millisec.) 
Vliou(non-rep) 
Te = —40°C 
to +125°C 

C154, C155, C156, C157A 
C154, C155, C156, C1578 
C154, C155, C156, C157C 
C154, C155, C156, C157D 
C154, C155, C156, C157E 

100 volts 
200 volts 
300 volts 
400 volts 
500 volts 

100 volts 
200 volts 
300 volts 
400 volts 
500 volts 

200 volts 
300 volts 
400 volts 
500 volts 
600 volts 

*Ratings apply for zero or negative gate voltage. Maximum heatsink thermal resistance for which 
maximum PRV ratings apply equal 1.1°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   110 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), 15.1  (surge)   1000 Amperes 
12t (for fusing)   4000 Ampere2 seconds (for times 1.5 milliseconds) 
Operating Temperature TJ   —40°C to +125°C 
Turn-off Time (Tc = +120°C)   tort C154, 156 Max. 10 µsec 

C155, 157 Max. 20 gsec 
dv/dt (Te = +120°C)   C154, 156 Min. 200V/sec 

C155, 157 Min. 100V/sec 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.54 

110A AVG SCR UP TO 1300V 
• Increased Current Capability When Double Sided Cooling is Used 
• Reversibility Eliminates Need for Special Reverse Polarity Units 
• Smaller Size and Lighter Weight 
• Guaranteed dv/dt (200V/sec) 
• Guaranteed di/dt C350 

Outline Drawing No. 17 

Type 
Peak Forward Blocking 

Voltage, VFOhl• 
T,• = —40°C to +120°C 

Repetitive Peak Reverse 
Voltage, Veom(rep)° 

T, _r. —40°C to +120°C 

Transient Peak 
Reverse Voltage, 

(Non-recurrent <5 Millisec: 
Vuom(non-rep) 

T.• = —40°C to +120°C 

C350E 500 volts 500 volts 600 volts 
C350M 600 volts 600 volts 720 volts 

C350S 700 volts 700 volts 850 volts 

C350N 800 volts 800 volts 950 volts 

C3507 900 volts 900 volts 1075 volts 

C350P 1000 volts 1000 volts 1200 volts 

C350PA 1100 volts 1100 volts 1325 volts 

C350PB 1200 volts 1200 volts 1450 volts 
C350PC 1300 volts 1300 volts 1550 volts 

•Ratings apply for zero or negative gate voltage. Maximum heatsink thermal resistance for which 
maximum PRV ratings apply equal 1.1°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
Average Forward Current, On-state Irinv,   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Wu (surge)   1300 Amperes 
12t (for fusing)   7000 Ampere2 seconds (for times -._.. 1.5 milliseconds) 
Operating Temperature Ti   —40°C to +120°C 
Turn-off Timet   tort Typ. 100 µsec 
dv/dtt   Min. 200V/µsee 
di/dt  Switching from 1000V or less, Max. 75A/sec 

Switching from 1300V to 1000V, Max. 50A/sec 
tTc = +120°C 

MAXIMUM ALLOWABLE FIN TEMPERATURE 
DOUBLE-SIDED COOLING 

MAXIMUM ALLOWABLE FIN TEMPERATURE 
SINGLE-SIDED COOLING 

447 



SCR MANUAL 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.51 

200A RMS SCR UP TO 1200V 
• Guaranteed dv/dt of 200V/µsec 
• Guaranteed di/dt 
• Immunity to Forward Voltage Destruction C178 

Outline Drawing No. 14 

Type 
Peak Forward Blocking 

Voltage, VFONI * 
Ti 7-, —40°C to +125°C 

Repetitive Peak Reverse 
Voltage, Vnow(rel))* 

Ti .= —40°C to +125°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5.0 Millisec. 
Vitow(non-rep) 

Ti ,._- —40°C to +125°C 

C178A 100 volts 100 volts 200 volts 
C1788 200 volts 200 volts 300 volts 
C178C 300 volts 300 volts 400 volts 
C178D 400 volts 400 volts 500 volts 
C178E 500 volts 500 volts 600 volts 

C178M 600 volts 600 volts 720 volts 
C178S 700 volts 700 volts 840 volts 
C178N 800 volts 800 volts 950 volts 
C178T 900 volts 900 volts 1075 volts 
C178P 1000 volts 1000 volts 1200 volts 

C178PA 1100 volts 1100 volts 1325 volts 
C178PB 1200 volts 1200 volts 1450 volts 

*Ratings apply for zero or negative gate vol age. Maximum heatsink thermal resistance for which 
maximum PRV ratings apply equal 1.5°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state le,   200 Amperes 
Average Forward Current, On-state IF(Avi   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ira (surge)   2500 Amperes 
I.-1 (for fusing)   25,000 Ampere° seconds (for times 1.5 milliseconds) 
Operating Temperature 1".1   —40°C to +125°C 
Turn-off Time (Ti = +125°C)   tort Typ. 150 gsec 
di/dt (Ti = + 25°C)   Switching from 500V or less, Max. 100A/µsec 

Switching from 1000V to 500V, Max. 75A/µsec 
Switching from 1200V to 1000V, Max. 50A/µsec 

dv/dt (Ti = +125°C)   Min. 200V/µsec 
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CONDENSED SPECIFICATIONS 

Turn-Off Time (Tc = 120°C), tot, 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.52 

235A RMS SCR UP TO 1300V 
• Range of Turn-off Times 
• Guaranteed dv/dt (200V/sec) 
e Immunity to Forward Voltage Destruction 

C180, C181, C185 
Outline Drawing No. 14 

Type 
Peak Forward Blocking 

Voltage, VFOM* 
Te = —40°C to +120°C 

Repetitive Peak Reverse 
Voltage, Vriow(reP)* 

T,• = —40°C to +120°C 

Non-Repetitive Peak 
Reverse Voltage, 
<5.0 Millisec. 
VROM (Non-rep) 

To = —40°C to +120°C 

C180, C181, C185A 100 volts 100 volts 200 volts 

C180, C181, C1858 200 volts 200 volts 300 volts 

C180, C181, C185C 300 volts 300 volts 400 volts 

C180, CI81, C185D 400 volts 400 volts 500 volts 

C180, C181, C185E 500 volts 500 volts 600 volts 

C180, C181M 600 volts 600 volts 720 volts 

C180, C181S 700 volts 700 volts 840 volts 

C180, C181N 800 volts 800 volts 950 volts 

C180, C181T 900 volts 900 volts 1075 volts 

C180, C181P 1000 volts 1000 volts 1200 volts 

C180, C181PA 1100 volts 1100 volts 1325 volts 

C180, C1811:43 1200 volts 1200 volts 1450 volts 

Cl8ORC 1300 volts 1300 volts 1550 volts 

*Ratings apply for zero or negative gate voltage. Maximum heatsink thermal resistance for which 
maximum PRV ratings apply equal 1.5`/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 

RMS Forward Current, On-state IF   235 Amperes 
Average Forward Current, On-state IF(AV)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Irm (surge)   C180, 185 3500 Amperes 

C181 2500 Amperes 
12t (for fusing)   C180, 185 32,000 Ampere2 seconds (for times .- 1.5 milliseconds) 

C181 25,000 Ampere, seconds (for times 1.5 milliseconds) 
Operating Temperature Ta   —40°C to +125°C 
dv/dt (1., = +120°C)  Min. 200V/µsec 
di/dt   Switching from 500V or less, Max. 100A/µsec 

Switching from 1000V to 500V, Max. 75A/µsec 
Switching from 1300V to 1000V, Max. 50A/µsec 

C185   20 µsec. Max. 
C180  30-125 µsec. Typ. 
C181   25-75 µsec. Typ. 

80 120 160 20 40 60 80 100 120 160 WO 200 220 240 

AVERAGE Forwrao CURRENT- AMPERES AVERAGE FORWARD CURRENT-AMPERES 

MAXIMUM ALLOWABLE CASE TEMPERATURE 
(C180, C185) 

MAXIMUM ALLOWABLE CASE TEMPERATURE (C181) 
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CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 170.58 

235A RMS SCR UP TO 1700V 
• Extremely High Voltage Capability 
• Guaranteed di/dt (50A/sec) C280 

Outline Drawing No. 15 

Type 

Minimum Forward 
Breakover Voltage or 

Rep. Peak Rev. Voltage 
T., = —40°C to +125°C 

Transient Peak 
Reverse Voltage 

(Non-recurrent <5 millisec) 
Ti = 25°C to +125°C 

Peak Forward Voltage 
(Non-Destructive) 

Ti , 25°C to +125°C 

C280S 700 volts 800 volts 1000 volts 
C280N 800 volts 900 volts 1000 volts 
C280T 900 volts 1000 volts 1200 volts 
C280P 1000 volts 1100 volts 1200 volts 

C280PA 1100 volts 1200 volts 1300 volts 
C280PB 1200 volts 1300 volts 1300 volts 
C280PC 1300 volts 1400 volts 1400 volts 
C280PD 1400 volts 1500 volts 1500 volts 

C280PE 1500 volts 1600 volts 1600 volts 
C280PM 1600 volts 1700 volts 1700 volts 
C280PS 1700 volts 1800 volts 1800 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   235 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), IFàf (surge)   3500 Amperes 
lit (for fusing)   
Operating Temperature Ti  32,000 Ampere seconds (for times .-- 1.5 milliseconds) 

—40°C to +125°C 
dv/dt (Ti = +125°C)   Consult Factory 

Typ. 100V/Asec di/dt (Ti = +125°C)    
Max. 50A/iisec 

Turn-off Time 

100* 

0 01 00 0 00 10 100 IA 00 00 00 
0000( 0010010 0100011- 010000 

MAXIMUM ALLOWABLE CASE TEMPERATURE AVERAGE FORWARD POWER DISSIPATION 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 170.56 

230A AVG SCR UP TO 1300V 
• Increased Current Capability When Double-Sided Cooling is Used 
• Reversibility Eliminates Need for Special Reverse Polarity Units 
• Smaller Size and Lighter Weight 
• Guaranteed dv/dt (200V/µsec) 
• Guaranteed di/dt 

C380 
Outline Drawing No. 17 

Type 
Peak Forward Blocking 

Voltage, V,,` 
T,• = —40°C to 1-120°C 

Repetitive Peak Reverse 
Voltage, Veom(rep)* 

T, = —40°C to -, 120°C 

Transient Peak 
Reverse Voltage 

(Non-recurrent <5 Millisec. 
Veom(non-rep) 

Tt• = —40°C to +120°C 

C380A 100 volts 100 volts 200 volts 
C380B 200 volts 200 volts 300 volts 
C380C 300 volts 300 volts 400 volts 
C380D 400 volts 400 volts 500 volts 
C380E 500 volts 500 volts 600 volts 
C380M 600 volts 600 volts 720 volts 
C380S 700 volts 700 volts 840 volts 
C380N 800 volts 800 volts 950 volts 
C380T 900 volts 900 volts 1075 volts 
C380P 1000 volts 1000 volts 1200 volts 
C380PA 1100 volts 1100 volts 1325 volts 
C380PB 1200 volts 1200 volts 1450 volts 
C380PC 1300 volts 1300 volts 1550 volts 

'Ratings apply fo zero or negative gate voltage. Maximum heatsink thermal resistance for which 
maximum PRV rat ngs apply equal 1.5°C/watt. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Irsr (surge)   3500 Amperes 
12t (for fusing)   32,000 Ampere2 seconds (for times 1.5 milliseconds) 
Operating Temperature To   —40°C to +120°C 
Turn-off Timet  tort A, B, C, D, E Typ. 30 µsec 

M, S, N, T, P, Typ. 75 µsec 
PA, PB, PC Typ. 125 µsec 

dv/dtt   Min. 200V/µsec 
di/dt   Switching from 500V or less, Max. 100A/µsec 

Switching from 1000V to 500V, Max. 75A/µsec 
Switching from 1300V to 1000V, Max. 50A/µsec 

fTe = +120°C 

MAXIMUM ALLOWABLE FIN TEMPERATURE 
SINGLE-SIDED COOLING 

MAXIMUM ALLOWABLE FIN TEMPERATURE 
DOUBLE-SIDED COOLING 
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CONDENSED SPECIFICATIONS--FOR COMPLETE SPECIFICATIONS SEE 170.60 

C290 
Outline Drawing No. 15 

470A RMS SCR UP TO 1200V 
e High Current 
e Available in Two Configurations 
• Guaranteed dv/dt (100V/rasec) 
e Guaranteed di/dt (50A/rasec) 

1111,[ r‘rj-ij 

\L) 
C291 

Outline Drawing No. 16 

Type 

Minimum Forward 
Blocking Voltage or 

Repetitive Peak 
Reverse Voltage 

Ti =_ —40°C to +125°C 

Transient Peak Reverse 
Voltage, (Non-recurrent 
<5 msec. duration) 

Ti = +25°C to +125°C 

Peak Forward Voltage 
(Non-destructive) 

Ti = +25°C to +125°C 

C290F 50 volts 100 volts 400 volts 
C290A 100 volts 200 volts 400 volts 
C29013 200 volts 300 volts 400 volts 
C290C 300 volts 400 volts 400 volts 
C290D 400 volts 500 volts 500 volts 
C290E, C291E 500 volts 600 volts 600 volts 
C290M, C291M 600 volts 700 volts 700 volts 
C290S, C291S 700 volts 800 volts 800 volts 
C290N, C291N 800 volts 900 volts 900 volts 
C290T, C2917 900 volts 1000 volts 1000 volts 
C290P, C291P 1000 volts 1100 volts 1100 volts 
C290PA, C291PA 1100 volts 1200 volts 1200 volts 
C290PB, C291PB 1200 volts 1300 volts 1300 volts 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF   470 Amperes 
Average Forward Current, On-state IF(Av)   Depends on conduction angle (see chart) 
Peak One Cycle Surge Forward Current (Non-repetitive), Ini (surge)   5500 Amperes 
12t (for fusing)   120,000 Ampere2 seconds (for times 8.3 milliseconds) 
Operating Temperature Ti   —40°C to +125'C 
Turn-off Time   Consult Factory 
dv/dt (Ta = +125°C)   Min. 100V/sec 
di/dt (Ta = +125°C)   Max. 50A/gsec 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 170.61 

The C500X1* water-cooled AC switch con-
sists of two silicon controlled rectifiers 
inverse-parallel mounted between water-
cooled heat exchangers. 

RATINGS 
RMS Continuous Current   1200 amperes 
Peak One-Cycle Surge Current   7000 amperes 
Peak Ten-Cycle Surge Current   4000 amperes 
Continuous Blocking Voltage   1800 volts 

1850 watts 

C500X1 

Maximum Average Power Dissipation 
(1200A RMS and 360° conduction angle) 

Thermal Resistance   0.12°C/watt/cell 
(Junction to Water @ 1 gpm) 

Water Flow Required for Max. Rating 1 gallon/minute at a Max. of 40°C 
Weight 

Outline Drawing No. 13 

  15 pounds 

'Also available in the C500 series are AC and half-wave (Single SCR) air cooled switches. 
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21.3.2 Triac 
CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 175.10,15 

Outline Drawing No. 5 

SC40 
SC45 

6A AND 10A RMS 200V AND 400V TRIAC 

(GATE CONTROLLED AC SWITCH) 
• Comparable to Two Inverse Parallel SCR's 
• One Gate Lead 

• Ideal for Lamp Dimming and Temperature Controlling 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
Minimum Breakover Voltage either direction; VIBIT, 
RMS Conduction Current Rating; 

= 75°C (see Curves 3 and 4) 
Peak One Cycle Surge, T., = 100°C 
Operating Junction Temperature T.1 
Peak Blocking Current either direction, T.1 = 100°C 

tie 
SC41 
SC46 

SC40B, SC400, SC45B, SC45D, 
SC416 SC41D SC46B SC46D 

-±200 -±400 -±200 -±-400 volts 

6 6 10 10 amperes 
50 50 80 80 amperes 

—40°C to +100°C —25°C to +100°C 
2 5 2 5 ma 
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21.3.3 Special Devices Condensed Specifications 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 60.62 

UNIJUNCTION TRANSISTORS 

The General Electric 2N2646 and 2N2647 Silicon 
Unijunction Transistors have an entirely new 
structure resulting in lower saturation voltage, 
peak-point current and valley current as well as 
a much higher base-one peak pulse voltage. In 
addition, these devices are much faster switches. 
The 2N2646 is intended for general purpose in-
dustrial applications where circuit economy is 
of primary importance, and is ideal for use in 
triggering circuits for Silicon Controlled Recti-
fiers and other applications where a guaranteed 
minimum pulse amplitude is required. The 
2N2647 is intended for applications where a 
low emitter leakage current and a low peak 
point emitter current (trigger current) are re-

l)mam 

2N2646 & 2N2647 
Outline Drawing No. 18 

quired (i.e. long timing applications), and also 
for triggering high power SCR's and triacs. 
Consult your nearest Electronic Component 
Sales Office for GE's full line of unijunction 
transistors. 

ABSOLUTE MAXIMUM RATINGS: (25°C) 
Power Dissipation (Note 1)   300 mw 
RMS Emitter Current   50 ma 
Peak Emitter Current (Note 2) .. 2 amperes 
Emitter Reverse Voltage   30 volts 
Interbase Voltage   35 volts 
Operating Temperature Range —65°C to +125°C 
Storage Temperature Range —65°C to +150°C 

ELECTRICAL CHARACTERISTICS: (25°C) 

PARAMETER 2N2646 2N2647 
Min. Typ. Max. Min. Typ. Max. 

Intrinsic Standoff Ratio (VBB = 10V) (Note 4) n 0.56 0.65 0.75 0.68 0.75 0.82 
Interbase Resistance (VBB = 3V, IE _= 0) 
Emitter Saturation Voltage 

RBBO 4.7 7 9.1 4.7 7 9.1 KU 

(Ven = 10V, Is = 50 ma) 
Modulated Interbase Current 

VE(SAT) 2 2 volts 
(VBB = 10V, le -= 50 ma) IB2imoo) 12 12 ma Emitter Reverse Current (Vit2E = 30V, lin = 0) 1E0 0.05 12 0.01 0.2 i.L.a 

Peak Point Emitter Current (VBB = 25V) IP 0.4 5 0.4 2 µa Valley Point Current (VBB =. 20V, RB2 = 100(1) Iv 4 6 8 11 18 ma Base-One Peak Pulse Voltage (Note 3) VOB1 3.0 6.5 6.0 7.5 volts 

FIGURE 1 

82 

FIGURE 2 
Unijunction Transistor Symbol 
with Nomenclature used for 
voltage and currents. 

NOTES: 

1. Derate 3.0 MW/°C increase in ambient tem-
perature. The total power dissipation (avail-
able power to Emitter and Base-Two) must 
be limited by the external circuitry. 

2 Capacitor discharge-10 ¡ofd or less, 30 
volts or less. 

3. The Base-One Peak Pulse Voltage is measured 
in Figure 1. This specification on the 
2N2646 and 2N2647 is used to ensure 
a minimum pulse amplitude for applica-

FIGURE 3 
Static Emitter Characteristics 
curves showing important para-
meters and measurement points 
(exaggerated to show details). 

tions in SCR triggering circuits and other 
types of pulse circuits. 

4. The intrinsic standoff ratio, 7), is essentially 
constant with temperature and interbase 
voltage. 77 is defined by the equation: 

= 27 VFIB +V» 
Where Vi = Peak Point Emitter Voltage 

Vs,, = lnterbase Voltage 
V» = Junction Diode Drop 
(Approx. 0.5V) 
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SCR MANUAL 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 55.41 

175 MA RMS UP TO 40V LIGHT ACTIVATED 
SILICON CONTROLLED SWITCH 
Ideal for Such Applications as, 
• Optical Logic Control 
• Counting 
• Sorting 
• Meter Relays 

• Precision Indexing 
• Explosion Proof Isolated Switches 
• Static Relays 

Voltages 
Anode to Cathode forward and reverse 
Anode to Anode Gate 
Cathode to Cathode Gate 

Currents 
Anode (steady state)* 
Peak recurrent Anode 

(T.% =-- 100°C, 100 µsec 1% Duty Cycle) 
Peak non recurrent Anode (10 µsec) 
Anode Gate (steady state)* 
Peak recurrent Anode Gate 

(T.% = 100°C, 100 µsec 1% Duty Cycle) 
Cathode Gate (steady state) 
Peak recurrent Cathode Gate 

(T.% = 100°C, 100 µsec 1% Duty Cycle) 
Dissipation 

Tota I power* 
Temperature 

Storage TsTG —65°C 
Operating Junction TJ —55°C 

CUTOFF CHARACTERISTICS (DARK) 
Forward Blocking Current 

(RI:, = 27 KI !, VAC = 40V) In 1 µA 
(12,;(, = 27 KU, Vu' = 40V, TA = 100°C) Is 20 i£A 

Reverse Blocking Current 
(RGe = 27 W.!, V.,,• = 40V) IR 1 AA 
(Riii• = 27 KU, VAi• = 40V, TA = 100 °C) I It 20 AA 

Cathode Gate Reverse Cutoff Current 
(V., = 5V) IGe 20 µA 

Anode Gate Reverse Cutoff Current 
(V(...k = 40V) h:A 1 AA 

CONDUCTING CHARACTERISTICS 
Forward Voltage 

(I, = 175 mA, Iiiii• = 27 KI1) Vio 2.0 volts 
(I, = 175 mA, Ria' = 27 KU, TA = — 55°C) VI, 2,5 volts 

Holding Current 

LASCS 
Outline Drawing No. 21 

ABSOLUTE MAXIMUM RATINGS AND CHARACTERISTICS: (25°C unless otherwise specified) 

Symbol Min. Max. 

40 volts 
40 volts 
5 volts 

175 mA 

.5 amps 
2.0 amps 
100 mA 

200 mA 
10 mA 

100 mA 

400 mW 

+200 °C 
+125 `C 

(Riii. = 27 KI!) loi 2 mA 
(R,a, = 27 Kl!, TA = —55 °C) ji, 10 mA 

TRIGGERING CHARACTERISTICS 
Effective Irradiance to Trigger** 

(Vu' = 40V, RA = 800 U, Roc -= 27 KS-1) HET 1.0 10 MW/CM2 
(Vu' = 40V, R.% = 800 St, RGC -= 27 KU, 
TA = —55°C) NET 50 mW/cm2 

(VA, = 40V, RA = 800 it, 'in(' = 27 KU, 
T.% = 100°C) HET .3 mW/ cm2 

Cathode Gate Current to Trigger 
(121;i' = 1 megi?, VA(' = 40V, RA = 800 U) low 10 µA 
(Riii. = 1 meet, Vac = 40V, RA = 800 e, 
TA = — 55°C) IGTC 100 µA 

Cathode Gate Voltage to Trigger 
(Riii• = 27 )(I!, VAC = 40V, RA = 800 I-2) VGTC .4 .65 volts 
(Riii• = 27 K!!, VAc -= 40V, RA -.= 800 II, 
TA = — 55°C) VOTE 1.0 volts 

(RGe _—, 27 K!!, VAC = 40V, RA = 800 ,a, 
TA = 100°C) VOTE .2 volts 

TRANSIENT CHARACTERISTICS 
Turn on time (Fig. 1) ton 15 As 
Recovery time (Fig. 2) tree 25 AS 

*Derate 3.2 mW/°C increase in ambient above 25°C. 

**The effective irradiance (HE) is the product of the spectral distribution of the light energy 
(Y5) and the spectral distribution of the device sensitivity (H,,) integrated with respect to 
wavelength. (HE ..f H,Y,c1X). Effective irradiance to trigger (HET) is the effective irradiance 
necessary to just trigger the device. See Application Note 200.34 for a discussion of these 
parameters. 
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CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 175.30 

- 

ST2 
• DIODE AC SWITCH (DIAC) 
The DIAC is a diffused silicon bi-directional 
trigger diode which may be used to trigger the 
GE TRIAC or Silicon Controlled Rectifiers. This 

Outline Drawing No. 20 

device has a three-layer structure having nega-
tive resistance switching characteristics for 
both directions of applied voltage. 

VOLT-AMPERE CHARACTERISTICS 

+i 

V(BR) 2 

—V 
+ v '  

%/IBM i 

RATINGS AT 50°C AMBIENT 
Peak Current (10 µsec duration, 120 cycle repetition rate)   I,   -.2 Amperes Max. 
Peak Output Voltage*   Volts Min. 

*CIRCUIT FOR PEAK OUTPUT VOLTAGE TEST 

60ry 120 V 

CHARACTERISTICS AT 25°C AMBIENT 

2011 
e 

Test Symbols Min. Typ. Max. Units 

Breakover Voltage V(1111,, and VIlin/ 2 28 32 36 volts 

Breakover Voltage Temp. Coefficient — 0.1 — %/°C 

Breakover Currents lam, and hoe), — — 200 µ amp 

Breakover Voltage Symmetry < VuiR) 1 = V(1111), ± 10% V(BR)2 > 

It should be recognized that the General Electric ST2 is a developmental device and that Ratings and 
Characteristics listed above are typical of the device at the time this specification sheet was issued. 
The General Electric Company reserves the right to make any changes in specifications which in the 
Company's opinion are required to improve the device or make it more adaptable. 
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CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 190.10 

Outline Drawing No. 2 

18 1811 
19 L911 

1.6A RMS UP TO 200V LIGHT ACTIVATED SCR 
Ideal for Such Applications as: 
• Optical Logic Control 
• Counting 
• Sorting 
e Meter Relays 

e Precision Indexing 
• Explosion Proof Isolated Switches 
• Static Relays 

The 1811 and L911 series are identical to the L8 and L9 respectively except that they are soldered 
to a diamond base heat sink. 

Types'' , 

Peak Forward Blocking,' 
Voltage, VEX M 

Ti - - 65°C to + 100°C 
RGI, — 56,000 Ohms 

—Maximum 

Working and Repetitive 
vT,R,PiakLw Rk6eg5v):aernsdetov Voltage,±,, , ,>l, oor ve 

Reverse Voltage, 
T , _No vn—<,- ,11.6,5e,5pi.me(Ctniiiottiiinovs-eer±ecP.pe)1a0kon 

L8U, L9U 
L8F, L9F 
L8A, L9A 
L8G, L9G 
L8B, L9B 

25 volts 
50 volts 

100 volts 
150 volts 
200 volts 

25 volts 
50 volts 

100 volts 
150 volts 
200 volts 

40 volts 
75 volts 

150 volts 
225 volts 
300 volts 

u'The diamond base versions are 1811U, L911U, L811F, etc. 
.,F1..<0.08 rim/cry, for L8 types and He<0.02 mw/cm2 for 19 types. 

MAXIMUM ALLOWABLE RATINGS AND CHARACTERISTICS 
RMS Forward Current, On-state IF     1.6 Amperes 
Average Forward Current, On-state IF/Ay)   Depends on conduction angle (see charts) 
Peak One Cycle Surge Forward Current (Non-repetitive), 11,M (surge) . 15 Amperes 

0.5 Ampere' seconds (for times 1.5 milliseconds) 
Peak Reverse Gate Voltage, VGiim   6 Volts 
Operating Temperature Ti   --65°C to +100°C 

Irx lux Typ. 40/Max. 100 µAdc 
lux Typ. 75,,Max. 560 µAdc 

tort Typ. 40 µsec 

1-t (for fusing) 

Forward and Reverse Blocking Current' 
Holding Current# 
Turn-off Timet 

*Tr = +100°C, Rox -= 56,000 ohms 
tTx = +25°C, RGIC = 56,000 ohms 

tri = 100°C, Rox = 100 ohms 

Min. Typ. Max. 

Effective 
Irradiance 
to Trigger 

18 
L9 

HET 0.68 
0.68 

5.0 
2.0 

10.0 
4.2 

milliwatts/Cm2 Is = +25°C 

VFX = 6 vdc, 
18 

L9 
0.15 
0.15 

2.0 
0.7 

6.0 
2.5 

Ti = +100°C Ri. _-_-, 100 ohmS 
RGIC = 56,000 

L8 
L9 

0.9 
0.9 

15.0 
4.0 

50.0 
20.0 

Ts = —65°C j ohms 

18 
L9 

0.02 
0.02 

— 
— 

— 
— 

Ti = +100°C, RGK = 56,000 ohms 
Vex = Rated VFX NI, Ri, = 500 ohms 
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CONDENSED SPECIFICATIONS 

Light Actuated SCR, coat. 

40 

1 30 

1 20 
á 10 

o o 

100 

40 

30 

3 10 

NOTES 

11111111i 
(1) RESISTIVE OR INDUCTIVE LOAD, 60 CPS 
19 CASE TEMPERATURE MEASURED AT THE TAB 

0* 

NDUCTION ANGLE 

CONDUCTION 
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90* 
120. i 
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0.2 04 04 08 lO 
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(DIAMOND BASE) 

I 4 6 
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CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 65.26 

 -1111111 
013P1 

Outline Drawing No. 19 

• SILICON UNILATERAL SWITCH (SUS) 

The General Electric D13D1 is a diode thyristor with electrical characteristics that closely approxi-
mate those of an "ideal" four layer diode. The device uses a silicon monolithic integrated structure 
to achieve an 8 volt switching voltage, an on voltage of 1.75 volts at 200ma and temperature 
coefficient of switching voltage of less than 0.05%/°C. A gate lead is provided to give access to the 
circuit between the top of the zener and the base of the PNP. 
Silicon Unilateral Switches are specifically designed and characterized for use in monostable and 
bistable applications where stability of the switching voltage is required over wide temperature 
variations. They are ideally suited for telephone switching, SCR and triac triggering and for a 
variety of logic and memory applications. 

Absolute Maximum Ratings and Characteristics: 25°C (unless otherwise specified) 

Peak Reverse Voltage 
DC Forward Current* 
Peak Recurrent Forward Current 
(1% duty cycle, 10 µsec pulse width, TA = 100°C) 

Peak Non-Recurrent Forward Current 
(10 µsec pulse width, TA = 25°C) 

Operating Temperature Ts 
Forward Switching Voltage, Vs 
Forward Switching Current, Is 
Holding Current, lit 

*Derate linearly to zero at 150°C. 

EQUIVALENT CIRCUIT 

Max. 
—30 volts 
200 ma 

1.0 amp 

5.0 amps 
—55°C to +150 °C 

10 volts 
500 µa 
1.5 ma 

CIRCUIT SYMBOL 

462 



CONDENSED SPECIFICATIONS 

CONDENSED SPECIFICATIONS-FOR COMPLETE SPECIFICATIONS SEE 65.31 

D13Q1 
Outline Drawing No. 19 

• SILICON BILATERAL SWITCH (SBS) 

The General Electric 013E1 is a silicon planar multijunction device having a symmetrical negative 
resistance characteristic. The device uses a silicon monolithic structure to achieve a typical switch-
ing voltage of 8 volts and excellently matched characteristics in both directions. The temperature 
coefficient of switching voltage is less than .05%/°C. A gate lead is provided to give access to the 
zener and PNP base node. 
Silicon Bilateral Switches are specifically designed and characterized for applications where stability 
of switching voltage over a wide temperature range and well matched bilateral characteristics are 
an asset. They are ideally suited for half wave and full wave triggering in low voltage SCR and triac 
phase control circuits. 

Absolute Maximum Ratings and Characteristics:* 25°C (unless otherwise specified) 

DC Forward Current 
Peak Recurrent Forward Current 
(1% duty cycle, 10 µsec pulse width, TA .= 100° C) 

Peak Non-Recurrent Forward Current 
(10 µsec pulse width, TA = 25°C) 

Operating Temperatures 
Switching Voltage, Vs 
Switching Current, Is 
Holding Current, lir 

Max. 
200 ma 

1.0 amp 

5.0 amps 
—55°C to +150 °C 

10 volts 
500 /LA 
1.5 mA 

°This device is a symmetrical negative resistance diode. All electrical limits shown apply in either 
direction of current flow. 

EQUIVALENT CIRCUIT 

A2 

CIRCUIT SYMBOL 

A2 
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21.3.4 Rectifier Diodes 

CONDENSED SPECIFICATIONS-COMPLETE SPECIFICATION NUMBERS LISTED IN TABLES 

Silicon Subminiature Glass Rectifier Diodes 
Up to 600 ma 

Up to 600 volts 

• Designed for Maximum Thermal Conductance 
• Rugged Design to Meet Military Requirements 
4, Insulated Housing 

<=-

JEDEC or 

GE TYPe 
Number 

Viour..,,, 
and 

Vilm „ k,,, 
Volts 

V It NI 
(non-rep) 

Max. 
IFm. () 

Max. 
Rev. 

Current 
ln m 

Max. 
Oper. 
Temp. 

T.% in °C 

Out- 
line 
No. 

Cornp. 
Spec. 
No. 

T.%25° C 150' C TA = 100°C 
1N645 225 275 400 ma 150 ma 15 µa 175 22 125.5 
1N646 300 360 400 ma 150 ma 15 µa 175 22 125.5 
1N647 400 480 400 ma 150 ma 20 µa 175 22 125.5 
1N648 500 600 400 ma 150 ma 20 µa 175 22 125.5 
1N649 600 720 400 ma 150 ma 25 µa 175 22 125.5 

Meets MIL-E-1/1143 and 19500/240A Specifications 

TA = 150°C 
1N676 100 120 200 ma 75 ma .2 ma 175 22 125.15 
1N677 100 120 400 ma 150 ma .2 ma 175 22 125.20 
1N678 200 240 200 ma 75 ma .2 ma 175 22 125.15 
1N679 200 240 400 ma 150 ma .2 ma 175 22 125.20 
1N681 300 360 200 ma 75 ma .2 ma 175 22 125.15 
1N682 300 360 400 ma 150 ma .2 ma 175 22 125.20 
1N683 400 480 200 ma 75 ma .2 ma 175 22 125.15 
1N684 400 480 400 ma 150 ma .2 ma 175 22 125.20 
1N685 500 600 200 ma 75 ma .2 ma 175 22 125.15 
1N686 500 600 400 ma 150 ma .2 ma 175 22 125.20 
1N687 600 720 200 ma 75 ma .2 ma 175 22 125.15 
1N689 600 720 400 ma 150 ma .2 ma 175 22 125.20 

TA = 175°C 
1N3544 100 120 600 ma 250 ma 75 µa 200 22 125.10 
1N3545 200 240 600 ma 250 ma 75 µa 200 22 125.10 
1N3546 300 360 600 ma 250 ma 75 µa 200 22 125.10 
1N3547 400 480 600 ma 250 ma 75 µa 200 22 125.10 
1N3548 500 600 600 ma 250 ma 75 µa 200 22 125.10 
1N3549 600 720 600 ma 250 ma 75 pa 200 22 125.10 

Low leakage at high temperature 
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CONDENSED SPECIFICATIONS 

Germanium Low Current Rectifier Diodes 
Up to 1200 ma 
Up to 400 volts 

• Extremely Low Forward Resistance, High Back Resistance 
• Industry Standard for High Reliability Units 

JEDEC or 

GE Type 
Number 

VR'lire'', 
„ , and 
n kg) Volts 

Max. 

I r'A V) 
@ TA 

1 IFNI 
(Surge) 

Max. 
Rev. 

Current 
11iIAV, 
@ TA 

Max. 
Full 
Load 

Voltage 
Drop 

Max. 
Oper. 
T , 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

@ 55°C 
1N93 300 75 ma 25A .6 ma .18V 95°C 23 120.5 
USN 1N93 300 75 ma 25A .6 ma .18V 95 C 23 120.5 
1N315 300 75 ma 25A Min. Fwd./Rev. Ratio 700 @ 55°C 85 C 23 120.10 
USAF 1N315 300 75 ma 25A Min. Fwd./Rev. Ratio 700 @ 55°C 85°C 23 120.10 

.3 ma @ 150 VDC 
1N368 200 100 ma 25A .48V 55°C 23 120.10 
1N92 200 100 ma 25A .95 ma .19V 95 C 23 120.5 
1N91 100 150 ma 25A 1.35 ma .22V 95°C 23 120.5 
1N153 300 750 ma 25A 95°C 24 120.20 
1N158 400 1000 ma 25A 95'C 25 120.20 
1N152 200 1000 ma 25A 95°C 24 120.20 
1N151 100 1200 ma 25A 95°C 24 120.20 

Very Low Forward Voltage Drop 

Silicon Low Current Top Hat Rectifier Diodes 
Up to 750 ma 
Up to 1000 volts 

These low current top hat alloy junction silicon rectifiers are designed for maximum forward con-
ductance at high operating temperatures. A prime feature of these devices is that high current loads 
are carried without the use of any external heatsink whatsoever. The reverse current at maximum 
junction temperature is maintained at an extremely low level, making the devices ideal for magnetic 
amplifiers and other low leakage app ications. 

IEDEC or 
GE Type 
Number 

Viimir.• ,i 
'and ' 

„.... 
'">''" kg' Volts 

Max. 
Iri,vi 
@ T., 

IFM 
(Surge) 

Max. 
Rev. 

Current 
112(A), @ TA 

Max. Full 
Load 

Voltage 
Drop @ TA 

Max. 
Oper. 
T A 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

@ 50°C @ 25°C @ 25°C 
1N440 100 300 ma 15A .3 µa I.5V peak 150°C 23 130.16 

1N441 200 300 ma 15A .75 µa 1.5V 150°C 23 130.16 

1N442 300 300 ma 15A 1.0 µa 1.5V 150°C 23 130.16 
1N443 400 300 ma 15A 1.5 a 1 5V 150°C 23 130.16 

1N444 500 300 ma 15A 1.75 µa 1.5V 150°C 23 130.16 
1N445 600 300 ma 15A 2.0 ma 1.5V 150°C 23 130.16 
1N440B 100 750 ma 15A 0.3 µa 1.5V 165°C 23 130.16 

1N441B 200 750 ma 15A 0.75 µa 1.5V 165°C 23 130.16 
1N442B 300 750 ma 15A 1.0 ga 1.5V 165°C 23 130.16 

1N4436 400 750 ma 15A 1.5 µa 1.5V 165°C 23 130.16 

1N444B 500 650 ma 15A 1.75 µa 1.5V 150°C 23 130.16 
1N445B 600 650 ma 15A 2.0 µa 1.5V 150°C 23 130.16 

Low Leakage-Transient Voltage Ratings Up to 800V 
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Silicon Low Current Top Hat Rectifier Diodes, Cont. 

JEDEC or 
GE Type 
Number 

t • i Vi •mirP ̀Max. 
u_ and 
"" m("140 Volts 

Ir(Av, 
@ TA 

Max. 'Fur Rev. 
,curge) Current ‘... 

lo(Av) @ TA 

Max. Full 
Load 

Voltage 

DroP @ TA 

Max. 
Oper. 

 TA 

Out. 
line 
No. 

Comp. 
Spec. 
No. 

@ 25°C @ 200 ma 
1N599 50 600 ma 10A 1.0 µa 1.5V peak 150°C 23 130.35 1N599A 50 600 ma 10A 1.0 µa 1.5V 150°C 23 130.35 1N600 100 600 ma 10A 1.0 µa 1.5V 150°C 23 130.35 1N600A 100 600 ma 10A 1.0 µa 1.5V 150°C 23 130.35 1N601 150 600 ma 10A 1.0 µa 1.5V 150°C 23 130.35 1N601A 150 600 ma 10A 1.0 µa 1.5V 150°C 23 130.35 1N602 200 600 ma 10A 1.0 ga 1.5V 150°C 23 130.35 1N602A 200 600 ma 10A 1.0 iza 1.5V 150°C 23 130.35 1N603 300 600 ma 10A 1.0 iaa 1.5V 150°C 23 130.35 1N603A 300 600 ma 10A 1.0 µa 1.5V 150°C 23 130.35 1N604 400 600 ma 10A 1.5 µa 1.5V 150°C 23 130.35 1N604A 400 600 ma 10A 1.5 µa 1.5V 150°C 23 130.35 1N605 
1N605A 

500 
500 

600 ma 
600 ma 

10A 
10A 

2.0 µa 
2.0 µa 

1.5V 
1.5V 

150°C 
150°C 

23 
23 

130.35 
130.35 1N606 600 600 ma 10A 2.5 µa 1.5V 150°C 23 130.35 1N606A 600 600 ma 10A 2.5 µa 1.5V 150°C 23 130.35 

@ 30°C @ 150°C @ 150°C 
1N560 800 600 ma 15A .3 ma 0.5V 150°C 23 130.10 1N561 1000 600 ma 15A .3 ma 0.5V 150°C 23 130.10 

Transient PRV Ratings Up to 1200V 

@ 50°C @ 100°C @ 100°C 
1N1692 100 600 ma 20A .5 ma 0.6V 115°C 23 130.30 1N1693 
1N1694 
1N1695 
1N1696 

200 
300 
400 
500 

600 ma 
600 ma 
600 ma 
600 ma 

20A 
20A 
20A 
20A 

.5 ma 

.5 ma 

.5 ma 

.5 ma 

0.6V 
0.6V 
0.6V 
0.6V 

115°C 
115°C 
115°C 
115°C 

23 
23 
23 
23 

130.30 
130.30 
130.30 
130.30 1N1697 600 600 ma 20A .5 ma 0.6V 115°C 23 130.30 

Lowest Price Series, Lower Temperature and Current than 1N536-47 Series 

@ 50°C @ 150°C 
1N1100 100 750 ma 15A I .3 ma 1.5V peak 165°C 23 130.32 1N1101 200 750 ma 15A .3 ma 1.5V 165°C 23 130.32 1N1102 300 750 ma 15A .3 ma 1.5V 165°C 23 130.32 1N1103 400 750 ma 15A .3 ma 1.5V 165°C 23 130.32 

Very Low Leakage. Ideal for Magnetic amplifier Applications. 

@ 25°C @ 125°C @ 125°C 
1N1487 100 750 ma 15A .4 ma .55V 140°C 23 130.22 1N1488 200 750 ma 15A .3 ma .55V 140°C 23 130.22 1N1489 300 750 ma 15A .3 ma .55V 140°C 23 130.22 1N1490 400 750 ma 15A .3 ma .55V 140°C 23 130.22 1N1491 500 750 ma 15A .3 ma .55V 125°C 23 130.22 1N1492 600 750 ma 15A .3 ma .55V 120°C 23 130.22 

Similar to 1N536-47 Series, Intermediate Temperatur Operation. 

@ 50°C @ 150°C @ 150°C 
1N536 50 750 ma 15A .4 ma .5V 165°C 23 130.10 1N537 
1N538* 

100 
200 

750 ma 
750 ma 

15A 
15A 

.4 ma 

.3 ma 
.5V 
.5V 

165°C 
165°C 

23 
23 

130.10 
130.10 1N539 

1N540* 
300 
400 

750 ma 
750 ma 

15A 
15A 

.3 ma 

.3 ma 
.5V 
.5V 

165°C 
165°C 

23 
23 

130.10 
130.10 1N1095 500 750 ma 15A .3 ma .5V 150°C 23 130.10 1N1096 600 750 ma 15A .3 ma .5V 150°C 23 130.10 1N547° 600 750 ma 15A .3 ma .5V 165°C 23 130.10 

A Popular Line. Transient Voltage Ratings Up to 800V. 

°Military Approved Units Also Available. 

@ 85°C @ 150°C 
AlOA 100 .9A 45A .4 ma .5V 165°C 23 130.41 A108 200 .9A 45A .4 ma .5V 165°C 23 130.41 AlOC 300 .9A 45A .4 ma .5V 165°C 23 130.41 AlOD 400 .9A 45A .4 ma .5V 165°C 23 130.41 Al0E 500 .9A 45A .4 ma .5V 165°C 23 130.41 AlOM 600 .9A 45A .4 ma .5V 165°C 23 130.41 AlON 800 .9A 45A .4 ma .5V 150°C 23 130.41 AlOP 1000 .9A 45A .4 ma .5V 150°C 23 130.41 

High Surge Ratings in Dimmer Circuits and Television and Radio Voltage Doublers. 
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Silicon Low Current Rectifier Diodes 
Stud Mounted 
Up to 1.5 amps 
Up to 1000 volts 

CONDENSED SPECIFICATIONS 

(to (IL • 
JEDEC or 
GE Type 
Number 

I/HMI r epl 
and 

VIC,11 w kg) 
Volts 

max. 

11,,,, 
.-. + Q. 

IFNI 
(Surge) 

M Re ax. 
v. 

Current 
HI ,, , @ TA 

Max. Full 
Load 

Voltage 
Drop 

Max. 

Oper. T, 

Out- 

line 

Comp. 

Spec. 

@ 150°C 
Case ® I50°C 

IN340 100 200 ma 10A 1 ma 2V @400 ma 170C 27 130.80 
IN349 100 200 ma 10A 1 ma 2V @ 400 ma 170°C 27 130.80 
1N337 200 200 ma 10A 1 ma 2V @ 400 ma 170°C 27 130.80 
1N346 200 200 ma 10A 5 ma 2V 400 ma 170°C 27 130.80 
1N335 300 200 ma 10A 2 ma 2V @ 400 ma 170 -C 27 130.80 
IN344 300 200 ma 10A 5 ma 2V ® 400 ma 170°C 27 130.80 
1N333 400 200 ma 10A 2 ma 2V @ 400 ma 170°C 27 130.80 
1N342 400 200 ma 10A 5 ma 2V @ 400 ma 170 C 27 130.80 

1N339 100 400 ma 15A 1 ma 2V @ 800 ma 170°C 27 130.80 
1N348 100 400 ma 15A 5 ma 2V 800 ma 170°C 27 130.80 
IN336 200 400 ma 15A 1 ma 2V 800 ma 

I 
170°C 27 130.80 

IN345 200 400 ma 15A 5 ma 2V 800 ma 170°C 27 130.80 
IN334 300 400 ma 15A 2 ma 2V @ 800 ma 170°C 27 130.80 
IN343 300 400 ma 15A 5 ma 2V ® 800 ma 170 C 27 130.80 
IN332 400 400 ma 15A 2 ma 2V @ 800 ma 170' C 27 130.80 
1N341 400 400 ma 15A 5 ma 2V @ 800 ma 170' C 27 130.80 

Popular Series 

® 100°C 
Case 

IN562 800 400 ma 15A 3 ma .65V @ I50°C 150°C 27 130.62 
IN563 1000 400 ma 15A 3 ma .65V ® I50°C I50°C 27 130.62 

JEDEC or YU:qtr.,' Max. 
Max. Max. Full 

Load 
Max. Out- Comp. 

GE Type and 
1,,v , 11,11 Rev. Oper. line Spec. 

Number VI1Mtuk •, 
Volts ' e 7+ - - 

(Surge) Current 
IR(Av) 

Voltage 
Drop TA No. No. 

@ 100°C 
Amb. @ 25°C @ L. = 25°C 

1N550 100 500 ma 4A, 3 ms .5 µa 1.5V 150°C 27 130.70 
1N551 200 500 ma 4A, 3 ms 1.0 µa 1.5V I50°C 27 130.70 
IN552 300 500 ma 4A, 3 ms 1.5 µa 1.5V 150°C 27 130.70 
1N553 400 500 ma 4A, 3 ms 2.5 µa 1.5V 150°C 27 130.70 
IN554 500 500 ma 4A, 3 ms 3.5 µa 1.5V 150°C 27 130.70 
1N555 600 500 ma 4A, 3 ms 5.0 µa 1.5V I50°C 27 130.70 

Very low leakage for magnetic amplifier applications. 

@ 135°C 
Case @ I35°C 

1N253` 95 1000 ma 15A .1 ma 1.2V @ lA 170°C 27 130.5 
1N254* 190 800 ma 15A .1 ma 1.2V @ IA 170°C 27 130.5 
1N255* 380 800 ma 15A .15 ma 1.2V @ IA 170°C 27 130.5 
1N256* 570 600 ma 15A .25 ma 1.2V @ IA 155°C 27 130.5 
*Military Approved units also available-Mil-S.19500/194A 

@ 100°C 
Amb. @ 25°C @ 25°C 

1N607 50 IA 2A, .1 sec .025 ma 1.5V @ 200 ma I50°C 27 130.57 
1N607A 50 IA 2A, .1 sec .001 ma 1.5V @ 200 ma 150°C 27 130.57 
1N608 100 IA 2A, .1 sec .025 ma 1.5V @ 200 ma I50°C 27 130.57 
1N608A 100 lA 2A, .1 sec .001 ma 1.5V @ 200 ma I50°C 27 130.57 
1N609 150 IA 2A. .1 sec .025 ma 1.5V @ 200 ma 150°C 27 130.57 
1N609A 150 IA 2A, .1 sec .001 ma 1.5V @ 200 ma 150°C 27 130.57 
IN610 200 IA 2A, .1 sec .025 ma 1.5V ® 200 ma 150°C 27 130.57 
1N610A 200 IA 2A, .1 sec .001 ma 1.5V @ 200 ma 150°C 27 130.57 
IN611 300 IA 2A, .1 sec .025 ma 1.5V 200 ma I50°C 27 130.57 
1N6IIA 300 lA 2A, .1 sec .001 ma 1.5V @ 200 ma 150°C 27 130.57 
IN612 400 IA 2A, .1 sec .025 ma 1.5V 200 ma I50°C 27 130.57 
1N612A 400 lA 2A, .1 sec .0015 ma 1.5V 200 ma I50°C 27 130.57 
IN613 500 IA 2A, .1 sec .025 ma 1.5V 200 ma 150°C 27 130.57 
1N613A 500 IA 2A, .1 sec .002 ma 1.5V @ 200 ma 150°C 27 130.57 
IN614 600 IA 2A, .1 sec .025 ma 1.5V @ 200 ma I50°C 27 130.57 
1N614A 600 IA 2A, .1 sec .0025 ma 1.5V @ 200 ma 150°C 27 130.57 

@ 85°C 
Case @ 150°C 

1N1115 100 1.5A 15A .4 ma .65V @ 150°C I70°C 27 130.60 
IN1116 200 1.5A 15A .3 ma .65V @ I50°C 170°C 27 130.60 
IN1117 300 1.5A 15A .3 ma .65V @ 150°C 170°C 27 130.60 
1N1118 400 1.5A 15A .3 ma .65V @ 150°C 170°C 27 130.60 
IN1119 500 1.3A 15A .3 ma . I50°C 155' C 27 130.60 
IN1120 600 1.3A 15A .3 ma .65V @ 150°C 155°C 27 130.60 

A popular line 
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SCR MANUAL 

Silicon Low Current Flangeless Rectifier Diodes 
Up to 1 Amp 
Up to 800 volts 
The most desirable features of the top hat, such as long life, reliability and unit stability have been 
incorporated into this smaller package. These devices feature: 

• High Surge Capability 
e Thermal Fatigue Free Operation 
• Transient Reverse Voltage Ratings 

• Hermetically Sealed 
• Small, Easy to Mount Package 
• Strong Welded Tube Seal 

JEDEC or 
GE Type 
Number 

VI<M1r,r, 
and . 

""`"g) Volts 

Max. 
IF(.%%., 
@ TA 

li,Ni 
(Surge) 

Max. 
Rev. 

Current 
lic %, , @ TA 

Max. Full 
Load 

Voltage 
Drop @ TA 

Max. 
Oper. 
TA 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

@ 50°C @ 150°C @ 150°C 
1N2610 100 750 ma 30A .3 ma .5V 175°C 26 130.40 
1N2611 200 750 ma 30A .3 ma .5V 175°C 26 130.40 
1N2612 300 750 ma 30A .3 ma .5V 175°C 26 130.40 
1N2613 400 750 ma 30A .3 ma .5V 175'C 26 130.40 
1N2614 500 750 ma 30A .3 ma .5V 175 -C 26 130.40 
1N2615 600 750 ma 30A .3 ma .5V I75°C 26 130.40 

@ 75°C @ 25 -C @ 25°C 
IN3639 200 750 ma 40A 10 µa 1.2V 100°C 26 130.44 
1N3640 400 750 ma 40A 10 µa 1.2V 100°C 26 130.44 
1N3641 600 750 ma 40A 10 4 1.2V 100°C 26 130.44 
1N3642 800 500 ma 40A 10 µa 1.2V 100°C 26 130.44 

@ 100°C @ 150' C 
1N3189 200 IA 30A .5 ma 1.0V 175°C 26 130.46 
1N3190 400 IA 30A .5 ma 1.0V 175°C 26 130.46 
1N3191 600 lA 30A .5 ma 1.0V 175°C 26 130.46 
A new line of silicon low curen diffused rectifiers in the flangeless package designed to meet 
the stringent requirements of Mil-S 19500. 

Passivated Silicon Diffused Rectifier Diodes 

1 Amp 
Up to 600 volts 

This is a small, insulated glass package featuring a passivated junction to enhance a high degree of 
reliability. Other features include: 

• All Diffused Structure 
• High Su ge Capabilities 
e High Ou put Rating 

• Hermetic Seal 
• Small Easy-to-Mount Package 

JEDEC or 
GE Type 
Number 

PRV I F(Avi 
I% -.= 50°C 

Max. 
Peak 
1 Cycle 
Surge 

Max. 
Rev. 

Current 
lit(Av) 

T, -, 25°C 

Oper. 
Tem Temp. 

Out- 
line 
No. 

Comp. 
Spec. 
No.  

Al3F 50 1.0A 30A 10 µA 175°C 30 130.50 Al3A 100 1.0A 30A 10 µA 175°C 30 130.50 A138 200 1.0A 30A 10 µA 175°C 30 130.50 Al3C 300 1.0A 30A 10 µA 175°C 30 130.50 A130 400 1.0A 30A 10 µA 175°C 30 130.50 Al3E 500 1.0A 30A 10 µA 175°C 30 130.50 Al3M 600 1.0A 30A 10 gA 175°C 30 130.50 
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CONDENSED SPECIFICATIONS 

Silicon Medium Current Rectifier Diodes 
Up to 35 amperes 
Up to 1000 volts 
• High Junction Temperatures 

• Hard-Solder, Thermal Fatigue Free 
• Solid One-piece Terminal 
These rectifiers may be mounted directly to a chassis or fin or may be insulated by using the 
insulating ki provided. Most units are also available with negative polarity (stud is anode). 

1E0E0 or 
GE Type 
Number 

Vuu(r..p) 
and 

Vlim(. to 
Volts 

Max. 

l@ e  F(A 
Irm 

(Surge) 

Max. Rev. 
Current 

IK(Am @ Tv 

Max. 
Ti in 
OC 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

50°C 
Amb. @ 150°C 

1N1124 200 3.0A 25A .3 ma 150 36 140.42 
1N1124A 200 3.3A 25A .3 ma 150 36 140.42 
1N1125 300 3.0A 25A .3 ma 150 36 140.42 
1N1126 400 3.0A 25A .3 ma 150 36 140.42 
1N1126A 400 3.3A 25A .3 ma 150 36 140.42 
1N1127 500 3.0A 25A .3 ma 150 36 140.42 
1N1128 600 3.0A 25A .3 ma 150 36 140.42 
1N1128A 600 3.3A 25A .3 ma 150 36 140.42 

@ 85°C TA -- 150°C 
1N3569 100 3.5A 35A .4 ma 165 27 140.43 
1N3570 200 3.5A 35A .4 ma 165 27 140.43 
1N3571 300 3.5A 35A .4 ma 165 27 140.43 
1N3572 400 3.5A 35A .4 ma 165 27 140.43 
1N3573 500 3.5A 35A .4 ma 165 27 140.43 
1N3574 600 3.5A 35A .4 ma 165 27 140.43 

@ 150°C @ 150°C 
1N1612 50 5A 150A 1 ma 190 27 140.15 
1N1613 100 5A 150A 1 ma 190 27 140.15 
1N1614° 200 5A 150A 1 ma 190 27 140.15 
1N1615* 400 5A 150A 1 ma 190 27 140.15 
1N1616* 600 5A 150A 1 ma 190 27 140.15 

'Meets MIL-S-19500/162A U.S. Army Spec. -also in reverse polarity 1N1612R-1616R. 

@ 145°C @ 150°C 
1N1341A 50 6A 150A 3 ma 200 27 140.10 
1N1342A 100 6A 150A 2.5 ma 200 27 140.10 
1N1343A 150 6A 150A 2.25 ma 200 27 140.10 
1N1344A 200 6A 150A 2.0 ma 200 27 140.10 
1N1345A 300 6A 150A 1.75 ma 200 27 140.10 
1N1346A 400 6A 150A 1.5 ma 200 27 140.10 
1N1347A 500 6A 150A 1.25 ma 200 27 140.10 
1N1348A 600 6A 150A 1.0 ma 200 27 140.10 

Reverse units 1N1341RA-1348RA available. 

@ 145°C ® 150°C 
1N1199A 50 12A 240A 3.0 ma 200 27 140.20 
1N1200A 100 12A 240A 2.5 ma 200 27 140.20 
1N1201A 150 12A 240A 2.25 ma 200 27 140.20 
1N1202A 200 12A 240A 2.0 ma 200 27 140.20 
1N1203A 300 12A 240A 1.75 ma 200 27 140.20 
1N1204A 400 12A 240A 1.5 ma 200 27 140.20 
1N1205A 500 12A 240A 1.25 ma 200 27 140.20 
1N1206A 600 12A 240A 1.0 ma 200 27 140.20 
Designed to meet Mil-E-1/1108 USAF Spec. Reverse Polarity 1N1199RA-1206RA. 

@ 150°C @ 150°C 
1N3670A 700 12A 240A .9 ma 200 27 140.21 
1N3671A 800 
1N3672A 900 

1 
12A 
12A 

240A 
240A 

.8 ma 

.7 ma 
200 
200 

27 
27 

140.21 
140.21 

1N3673A 1000 12A 240A .6 ma 200 27 140.21 

New High Voltage-Diffused Junction. 

@ 150°C @ 150°C 
1N248 50 10A 200A 5 ma 175 28 140.28 
1N249 100 10A 200A 5 ma 175 28 140.28 
1N250 200 10A 200A 5 ma 175 28 140.28 
1N248A 50 20A 350A 5 ma 175 28 140.28 
1N249A 100 20A 350A 5 ma 175 28 140.28 
1N250A 200 20A 350A 5 ma 175 28 140.28 
1N24813 55 20A 350A 5 ma 175 28 140.28 
1N249E1* 110 20A 350A 5 ma 175 28 140.28 
1N25013* 220 20A 350A 5 ma 175 28 140.28 
1N2135* 400 20A 250A 40 ma 150 28 140.28 
'Available as military units to Mil-S-19500/134. 

• Low Thermal Impedance 
• Transient PRV Ratings 
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SCR MANUAL 

Silicon Medium Current Rectifier Diodes, Cont. 

JEDEC or 
GE Type 
Number 

VAM(rep) 
and 

VICM(Olt,) - ' Volts 

Max. 
IF(AV) 
@ L. 

Irm 
(Surge) 

Max. Rev. 
Current 

lui.1%. @ Ti• 

Max. 
IT in 
°C 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

@ I50°C @ 150°C 
1N248C 55 20A 350A 3.8 ma 175 28 140.30 
1N249C 110 20A 350A 3.6 ma 175 28 140.30 
1N250C 220 20A 350A 3.4 ma 175 28 140.30 
1N1195A 300 20A 350A 3.2 ma 175 28 140.30 
1N1196A 400 20A 350A 2.5 ma 175 28 140.30 
1N1197A 500 20A 350A 2.2 ma 175 28 140.30 
1N1198A 600 20A 350A 1.5 ma 175 28 140.30 

@ 145°C @ 145°C 
1N2154 50 25A 400A 5 ma 200 28 140.40 
1N2155 100 25A 400A 4.5 ma 200 28 140.40 
1N2156 200 25A 400A 4.0 ma 200 28 140.40 1N2157 300 25A 400A 3.5 ma 200 28 140.40 
1N2158 400 25A 400A 3.0 ma 200 28 140.40 
1N2159 500 25A 400A 2.5 ma 200 28 140.40 
1N2160 600 25A 400A 2.0 ma 200 28 140.40 
Available with negative polarity (stud is anode) 1N2154R-2160R. 

@ 140°C @ 140°C 
1N1183 50 35A 500A 10 ma 200 32 140.50 
1N1184 100 35A 500A 10 ma 200 32 140.50 
1N1185 150 35A 500A 10 ma 200 32 140.50 
1N1186 200 35A 500A 10 ma 200 32 140.50 
1N1187 300 35A 500A 10 ma 200 32 140.50 
1N1188 400 35A 500A 10 ma 200 32 140.50 
1N1189 500 35A 500A 10 ma 200 32 140.50 
1N1190 600 35A 500A 10 ma 200 32 140.50 

@ 140°C ® 140°C 
1N3765 700 35A 500A 10 ma 200 32 140.50 
1N3766 800 35A 500A 10 ma 200 32 140.50 
1N3767 900 35A 500A 10 ma 200 32 140.50 
1N3768 1000 35A 500A 10 ma 200 32 140.50 
New High Vo tage. 
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CONDENSED SPECIFICATIONS 

General Purpose Types 
Up to 20 amperes 
Up to 600 volts 

General Electric has designed these 20 Ampere rectifiers specifically for the normal industrial and 
consumer low ambient temperature applications. The design utilizes the smallest practical size for 
the rating with particular attention to rigidity and rugged construction. The solid one-piece terminal 
and the case-to-hex solder mounting technique provides good mechanical strength, minimizes break-
age problems, and promotes stability of heat transfer characteristics from the diffused junction to 
the stud. 

JEDEC or 
GE Type 
Number 

VRM,rep 

and 
VRM,wk0 

Volts 

. Max F( 
I  AV) 
@ T, 

I FM 
(Surge) 

Max. 
Rev. 

Current 
IR(Av> 

Max. 
Ti 

in °C 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

@ 110°C @ 150°C 
A40F, A41F 50 20A 15A 300A 10 ma 175 29 140.32 
A40A, A41A 100 20A 15A 300A 9 ma 175 29 140.32 
A40B, A41B 200 20A 15A 300A 8 ma 175 29 140.32 
A40C, A41C 300 20A 15A 300A 6 ma 175 20 140.32 
A40D, A410 400 20A 15A 300A 5 ma 175 29 140.32 
A40E, A41E 500 20A 15A 300A 4.5 ma 175 29 140.32 
A40M, A41M 600 20A 15A 300A 4 ma 175 29 140.32 

A41F-M is reverse polarity (stud is Anode) 

@ 110°C @ 150°C Ti =-- 150°C 
A44F, A45F 50 20A 15A 300A 10 ma 175 31 140.33 
A44A, A45A 100 20A 15A 300A 9 ma 175 31 140.33 
A44B, A45B 200 20A 15A 3004 8 ma 175 31 140.33 
A44C, A45C 300 204 15A 300A 6 ma 175 31 140.33 
A44D, A45D 400 20A 15A 3004 5 ma 175 31 140.33 
A44E, A45E 500 204 15A 3004 4.5 ma 175 31 140.33 
A44M, A45M 600 20A 15A 300A 4 ma 175 31 140.33 

A45F-M is reverse polarity (case is Anode) 
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SCR MANUAL 

Silicon High Current Rectifier Diodes 
Up to 500 amperes 
Up to 1200 volts 

These large area junction rectifiers are the ultimate in today's High Current Silicon Rectifier field. By 
taking full advartage of the most advanced semiconductor component manufacturing techniques, 
General Electric now offers the industry's first double diffused, all hard solder 100 and 250 ampere 
rectifiers in Vitm(r,,, ratings up to 1200 volts-also available is a 500 amp rectifier up to 800 volts. 
As a result, circuit designers now receive: 

• Freedom from Thermal Fatigue Failure 
• Higher Surge Current Capabilities 

• NEMA Overload Ratings 
• Forward and Reverse Polarities 

li 
41-ms, 

GE Type 
Number 

JEDEC 

TY" Numb, 

VRM(rop) 

and 
V 1111(o kg 

Volts 

VMM 
(non-rep) 

Max. 
I. - I (A\ I 

1FM 

(Surge) 
oo• 1 qp 

60 Hz 

Max. 
Rev. 

Current 
'WAY) 

Max. 
Oper. 

Temp. 
T.I in °., 

0.0 t- 
line 
No  ' 

Comp. 
Spec. 
No. 

, 
Te = Tv = 
130°C 130°C 

A70B 1N3289 200 300 100A 1600A 9.5 ma 200 33 145.15 
A70C 1N3290 300 400 100A 1600A 9.0 ma 200 33 145.15 
A7OD 1N3291 400 525 100A 1600A 9.0 ma 200 33 145.15 
A70E 1N3292 500 650 100A 1600A 8.0 ma 200 33 145.15 
A7OM 1N3293 600 800 100A 1600A 6.5 ma 200 33 145.15 
A7ON 1N3294 800 1050 100A 1600A 5.5 ma 200 33 145.15 
A7OP 1N3295 1000 1300 100A 1600A 4.5 ma 200 33 145.15 
A7OPB 1N3296 1200 1500 100A 1600A 3.5 ma 200 33 145.15 

A71B th u PB (1N3289R-3296R) reverse polarity nits available 
1N3289M-3295M Military Types per Mil-S-19500/246A 

A908 1N3736 200 300 250A 4500A 16 ma 200 34 145.30 
A90C 1N3737 300 400 250A 4500A 16 ma 200 34 145.30 
A9OD 1N3738 400 525 250A 4500A 16 ma 200 34 145.30 
A90E 1N3739 500 650 250A 4500A 15 ma 200 34 145.30 
A9OM 1N3740 600 800 250A 4500A 12.5 ma 200 34 145.30 
A9ON 1N3741 800 1050 250A 4500A 10 ma 200 34 145.30 
A9OP 1N3742 1000 1300 250A 4500A 8 ma 200 34 145.30 

A918 thru A91P (1N3736R-3742R) reverse polarity units (stud is Anode) 

- 1N3260 50 - 160A 2000A 12 ma 175 34 145.28 
- 1N3261 100 - 160A 2000A 12 ma 175 34 145.28 
- 1N3262 150 - 160A 2000A 12 ma 175 34 145.28 
- 1N3263 200 - 160A 2000A 12 ma 175 34 145.28 
- 1N3264 250 - 160A 2000A 12 ma 175 34 145.28 

1N3265 300 - 160A 2000A 12 ma 175 34 145.28 - 
1N3266 350 - 160A 2000A 12 ma 175 34 145.28 - 

- 1N3267 400 - 160A 2000A 12 ma 175 34 145.28 
- 1N3268 500 - 160A 2000A 12 ma 175 34 145.28 

1N3269 600 - 160A 2000A 12 ma 175 34 145.28 - 
1N3270 700 - 160A 2000A 12 ma 175 34 145.28 - 

- 1N3271 800 - 160A 2000A 12 ma 175 34 145.28 
- 1N3272 900 - 160A 2000A 12 ma 175 34 145.28 
- 1N3273 1000 - 160A 2000A 12 ma 175 34 145.28 
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CONDENSED SPECIFICATIONS 

Silicon High Current Rectifier Diodes, con't. 

GE Type 

Number 

1EDEC IV.m,,,,, 
Type 
Number 

and 
V . ,' , , kg) 
Volts 

• V.m 
(non r , p, 

Max. , 
! El %, , 

IFM 
(Surge) 
1—@ 
60 Hz 

Max. 
Rev. 
Current 
112(AV) 

Max. 
Open 

Temp. 
TJ in °C 

Out 
line 

N eL 

Comp. 
Spec. 
No. 

1N4044 50 275A 5000A 15 ma 190 34 145.32 
----- 1N4045 100 ---- 275A 5000A 15 ma 190 34 145.32 
---- 1N4046 150 ---- 275A 5000A 15 ma 190 34 145.32 

----- 1N4047 200 ----- 275A 5000A 15 ma 190 34 145.32 
----- 1N4048 250 ---- 275A 5000A 15 ma 190 34 145.32 
---- 1N4049 300 ---- 275A 5000A 15 ma 190 34 145.32 
----- 1N4050 400 ---- 275A 5000A 15 ma 190 34 145.32 
---- 1N4051 500 ----- 275A 5000A 15 ma 190 34 145.32 

1N4052 600 ---- 275A 5000A 15 ma 190 34 145.32 
---- 1N4053 700 ---- 275A 5000A 15 ma 190 34 145.32 

1N4054 800 ----- 275A 5000A 15 ma 190 34 145.32 
----- 1N4055 900 ----- 275A 5000A 15 ma 190 34 145.32 
---- 1N4056 1000 ---- 275A 5000A 15 ma 190 34 145.32 
, 
A291 PC,292PC ----- 1300 1500 250A 4500A ma 200 35 145.58 
A291 PD,292PD ---- 1400 1600 250A 4500A ma 200 35 145.58 
A291 PE,292PE ---- 1500 1700 250A 4500A ma 200 35 145.58 
A291 PM, 292PM ---- 1600 1800 250A 4500A ma 200 35 145.58 
A291 PS,292PS ----- 1700 1900 250A 4500A ma 200 35 145.58 
A291 PN ,292PN ----- 1800 2000 250A 4500A ma 200 35 145.58 

A2958,2968 ----- 200 400 500A 7000A 15 ma 200 35 145.60 
A295C,296C ----- 300 500 500A 7000A 15 ma 200 35 145.60 
A295D,296D ---- 400 600 500A 7000A 15 ma 200 35 145.60 
A295E,296E ---- 500 700 500A 7000A 15 ma 200 35 145.60 
A295M, 296M ----- 600 800 500A 7000A 15 ma 200 35 145.60 
A295S, 296S ---- 700 900 500A 7000A 15 ma 200 35 145.60 
A295N,296N ----- 800 1000 500A 7000A 15 ma 200 35 145.60 
A2951,2961 ---- 900 1100 500A 7000A 15 ma 200 35 145.60 
A295P,296P ----- 1000 1200 500A 7000A 15 ma 200 35 145.60 
A295PA,296PA ----- 1100 1300 500A 7000A 15 ma 200 35 145.60 
A295P8,296PB ---- 1200 1400 500A 7000A 15 ma 200 35 145.60 
A295PC,296PC ---- 1300 1500 500A 7000A 15 ma 200 35 145.60 
A295PD,296PD ----- 1400 1600 500A 7000A 15 ma 200 35 145.60 

A295PE,296PE ----- 1500 1700 500A 7000A 15 ma 200 35 145.60 
A295PM, 296PM ---- 1600 1800 500A 7000A 15 ma 200 35 145.60 
A295PS, 296PS ----- 1700 1900 500A 7000A 15 ma 200 35 145.60 
A295PN,296PN ----- 1800 2000 500A 7000A 15 ma 200 35 145.60 
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Controlled Avalanche Rectifier Diodes 

A7 series 0.5A 
A27 series 12A 
A38 series 35A 
A76 series 100A 
A92 series 250A 

150-500 VRKA(r.p) 
200-1200 Vamir.p) 
200-1200 Vrthi(r.p) 

400-1200 Vakii,..p) 
500-1000 VRufr.p) 

/7 

Featuring these these outstanding advances in silicon rectifier applications: 
e Self-protection against normal voltage transient. Dissipates many watts of peak power in reverse 

direction. Permits decreased peak reverse voltage safety factors in equipment due to greatly 
reduced transient voltage vulnerability. 

• New standards of reliability at peak reverse voltages. 
e Protection of other circuit components against overvoltage through rigidly specified maximum/ 

minimum avalanche characteristics. 

e Makes ideal voltage equalizing elements for series connected SCR's and conventional silicon recti-
fiers, also for anode triggering SCR's to prevent damage from voltage transients in forward 
direction. 

• Simplified series operation of rectifiers in high voltage applications—no shunting resistors 
necessary for Controlled Avalanche Rectifiers. Makes possible compact high voltage assemblies. 

e Can operate in Avalanche breakdown region at high voltages—unharmed by hi-pot and meg-
ger tests. 

For information on application of Controlled Avalanche Rectifiers, see Section 15.3.4 and Application 
Note 200.27, An Introduction to the Controlled Avalanche Silicon Rectifier." 

JEDEC or 

GE Type 
Number 

VIM( re '', 

and 
VIIN1 (.•̀"' 

Volts 

Avalanche 
Vol age 

Ti = 25°C 

Max. 
Rev. 
Power 
Surge 
Pnm 

(non-rep) 

Max. 
IF, %v, 

I 1' %I ' 
(Surge) 

Max. 
Rev. 

Current . 111(AV) @ 
VRM ( w kg) 

Max. 
Ti 

in °C 

Out- 
line 
No. 

Comp. 
Spec. 
No. 

Min. Max. 

Ti — TA — TA 
50°—C 50°C 150°C 

A7G 150 200 450 310W 500 ma 10A 100 µa 175 22 125.8 
A7B 200 300 550 310W 500 ma 10A 100 µa 175 22 125.8 
A7C 300 400 650 310W 500 ma 10A 100 µa 175 22 125.8 
A7D 400 500 750 310W 500 ma 10A 100 µa 175 22 125.8 
A7E 500 600 850 310W 500 ma 10A 100 µa 175 22 125.8 

Units also available in Potted Assemblies up to 10(v and 820 ma. 

Ti = Tc = Ti• _-
25°C 135°C 135°C 

A27B 200 250 515 3.9Kw 12A 240A 2.5 ma 175 27 140.24 
A27C 400 500 770 3.9Kw 12A 240A 2.5 ma 175 27 140.24 
A27M 600 750 1030 3.9Kw 12A 240A 2.5 ma 175 27 140.24 
A27N 800 1000 1290 3.9Kw 12A 240A 2.0 ma 175 27 140.24 
A27P 1000 1250 1550 3.9Kw 12A 240A 1.75 ma 175 27 140.24 
A27PB 1200 1500 1930 3.9Kw 12A 240A 1.5 ma 175 27 140.24 

Tc = I, = 
115°C 115°C 

A38B 200 250 515 12Kw 35A 500A 3.5 ma 175 32 140.37 
A38D 400 500 770 12Kw 35A 500A 3.5 ma 175 32 140.37 
A38M 600 750 1030 12Kw 35A 500A 3.5 ma 175 32 140.37 
A38N 800 1000 1290 12Kw 35A 500A 3.0 ma 175 32 140.37 
A38P 1000 1250 1550 12Kw 35A 500A 2.5 ma 175 32 140.37 
A38PB 1200 1500 1930 12Kw 35A 500A 2.0 ma 175 32 140.37 
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Fast Recovery Rectifier Diodes 

FEATURES: 
• Fast Recovery Time 
• For Use in: 

-Inverters 
-Choppers 
-Low RF Interference Applications 
-Free-Wheeling Rectifier Applications 

-Sonar Power Supplies 
-Ultrasonic Systems 
-DC-DC Power Supplies 

JEDEC or 
GE Type 
Number 

Repeti- 
tine 
PRY 

Max , • 
,,,,• 

Single 
Phase 

Max. 
Peak 
1 Cycle 
Surge 

Max. Rev. 
Current 
II: I \ , , 

Max. 
Oper. 
OC 

Out- 
line 
No. 

Max. 
R eco very 

Time (n Sec.)  

Comp. 
Spec. 
No. 

1N3958 100 3.5A 35A .4 ma 165 27 3000 140.44 
1N3959 200 3.5A 35A .4 ma 165 27 3000 140.44 
1N3960 300 3.5A 35A .4 ma 165 27 3000 140.44 
1N3961 400 3.5A 35A .4 ma 165 27 3000 140.44 
1N3962 500 3.5A 35A .4 ma 165 27 3000 140.44 
1N3963 600 3.5A 35A .4 ma 165 27 3000 140.44 

Case Case 
@ 100°C @ 100°C 

1N3879, R 50 6A 75A 1.0 ma 150 27 200 140.12 
1N3880, R 100 6A 75A 1.0 ma 150 27 200 140.12 
1N3881, R 200 6A 75A 1.0 ma 150 27 200 140.12 
1N3882, R 300 6A 75A 1.0 ma 150 27 200 140.12 
1N3883, R 400 6A 75A 1.0 ma 150 27 200 140.12 

Case Case 
@ 135°C @ 135°C 

A28A 100 12A 240A 8.0 ma 175 27 100 140.23 
A288 200 12A 240A 8.0 ma 175 27 100 140.23 
A28C 300 12A 240A 8.0 ma 175 27 100 140.23 
A28D 400 12A 240A 8.0 nia 175 27 100 140.23 
A28F 50 12A 240A 8.0 ma 175 27 100 140.23 

Case Case 
@ 100°C @ 100°C 

1N3889, R 50 12A 150A 3.0 ma 150 27 200 140.22 
1N3890, R 100 12A 150A 3.0 ma 150 27 200 140.22 
1N3891, R 200 12A 150A 3.0 ma 150 27 200 140.22 
1N3892, R 300 12A 150A 3.0 ma 150 27 200 140.22 
1N3893, R 400 12A 150A 3.0 ma 150 27 200 140.22 

Case Case 
@ 100°C @ 100°C 

1N3899, R 50 20A 225A 10 ma 150 28 200 140.47 
1N3900, R 100 20A 225A 10 ma 150 28 200 140.47 
1N3901, R 200 20A 225A 10 ma 150 28 200 140.47 
1N3902, R 300 20A 225A 10 ma 150 28 200 140.47 
1N3903, R 400 20A 225A 10 ma 150 28 200 140.47 

1N3909, R 50 30A 300A 15 ma 150 28 200 140.48 
1N3910, R 100 30A 300A 15 ma 150 28 200 140.48 
1N3911, R 200 30A 300A 15 ma 150 28 200 140.48 
1N3912, R 300 30A 300A 15 ma 150 28 200 140.48 
1N3913, R 400 30A 300A 15 ma 150 28 200 140.48 
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21.3.5 Silicon Zener Diodes 

CONDENSED SPECIFICATIONS-COMPLETE SPECIFICATION NUMBERS LISTED IN TABLES 

1 Watt Axial Lead 
Zener voltages from 5.1 to 22 volts 

These 1 watt Zener Diodes utilize the all welded flangeless package for ease in mounting. This 
small package is a tried and proved design with an exceptional reliability history over the past 
several years. The design incorporates know-how which promotes very good voltage regulation and 
voltage stability over a long period of time under the severest environmental conditions. 

RATING TABLES 

JEDEC or 
GE Type 
Number 

VzT @ IzT 
Nominal 
Zener 
Voltage 
@ 25°C 
Volts 

Test 
Current 

IzT 
mA 

Maximum 
Dynamic 
Impedance 
ZZT @ I ZT 
@ 25°C 
Ohms 

Typical 
Voltage 
Regu- 
Winn 
AVZ 
Volts 

Maximum 
Zener 
Current 

17.1,1 
TA . 50°C 
Maximum 

Out- 
line 
No. 

Max. 
T.1 

in °C 

Comp. 
Spec. 
No. 

Z4X5.1B 8.2 100 7.0 0.11 160 ma 15 175 185.50 
1N1765 9.1 100 1.2 0.14 150 ma 15 175 185.50 
IN1766 10.0 100 1.5 0.16 130 ma 15 175 185.50 
IN1767 11.0 100 1.7 0.20 120 ma 15 175 185.50 
1N1768 12.0 100 2.1 0.24 109 ma 15 175 185.50 
IN1769 13.0 100 2.4 0.28 100 ma 15 175 185.50 
1N1770 14.0 50 3.0 0.34 90 ma 15 175 185.50 
IN1771 15.0 50 3.5 0.41 82 ma 15 175 185.50 
1N1772 16.0 50 4.2 0.48 74 ma 15 175 185.50 
1N1773 12.0 50 5.0 0.57 68 ma 15 175 185.50 
IN1774 13.0 50 5.8 0.66 63 ma 15 175 185.50 
Z4X14B 14.0 50 6.6 0.75 58 ma 15 175 185.50 
1N1775 15.0 50 7.6 0.86 54 ma 15 175 185.50 
1N1776 16.0 50 8.6 0.97 51 ma 15 175 185.50 

Standard t pes are supplied to the ±-10% of voltage values listed. For 5% tolerance, change B 
suffix to A suffix in GE Type Number (i.e., 24X5.-1A), add A suffix in N number (i.e., IN 776A). 
The Z4X6.2 to XL22, 1 watt zoner diodes are intended for consumer and low cost industrial applica-
tions. While designed and produced for economy, this design features low thermal resistance, good 
voltage reg lation and stability. 

Z4XL6.2 6.2 20 9.0 - 123 ma 15 165 185.40 
Z4XL7.5 7.5 20 12.0 - 101 ma 15 165 185.40 
Z4XL9.1 9.1 20 15.0 - 83 ma 15 165 185.40 
Z4XLI2 12.0 20 24.0 - 63 ma 15 165 185.40 
Z4XL14 14.0 20 30.0 - 54 ma 15 165 185.40 
Z4XL16 16.0 20 40.0 - 47 ma 15 165 185.40 
Z4XLI8 18.0 20 50.0 - 43 ma 15 165 185.40 
Z4XL20 20.0 20 60.0 - 38 ma 15 165 185.40 
Z4XL22 22.0 20 72.0 - 34 ma 

.à 
15 165 185.40 

Standard types are supplied to ±-20% of nominal voltage values listed. 
For -±-10% tolerance, add suffix B to GE type number (i.e., Z4XL6.213) 

476 



CONDENSED SPECIFICATIONS 

21.3.6 Triac and SCR Assemblies Condensed Specifications 
CONDENSED SPECIFICATIONS—FOR COMPLETE SPECIFICATIONS SEE 155.20 THROUGH 155.26 

S100 LINE—STANDARD TRIAC CIRCUIT ASSEMBLIES 

Available with either 6 amp or 10 amp TRIAC's, these seven circuit 
configurations can be obtained for use on either 115 or 230V (RMS) power 
lines. 

All of these assemblies feature an electrically isolated heatsink allowing 
it to be mounted directly to the metal frame of the equipment. 

As the titles imply, these circuit variations allow a wide variety of uses, 
including simple voltage control, shaded-pole or permanent split capacitor 
type motor speed control, resistance heating control and many others. 

S10010.1 

tet:sreeVrnbly 

$10014 
Eztenaril   
V•Ilable Voltage 
ASsondsly 

SIDOCI-4 
Wend.   
r.riable Vela  
As...1y le. 

We...« 

SIP0014 
CmI..« Static 
S.Ite .ed 
rwtsla. 
CO•trel wit 
III 3•111.1,1.01 

Fromm Sewer 
WM heal 
Coelrelail lea 

jerhounnee 

s1-14 
555 5 51 

zrafflail, 1*,44e5n5.1M5. 

Suffix numbers (e.g. 1, 2, 3 or 4). Refer to the rating of the TRIAC used 
in the circuit as follows: 

"I"— 6 amp 200V TRIAC (for use on 115V line) 
"2"— 6 amp 400V TRIAC (for use on 230V line) 
"3"-10 amp 200V TRIAC (for use on 1I5V line) 
"4"-10 amp 400V TRIAC (for use on 230V line) 

For complete rating and descriptive information, refer to the specification 
sheets for the particular circuit configuration desired. These specifications are 
available upon request. 
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21.3.7 Rectifier Stacks 

Germanium Low Current 
Up to 630 PRY. or 6 amps. @ 55°C amb. 

4JA211 Stacks: The industry's most widely used 
semiconductor rectifier series. Hundreds of thou-
sands in use. May be arranged in stacks up to 12 
fins to produce more than 160 various circuit con-
figurations. Small, lightweight, excellent regulation. 

Silicon Low Current 
Up to 3360 PRY. or 18 amps. @ 25°C amb. 

4JA411 Stacks: Combine high temperature opera-
tion (up to 150°C) with increased ratings (up to 
18 amps DC). Hundreds of stack combinations to 
meet a variety of circuit conditions. High efficiency 
plus excellent regulation. 

4JA1011 Stacks: Available in same mechanical 
and circuit configurations and featuring 45 amp, 
one cycle surge rating. 

Silicon Medium Current 
Up to 65 amps @ 55°C amb. Up to 1800 PRY. 

4JA2011 Stacks: Provides a wide range of power 
applications with DC outputs up to 32 amps. 

4JA2511 Stacks: Provide a wide range of power 
applications with DC outputs up to 50 amps. 

4JA3511 Stacks: Provide a wide range of power 
applications with DC outputs up to 65 amps. 

Silicon Medium Current (5" Fin) 
Up to 108 amps @ 55°C amb. Up to 1800 PRY. 

4JA3512 Stacks: This 5" square fin assembly 
makes optimum use of the 1N2154 series 25 am-
pere cell. This stack provides a wide range of 
power applications with DC outputs up to 108 
amperes. 
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Rectifier Stacks, con t. 

Silicon High Current 
Up to 690 amps @ 40"C imb Up to 1,000 PRO. 

4107014 
4149015 

4167011 

41117012 
41119016 

4147013 
4109013 

CONDENSED SPECIFICATIONS 

4JA7011 31/2 " x 31/2 " x 2" Aluminum Extrusion Stacks: Particularly suitable 
for free convection applications. Plated copper terminals for all connections. 

4JA7012, 4JA7013 Stacks: Available with a choice of two heatsink sizes; 
the 5" x 5" x 1/8" fiat copper fin (7012) and the 7" x 7" x %" flat aluminum 
fin (7013). Lightweight units with outputs up to 165 amps DC.. 

4JA7014 Stacks: The 4JA7014 stack line has been designed especially for 
free convection cooled applications where a maximum amount of current is 
required in a relatively small space. Fin size is 4" x 4" x 5" anodized alumi-
num. DC outputs up to 240 amps, free convection cooled in 40°C ambient. 

4JA9013 Stacks: DC outputs up to 250 amps, per fin, forced air cooled, in 
40°C ambient. Utilizes lightweight 7" x 7 "x 3/4 " aluminum fin. Heat dissi-
pation abilities equal to 7" x 7" x 1/4" nickel-plated copper, yet less than half 
the weight of copper fin stacks. 

4JA9015 Aluminum Extrusion Stacks: Designed for maximum heat dissipa-
tion in free convection cooled applications. Plated copper terminals for all 
purchaser connections. 

4JA9016 Stacks: Different rectifier configurations available on 5" x 5" nickel-
plated copper flat fins. Fin thickness 1/4 ". 

NOTE: Series and parallel configurations available in all High Current Stacks. 
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Rectifier Stacks, can't. 

Potted Rectifier Circuits 

4JA220, 4JA420-421-422 Series: Mounted in standard eight pin tube base 
(4JA220-420 Series) or in rectangular design with solder lug connections 
(4JA221-421-422 Series). Available in a large number of circuit configura-
tions. One to 20 cells may be potted in a single circuit. Individual cell speci-
fications determine ratings. 4JA220 Series utilize germanium 1N91-93 cells. 
4JA420-421-422 Series utilize silicon 1N536-540, 1N1095 cells. (See BASIC 
RECTIFIER CELL LISTING.) 

Up to: Up to: 

410220 .4 amp @ 55°C amb. 1,800 PRV. 
410420 2.0 amps @ 50°C amb. 3,000 PRV. 
414421 .65 amp @ 25°C amb. 10,000 PRV. 
410422 1.50 amps @ 25°C amb. 2,000 PRV. 

Controlled Avalanche Rectifiers in Potted Assemblies 

1N1730, 1N2382 and A725 Series: Controlled Avalanche rectifiers potted in 
axial lead cartridge type assemblies. 

A723 Series: Potted block assemblies utilizing A7 Controlled avalanche cells. 
Available in half wave, center tap, voltage doublers, full-wave bridge, single 
phase or three phase. 

Up to: Up to: 

1N1730 .1 amp @ 100°C amb. 5,000 PRY. 
1N2382 .075 amp @ 100°C amb. 10,000 PRY. 
4725 .150 amp t 100°C amb. 10,000 PRY. 
0723 .820 amp @ 50°C amb. 6,000 PRY. 
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CONDENSED SPECIFICATIONS 

21.3.8 SCR Combination Stacks 

General Electric's broad line of SCR's and rectifiers permits the offering 
of packaged SCR building blocks. Low, medium and high current packaged 
SCR blocks, complete with SCR's, compatible rectifiers, inter-connections, 
heatsinks, and all required hardware in one package are available from your 
authorized General Electric semiconductor distributor or electronic compo-
nents district sales. 

The SCR stack nomenclature below summarizes the significance of the 
letters and numerals used when ordering SCR stacks. Complete specification 
sheets on the various low, medium and high current stacks can be obtained 
by writing to General Electric Company, Distribution Services, Bldg. 6— 
Room 208, 1 River Road, Schenectady, N. Y. 12305, for bulletins 170.40, 
195.10, 195.10.1 and 195.40. 

SCR STACK NOMENCLATURE 

C35 12 A H D 

SCR CELL MODEL 
NUMBER 

C35, CIO, CI, 

C12, COO 

SCR PEAR REVERSE VOLTAGE RATINGS 

U-25V 

F—SOS 

A-100V 

C-150V 

13-2130V 

H-250V 

C-300V 

0-400V 

E-500V 

pARALLEL 

CELLS LOU 

MINOR MECNANICAL 

MODIFICATIONS 

D Standard 

MINOR 

ELECTRICAL 

MODIFICATIONS 

',ante of Output, etc 

SERIES CELLS/LES 

CIRCUIT CONFIGURATION( (Many Additional Variations Are Available Upon Request.) 

N—SIngle Muse 
Minn» 

It—Slogla Phase Br(dge eC, 
(1CR's Common Ca'hod.) 

gr—Smgle Phase Bridge 
ISCR Rea, 
Common Cathode) 

'Circuit description Is necessary when ordering stack to this circuit configuration 

Br—Single Phase Bridge 
IFullwave Rectified) 

F—Three Phase Fulham Bridge 
(SCR's common Cathode) 

T—Special 
(Followed IM 
Arbitrary Number) 
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SCR Combination Stacks, con't. 

SERIES: 

C3512, 13 
C4012, 13 
C1012, 13 
C1112, 13 
C1212, 13 

Up to 13.65A per fin free convection rating in 25°C ambient. 

Up to 23.5A per fin forced cooling in 25°C ambient. 

Two fin sizes (3" x 3", 5" x 5") and 5 SCR types permit an optimum de-
signed assembly for each application. Stacks can be mounted in either ver-
tical or horizontal plane. An almost limitless number of circuit configurations 
available. Will operate from —65°C up to +150°C. 

SERIES: 

C5014, C15014, C18015 
C5514, C15114, C18115 
C6014, C15414, C18515 
C8015, C15514 

Up to 102 amps per fin free convection rating in 30°C ambient. Aluminum 
extrusions designed specifically for maximum heat dissipation when used 
with any GE high current SCR. Hundreds of configurations available. 

SERIES: 

C28120 
C29120 
429620 

High power semiconductors, mounted on heatsink designed for high velocity 
forced cooling, permit operation at or near nameplate ratings at industrial 
ambient temperatures. 

SERIES: 
14040-46 
14140.46 

-erne, 
The new General Electric Power Thyristors are designed primarily to pro-
vide high frequency, high current power switching up to 25 kHz. The GE 
High Frequency Power Thyristor is a uniquely packaged arrangement of 
selected integral devices with common anode and cathode terminations. 
These parallel units, mounted on a common heatsink, provide a convenient, 
economical means of attaining higher frequency performance at current 
levels up to 120 amps average. 

For complete specifications, see 160.38. 
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CONDENSED SPECIFICATIONS 

21.4 CUSTOMIZED ASSEMBLIES 

Typical Applications Include: 

• SCR and TRIAC motor speed controls 

• Solid state replacements for thy ratron tubes • Static switching • High 
voltage rectifier stacks • Molded multiple diode modules for computer logic 
circuits • Molded SCR and transistor modules for computer and other uses 
• Temperature controllers • Automatic exposure lamp controls for copying 
machines, etc. • Light activated controls 

Complete semiconductor circuit assemblies using discrete components are 
available in a variety of mechanical configurations, including printed circuit 
boards, potted modules, standard tube shells and many special packages to 
meet individual customer needs. 

SOLID STATE THYRATRONS 

G-E 
Type 

Number 

Peak 
Annode 
Voltage 

Cathode Current 
Max. 
Temp. 
T, 

May 
Replace 

S-26 200 V 1.0 A RMS @300 C 125° C 2D21 

S-27 200 V 1.0 A RMS @ 30° C 125° C 2050 
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21.5 GENERAL ELECTRIC SILICON CONTROLLED RECTIFIERS 
AND DIODES WHICH MEET MILITARY SPECIFICATIONS 

Silicon Controlled Rectifiers 

Type MIL Specification 
VliNUrvp, 

and 
liqUid,. 

Max. IF 
Comp. 
Spec. 
No. 

USN 2N2323, A MIL-S-19500/276 50 1.6A 150.10 
USN 2N2324, A MIL-S-19500/276 100 1.6A 150.10 
USN 2N2326, A MIL-S-19500/276 200 1.6A 150.10 
JAN 2N1771A MIL-S-19500/168B 50 7A 150.20 
JAN 2N1772A MIL-S-19500/1686 100 7A 150.20 
JAN 2N1774A MIL-S-19500/16813 200 7A 150.20 
JAN 2N1776A MIL,S-19500/16813 300 7A 150.20 
JAN 2N1777A MIL-S-19500/168B 400 7A 150.20 

For low power switching and control applications. 

JAN 2N682 MIL-S-19500/1086 50 35A 160.20 
JAN 2N683 MIL-S-19500/108B 100 35A 160.20 
JAN 2N685 MIL-S-19500/10813 200 35A 160.20 
JAN 2N686 MIL-S-19500/108B 250 35A 160.20 
JAN 2N687 MIL-S-19500/108B 300 35A 160.20 
JAN 2N688 MIL-S-19500/1086 400 35A 160.20 
JAN 2N689 MIL-S-19500/108B 500 35A 160.20 

For medium power switching and control applications. 

USN 2N1910W MIL-S-19500;204A 50 110A 170.20 
USN 2N1911W MIL-S-19500 204A 100 110A 170.20 
USN 2N1912W MIL-S-19500/204A 200 110A 170.20 
USN 2N1913W MIL-S-19500 V 204A 300 110A 170.20 
USN 2N1914W MIL-S-19500 ,204A 400 110A 170.20 
USN 2N2031W MIL-S-19500/204A 50 110A 170.26 

For high power switching and control applications. 

Diodes 

Type MIL Specification VliNI(r..p) 
Max. 
IF( AV) 

Spec. 
No. 

USN 1N93A MIL-S-19500/293A 
GERMANIUM 

300 volts 75 ma @ 55°C Amb. 120.5 

SILICON SUBMINIATURE 

JAN 1N645, 647, 649 MIL-S-19500/240B 225 to 600 volts 150 ma @ 150°C Amb. 125.5 
JAN 1N914 MIL-S-19500/116B 75 volts 150 ma @ 25°C Amb. 75.28 
USN 1N3064 MIL-S-19500/144C 75 volts 150 ma @ 25°C Amb. 75.25 
JAN 1N4148 MIL-S-19550/116B 75 volts 150 ma @ 25°C Amb. 75.28 
USN 1N4454 MIL-S-19500/ 144C 50 volts 150 ma @ 25°C Amb. 75.25 

SILICON LOW CURRENT 

JAN 1N538, 40, 47 MIL-S-19500/202A 200 to 600 volts 250 ma @ 150°C Amb. 130.10 
USN 1N3189, 90, 91 MIL-S-19500/155C 200 to 600 volts lA @ 100°C Amb. 130.46 

SILICON MEDIUM CURRENT 

JAN 1N24913, 506 
JAN 1N1202, 4, 6 

MIL-S-19500/134A 100 to 200 volts 20A @ 150°C Case 140.28, 30 

2R, 4R 
JAN 1N1614, 15, 

MIL-S-19500/260 200 to 600 volts 12A @ 150°C Case 140.20 

16 and R MIL-S-19500/16213 200 to 400 volts 5A @ 150°C Case 140.15 

SILICON HIGH CURRENT 

JAN 1N1184, 86, 88, 
84R, 86R, 88R MIL-S-19500/297 100 to 400 volts 35A @ 140°C Case 140.50 

JAN 1N3289, 91, 93, 
94, 95 and R's MIL-S-19500/246C 200 to 1000 volts 100A @ 130°C Case 145.15 
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MOUNTING KIT 

0 e-3z BRASS NUT, Ni 
PLATED, .117 MIN. THK. 

® EXT. TOOTH LOCK-WASHER, 
Duos. BRONZE, NI PLATED, 
.020 MIN. THK. 

SEE NOTES 162 

ANODE 
#10-32 UNF-2A 

2 854 
1 285 T 

12_ 260 ó -lei-,...  540MAX —Pi 

022  770MAX 

4_+11 

L, MAX 
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CATHODE 
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.013 MIN 
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.g55 GATE 

.4— Ér 
437 

NOTES: 1 COMPLETE THREAD TO EXTEND TO WITHIN 2-1/2 
THREADS OF HEAD. 

2 DIAMETER OF UNTHREADED PORTION .190 MAX. 

3. ANGULAR ORIENTATION OF THESE TERMINALS IS UNDEFINED. 
4 CASE rs ANODE CONNECTION. 

5 ALL DIMENSIONS IN INCHES 
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BRONZE. l'REL 
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LOGKWASH R ANO 
ONE BRASS. NICKEL 
PLATED NUT SUP 
PLIED WITH EACH 
UNIT INSULATING 
HARDWARE AVAIL 
ABLE ON REQUEST 

11500•01 

AA— 52010à•—•. 

07012• 

M012 ALL 01.53,0...C.1 

15,111A•Gbe «MIMI r__ 350 

040 
PIA 

IGATEI 

510 DIA 
490 

9031111AI 

070 OM 

NOTE ALL DIMENSIONS ¡NE 
IN INCHES 
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(Complies ....ilk JEDEC regisered TO.64 outline) 
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10 
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41.1 
10 16 

060 
703 

115 
165 
11111 
453 
011 
015 
1617 

4 AS 
il it 
6 10 

11 51 
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1 11 1 01 

4 211 1654 
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26 230 
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3. COMPLETE THREADS TO EXTEND TO WITHIN 2 1/2 THREADS OF HEAD. 
4. ANGULAR ORIENTATION OF THIS TERMINAL IS UNDEFINED. 
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FOR FEDERAL SERVICES 1957 HANDBOOK H28 1957 Pl. 
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DIRECTION OR EASY CONVENTIONAL CURRENT FLOW 

33 
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34 
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22 APPLICATION AND SPECIFICATION 

LITERATURE; SALES OFFICES 

General Electric silicon controlled rectifier and rectifier diode Applica-
tion Notes and Specification Sheets provide greater detail on the application 
data and condensed device specifications in this Manual. Copies of the 
literature listed in Section 22.1 and as indicated in Section 22.2 may be 
ordered by Publication Number from: 

General Electric Company 
Distribution Services 
Bldg. 6, Room 208 
1 River Road, 
Schenectady, New York 12305 

However, those Manuals listed as ETR 3296, ETR 3875A or ETR 3960 
must be ordered from: 

General Electric Company 
Department B 
3800 North Milwaukee Avenue, 
Chicago, Illinois 60641 

Section 22.3 lists other General Electric Departments furnishing related 
electrical and electronic components. 

22.1 APPLICATION NOTES 
Publication Number 200.0, "Semiconductor Applications," contains 

abstracts of application notes, article reprints, technical papers and applica-
tion manuals listed in the following sub-sections. 

22.1.1 General Applications for Power Semiconductors 

Publication 
Number Title 

90.16 Silicon Controlled Switches 
90.21 How to Suppress Rate Effect in PNPN Devices 
90.55 Semiconductor Strain Sensors 
90.57 Using the Silicon Bilateral/Unilateral Switch 
90.58 Reversible Ring Counter Utilizing the Silicon 

Controlled Switch 
200.1 Characteristics of Common Rectifier Circuits 
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Publication 
Number 

200.5 
200.8 

200.9 

200.10 
200.15 

200.19 
200.27 

200.28 
200.30 
200.32 

200.34 
200.35 
200.36 
200.37 

200.38 
200.39 
200.42 

201.19 
450.37 
ETR 3875A 

660.1 

660.10 
660.12 

660.13 

660.14 

671.1 
CP65-937 

Title 

General Electric Selenium Thyrector Diodes 
Accommodating Inrush Currents With Silicon 
Controlled Rectifiers 
Power Semiconductor Ratings Under Transient and 
Intermittent Loads 
Overcurrent Protection of Semiconductor Rectifiers 
Turn-Off Time Characterization and Measurement of 
Silicon Controlled Rectifiers 
Using Low Current SCR's 
An Introduction to the Controlled Avalanche Silicon 
Rectifier 
The Rating of SCR's When Switching Into High Currents 
Capacitor Input Filter Design With Silicon Rectifier Diodes 
A Variety of Mounting Techniques for Press-Fit 
SCR's and Rectifiers 
The Light Activated SCR 
Triac Control for AC Power 
The Solid State Thyratron 
Increasing Power and Frequency with GE's New Line of 
High-Speed SCR's and Power Diodes 
Application of Fast Recovery Rectifiers 
The Series Connection of Rectifier Diodes 
Commutation Behavior of Diffused High-Current 
Rectifier Diodes 
RF Filter Considerations for Triac and SCR Circuits 
Transistor Manual, 7th Edition (ETR 3296, $2.00) 
Silicon Controlled Rectifier Manual, 4th Edition 
( $3.00) 
Silicon Controlled Rectifier—Interview With 
E. E. VonZastrow 
SCR's Break the Frequency Barrier 
Better Utilization of SCR Capability with 
AC Inductive Loads 
The Rating and Application of SCR's Designed for 
Power Switching at High Frequencies 
Basic Magnetic Functions in Converters and Inverters 
Including New Soft Commutation 
Economy Power Semiconductor Applications 
A Program Report on Solid State Appliance Controls GE 
Electronic Components Hobby Manual (ETR 3960, $1.50) 

22.1.2 Silicon Controlled Rectifier and Other Thyristor Circuits 

200.14 The Silicon Controlled Rectifier in Lamp Dimming 
and Heating Control Service 

200.18 Fluorescent Lamp Dimming With SCR's and 
Associated Semiconductors 
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Publication 
Number Title 

200.21 Three-Phase SCR Firing Circuits For DC Power Supplies 
200.31 Phase Control of SCR's With Transformer and Other 

Inductive AC Loads 
200.33 Regulated Battery Chargers Using the Silicon 

Controlled Rectifier 
200.40 Series Operation of SCR's 
200.41 Simple Circuits for Triggering SCR's Into 

Fast-Rising Load Currents 
200.43 Solid State Control for DC Motors Provides Variable 

Speed With Synchronous-Motor Performance 
200.44 Speed Control for Shunt-Wound Motors 
200.45 Temperature Controls Incorporating Zero-Voltage Switching 
200.46 AC Voltage or Current Regulator Featuring Closed-Loop 

Feedback Control 
200.47 Speed Control for Universal Motors 
200.48 Flashers, Ring Counters and Chasers 
200.49 A Low-Cost, Ultrasonic-Frequency Inverter Using 

A Single SCR 
201.1 A Plug-In Speed Control For Standard Portable 

Tools and Appliances 
201.5 A High-Frequency Inverter Circuit 
201.6 Touch Switch or Proximity Detector 
201.9 Precision Temperature Controller 
201.10 Auto, Boat or Barricade Flasher 
201.11 Time-Delayed Relay 
201.12 500 Watt AC Line Voltage and Power Regulator 
201.13 Universal Motor Control With Built-In Self-Timer 
201.14 Automatic Liquid-Level Control 
201.15 Solid-State Control for Electric Blankets 
201.16 Fan Motor Speed Control-"Hi-Intensity" Lamp Dimmer 
201.17 Sequential Turn Signal System for Automobiles 
201.18 High-Voltage Power Supply for Low-Current Applications 
201.20 Proportional Zero-Voltage Switching Temperature Control 
201.21 On-Off Zero-Voltage Switching Temperature Control 
660.7 RFI-Less Switching with SCR's 

22.1.3 Unijunction Applications 

90.10 The Unijunction Transistor Characteristics and Applications 
90.12 Unijunction Temperature Compensation 
90.19 Unijunction Frequency Divider 

22.1.4 Test Circuits 
201.3 Portable SCR and Silicon Rectifier Tester 
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22.2 SPECIFICATION SHEETS 

The device specification sheets referred to on the condensed specifica-
tions of Chapter 21, and others that may be mentioned in this Manual, may 
be ordered by Publication Number from: 

General Electric Company 
Distribution Services 
Bldg. 6, Room 208 
1 River Road, 
Schenectady, New York 12305 

22.3 RELATED GENERAL ELECTRIC DEPARTMENTS 

The Semiconductor Products Department would like to remind its 
readers of the great variety of parts and services that our sister departments 
in General Electric can furnish to meet your SCR circuit needs. Among 
them are: 

—SCR Capacitors for phase control and inverter commutation duty 
(GE Capacitor Dept., Hudson Falls, N.Y.) 

—Transformers and chokes for inverters and power supply needs (GE 
Specialty Transformer Dept., Fort Wayne, Ind.) 

—A complete family of GE Sensors and control elements: 
• Cadmium sulfide cells and magnetic reed switches (GE Tube 

Dept., Owensboro, Ky.) 
• Thermistors and magnetic materials (GE Metallurgical Products 

Dept., Edmore, Mich.) 
—A complete family of high-reliability lamps for activation of light-

activated SCR's (GE Miniature Lamp Dept., Cleveland, Ohio) 
—Silicone potting and joint compounds (GE Silicone Products Dept., 

Waterford, N.Y.) 
—And, of course, the industry's most complete line of motors and other 

related electrical and electronic equipment 

22.4 GENERAL ELECTRIC SALES OFFICES 

All products of the Capacitor, Metallurgical Products, Miniature Lamp, 
Semiconductor Products, Specialty Transformer and Tube Departments are 
sold through General Electric's Electronic Components Sales Operation 
(ECSO) to original equipment manufacturers (OEM's) and distributors of 
electrical/electronic equipment and components. ECSO's OEM Sales Offices 
are listed below: 

Alabama: Huntsville 35801 
3322 Memorial Parkway S. 
Suite 13, Area Code: 205 
881-3131 
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Arizona: 

California: 

Colorado: 

Connecticut: 

Phoenix 85012 
Suite 712 
Guaranty Bank Bldg. 
3550 N. Central Ave. 
Area Code: 602 
264-1751 

Los Angeles 90064 
11840 W. Olympic Blvd. 
Area Code: 213 
479-7763 
272-8566 

Redwood City 94063 
555 Veterans Blvd. 
Area Code: 415 
369-7151 

Denver 80201 
201 University Blvd. 
P.O. Box 2331 
Area Code: 303 
388-5771 

Bridgeport 06602 
1285 Boston Ave. 
Bldg. 21-ES 
Area Code: 203 
334-1012 

District of Columbia: Washington 20005 
777-14th St., NW 
Area Code: 202 
393-3600 

Florida: Orlando 32806 
14 W. Gore St. 
Area Code: 305 
425-8634 

Tampa 33609 
2106 S. Lois Ave. 
Area Code: 813 
877-8311 
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Illinois: 

Indiana: 

Iowa: 

Massachusetts: 

Michigan: 

Minnesota: 

Missouri: 

New Jersey: 

Chicago 60641 
3800 N. Milwaukee Ave. 
Area Code: 312 
777-1600 

Ft. Wayne 46806 
3606 S. Calhoun St. 
Area Code: 219 
744-2346 

Indianapolis 46208 
3750 N. Meridian St. 
Area Code: 317 
923-7221 

Cedar Rapids 52403 
210 Second St., SE 
Area Code: 319 
364-9149 

Wellesley 02181 
1 Washington St. 
Area Code: 617 
237-2050 

Southfield (Detroit) 48076 
17220 W. Eight Mile Rd. 
Area Code: 313 
444-4340 (Detroit) 
356-1075 (Southfield) 

Minneapolis 55442 
4900 Viking Dr. 
Area Code: 612 
927-5458 

Kansas City 64199 
911 Main St. 
Area Code: 816 
221-4033 

Clifton 07014 
200 Main Ave. 
Area Code: 201 
472-8100 
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New York: Buffalo 14240 
P.O. Box 1087 
625 Delaware Ave. 
Area Code: 716 
883-9210 

Great Neck, L.I. 11021 
425 Northern Blvd. 
Area Code: 516 
HN 6-8800 

Syracuse 13201 
Bldg. 7, Electronics Park 
Area Code: 315 
456-3063 (Gov't Programs) 

North Syracuse 13212 
Northern Concourse Off. Bldg. 
Area Code: 315 
456-3412 

North Carolina: Charlotte 28201 
129 W. Trade St. 
P.O. Box 1969 
Area Code: 704 
375-5571 

Ohio: 

Oklahoma: 

Pennsylvania: 

Cleveland 44117 
25000 Euclid Ave. 
Area Code: 216 
266-2900 

Dayton 45429 
P.O. Box 2143 
Kettering Branch 
Area Code: 513 
298-0311 

Okahoma City 73112 
3022 Northwest Expressway 
May-Ex Bldg., Rm. 412 
Area Code: 405 
943-9015 

Philadelphia 19102 
3 Penn Center Plaza 
Area Code: 215 
568-1800 
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Pittsburgh 15220 
875 Greentree Rd. 
3 Parkway Center 
Area Code: 412 
921-4134 

Tennessee: 

Texas: 

Virginia: 

Washington: 

Wisconsin: 

Memphis 38104 
1420 Union Ave. 
Area Code: 901 
272-9641 

Dallas 75205 
4447 N. Central Expressway 
Area Code: 214 
521-1931 

Lynchburg 24501 
P.O. Box 4217 
(Carroll Ave. Plant) 
Area Code: 703 
846-7311 

Seattle 98188 
P.O. Box 6100 
112 Andover Park East 
Tukwila 
Area Code: 206 
CH 4-7750 

Milwaukee 53202 
615 E. Michigan St. 
Area Code: 414 
271-5000 
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In Canada, address inquiries to: 

Canadian General Electric Co. 
189 Dufferin St. 
Toronto, Ontario, Canada 
Area Code: 416 
534-6311 

Inquiries from outside continental United States, excluding Hawaii and 
Alaska, should be sent to: 

Electronic Component Sales 
ICE Export Division 
159 Madison Ave. 
New York, N.Y. 10016 
Area Code: 212 
PLaza 1-1311 

Also, your authorized full-fine General Electric Semiconductor Distribu-
tor is generally listed in the classified section of local telephone directories. 
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APPLICATION INDEX 
The circuits referred to in the following figure numbers are intended as 

a starting point for the equipment designer in achieving the detailed require-
ments of his application. Since these circuits are not necessarily "ultimate" 
for every application, it is hoped the imaginative designer will use them 
simply as a jumping-off point for his own development. Likewise, many of 
these circuits can be used for other functions besides those mentioned in the 
text. As a guide to some of the various thyristor circuits for accomplishing 
specific tasks, here is a tabulation of figures in this manual classified by 
possible application (please note that these are Figure numbers and not 
section or paragraph numbers) : 

For Basic Circuit Possibilities 
Applications See Figure Number 

AC Regulated Supplies 89, 9.16, 9.25, 9.27, 9.30, 9.31, 9.32, 9.39, 10.11, 10.12, 
11.3.7, 12.15, 12.18, 12.22, 12.25 

AC Static Switches 4  18, 4.24, 7.5, 7.6, 7.10, 8.1, 8.2, 8.3, 8.4, 8.5, 8.6, 8.7, 8.8, 
8.11, 8.21, 8.30, 10.15, 10.16, 12.16, 12.17, 13.4, 13.11 

Appliance Controls 4  20, 7.5, 7.6, 7.9, 7.10, 8.1, 8.4, 8.5, 8.11, 8.24, 8.26, 8.30, 
9.10, 9.24, 9.30, 9.31, 10.1, 10.3, 10.4, 10.6, 10.11, 10.14, 
10.15, 10.16, 12.15, 12.16, 12.25 

Battery Chargers 4  22, 8.12, 9.35, 9.38, 11.2.12, 12.23, 14.8 
Circuit Breakers 59, 8.1, 8.17, 8.18, 8.19 

Current Regulators 8  18, 8.27, 9.25, 9.30, 9.35, 11.3.3, 11.3.4, 12.18, 12.22, 14.8 

DC Static Switches 5  8, 5.9, 5.14, 8.13, 8.14, 8.17, 8.19, 8.20, 8.22, 8.24, 8.25, 
8.26, 8.27, 8.30, 13.4 

DC to AC Inverters 4  39, 4.40, 5.5, 5.6, 11.2.1, 11.2.5, 11.2.7, 11.4.1 
DC to DC Converters 5  5, 5.6, 5.7, 5.9, 5.10, 5.12, 5.14, 11.2.9, 11.2.12 

DC Power Supplies 4  22, 5.5, 5.6, 5.7, 5.9, 5.10, 5.12, 5.14, 8.12, 9.25, 9.35, 
9.38, 10.8, 10.9, 10.14, 12.23, 14.8 

Decade Counters 8  2, 8.23 
Electric Vehicle Drives 5  10, 5.12, 5.14, 11.2.7, 11.2.9, 11.2.12 

Electronic Crowbars 8  16, 8.19 

Exciters for Motors and 
Generators 4  20, 4.22, 8.15, 9.10, 9.25, 9.26, 9.35, 9.38, 10.8, 10.14, 

12.23 

Flashers 5  12, 7.8, 8.7, 8.11, 8.13, 8.20, 8.21, 8.22, 13.9 

Firing Circuits  (see Trigger Circuits) 

Flip Flops 4  39, 4.40, 5.8, 7.8, 8.14, 8.20, 8.21, 8.22, 13.8 

Frequency Changers 4  40, 7.8, 9.27, 11.2.1, 11.2.7, 11.3.7, 1.1.4.1, 11.4.5, 11.4.7 

Ignitron Firing 8  11, 11.4.4 

Indicator Circuits 8  4, 8.22, 8.23, 8.32, 8.33 

Lamp Dimmers 4  20, 4.21, 4.23, 4.38, 7.9, 7.10, 9.10, 9.12, 9.13, 9.14, 9.15, 
9.17, 9.26, 9.27, 9.29, 12.22 

Latching Relays 8  4, 8.14, 8.25, 8.26 

Logic Circuits 8  22, 8.23, 13.8, 13.9, 13.10 

Motor Controls and Drives—DC 4.22, 5.10, 5.12, 5.14, 8.11, 8.13, 9.10, 9.25, 9.26, 9.29, 
9.35, 9.38, 10.1, 10.3, 10.4, 10.5, 10.6, 10.8, 10.9, 10.14, 
11.2.9, 12.23 
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Applications 
For Basic Circuit Possibilities 

See Figure Number 

Motor Controls and Drives—AC 4.38, 7.9, 7.10, 8.1, 9.12, 9.13, 9.15, 9.17, 9.25, 9.26, 9.29, 
9.31, 9.32, 9.39, 10.7, 10.11, 10.12, 10.14, 10.15, 10.16, 
11.2.1, 11.2.5, 11.3.7, 11.4.5, 11.4.7, 12.15, 12.18, 12.25 

8  17, 8.18, 8.19, 11.3.3, 11.3.4, 14.6, 14.7, 14.8 

8  28 

4  19, 4.20, 4.21, 4.22, 4.23, 4.30, 4.37, 4.38, 4.41, 7.9, 7.10, 
all of Chapters 9 and 10, 12.15, 12.18, 12.22 

6  12, 8.8, 8.9, 9.24, 10.11, 10.12, 12.15, 12.17, 12.18, 12.22, 
13.4, 13.9, 13.10, 13.11, 13.12 

4  22, 5.10, 5.12, 5.14, 7.9, 7.10, 9.30, 9.31, 9.32, 9.35, 9.38, 
9.39, 10.8, 10.9, 10.14, 11.2.1, 11.2.5, 11.2.7, 11.2.9, 11.2.12, 
11.3.3, 11.3.7, 11.4.7, 12.16, 12.18, 12.22, 12.23 

8  15, 8.17, 8.18, 8.19, 9.5, 9.6, 14.6, 14.7, 14.8, 15.9, 15.13, 
15.14, 15.15, 16.2, 16.3, 16.5 

55, 5.6, 5.9, 8.11, 11.4.4 

59, 5.10, 5.14, 8.8, 8.9, 8.12, 9.24, 9.25, 9.27, 9.30, 9.31, 
9.32, 9.35, 9.38, 9.39, 10.11, 10.14, 11.2.9, 11.3.7, 12.18, 
12.22, 12.23, 14.8 

8  22, 8.23 
88, 8.9, 8.27, 8.29, 8.30, 8.31, 9.24, 10.11, 10.12, 10.14, 
12.15, 12.16, 12.17, 12.18, 12.25, 13.4, 13.9, 13.10, 13.11, 
13.12 

Servo Systems 8  8, 8.9, 9.24, 9.25, 9.26, 9.30, 9.32, 9.40, 10.3, 10.5, 10.8, 
10.9, all of Chapter 12, 14.8 

Shift Registers 8  22, 8.23 

Squib Firing 4  16, 4.41, 8.11, 8.24 

Static Relays, Contactors 4  18, 4.24, 5.12, 5.14, 7.5, 7.6, 8.1, 8.2, 8.3, 8.4, 8.5, 8.6, 
8.7, 8.8, 8.11, 8.13, 8.14, 8.17, 8.19, 8.20, 8.21, 8.24, 8.25, 
8.26, 8.27, 8.30, 13.4, 13.8, 13.11 

Temperature Controls 4  38, 7.10, 8.8, 8.9, 8.28, 8.29, 9.17, 9.24, 10.11, 10.12, 
12.15, 12.16, 12.17, 12.25 

Thyratron Replacement 4  41, 8.31 
Triggering Circuits 4  16, 4.18, 4.19, 4.20, 4.21, 4.22, 4.23, 4.24, 4.27, 4.30, 4.37, 

4.38, 4.39, 4.40, 4.41, 6.12, 6.13, 6.14, 7.5, 7.6, 7.9, 7.8, 
7.10, 8.1, 8.4, 8.5, 8.6, 8.7, 8.8, 8.11, 8.18, 8.24, 8.27, 8.28, 
8.31, 9.8, 9.10, 9.12, 9.13, 9.14, 9.15, 9.17, 9.25, 9.26, 9.31, 
9.32, 9.35, 9.38, 9.39, 10.1, 10.11, 10.14, 11.2.12, 12.15, 
12.17, 12.23, 13.5, 13.6, 16.7 

Timing Circuits 4  27, 8.5, 8.11, 8.20, 8.21, 8.24, 8.25, 8.26, 13.10 

Transient Voltage Protection 8.15, 8.16, 8.19, 9.5, 9.6, 15.9, 15.13, 15.14, 15.15, 16.2, 
16.3 

Ultrasonic Generators 55, 5.6, 11.2.1, 11.4.1 

Overcurrent Protection 

Phase Detector 

Phase Controls 

Photoelectric Circuits 

Power Supplies 

Protective Circuits 

Pulse Modulators 

Regulated Power Supplies 

Ring Counters 

Sensor Amplification 
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INDEX 
AC amplifier, 16 
AC control, 173 
AC latching, 146 
AC line commutation, 103 
AC line voltage compensation, 195 
AC switch, 81, 143, 146 
AC time delay, 148 
Adjustable gain phase control, 191 
Alloy diffused structures, 2 
Alpha analysis of SCR operation, 7 
Altitude derating, 359 
Ambient temperature, 26 
Analogy, two transistor, 7 
Analysis of phase control, 174 
Anode characteristics, 52 
Anode current oscillation, 403 
Assemblies, 140, 343, 397 
Assymetric triggering, 404 
Auxiliary SCR commutation, 97, 98 
Avalanche breakdown, 8 
Average current, 

definition, 371 
measurement, 381 
rating, 33 

Average forward voltage drop, 
measurement, 388 

Back EMF, 209 
Back-to-back SCR's, 143 
Back-up plates, 4 
Battery charger, 152 
Belleville washer, 345 
Beryllium oxide, mounting, 353, 353 
Bidirectional thyristors, definition, 1 
Bilateral trigger diode (diac), 81 
Blocking current, 25 
Blocking loss, 28 
Blocking oscillator, 85 
Blocking voltage, 45, 383 
Bode plot, 269 
Bootstrap capacitor, 338 
Breakover voltage, forward, 46 
Bridge, AC switch, 146 

Capacitor, 324 
commutation, 104, 105 
for series operation, 108, 112 
inverter, 104 
0, 104 

Carrier control, 194 
Case-contact thermal resistance, 346 
Case temperature, 26, 364 
Catastrophic failures, 369 
Characteristics, 27 
Charger, regulator, 52 
Choppers, 225 
Circuit breaker, 156, 245, 302, 311 
Circuit turn-off time, 91 
Circuit voltage, measurement of, 400 
Characteristics, 27 
Clamp, spring, 349 
Classification, of commutation, 92 

of inverters, 225 

Clip-on radiator, 341 
Closed loop systems, 263 

analysis, 268 
equations, 266 
linear, 272 

Cluster SCR's, 130, 131, 132 
Commutation, 91, 154, 157, 161, 183 

auxiliary SCR, 97 
capacitors, 104 
classification, 92 
dv/dt, 136, 393 
forced, 92 
triac, 136 

Comparison of power semiconductors, 15 
Complementary SCR, definition, 9 
Conduction angle, 28 
Contact thermal resistance, 346 
Contactor, AC switch, 144 
Contaminants, internal, 377 
Continuous service, 311 
Controlled avalanche, 117, 327 
Control, proportional, 146, 149, 150 

temperature, 149, 167 
thermostat, 168 
touch, 169 

Cooling fin, 354 
Co-ordination of protection, 303, 310 
Correction factor, failure rate, 378 
Corrective networks, servo loop, 270 
Corrosion inhibitor, 344 
Cosine-modified ramp & pedestal, 192, 275, 

279, 283 
Counter, 161 
Creep, 345 
Crossover point, 128 
Crowbar, electronic, 158, 315, 330 
Current, interruption, 92 
Current limiting, 246, 303 
Current limiting circuit breaker, 156, 315 
Current limiting fuse, 306 
Current measurement, 400 
Current probe, 400 
Current ratings, 32, 33, 36, 174, 309 
Current regulator, 196, 283 
Current sensing, 156, 157, 158, 166 
Current spreading effects, 392 
Current unbalance, parallel SCR's, 122, 123 
Cycle-skipping, 186 
Cycling, temperature, 345 
Cycloconverters, 225, 255, 260 
Cycloinverter, 252 

Damped RF filter, 334 
Damping, 193, 326 
Damping resistors, 116 
DC control signal, 190 
DC gate tests, 385 
DC motor, 216, 321 
DC power supply, 199, 286 
DC switching, 143, 154, 167 
DC time delay, 163 
DC triggering, 62 
Decade counter, 161 
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Decoupling, U.IT, 338 
Delay time, 25, 66, 163 
Delta "Q", 113 
Derating effects, 378 
Derating parallel SCR's, 125, 126, 127 
Detection of voltage transients, 321 
Diac, 81, 140 

trigger circuit, 187 
Diffused pellet construction, 2 
di/ dt, 32, 40, 57, 63, 66, 402 
Duty cycle ratings, 43 
dv/dt, 8, 46, 56, 60, 92, 183, 337, 391, 404 

commutation, 136 
filter, 137 
suppression, 137, 183, 402 
testing, 391, 393 

Dynamic characteristics, 89 
Dynamic response, closed loop system, 267 
Dynamometer meters, 381 

Ebnol, 344 
Effective irradiance, 292 
Electroluminescent panel drive, 171 
Electrolytic capacitor, 324, 404 
Electromagnetic radiation, 292 
Electronic crowbar, 158, 315, 330 
Electronic flash, "slave," 299 
Emitter short, 53 
Encapsulation flaws, 377 
Energy, 43 
Epoxy mounting, 353 
Equivalent circuit, gate, 53 

thermal, 30 
External pulse commutation, 99, 102 

Failure, 301, 317, 376 
Failure rate, 368, 378 
Fast recovery diodes, 109, 324, 335 
Fatigue, 374 
Fault current, 156 

rating, 304; protection, 301 
Feedback control, 191 
Filter, 320, 324, 332 
Fin design, 355, 362 
Fin effectiveness, 355, 360 
First quadrant operation, triac, 13 
Flashers, 159, 160 
Flat base semiconductor, mounting, 348 
Flaws, structural, 376 
Flip-flop, 85, 154, 156, 160 
Forced commutation, 92 
Forced convection, 359 
Forced current sharing, parallel SCR's, 127 
Form factor, 34, 381 
Forward blocking current vs time, 371 
Forward blocking state, 7 
Forward breakover voltage, 23, 60, 374, 384 
Forward characteristics, 123 
Forward current, 22 
Forward grades, 126 
Free convection, 357 
Free wheeling diode, 145, 146, 184, 238, 

320 
Frequency octave, 269 

Full wave AC static switch, 145 
Full wave DC motor drive, 216 
Full wave phase control, 187 
Fuse, 245, 302, 306, 310, 314 

Galvanic action, 344 
Gamma radiation, 378 
Gate bias, 55 
Gate blocking, 303, 314 
Gate cathode capacitance, 57 
Gate cathode impedance, 55 
Gate cathode inductance, 57 
Gate cathode LC resonant circuit, 58 
Gate cathode resistance, 10 
Gate characteristics, 53, 373, 384, 385, 402 
Gate circuit damage, 55, 61 
Gate controlled switch, 16 
Gate current, 23 
Gate junction, 53 
Gate power, 24, 59, 62, 63 
Gate source impedance, 54 
Gate transients, 339 
Gate trigger current, 372, 384 
Gate triggering specifications, 62 
Gate trigger modes, triac, 135 
Gate turn-off switch, 16 
Gate voltage, 23, 24 

Half wave motor control, 210 
Half wave phase control, 185 
Hard solder, 4 
Harmonic attenuation, 248, 252 
Heater control, 168 
Heat sink, 39, 341, 344, 348, 355, 399 
Heat transfer coefficient, 355 
High frequency, cluster, 130 

inverter, 228 
ratings, 42, 43, 131 

High-gain trigger circuits, 189 
High impedance control circuit, 193 
High reliability, 311 
High temperature tests, 394 
High voltage triggering, 296 
History of SCR, iii 
Hobby Manual, iv 
Holding current, 12, 25, 52, 56, 57, 74, 

152, 373, 387 
Hole storage recovery, 320, 326 
Hot spot, 40 
Hot wire relay control, 281 
Hysteresis, on-off control, 277 

24, 35, 306 
mprovement factor, failure rate, 378 
ncoming inspection tests, 381 
ndirect feedback, 219 
nduction motor controls, 218, 222 
nductive loads, 183, 189, 196, 244, 319 
nhibitor, corrosion, 344 
nstability, closed loop systems, 267 
nsulated mounting, 352, 353, 354 
nteraction, 52, 55, 61, 337 
nterbase resistance, 75 
nterface thermal resistance, 346 
nverse-parallel SCR's, 143 
nverter capacitors, 104 
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Inverters, 225, 404 
Class A, 226, 228, 257 
Class B, 226, 258 
Class C, 226, 231, 258 
Class 0, 226, 237, 258 
Class E, 226, 259 
Class F, 226, 259 

Iron vane meters, 381 
Irradiance, 292 

to trigger, 23 
Irradiation, 378 
Isolated trigger, 144 
Isolation, 289 

Jones Chopper, 237 
Junction, 10, 26, 27 

Kit, mounting for Press Pak, 350, 351 

Lag-lead network, 271, 284 
Lambda, 368, 370 
Lamp inrush, 399 
Latching Current, 25, 49, 52, 57, 147 

154, 169, 387 
Leakage current, 382 
LASCR-see light activated 
Lead length, 341 
Lead mounted SCR's, 341 
Lead network, phase correction, 270 
Light activated SCR, 1, 9, 289 
Light activated silicon controlled switch, 

289 
Light control, 193, 284, 285 
Light detectors, high sensitivity, 299 
Light intensity, 291, 292 
Light interruption detector, 298 
Light sources and sensors, 

characteristics, 292 
Light triggering, series SCR's, 118 
Line commutation, 103 

disturbances, 318 
Linear ramp, 191 
Linearity domain, 272 
Linear phase-control, 189 
Load regulation, 230 
Load resonance, 93 
Load switching, 319 
Logic circuits, 297 
Lot tolerance percent defective, 368 
Low current SCR's, measurement, 383 
LTPD, 368 
Lubricant, thermal, 344, 346 
Lubrication of joint, 352 

Magnetic amplifier trigger circuit, 71 
Magnetic saturation effects, 404 
Magnetizing current, interruption, 318 
Matched SCR's, parallel operation, 126 
Materials, heat sink, 344 
Matrix test, 378 
McMurray Bedford inverter, 231 
Mean time between failures, 368 
Measurement, case temperature, 363 

current, 381 
reliability, 368 

transients, 321 
Mechanisms, failure, 376 
Mercury heater control, 168 
Metal fatigue, 374 
Meter, 321 
Mica insulation, 346 
Modes of failure, 376 
Monitor, temperature, 167 
Morgan chopper, 94 
Motor control, 209, 237, 263, 288 
Motor plugging, 244 
Motor starters, 222 
Mounting, flat base semiconductor, 348 

press-fit, 346 
printed circuit, 342 
stud SCR's, 345 

MTBF, 368, 378 
Multivibrator, 154 

Nanoampere sensing circuit, 166 
Natural convection, 357 
Negative feedback systems, advantages, 

265 
Negative gate bias, effect, 403 
Negative gate current, 13, 55, 57, 59, 386 
Negative resistance, 51, 73 

trigger, 66 
Neon lamp trigger, 82, 198, 215 
Neon tube driver, 170 
Neutron bombardment, 378 
Nixie tube driver, 170 
Nonrecurrent ratings, 32 
Notch network, 193, 271, 284 
Nuclear radiation, 378 
Nyquist criterion, 268 

Ohmic transducer pedestal control, 193 
One shot trigger, 151, 152 
On-off control, servo system, 276 
On-voltage, 23, 373 
Open loop systems, 263 
Operational amplifier, equation, 266 
Oscillation, 58, 267, 270 
Oscilloscope, 322 
Ott filter, 235, 248 
Overcurrent protection, 156, 157, 158, 

245, 301 
Overload ratings, 35, 304, 309 
Over-under temperature monitor, 167 
Overvoltage, 45, 121, 155, 158 
Oxides, removal of, heat sink, 344 

Packaged SCR assemblies, 397 
Paints, temperature sensitive, 364 
Parallel gate connection, 55 
Parallel-inverse, 143 
Parallel operation of SCR's, 122, 123, 129, 

307, 312 
Patents, ii 
Peak current rating, 43 
Peak forward voltage, 22, 45, 317 
Peak point voltage or current, 75 
Peak reverse voltage, 22, 318 
Peak-to-peak voltage, 382 
Percentile distributions, 371 
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PFV, 22, 45, 317 
Pellet encapsulation, 4 
Pellet fabrication, 2 
Phase balance, 200 
Phase control, 68, 140, 173, 274 

analysis, 174 
DC input, 190 
DC loads, 199 
inductive loads, 196 
linearity, 189 
symmetry, 196 
transfer characteristics, 190 

Phase shift, closed loop systems, 267 
trigger circuits, 70 

Phase symmetry, 200, 207 
Photocell control circuit, 193 
Photo transistors. 290, 299 
Pick up current, 49 
Pigtail, 129 
Pilot SCR, 131, 197, 198, 205 
Planar-passivation, 3 
Plastic packaging, 6 
Plating, heat sink, 344 
Plugging, 244 
P-M motor control, 213 
Polyphase applications, 200, 256 
Positive gate bias, 58, 64 
Power dissipation, 112 

forward loss, 28 
Power supply protection, 314 
Press-fit semiconductor mounting, 346, 348 
Press-Pak, 5, 349 
Pressure contacts, 5 
Production, 375 
Programmed control, 194 
Proportional control, 146, 149, 150, 274 
Protection of SCR's, 155, 156, 158, 245, 

301, 323 
Proximity switch, 169 
Pulse, commutation, 100 
Pulse modulator switch, 255, 260 
Pulse temperature calculation, 36 
Pulse transformers, 83, 118 
Pulse triggering, 64, 65, 73, 135, 384 

Q, capacitors, 104 
Quadrature current, 147 
Quality, 367 

Radiated RFI, 336 
Radiation, nuclear, 378 

thermal, 356 
Radiator, clip-on, 341 
Radio frequency interference, 146, 149 
Ramp and pedestal, 191, 221 
Ratcheting, thermal, 345 
Rate of rise, forward voltage, 46 

turn-on current, 40 
Rating, 27, 32, 42, 43, 131 
RC phase control, 69 
Reactive current, 244 
Recombination, 14 
Recovery, 91 
Recurrent ratings, 32 
Reduction, voltage transients, 323 

Redundancy, 311 
Regeneration, 51 
Regenerative load, 32 
Regulated output, 252, 260 
Regulating systems, 152, 263, 314 
Relaxation oscillators, 73 
Relay, 294 
Reliability, 367 
Remote-base transistor, 15, 55, 58, 170 
Remote control, 194 
Remote gate thyristor, 10 
Repetitive reverse voltage, 45 
Resistance-controlled pedestal, 191 
Resistance-controlled ramp, 189 
Resistance, lateral, 53 

thermal, 29 
Resistors, damping, 116 

gate current limiting, 143 
series operation, 108 

Reverse avalanche, gate, 53 
Reverse blocking triode thyristor, 1, 7 
Reverse current, 58, 328, 372 
Reverse power surge curve, 328 
Reverse recovery, 15, 26, 91, 112, 115, 

320, 325 
Reverse voltage rating, 12, 45, 
Reversing drive, 217, 222 
RFI, 228, 324, 331, 332 
Ring counter, 161 
Ripple voltage, 382 
Rise time, 25, 66 
RMS current, 34, 303, 381 
RMS values, AC phase control, 174 
Rotor resistance, 219 

Sample sizes, 370 
Saturable reactor, 44, 402 

trigger circuits, 71 
SBS, 1, 81, 317 
SCR assemblies, 397 
SCR capacitance effects, 8 
SCR, definition, v, 1 
SCR design trade-off's 397 
SCR selection check list, 398 
SCR stack assemblies, 343, 397 
SCS, 9 
Selenium, 326 
Self commutation, 93, 94 
Self protection, against transients, 317 
Semiconductor trigger-pulse generators, 73 
Sequential inverter, 254, 260 
Series motor, 210, 213 
Series operation, 107, 117, 313, 326 
Servo drive, reversing, 217 
Servo systems, 263-270 
Short circuits, 301 
Shorted emitter thyristor, 9 
Shunt motor control, 213 
Silicon bilateral switch, 1, 81, 317 
Silicon controlled switch, 298 
Silicon unilateral switch, 1, 80, 212, 298 
Sine wave output, 235, 248, 259 
Single shot, 297 
Slave triggering, 69, 117, 119, 148, 280 
Slow start, 194 
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Snap-off, 113, 336 
effect, 187 

Snubber circuit, 48, 324 
Soft solder construction, 6 
Soft start, 194, 284, 286 
Spark gap, 323 
Speed control, induction motor, 221 
Speed-torque curves, 219 
Spring clamp, 349 
Square-wave triggering, 197 
Stability, 267, 371 
Stabilizing servos, 272 
Starvation of SCR's 160 
State of the art thyristors, 397 
Static switch, 68, 72, 137, 143, 154 
Step-down transformer, 320 
Storage temperature, 26 
Stud type SCR's, mounting, 345 
Suppression of voltage transients, 48 
Surface finishes, 357 
Surface preparation, heat sink, 344 
Surface protection, 375 
Surge current, 24, 35, 128 
Surge resistor, 324 
Surge voltage suppressor, 326 
SUS, 1, 80, 212, 298 
Switch, effect of contact bounce, 404 
Switches, 68, 143, 154, 324 
Switching, 42, 51 

zero voltage, 146, 149 
Switching time, 74 
Switching transients, 318 
Swivel mounting clamp, 350 
Symbols, 20 
Symmetrical AC amplifiers, 16 
Symmetrical transistor, 171 
Symmetry, phase-control, 196 
Synchronization, UJT, 79 
Synchronous switching, 146, 149 
Synthesis of wave form, 250 

Tab, heat sink, 341, 342 
Tachometer, 194, 221 
Tape mounting, 354 
Tapped hole heat sink, 345 
Temperature coefficient, delta "Q," 115 

U.IT, 76 
Temperature control, 149, 150, 167, 193, 

220, 278, 280, 287 
Temperature Cycling, 345 
Temperature derating, 58 
Temperature effects, 9 
Temperature, junction, 27, 29 
Temperature measurement, 363, 403 
Terminology, 19 
Test circuits, 381 
Test equipment, commercial vendors, 395 
Theory of Operation, 1 
Therma capacity, 29, 39 
Therma conductivity, 362 
Therma fatigue, 4, 398 
Therma impedance, 29, 39 
Therma lubricant, 344, 346 
Therma paths, 124 
Therma properties of materials, 362 

Thermal ratcheting, 345 
Thermal resistance, 26, 29, 125 
Thermal stability, 374 
Thermal units, 355 
Thermistor control circuit, 193 
Thermocouple placement, 364 
Three-phase control, 200 
Thyratron replacement, 169 
Thyrector, 326 
Thyristor, characteristics, 27, 51 

classification, 1 
comparison with other devices, 15 
construction, 1 
description, v, 1 
design trade-offs, 397 
selection, 397 
test circuits, 381 
triggering, 51, 403 

Time constant, rate of rise of forward 
voltage, 48 

Time delay, 148, 163 
Time ratio control, 237, 274 
T & M current probe, 401 
Tone-signal control, 194 
Transfer characteristics, phase control, 190 
Transformer, 196, 307 

polarization effects, 404 
saturation effects, 404 
switching, 318 

Transients, 317, 338 
Transient suppression, 155, 158, 317 
Transient thermal impedance, 26, 31 
Transient voltage, 317 
Transient voltage indicator, 322 
Transistor action in SCR, 9 
Transistor controlled pedestal, 191 

ramp, 190 
Transistor curve tracer, 395 
Transistor equivalent of SCR, 51 
Transistor remote base operation, 15 
Transistor trigger circuits, 85 
Transport lag, 277 
Triac, 14, 330, 393 

latching, 147 
measurement, 383 
parallel operation, 122 
phase control, 187 
series operation, 107 
theory, 9, 14 

Triac assemblies, 140 
Trigger circuits, 67, 119, 120, 144, 

185, 262 
Triggering, 51, 117, 129, 329 
Trigger pulse, 122 
Torque wrenches, 345 
Tunnel diode sensing, 157 
Turn-off current gain, 16 
Turn-off mechanism, 14 
Turn-off methods, 91 
Turn-off time, 25, 89, 91, 154, 158, 

183, 341, 390 
Turn-on, 8, 25, 42, 66, 392 
Turn-on current limit, 41, 132 

Ultrasonic inverter, 231 

512 



INDEX 

Unbalance, current, parallel SCR's, 122 
Unijunction transistor, 75, 140, 189, 278, 

297 
Unit Slope, 270 
Universal motor control, 210 
Unmatched SCR's, parallel operation, 123 

Vehicle motor controller, 237 
Vise-mounting, press fit device, 347 
Voltage-current characteristics, 12, 27, 13 
Voltage ratings, 45, 317 
Voltage regulator, 195, 282, 314 

Voltage transients, 45, 317, 398 
Voltage, turn on characteristic, 42 

Washer, Belleville, 345 
Wavelength of light, 292 
Waxes, temperature sensitive, 364 
Workmanship, 375 
Wrenches, torque, 345 

Zero voltage switching, 146, 149, 280, 335 
on-off control, 277 
proportional, 274, 276 

513 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



NOTES 



I 



SEMICONDUCTOR PRODUCTS DEPARTMENT 1 

GENERAL ELECTRIC t. 
ELECTRONICS PARK • SYRACUSE 1, N. Y. 

(In Canada, Canadian General EleU.ic Company, Ltd., Toronto, Ont. 
Outside the U.S A. and Canada, by: Electronic Component Sales, 
I.G.E. Export Division, 159 Madison Avenue, New York. N.. Y. 10016) 

ETR-3875A 84C M PRINTED IN U.S.A. 


