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Foreword

Each technical advance in the field of electronics, and par-
ticularly semiconductors, brings with it an obvious need
for thorough and accurate information on the subject.
To be sure, the strides in the semiconductor field in the
past few years have been both great and numerous. In the
field of rectifiers, significant achievements have been re-
corded at a startling rate. It is the purpose of this hand-
book to place in the hands of the design engineer useful,
practical information on the application and protection
of semiconductor rectifiers.

As each new development appeared, the engineering staff
of International Rectifier Corporation has prepared arti-
cles of a basic nature to provide a successful foundation
for the use of the device. Many of the articles were writ-
ten for and appeared in the leading technical journals of
the industry. Full credit is given elsewhere in this book
to both the authors and the publications.

We hope that by transmitting the information in this
compact manner, we will provide the solution to many
of your application problems.

J. T. Cararpo
Executive Editor
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First Principles of

Semiconductors

by Dr. C. A. Escoffery, BCE, PhD
International Rectifier Corporation
Member APS, ES, Sigma Xi

The reader is introduced to some of the
main points of semiconductor phenom-
ena. Concepts of wave properties of
electrons, discrete energy levels, free
electrons in metals, and band theory of
solids, show how semiconductors differ
from metals and insulators. This is
followed by a discussion of doping to
create impurity conduction (n and p
type), and of the relationship of con-
ductivity to carrier concentration, life-
time, and mobility.

On the basis of electrical conductivity,
solids can be broadly classified into
metals, semiconductors, and insulators.
Because of the rapidly growing prom-
inence of semiconductors in electronic
technology, the average engineer has
become interested in acquiring a greater
understanding of semiconductors but
his efforts are hampered by the esoteric
language of the pﬁysicist. It is hoped
that this article may be of aid by
presenting a brief review of some of
the main points of semiconductor
phenomena.

However, in order to obtain a reason-
ably clear picture of semiconductors, it
is necessary to invade the field of solid-
state physics and become partially
acquainted with the band theory of
solids. To do so, a review of some of
the present-day concepts of the behavior
of electrons, first in individual atoms,
then in metals, and finally in semicon-
ductors, must be undertaken.

Wave Properties of Electrons
In dealing with matter of very small
dimensions such as atoms, electrons,

and protons, modern physics makes it
possible and even desirable to consider
them as wave motion rather than as
particles. Electrons can, in fact, be
diffracted (scattered in definitely de-
termined directions) by passing them
through thin crystals.

The “wave length” of a moving elec-
tron is related to its mass and velocity
by the De Broglie equation

h

A=
myv

(1
where 4 is a very important constant
of proportionality known as Planck’s
constant. Thus, for instance, the wave
length of an electron with one volt of
kinetic energy (traveling at a speed of
114 million miles per hour) would be
about 12 X 10—8 c¢m. This is of the
same order of magnitude as the spacing
between atoms in a crystal, and explains
why electrons can be diffracted.

Since electrons can be considered as
(mathematical) waves, many of the
equations involved in their treatment
resemble those used in describing
familiar examples of wave motion such
as vibrating strings and oscillating
electrical circuits.

Now, it is necessary to define discrete
energies. A system that can have any
frequency of oscillation, such as a
spinning wheel, can have any value of
energy. But if only certain frequencies
are permitted, as in the case of a violin
string fastened at both ends, then only
certain definite, discrete energies are
permitted. In the case of the vibrating
string, the permitted frequencies are,

7



of course, the familiar overtones or
harmonics.

The same considerations apply to
electrons in an atom. Only certain
energy overtones or energy levels are
permitted because, like the violin string,
the electrons are tied down. The math-
ematician would say they are subject
to boundary conditions.

Electrons in Metals

From chemistry it is learned that only
the outermost electrons in an atom
determine its chemical valence. In dis-
cussing the conductivity of solids, only
these electrons are considered ‘‘free,”
the rest being bound rather strongly
to the nucleus. Only the “free” valence
electrons are capable of conducting an
electric current and, therefore, only
valence electrons shall be considered
from now on.

In order to study the behavior of these
electrons in a metal, matters must first
be simplified by considering these elec-
trons as being confined to a potential
field like that in Fig. 1. Here O, the
potential energy of the electrons outside
of the metal, is arbitrarily chosen as
zero for convenience; inside of the
metal, the potential energy A is con-
stant. Because electrons do not ordi-
natily escape from a metal, they must
have a lower (more negative) energy
inside than outside. In this simplified

VACANT
LEVELS

QUTSIDE OUTSIOE

INSIDE

A A

Fig. 1. Potential box of a metal.

model, the electrons move in the field,
which is regarded as constant and equal
to zero outside of the metal, and con-
stant and equal to A within.

As in the violin string and in the
individual atom, so too in Fig. 1 the
“boundaty restrictions” give rise to a
discrete energy spectrum. But now there
is a difference: due to the very large
number of atoms, we find a very large
number of energy levels, all very close
together, giving rise to what is known
as a quasicontinuous spectrum, as indi-
cated schematically in Fig. 2(A).

In Fig. 2, the occupied levels are indi-
cated by heavy horizontal lines, where-
as the empty levels are indicated by
light lines.

An examination of Fig. 2(A) reveals
that there is a sharp transition between
the filled and the vacant levels and,
furthermore, that even at the absolute
zero of temperature the electrons are
distributed over a very wide range of
energy. The reason for the latter follows

FERMI LEVEL

FILLED
LEVELS

ENERGY —=

ENERGY —&=

X COORDINATE —*=
(a)

ABSOLUTE ZERO

N(E)—™

ABSOLUTE ZERO

ENERGY —=|

N(E) —™

(c)

HIGH TEMPERATURE

Fig. 2. (A) Schematic of electron energy levels in a metal with the
potential field of Fig. 1. In (B) and (C), the number of electronic
states for each energy interval shown for two different temperatures.
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Fig. 3. Periodic potential field in a crystalline solid. The circled crosses represent atoms.

from what is known as the Pauli ex-
clusion principle, which states that only
one electron can be in a given energy
state at one time. Two electrons can
occupy a given energy level but they
must have opposite spins.

Once an energy level is filled by a pair
of electrons (with opposite spins),
additional electrons must go to higher
levels. The value of energy OF is called
the work function of the metal, and it
expresses the energy needed to liberate
an electron from the metal.

If the number of allowed energy levels
in each energy interval in Fig. 2(A) is
plotted, the type of energy distribution
shown in Figs. 2(B) and 2(C) is ob-
tained. At absolute zero, the maximum
electronic energy level is called the
Fermi level; at higher temperatures,
some electrons can have higher energies
than the Fermi level, as shown in
Fig. 2(C).

In order for an electron to conduct a
current, it must be accelerated; that is,
its energy must be increased. In the
absence of an applied field, there is no
net drift of electrons and, hence, no
observable current even though some
electrons are moving about with veloci-
ties as high as 250,000 miles per hour.
By means of considerations such as
outlined in this section, the conductivity
of a metal can be expressed by an
equation relating it directly to its elec-
tronic mean free path. Since the mean
free path decreases as the temperature
is raised (due to scattering of the elec-
tron waves by increasing lattice im-
perfections), the conductivity of a
metal decreases with increase in tem-
perature, as is actually observed in
practice,

Band Theory of Solids

Thus far, in considering the movement
of the valence electrons in a metal it
was assumed that they move in a uni-
form electrostatic field within the crys-
tal (Fig. 1). In effect, this is only an
approximation. It is known that the
atoms in a crystal are arranged in a
regular array, and because of the con-
centration of a positive charge in the
nucleus, the electric field would be
expected to vary and to be strongest in
the immediate vicinity of the atoms, as
indicated schematically in Fig. 3.

Furthermore, inasmuch as the electrons
have wave properties, the electron waves
would be expected to interact with the
crystal’s varying electric field and to be
diffracted by the lattice atoms just like
X rays are diffracted. Therefore, elec-
trons with certain critical velocities and
directions would be reflected, with the
result that the corresponding energy
states would not exist. It will be seen
shortly that these nonexistent energy
states give rise to what is known as
forbidden energy regions as shown in
Fig. 5(B).

In the case of a free electron moving
in a uniform field, the energy is given
by the familiar relationship

2
E— L”-z”— (2)
whence, by substitution of the value of

v from equation 1

(3)

If X is replaced by a reciprocal quan-
tity #, called the wave number, and
then the relationship between E and
£ is plotted, the energy values fall on

9



E(K)

o K ——a—
Fig. 4. (Left) Energy of a perfectly free
electron moving in a uniformly constant
force field as a function of wave num-
ber k.

a parabola, as shown in Fig. 4. This
cotresponds to the case of a perfectly
free electron.

However, when the field in which the
electrons move varies from one point
to another (Fig. 3), the results corre-
spond somewhat to those shown in
Fig. 5(A), which is drawn for the one-
dimensional case of electrons traveling
in the same crystallographic direction.
Wave numbers can be assigned for dif-
ferent crystallographic directions. Be-
cause the crystal periodicity may be

differentin different directions, the
forbidden gaps in Fig. 5(A) may
occur at different values of 4. This
may lead to overlapping bands as indi-
cated in Fig. 6(B).

The significant aspect of Fig. 5(A)
is that the allowed electronic energy
fevels lie on a parabolic curve except
for certain regions (forbidden regions)
where, because of diffraction effects,
these energy values do not exist. Fig. 5
(B) schematically indicates how the
allowed energy values of Fig. 5(A) fall
into “bands” with energy gaps between
them, whereas Fig. 5(C) illustrates the
distribution of the energy bands within
the so-called reduced zone. The quan-
tity « is one of the dimensions of the
unit cell crystal.

It must be emphasized that within the
allowed bands the energy levels are
so close together as to be almost con-
tinuous. Nevertheless, they are still
separate (discrete) and must conform
to the Pauli exclusion principle which
determines how many electrons can
occupy each energy state.

Band enetgy diagrams are very useful
for they allow explanation of the

E(K)
)
E(K)
\ y
CONDUCTION
BAND
VALENCE
FULL BAND /
FORBIODEN REGION
3F2F-Io T 233 I
Tgra e E - of K=
15t BRILLOUIN
ZIONE TI
2nd BRILLOUIN
ZONE
3ed BRILLOUIN ZONE
(A) (C)

Fig. 5. (Right) (A) Energy of an electron as a function of wave number for the peri-
odically varying field of Fig. 3. The gaps in the energy curve give rise to forbidden
energy regions which are indicated schematically in (B). By translation of the energy
curves into the first zone (C) is obtained from (A).
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difference between metals and insula-
tors. Thus, as shown in Fig. 6(A), the
energy gap between the highest (full)
band and the next higher (empty)
band in insulators is so large that the
electrons cannot be accelerated across
the forbidden region. In the case of
metals, the bands either overlap as in
Fig. 6(B) with essentially no forbidden
regions, or else the valence band is only
half filled as shown in Fig. 6(C).

1t should be noted that the energy con-
tours near the center of Fig. 5(C) are
circular. In a three-dimensional plot
they would be spherical. In practice,
however, it is found that the minimum
energy states are not always spherical
and do not always occur at the center
of the reduced zone. Recent experi-
mental and theoretical studies? for in-
stance, indicate that the energy bands
for germanium and for silicon are
somewhat like that shown in Fig. 7,
and it is probable that the energy band
structure of many other semiconductors
also is quite complicated.#s The con-
duction bands in Fig. 7 exhibit several

Fig. 7. Schematic diagrams of the energy
band structures at room temperature for
germanium and for silicon along the 111
and 100 axes.
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Fig. 6. Energy
levcl diagrams for
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©

minima (which are ellipsoidal rather
than spherical), depending on the di-
rection of the wave number 4. The
arrows VT and NVT indicate a vertical
and a nonvertical transition. In the
former, the wave number (momentum)
remains constant; the energy gap, how-
ever, is the smallest energy distance
between bands, as indicated by the non-
vertical transition.

There is another way of viewing the
energy band picture—when the indi-
vidual atoms (with their permissible
discrete energy levels) are brought to-
gether to form a solid, each allowed
energy level broadens out in a series of
levels, so numerous and close together
that they are practically continuous
within each band. This broadening is
due to interaction of the atoms with
each other as they come closer together.
A similar situation occurs in other me-
chanical systems (e.g., in coupled oscil-
lators), where the amount of interaction
is related to the amount of coupling.
Thus, the resonant peaks of inductively
coupled tuned circuits are found to

}E&’,:losw

VALENCE
BANDS

'
tb} SILICON

(1) Axis [100] Ax1S

[+]

REDUCED WAVE VECTOR K
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Fig. 8. Broadening of electron energy
levels into bands as the atoms of carbon
are brought closer together to form the
crystal lattice of diamond.”

broaden with increased coupling, giving
rise to the well-known double hump
above a certain value of the coupling
coefficient.6 Fig. 8 shows how the dis-
crete electronic energy levels (far right-
hand side) broaden, overlap, and then
split apart to form a low-lying band
separated from higher bands by a large
energy gap. Dashed line shows separa-
tion at the actual atomic spacing.?

For this discussion, the most important
factor is the existence and magnitude
of the energy gap between the valence
and conduction bands. If the gap is
large and the valence band is filled,
conduction will not be observed. In
metals, the bands usually overlap and
the electrons in the valence band can
easily be raised to higher, empty levels
by the application of an electric field.

Impurity Levels

It is now easier to understand how the
electrical properties of semiconductors
are explained in terms of their energy

Fig. 9. Electronic en-
ergy diagrams for
semiconductors, Cir-
cles represent posi-

bands. If the energy gap is small
enough, as seen in Fig. 6(A), so that
electrons can be excited thermally from
the lower filled valence band to the
upper empty conduction band, an in-
trinsic semiconductor exists.

Now, when an electron moves into the
higher band (energetically speaking),
not only can this electron carry a
current, but so can the vacancy left be-
hind in the valence band as shown in
Fig. 9(A). This vacancy, which acts
like a positive electronic charge, is
called a defect electron, a positive hole
or, more simply, a hole. The concept
of conduction by holes is basic to the
modern theories of semiconductors.

In most semiconductors, however, the
value of the energy gap is too large for
intrinsic conduction to take place at
room temperature, and the observed
conductivities are explained on the basis
of what is known as impurity conduc-
tion. According to this view, impure
(or extrinsic) semiconductors owe their
conductivity to the presence of addi-
tional discrete energy levels located
within the forbidden energy region.
When the impurity levels lie close to
the top of the (full) valence band as
shown in Fig. 9(B), they are able to
accept electrons from the valence band
and, therefore, are called acceptor
levels. In this case, the semiconductor
is said to be p-type, because most of
the current is carried by positive holes.
The holes left behind in the valence
band are free to move. The electrons
that moved up into the acceptor levels
do not, as a rule, conduct because these
levels are localized and not distributed
continuously throughout the crystal.

On the other hand, when the impurity
levels lie close to the bottom of the
(empty) conduction band shown in

— DONOR
LEVELS

tive holes and dots ACCEPTOR
represent electrons. FILLED o = CLEVELS
4 oo I

ELECTRONIC ENERGY —

(a) INTRINSIC
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Fig. 9(C), they will donate electrons
to the conduction band wherein they
will be free to move. The impurity
levels are here called donor levels and
the semiconductor is termed n-type be-
cause most of the current is carried by
negative charges.

We thus distinguish two types of semi-
conductors, p and n type, respectively.
To illustrate how n and p type semi-
conductors can be prepared by suitable
doping, consider germanium and sili-
con, two widely used elements from the
fourth group of the periodic table of
the elements.

These elements have a chemical valency
of four due to their four valence elec-
trons, and their atoms tend to join to-
gether by means of “covalent” bonds.
In every covalent bond, two electrons
are found equally shared by the two
atoms. Inasmuch as the covalent bond
is very stable, the electrons are not free
to conduct and, therefore, under normal
conditions the electrical conductivity
will be low. (As the temperature is
increased, however, the conductivity in-
creases because electrons and holes are
produced in equal numbers whenever
a bond breaks.)

If additional electrons are now intro-
duced into the crystal lattice by adding
elements from Group V (such as ar-
senic or phosphorus), the additional
energy levels will be located some-
what like those shown in Fig. 9(C)

t0°
§ w0’}
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Z 40!
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Fig. 10, Variation of mobility with temp-
erature for two samples of germanium.
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Fig. 11. Density of charge carriers versus
temperatures for the same germanium
samples of Fig. 10. The dashed line indi-
cates the density of intrinsic carriers.

Greatly enhanced conductivity will be
observed because the energy difference
between the donor levels and the con-
duction band is relatively small, of the
order. of 0.01 electron-volts for ger-
manium and of 0.05 for silicon.® These
values are small when compared with
the room temperature energy gap values
of approximately 0.065 for germanium
and 1.08 for silicon given in Table I
The additional electrons come from the
donor atoms. Thus, when an arsenic
atom is substituted for one of germa-
nium, there is an electron left over
which can contribute to the conductivity
to an extent dependent on how firmly
attached it is to the arsenic atom.

Similar consideration applies to the prep-
aration of p-type germanium or stlicon
by doping with Group III elements,
such as boron or aluminum. These
atoms, which have only three valence
electrons, will create holes (lack of
electrons) in the valence band, introduc-
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ing acceptor levels within the forbidden
region, as indicated in Fig. 9(B).
When the concentration of impurities
in the semiconductor becomes very
large, we find the semiconductor be-
coming metallic in character. It is then
said to be degenerate. Under such con-
ditions, the number of charge carriers
is practically independent of tempera-
ture as indicated in Fig. 11.

Recombination, Lifetime and
Minority Carriers

As discussed in connection with Fig. 9,
carriers are created by either intrinsic
or extrinsic excitation. But at the same
time that carriers are being generated
(through absorption of radiation or by
injection through a suitable contact, as
in a transistor), they also are being
destroyed through recombination.
Under conditions of equilibrium, the
rates of generation and of recombina-
tion are equal, and the number of
charge carriers will be given in equa-
tion 5.

~a——— TEMPERATURE IN DEGREES K
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8

S
[ Sop—— ———

G

o
T

CONDUCTIVITY IN (OHM -CMi*} —

0.0}

0.001

A
[} 0.05
1)

T (°K)

Fig. 12. Conductivity versus temperature
for the same two germanium samples of
Figs. 10 and 11,
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It has been found that these generation
and recombination rates are related to
the so-called mean lifetime of the mi-
nority catriers, For our purpose, the
latter can be considered as the average
length of time that the minority cartier
exists between generation and recom-
bination. Lifetimes in semiconductors
depend on the state of perfection and
of the purity of the crystal. Values as
high as 0.001 to 0.01 seconds have been
obtained in high purity germanium;
the values in silicon and in other semi-
conductors are lower.

Although direct recombination of
holes and electrons has been observed
in germanium and in silicon, the most
important recombinations processes in
most semiconductors appear to be those
occurring at the surface and in the
bulk by means of recombination centers,
or energy levels within the forbidden
region. These centers may consist of
lattice imperfections, vacant lattice sites,
interstitial atoms, and impurities. In
many cases, a carrier that has dropped
into such an intermediate energy level
will be thermally re-excited and released
before it recombines with a carrier of
opposite sign. In such cases, the re-
combination center is often called a trap.

Conductivity, Mobility, and

Concentration

The electrical conductivity of a semi-
conductor is determined both by the
number of mobile charge carriers and
the facility with which these carriers
move under an applied field. The lattet
property is called the mobility and is
defined as the drift velocity per unit
field.

The actual expression for conductivity,
o, is given by

(4)

whete # and p ate the electron and hole
concentrations, e is the electronic
charge, and p, and p, are the electron
and hole mobilities, respectively.

From equation 4 one can see that in
order for the conductivity to increase
with temperature, the product of con-
centration and mobility must increase.

0= on+ 0p = nepnt+ Peuy



In practice, it is found that the conduc-
tivity at first tends to increase with rise
in temperature, and then at higher tem-
peratures it tends to decrease (illus-
trated by the sample labelled "pure”
in Fig. 12).

The variation in mobility with temper-
ature for two samples of #-type ger-
manium is shown in Fig. 10, while the
temperature variation of the carrier
concentration for the same two samples
is shown in Fig. 11. The sample marked
"pure”’ contained less than 1013 charge
carriers per cm? at room temperature, or
about one conduction electron for every

Fig. 12 illustrates how the conductivity
varies with temperature, for the same
two samples of Figs. 10 and 11. Be-
cause the number of carriers and the
mobility are relatively constant for the
impure sample, the conductivity is also
a constant as a function of temperature.

With respect to the concentration of
electrons and holes at any given tem-
perature, equation 5 states that the prod-
uct of these two quantities is a constant,
regardless of the purity of the semi-
conductor:

514 billion germanium atoms! The . —E,
other sample was highly doped with  pn = n; = constant T3 | €Xp ( LT
arsenic 10 to about 8 x 108 carriers per
cm.3 (5)
TABLE 1. ENERGY GAPS AND MOBILITIES IN SEMICONDUCTORS
AT ROOM TEMPERATURE
E /"n’
electron volts em? per volt d
08  ........ 1200
85  ........ 3900
09 ...l ~ 2000°
1 . -
. 830
. 220
. 210
. ~ 100
. " 600
. 600
.2 1175
X 1200
2.2 -
X 530
. 320
0.8 —
. 3400
. 30000
. 77000
aP . -
GaAs vvvvninnninns 1.3 4000
GaSb ool 0.7 4000
AlSb 1.8 1200
CulnSa 1.2 -
AglInSe: 1.18 —
CulnSez 0.92 300
AgInTe: 0.96 -
CulnTez 0.95 -
CuFeS; 0.53 -
©® At 0 degrees centigrade
t At O degrees Kelvin




where p and # are the hole and electron
concentrations, #; the intrinsic concen-
tration, T the absolute temperature, 2
Boltzmann's constant, and E, the ther-
mal energy gap of the forbidden region.
The cubed term indicates why the num-
ber of carriers increases so rapidly with
temperature.

The conductivity of a semiconductor is
given in equation 4. By means of sepa-
rate measurements of the conductivity
and of the mobilities one obtains values

for the concentrations # and p. In most
semiconductors, the electron mobility
is greater than the hole mobility. Some
typical values for a2 number of semi-
conductors are given in Table I. The
very high electron mobility of indium
antimonide, in particular, leads to pro-
nounced magnetic effects and a numbet
of technological applications have
already been proposed for this mate-
rial.1L,12
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Arc Suppression with
Semiconductor Devices

by F. W. Parrish, BEE
Chief Engineer, International Rectifier Corporation
Member AIEE, NACE

Contact protection circuit design using germanium or selenium
rectifiers reduces contact erosion from inductive kickback
voltage. Design procedure is given together with curves from
which unknowns may be derived to specify the rating of the

rectifier.

Wherever electric power to inductive
devices must be controlled by contacts
which initiate and interrupt the flow
of current, the problem of protecting
the contacts from erosion becomes
important. This protection is more
important in d-c circuits, although it
is often necessary in a-c circuits, and
commands greater attention at higher
supply voltages.

When the switch in the inductive
circuit illustrated in Fig. 1 is opened,
the magnetic field in the coil coflapses
and a voltage is generated equal to
L di/dt, where L = coil inductance
and 4i/dt — time rate of change of
decay current. This voltage is fre-
quently many times the supply voltage,
enough to maintain an arc across the
contacts. The arc may be a glow dis-
charge, or even a small metallic bridge
which becomes hot enough to vaporize
a small portion of the contact metal.
Repeated arcing causes erosion, pitting,
and general deterioration of the con-
tacts and results in high contact resist-
ance and increased maintenance.

Several methods of contact protection
have been employed with varying
results. These methods have used
various components such as arc blow-
out coils, permanent magnets, fixed
resistors, capacitors and semiconductor
devices. Semiconductor devices have
proved to be most effective and are

Fig. 1. Inductive circuit requiring
arc suppression.
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Fig. 2. Three workable arc sup-
pressor circuits,
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able to overcome some of the inherent
disadvantages of other methods as
noted below:

1. Blow-out coils or magnets, while
reducing arcing, tend to increase the
voltage generated by the coils, some-
times to values that will puncture the
coil or circuit insulation. Semiconduc-
tors both reduce the arcing and control
peak voltages.

2. Fixed resistors can reduce the atcing
and control coil peak voltages, but
consume power while the coil is ener-
gized and sometimes increase drop-out
time excessively.

3. Capacitors also provide arc reduc-
tion, but sometimes draw excessive
charging currents (causing contact
heating) and may also increase drop-
out ‘time,

Proper design and application of semi-
conductor arc suppressors can minimize
or eliminate the above disadvantages,
and may be applied to many types of
magnetic devices.

To obtain maximum contact protection
concurrent with optimum circuit oper-
ation, it is necessary to select the proper
suppressor circuit (See Fig. 2) and to
specify the proper type and rating of
the semi-conductor device. The choice
of the most suitable circuit usually is
governed by the following three circuit
conditions, any one of which may as-
sume the determining role under various
modes of operation: (1) supply volt-
age, (2) maximum permissible induced
voltage, and (3) maximum allowable
time delay in de-energizing the coil.

On many magnetic loads such as lifting
magnets, magnetizer coils; large con-
tactors, or motor fields, the time delay
in voltage decay is of minor or no
importance. Here items 1 or 2 above
will be the controlling factor, and the
circuit Fig. 2a will usually be used,
with an alternate choice of Fig. 2b.
In other applications, such as magnetic
brakes or high-speed relays, time delay
becomes of prime importance, and the
circuit of either Fig. 2b or 2c will be
prescribed to minimize the delay in
voltage decay. On all a-c circuits, the
suppressor arrangement of Fig. 2c is
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necessary, since the suppressor must
block voltages of both polarities. In
some applications, a delay in drop-out
time of a relay or contactor may be
an advantage. The duration of this
delay can be controlled by selecting the
correct suppressor, or made adjustable
by the circuit of Fig. 2b with a variable
resistor.

Design Procedure

To design a semiconductor suppressor
for a specific magnetic circuit, the fol-
lowing parameters must be known or
determined by measurement.

Supply voltage E

Steady-state coil I
current

R = EI
Coil inductance L (in millihenrys)
inductance L/Ry (from tests &

Coil resistance

or Ratio

resistance  chart Fig, 6)
Supp{essor Rs — resistance of
resistance

suppressor plus
added series
resistance if any

Total circuit

, R=RiL+Rs
resistance

4E

w
m

Induced voltoge, V
n
m

Decay time, ¢

Fig. 3. Induced voltage and decay time
for typical magnetic circuit.



Max. allowable
induced voltage

Max. or min.

Vo

t(if important)

decay time
Relay drop-out E, (if drop-out time
voltage is important)
Decay voltage V (at time # after

contacts open)

The voltage induced in the coil after
the contacts are open decays along an
exponential curve similar to those of

Fig. 3, and may be expressed by:

at time of opening contact
-t

t:O,sL/RzlandI:Ei

Ry
therefore the peak induced voltage

Rs
V —=E (1 + _R:) (2)
From equation (2) it is found that the
peak voltage is dependent only on
the supply voltage and the ratio of the
suppressor resistance to coil resistance

(see Fig. 3). Therefore, if drop-out-
time is unimportant, the correct value

v — IRe of Rs may be chosen to limit the peak
— IKg —— .
L7R induced voltage to acceptable values
Suppressor current, milliomperes
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and the correct suppressor designed  proximate and the new value of Rs
from Fig. 4, the semiconductor rating  should be substituted and the answer

(see table) and the steady-state values rechecked.

of E and I as described below. How- By fyrther examining equation (1), it

ever, if drop-out time is critical, equa-  can be seen that as Ks is made smaller

tion (1) may be rewritten: to reduce the peak generated voltage,
- E the delay time becomes longer. There-
eL/R — 12 fore, where dropped-out time as well

IR
where E; — relay drop-out voltage, and
R has been tentatively selected by
referring to equation (2). Then, by

as peak voltage is critical, a compro-
mise between these two parameters
must be reached to achieve optimum
delay and minimum generated voltage.

ing the value found for — and
using the value found for ——% and J, Now, let us examine in detail the

the L/R ratio may be found from  curves of Figs. 4, 5, and 6.
Fig. 5.

Figure 4 shows typical resistance vs
Then, since R = RL+ Rs v YP

M current curves for selenium cells
- 4 (based on 1 sq. in. of active area)

Rs L/R ke ) and some commonly available diffused

If L is not known, it can be estimated  junction germanium rectifiers. Inspec-

from Fig. 6. Since the original value tion of these curves illustrate the
8 ginat n :
of R was assumed, the answer is ap- principal reason for the superior per-
10,000
8000 - -
6000 AAAA
P’ Py
;(O)gg L4 V A 1; // pa
[ a4 1
2000 1/ GV avap. i’
pamp 7 /// L4
U U
1000 gav.vd A
800 > 4 p 7 7
600 A 714 A Z
400 A r v /; // DAV
y U
g 300 ,\'N 90‘)/ y /// 7 //;/ / //,//4;/:
3 200 i‘- 0 ’/// i - // A0
2 09'3 ,/09 /] /// // 2L ///
£ 100 7 o A 4 { 2977,
E 80 7~ 0 MRy ar e ) 7 Ty s/ 7
< 60 VANYD 4z aur 7 A, 04777/7774
NS 09 /. 10 » / AL 7
g 40 AT SAAS A A
c 30 w // //// /1 0 / 0 30/// 14 1///
- WOLIN I ILIN )l
Y / W/ A0 Z7
< 4 ny y /‘ » /0 0 %
10 ,/ ¢ /] 4 o o o°°
84 y i A~ I/I 'g 7,
6 A 71 2 y y4 Y, %0
Z pyAaw, / py 20.
L AN YV L) YA
NI LN TALIE I /i
L A AN AN
GLI BV NIIINY) 7,
L AN AN AN
01 0.2 0304 06081 2 34 6 81 20 3040 6080100 200 400 600 1000

Detoy time, ¢ milliseconds

Fig. 5. Graphical solution of exponential term.

20



formance of semi-conductor suppressors
over other types, explained as follows:

The maximum current flowing through
the suppressor occurs at the instant the
switch is opened and is equal to but
never greater than the steady-state coil
current, I. The current then decays in
an exponential manner similar to the
voltage decay curves of Fig. 3.

In Fig. 4, note that as the current decays,
the resistance of the semiconductor be-
comes greater. This action accelerates
the rate of voltage decay so that the
actual ratio is faster than that illustrated
in Fig. 3 when resistance of fixed value
was used to calculate the decay curve.

The nonlinear resistance of the semi-
conductor prevents accurate calculation
of drop-out time #,, but assures that
the drop-out time will always be less
than the value calculated for an equiv-
alent linear resistance, or less than the
assumed value used to calculate the

required suppressor resistance Rs.
Thus, the semiconductor suppressor not
only consumes less power but also
provides faster drop-out than that ob-
tainable from a fixed resistor.

Figure 5 has been prepared to facilitate
solution of the exponential equations
(1) or (3). After the tentative sup-
pressor resistance Rs has been estimated
from equation (2), and the exponen-
tial function calculated from equation
(3) the value of L/R can be read from
Fig. 5. The required drop-out time t,
is known from circuit operation.

Figure 6 is useful in determining the
L/R ratio of the coil and in turn the
coil inductance L from tests. which may
be made using readily available instru-
ments. The necessary instruments in-
clude an a-c and d-¢ voltmeter and
ammeter, a variable a-c voltage supply,
and a well filtered variable d-c voltage
supply. Coil inductance can be -esti-

o e e e e e s z
800——T—T— 11T T—11 -
6001 Curves for determining coil 7’
400}— inductonce (1“
300— Ratio ﬁ,= 735‘ {(when Ege =£a¢-) L/
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Fig. 6. Curves for determining coil inductance.
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mated from the following relation-
ships:

Idc
Ratio R" = —— when Eg. = E,,

ac

ac
or R’ —= —— when Idc = Iac
Edc
and, of course
Edc
RL —

I

In Fig. 6, curves are shown for both
60-cycle and 400-cycle voltages, since
these are the principal frequencies
found in test laboratories.

Typical semiconductor assemblies are
pictured in Fig. 7. For most suppressor
applications, selenium assemblies will
prove most economical. Germanium
assemblies will normally be specified
only when an intentional time delay
is desirable which in turn requires the
lowest possible resistance. Selenium
rectifier cells will normally block ap-

Fig. 7. Typical arc suppression semi-
conductor assemblies. Above, selenium;
below, germanium.
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proximately 20 volts d-c per cell in
series.

To find the suppressor resistance for
the circuit of Fig. 2a, choose the cell
size according to current capacity from
the rating table. Then divide the cur-
rent I by the cell active area, and using
this value of current density, refer to
Fig. 4 to find the corresponding re-
sistance per cell in ohms. Multiply this
value of resistance by the number of
cells in seties as required by the applied
voltage and the answer will be Rs.
The same method is applicable to the
suppressor of Fig. 2c by using the
selenium “‘reverse’” curve and the “re-
verse” ratings from Fig. 4, and the
rating table. The germanium curves
are plotted in ohms vs amperes for
specific junction sizes, and no area
calculation is necessary. International
Rectifier types 53-0150 to 0153 and
53-0106 to 0109 will block voltages
of 26, 36, 52 and 66-volts d-c respec--
tively. The IN91 and IN92 types are
available in blocking ratings of 70 and
140-volts d-c, respectively.

Typical Design Problem

As an example of the determination
of the proper suppressor for use with
a d-c coil, a 50-amp single-pole aircraft
type contactor with a 24-volt rated coil
was selected.

1. Tests were made to determine the
coil resistance, inductance, and “drop-
out” voltage.

(2.) With 16.5 volts d-c applied to
the coil the measured current is 2.6
amp, therefore Rz — 6.35 ohms.
(b.) With 16.5 volts at 60 cycles ap-
plied, current is 0.51 amp,
Ratio R’ = —_=—=5.1
I, 0.51

from Fig. 6,

ratio L/Rr=13.3 /mh /ohm
L—L/RLX Rt=13.3 X 6.35=84.5mh

(c.) Using a variable d-c voltage sup-
ply, the contactor drop-out voltage E,
1s found to be approximately 2 volts.

2. Assuming that the generated voltage

at the time the contactor is de-energized
should not exceed 100 volts,




from equation (2)

V
Rs— (—E— — 1) Ri—
6.35=20.1 ohms.
Coil current with 24 volts d-c
24
6.35
3. To obtain a short drop-out time
use the circuit of Fig. 2c.
(2.) From the rating table it is ob-
served that a size "B” cell (114 in. sq.)
with 1 sq.-in. of active area is rated
up to 4 amp peak reverse pulse current.

(b.) Since selenium cells are rated for
20 volts per cell blocking voltage, it
is necessary to use a total of three cells,
two to block the 24 volts while the
switch is closed, and one to suppress
the arc after the switch is opened.

4, From curve A!, Fig. 4, at 3.78 amp,
the resistance Rs is approximately 26
ohms. The calculated value of gene-
rated voltage will be

E (g +1)=2 (F5+1)
=122 volts

5)

= 3.78 amp.

applied =

5. To determine the maximum drop-
out time, refer to equation (3) and
calculate:

-t Ed 2
—_——— — —0.08
eL/R IR 3.78 X 6.35 35
and
845 845
L/R= Rs+RL — 26+6.35 =26

from Fig. 4, drop-out time ¢ — 8 mil-
lisec.

Values of 122 volts peak and 8 millisec
drop-out time should be acceptable for
most applications. However, if a
shorter drop-out time is required, Rs
can be increased. Conversely, if a
lower peak voltage is mandatory, Rs
can be decreased. However, it is not
possible to decrease both peak voltage
and drop-out time simultaneously.

Curves sketched from an oscilloscope
test are shown in Fig. 8. With 24
volts d-c applied to the contactor coil,
the generated voltage without a sup-
pressor is about 300 volts peak.
However, addition of the selenium sup-
pressor designed above limits this

Selenium and Germanium Suppressor Current Ratings

Selenium Cell Active Avg. current, amp Peak puise (amp) Blocking

Area voltage

Cell* Size (in.) (in.?) Forward Reverse Forward  Reverse [(per cell)
V) “©D 0.012 0.005 0.00034 0.15 0.048 20
\) |70 0.05 0.020 0.0014 0.6 0.20 20
Y %D 0.11 0.03 0.0031 0.9 0.44 20
V4 145D 0.20 0.04 0.0056 1.2 0.80 20
X %D 0.40 0.08 0.011 2.4 1.6 20
A 1sq 0.62 0.19 0.017 5.7 2.5 20
B 114 sq 1.0 0.28 0.028 8.4 4.0 20
C 114 sq 1.63 0.50 0.045 15.0 6.5 20
L 2 sq 3.0 1.1 0.084 33.0 11.0 20
D 3sq 7.0 2.2 0.20 4.0 28.0 20
E 434 sq 16.5 4.9 0.46 147, 66. 20
J 41 x 6 225 6.5 0.63 195 0. 20
F 5x6 26.5 7.4 0.74 222 106. 20
H 6x6 415 12.0 1.16 360. 166. 20

Suppressor current ratings
Germanium Junction Blocking
junctions* size (in.) Average (amp) Peak pulse (amp) voltage
1N91 D 0.10 1.0 70
1N92 D 0.10 1.0 140
1N93 D 0.10 1.0 210
53C 114 sq 2.0 20 70
53L 2 sq 4.0 40 up to 66
53P 4 sq 10.0 100 up to 66
53F 2D x2K H 150 (fan cooled) 450 up to 66
* International Rectifier Type Numbers

23



300

250

Induced voltoge
G
S

Withou! suppressor

Selenivm suppressor
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Fig. 8. Induced voltage and decay time
with and without arc suppressors for a
24-volt aircraft type contactor coil with
50-amp contacts.

voltage to about 90 volts and with
negligible change in drop-out time. It
is also evident that when the type 53C
germanium suppressor is used, the
peak voltage is reduced to about 40
volts peak, but the drop-out time is
greatly increased (to an estimated 200

millisec from oscilloscope observation).
In conclusion, it may be stated that
with the proper design of a semicon-
ductor suppressor for a specific in-
ductive load, the following advantages
may be realized over and above those
obtained by other types of suppressors.
1. Reduced erosion and pitting of con-
tacts, and hence longer contact life.

2. Reduced power consumed by the
suppressor.

3, Lower generated peak voltage, and
hence less chance of insulation damage.
4. Faster drop-out time for a given
peak voltage, or

5. Longer time delay (when desired)
consistent with adequate contact pro-
tection and low suppressor power drain.
6. Decreased number of circuit failures
due to high contact resistance (or
eroded contacts) or “sticking” contacts.
The wide variety of cell sizes and
ratings makes it possible to design
supptressors for almost any combination
of coil voltage, current, and induct-
ance values.
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International Rectifier Selenium
A.C. and D.C. Contact Protectors

The contact protectors listed in the Ta-
bles are suitable for a large number of
circuits. They are available in three
physical configurations; encapsulated
diode types, fibre tube cartridges and
hermetically sealed cartridges. The her-
metically sealed units are of particular
importance when severe environmental
conditions are encountered. Encapsul-
ated diode types are extremely small in
size, for application in limited space;
occupying only 0.01 cu. in. of space —
slightly larger than a match-head.

All units listed are assembled with sele-
nium cells in a back-to-back configura-
tion. This affords the best protection
to the contacts, with the least effect on
the operation of the circuit. In speci-
fying contact protectors it is important
that the maximum voltage rating of the

protector exceeds the maximum value

of the supply voltage.

Current ratings given are for intermit-
tent operation with a maximum of 30
to 40 operations per second. As the
steady state coil cutrent is the maximum
current encountered, the type of cell
should be selected whose rating is
larger. If the frequency of operation
exceeds 40 operations per second, it may
be necessary to use larger cells than
those listed, and full information will
be required in order to analyze the
heating effect produced in the rectifter,
and so determine the size required.
The ratings are based upon maximum
ambient temperature of 35°C. When
higher ambient temperatures are en-
countered some derating will be ne-
cessary.

Fig. 1. Pictured here are the three basic types of Contact
Protectors produced by International Rectifier Corporation.
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The Selenium Rectifier

A Survey

by ]. T. Cataldo, BME, BEE
International Rectifier Corporation
Member IRE

Although the newer semi-conductors,
silicon and germanium, are attracting a
good deal of attention nowadays, sele-
nium still remains in its apparently se-
cure niche as the most versatile, least
expensive semi-conductor for scores of
rectifier applications.

In the twenty years since its advent, the
selenium rectifier has come a long way.
Better understanding of production
processes, a multiplicity of new appli-
cations, and increasing demands from
industry for this semi-conductor resulted
in considerable improvement and de-

velopment. Basic improvement, dictated
primarily by the need for miniaturiz-
ation and increased reliability in military
and commercial electronic applications,
was directed towards the following
phases:?

(1) Increasing voltage ratings of
selenium plates;

(2) Developing techniques for the
punching of small plates;

(3) Increasing ambient operating
temperatures of completed
units;

(4) Increasing life expectancy.

Fig. 1: Flow chart shows different construction and coating for industrial and
radio-TV grades

SELENIUM

REGTIFIERS
1
K. | |
INDUSTRIAL TEfée:gON
GRADE GRADE
ENCLOSED OPEN ENCLOSED OPEN
CONSTRUCTION CONSTRUGTION CONSTRUGTION [CONSTRUCTION

— r— . .

HIGH
HERME TICALLY MOISTURE QUALITY
SEALED SEALED PROTECTIVE
COATING

MOISTURE PROTECTIVE
INDUSTRIAL SEALED COATING
PROTECTIVE
COATING

27



Few semiconductors demonstrate the extreme versatility of selenium . . . here shown
ranging from low-rated diodes to heavy power cariridges and stacks, as manufactured

by International Rectifier Corporation.
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Fulfillment of this development pro-
gramme has made possible the produc-
tion of selenium rectifiers rated from
100 pA to 1,200 amperes, depending
on their size, with a material reduction
in the size and weight of units for given
voltage and current ratings. Ambient
temperature ratings as high as 125°C
are not uncommon, and life expectancy
of today's selenium rectifiers is of the
order of 100,000 hours.

Early selenium plates were limited to a
maximum reverse voltage rating of 14
to 16 volts r.m.s. New production tech-
niques developed from 1949 to 1951
made possible the mass production of
26, 33, 36 and 40 volt plates, now con-
sidered standard by the industry.2 Se-
lenium rectifiers rated at 52 volts per
plate are currently in production.

Industrial and Radio-T.V. Grades

The selenium industry today produces
two distinct grades of rectifiers: indus-
trial grade and radio or T.V. grade.
Although the processes and techniques
employed in their manufacture are es-
sentially the same (see figure 1), the
radio-T.V. rectifiers are manufactured
at a lower production cost per unit. This
lowered cost of production is made
possible by producing thousands of cer-
tain standard units on a mechanized
production line. The rectifier is then
adapted to the receiver application. It
is obvious that this system eliminates
set-up and engineering time necessary
for the production of industrial stacks,
for example, which are usually designed
to meet customer’s specifications. The
end result is that the useful life expec-
tancy of the radio or T.V. stack is from
1.000 to 3,000 hours, as compared with
the industrial stacks with a life expec-
tancy of 20,000 to 100,000 hours or
more, if properly designed into the
circult.

Selenium Diodes

For applications requiring small cur-
rents (milliamps or less) germanium
diodes were used almost exclusively
originally. These diodes were limited,
however, because of low voltage ratings

and low maximum operating tempera-
tures. In some applications it became
necessary to connect a number of ger-
manium diodes in series — an undesit-
able factor in most cases, since voltage
across the series string was not neces-
sarily distributed equally due to vari-
ations in reverse resistance. This often
resulted in circuit or component failure.
Early efforts to produce small rectifier
cells were not encouraging because the
complex production processes were not
fully understood. With gradual im-
provement in these techniques, some
manufacturers began the production of
miniature selenium rectifier cells. These
units although satisfactory for many
applications, were limited in so far as
frequency response was concerned.
Unlike silicon or germanium diodes,
selenium diodes are area-type semi-
conductors. As such, they have a self-
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Fig. 2. Self-capacitance of a selenium cell
0.250 inch in diameter with respect to
frequency.

capacitance on the order of 0.018 yF
per square inch at 60 c¢/s. In figure 2
are plotted capacitance test data for a
selenium cell 0.250 inches in diameter,.
in uF-per-square-inch vs frequency.
From this curve it can be seen that the
self-capacitance is 500 uF at 100 Kc/s,
and 900 yF at 60 ¢/s. It is obvious that
reducing area of the cell will in turn
decrease this self-capacitance. Contin-
ued research has made it possible to
produce cells with an area of 0.003
square inch, compared with previous
units with a cell area of 0.05 square
inch. A decrease in capacitance of up
to 16 to 1 has been achieved by this
reduction, These new units can be used
in circuits operating from 100 to 200
ac/s.
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Selenium diodes are now available for
low currents and voltage ratings up to
208 volt r.m.s. input.® This series ranges
in output from 100 pA to 11 mA. The
small size and light weight of these
units makes them ideal for use in lim-
ited-space electronic equipment. Their
light weight eliminates the need for
special supports, and no insulation is
required, as they are completely encap-
sulated in the thermosetting plastic.

Forward voltage drop with ambient
temperature for various loads on a basic
bridge is shown in figure 3. The bridge
has four diodes, one in each arm. Volt-
age drop was recorded for half-rated,
full-rated and four-times-rated loads,
with ambients from zero to 100°C. As
selenium has a negative temperature
coefhcient, a lower voltage drop exists
at elevated temperatures. Also note that
the slope of the curves decreases with
decreasing load.

Cartridge Rectifiers

A wide range of cartridge rectifiers is
also available today, manufactured in
any circuit configuration required for
outputs of 200 pA to 200 mA, depend-

ing upon voltage rating. Two classes of
the enclosed types are the moisture
sealed and the hermetically sealed con-
struction cartridges. Radio and T.V.
grade rectifiers are also produced in
moisture sealed enclosures. For this
type, rectangular selenium rectifier
plates are secured within a specially
processed fibre tube and a plastic com-
pound is used to seal the ends. Electrical
connection is made to a “pigtail” lead
located at each end. In this type, a quan-
tity of circular cells are assembled in
intimate contact within a phenolic tube.
Sealed Rectifiers

Hermetically sealed units are divided
into two distinct types. One type is
assembled in much the same manner as
the above moisture sealed units, except
that a glass tube is used instead of
phenolic tubing. Glass-to-metal sealing
techniques secure the ferules to the
glass tubing, thus assuring a true her-
metic seal. Hermetic sealing is achieved
by securing the metal container to a
glass-to-metal or ceramic-to-metal
header which is provided with a pigtail
lead. A hermetic header, in general,
consists of a metal unit through which

6.4 I [ [ T ]
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Fig. 3. Forward voltage drop with temperature variations of a typical bridge
using 4 selenium diodes.
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a glass-to-metal seal is accomplished.
The metal enclosure is electrically “hot”
since the second terminal is afhxed to
it. When insulation from chassis is re-
quired, a piece of flexible plastic tubing
is used.

“‘Packaged’’ Rectifiers

Highly developed refinements of this
type of hermetically sealed rectifier are
being manufactured today. A represen-
tative group of these “packaged unit”
rectifiers are shown in figure 4. These
units are by far the most flexible of
those previously described, since they
are not restricted to half-wave elements.
Individual units are available in half-
wave, doubler, or any of the conven-
tional rectifier configurations.

The rectifiers illustrated are high volt-
age units packaged to provide ratings
from 1 milliampere to 1 ampere, and
voltages as high as 100,000 volts. They
may also be connected in any circuit
configuration for even higher voltage
ratings. The units are assembled with
selenium rectifiers in hermetically
sealed oil-filled housings and are oper-
able in temperature ranges to 75°C.

Contact Protectors

Another recent development in the field
has been the production of selenium a.c.
and d.c. contact protectors—inexpensive
devices (illustrated in figure 5) for

Fig. 4. Representative selection of ‘pack-
aged’ high voltage rectifiers.

Fig. 5. Contact protector types.

eliminating arcing and erosion across
relay, switch and other component
contacts.

When the switch in the inductive cir-
cuit illustrated in figure 6 (a) is
opened, the magnetic field in the coil
collapses and a voltage is generated
equal to Ldi/dt, where L—coil induc-

oo
E
(o)
+ o
E b 3
) o)
+
A A
Fig. 6. € =

(¢)

tance and 47/dt—time rate of change
of decay current. This voltage is fre-
quently many times the supply voltage,
enough to maintain an arc across the
contacts, with consequent damage.

Several methods are in use to reduce the
generated voltage below a value at
which arcing will not occur. These in-
clude such components as fixed resis-
tors, capacitors, permanent magnets and
arc blowout cotls. Semi-conductor de-
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Fig. 7. Derating curves for high-temperature operation of selenium rectifiers.

vices have proved to be most effective,
however, and have the additional ad-
vantages of small size, long life, low
cost and ease of installation. Typical
circuits illustrating the use of selenium
in contact protection are shown in figure
6 (&) and (¢). The choice of which
circuit to use will depend on three
factors:

(1) supply voltage;

(2) maximum permissible induced
voltage; and

(3) maximum allowable time delay
in de-energizing the coil .4

High Temperature

Counter-electrodes, in selenium recti-
fiers are commonly made from a eutec-
tic alloy. This material formerly was
compounded of tin, cadmium, and bis-
muth, and had a melting point of
103°C. This was one factor in limiting
operating temperature of selenium rec-
tifiers, necessitating the derating of cur-
rent above 35°C and of voltage above
45°C. A new alloy, B-52, requires de-
rating for current at 45°C, and for volt-
age at 65°C, as shown in figure 7.
Additional research has resulted in the

development of a new counter-electrode
alloy which permits rectifiers to be op-
erated up to 125°C for short-life appli-
cations, or to 100°C for longer life.
Life Expectancy

Life expectancy of selenium rectifiers
has improved immeasurably in recent
years. Manufacturers have extended life
of selenium units to better than 100,000
hours (when used at rated voltage, cur-
rent and ambient temperatures), by
tightening quality control standards and
improving processing methods.

The obvious advantage of selenium rec-
tifiers is their surprising versatility . . .
their applicability in circuits requiring
as little as 100 pa, or as much as thou-
sands of amps. A recent article by Dr,
Stritzl in DirRect CURRENT (Vol. 3,
page 215, December, 1957) underlines
this point by giving details of large-scale
applications.
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Selenium Diode

Applications

by ]. T. Cataldo, BME, BEE
International Rectifier Corporation
Member IRE

diode offers the electronic design

engineer a series of semi-conduct-
ing components heretofore not avail-
able. These units were developed, in
part, to help fill the ever increasing
demand for miniature diodes of the
metallic family which was created
with the advent of electronic com-
puters and miniaturized equipment of
all types. Germanium and silicon di-
odes were used almost exclusively in
computers as well as in other elec-
tronic equipment such as hearing aids,
electronic organs, bias supplies, sensi-
tive d.c. relays, TV and radio re-
ceivers. Manufacturers have been
sponsoring research and development
activities since the first commercial
production of selenium rectifiers. The
development of the selenium diode,
shown in Fig. 1, is the result of the
progress made to date in the effort to
miniaturize selenium rectifiers.

Initial efforts to produce small rec-
tifier cells were not very encouraging
because the many intricate and com-
plex production processes were not
well understood. However, with the
gradual and continued improvement
and control of production techniques
and processes, a few selenium rectifier
manufacturers started producing min-
iature rectifier cells. These small cells
were assembled into various types of
enclosures. These units, although ex-
ceedingly satisfactory for many appl-
ications, were limited insofar as their
frequency response is concerned. Un-
like the silicon or germanium diode,
the selenium rectifier is an area type
semi-conductor. As such, the selenium
rectifier possesses a self-capacitance
which is on the order of 0.018 micro-

-I-HE development of the selenium

International Rectifier Selenium
Diode Types.

Fig. 1.

farad per-square-inch at a frequency
of 60 cycles-per-second. In Fig. 2 are
plotted capacitance test data of an
0.250 inch diameter selenium rectifier
cell in microfarads per-square-inch
versus frequency. From this curve, the
self-capacitance of an 0.250 inch diam-
eter cell is calculated to be 500 aufd.
at 100 kec. and 900 uufd. at 60 cycles.
Since the capacitance of a selenium
rectifier is a function of its area,

anar

CAPACITANCE - FD/SQ. N,
T

&

FREQUENCY-KC.
Fig. 2. Capacitance versus frequency curve.
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it is obvious that reducing the
area of the cell would, in turn, de-
crease the self-capacitance. Large
scale production of smaller diameter
cells was accomplished after contin-
ued research resulted in resolving the
many difficulties previously encoun-
tered. Consequently, it is now possible
to produce rectifier cells having an
area of 0.003 square inch as compared
to previous small cells having an area
of 0.05 square inch. A decrease of ca-
pacitance of as much as 16 to 1 has
been achieved by this reduction in
rectifier cell size. The decrease of
self-capacitance permits the use of
these selenium diodes in circuits oper-
ating in a frequency range of 100 kc.
to 200 kc. These research and devel-
opment activities also resulted in op-
erational improvements such as ex-
treme stability and long life in high
ambient temperatures and adverse
environment conditions normally en-
countered in military applications.
The resulting improvements are at-
tributable to modifications made in
several manufacturing processes and
to the complete encapsulation of the
rectifying element within a thermo-
setting plastic.

Characteristics and Specifications

The present line of selenium diodes
consists of three series: Series S,
Series T, and Series U. The units are

provided with pigtail leads to facili-
tate wiring into crowded chassis.
Their small size (see Table 1 for di-
mensions) makes them ideal for use
in electronic equipment where space
is limited. They do not require any
additional support because of their
light weight.

The d.c. output current rating is
100 microamperes, 200 microamperes,
and 1.5 milliamperes for the Series S,
T, and U respectively. The Series S
and T are produced for output volt-
ages of 20 and 40 volts, while the
Series U is available for output volt-
ages of 20, 40, 60, 80, and 100 volts at
rated output current. Higher output
voltages are attainable with these se-
lenium diodes at reduced output cur-
rent. Static forward and reverse char-
acteristics for the three available
series are shown in Fig. 6. The char-
acteristics shown are for the Type
1S1, Type 1T1, and Type 1Ul. How-
ever, these curves are also applicable
to the other diodes if the forward
voltage and reverse voltage scales are
multiplied by 2, 3, 4, or 5. For ex-
ample, the Type 5U1 would have a
maximum forward voltage drop of 6.0
volts when it is delivering an output
current of 1.5 milliamperes. The char-
acteristics in Fig. 6 are the minimum
acceptable quality level for these di-
odes. Units in production all have
characteristics well within the limits

Table 1. Specifications on the Series §, Series T, and Series U selenium diodes.

| 1St | 2S1 | 1T1 | 2T1 | 1U1 j 2U1 | 3U1 | 4U1 | sUL

Rated Forward Current
Max. Applied Voltage

100 ua.[100 xa.|200 ua. 200 pa.|1.5ma. 1.5ma. 1.5ma. 1.5ma.|1.5ma.

{r.m.s.) 26v.| 52v.| 26v.| 52v.| 26v.| 52v.| 78v. 104 v. 130 v.
Max. d.c. Output

Voltage 20v.| 40v.| 20v.| 40v.| 20v.| 40v.| 60v.| 80v. 100 v.
Peak Inverse Voltage 60v.|[120v.| 60v.[120v. | 60 v.|120 v. | 180 v. | 240 v. | 300 v.
Max. Surge Current

(in ma.—1 sec.) ] S 10 10 80 80 80 80 80
Voltage Dropat FullLoad 1v. 2v. 1v. 2v. 1v. 2v. 3v. 4v. 5v.
Max. r.m.s. Input :

Current 250 pa. 500 ua. 3.75 ma.
Peak Rectified Current

(in ma.) 1.3 2.6 20
Reverse Current at Max.

Applied Voltage 6 pa. 6 pa. 27 pa.

Reverse Current at

—10v.|—20 v.[~10 v.|—20 v.|— 10 v.l—-?O v.|——_33_v—.l—4o v.|—50 v.

6 ua. 6 ua. 2.4 pa.
Shunt Capacity at Max. 57 29 57 29 140 70 50 35 28
Frequency pufd. |pufd. | pufd. (pufd. | pufd. | uufd. | pufd. | pufd. | pufd.
Max. Frequency 200 kc. 200 ke. 100 ke.

Ambient Temperature Range: —40 to 100 degrees C.
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Fig. 5. Static forward and reverse characteristics of Types 1S1, 1T, and 1U1 diodes.
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shown in Fig.5. In others words, lower
forward voltage drop and lower re-
verse currents can be expected of se-
lenium diodes from regular production
runs. Examination of this figure will
disclose that a minimum forward-to-
reverse resistance ratio of 5000 to 1
is obtainable when the reverse voltage
on the unit is not more than 20 volts
for the single cell units. This ratio is
also attainable with a reverse voltage
of 100 volts on the Type 5U1.

Forward voltage drop versus ambi-
ent temperature characteristics for
various loads on a basic bridge are
shown in Fig.3. The bridge consisted
of four Type 1T1 selenium diodes, one
in each arm. The input voltage or
voltage drop across the bridge was re-
corded for loads of half-, one-, and
four-times rated for ambient tempera-
tures of 0 to 100° C. Since selenium
has a negative-temperature coefficient,
a lower voltage drop exists at elevated
temperatures. It will also be noted
that the slope of the curves decrease
with decreasing load.

These selenium diodes are being
used in many novel circuits. An inter-
esting application is as a clamping di-
ode in a telemetering circuit, shown in
Fig. 4. The purpose of this circuit in

the telemetering equipment is to con-
vert a signal voltage of fixed phase
with the reference voltage into a d.c.
voltage of 0-5 volts that is proportion-
al to the amplitude of the signal volt-
age. In operation, the rectifier SR.
rectifies the a.c. voltage existing at
the cathode of the tube, V. Since
there is no control on the magnitude
of the input signal, the output voltage
can exceed 5 volts thereby causing

. {1 1
s ~ L1 1 1
s | Foun Tmes maTED LOAD
h
CONNECTED ~
4-‘&?1‘;!"': " -
@ JOWO0E INEACH ARM . S
5 a0l ~
< <
3 =
&2
:.. *— TED LOAD
<
s e ke P
. —
§" MALF RATED LOAD—— -
o o s
20 40 0 ) 100

AMBIENT TEMPERATURE °C

Fig. 3. Forward voltage drop vs ambient
temperature characteristics for basic
bridge.
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Fig. 4. Telemetering circuit showing sele-
nium diode used for the clumping action.

malfunctioning of the telemetering
circuit. To preclude this condition, a
Type 1U1 selenium diode is incorpo-
rated into the circuit as a clamper.
With a clamping potential of 4.3 volts,
clamping occurs when the output
reaches 5 volts. In Fig. 4, SR, is an
International Rectifier Corp. #V1HM
rectifier and SR. is a 1Ul type. The
circuit was supplied by the Raymond-
Lindsey Co. of Gardena, Calif.

There are many other applications
for these units. For example, the di-
odes have been designed into hearing
aids, electronic organs, and numerous
electronic instruments. The circuits of
these applications cannot be disclosed
at this time, since their disclosure
may jeopardize certain patentable
features. The most popular usage for
these diodes is to provide bias voltage
in electronic equipment. Fig. 6 shows
a typical application for providing
fixed bias for the push-pull stage of an
audio system. It is well to note that
fixed bias offers several advantages

HV.
WINDING
L]

=
2

8+

Fig. 6.
36

Push-pull stage with fixed bias.

over the conventional cathode bias
provided that the cathode resistor is
not intended to obtain degeneration.
It should be noted that the greatest
advantage of fixed bias is for class
4B, push-pull amplifiers. When used
in this type of circuit, fixed bias pro-
vides higher power output, increased
stability, and reduced distortion for a
given output tube plate current. A
good example is a push-pull circuit
for 2A3, 6A3, or 6B4 tubes. When
fixed bias is used, the power output
is increased by about 50% and the dis-
tortion is decreased by 509 for the
same current rating. The fixed bias
(Fig. 6) for the output tubes is ob-
tained from the high voltage winding
of the power transformer with a volt-
age divider, a selenium diode, and a
filter network. There is no need to
consider the loading effect on the high
voltage transformer winding, since the

Fig. 7.Fixed bias supply circuit for audio
stage and r.f. stages of an a.c. receiver.

RECT.)

6.3V HEATERS

additional current drawn by the grids
of the tubes or the voltage divider is
negligible.

Fixed bias for the output and r.f.
stages of an a.c. radio receiver can be
simply accomplished by the use of a
selenium - diode and associated resis-
tors and condensers. A typical ex-
ample of such a circuit is shown in
Fig. 7. The a.c. input to the rectifier
network may be obtained from the 6.3
volt filament winding on the power
transformer.

Because selenium diodes range in
input voltages from 26 to 130 volts
r.m.s., the number of bias voltages
that can be provided is practically
unlimited when proper voltage divid-
ers are used. For another example, it
may be well to note that the power
supply of TV receivers can be simpli-
fied by supplying individual bias for



the audio, synchronization, r.f.,, and i.f.
stages. This is also desirable since it
eliminates the possibility of load
changes in one circuit affecting the
other circuits which was often the
case in earlier TV receivers. The cir-
cuits shown in Fig. 8 are two possibili-
ties. On the other hand, they may be
combined as shown in Fig. 9, de-
pending upon the choice of the design
engineer.

It is believed that the Type 5U1
selenium diode is the most versatile
of the line. This unit is rated for a

=~ AUDIO
BIAS

:RZ
i SYNC

AMPL,,
BIAS

3r3

RF. \F.
BIAS

R2 S s
CONTRAST
CONTROL

(B}

Fig. 8.Two TV circuits illustrating selenium
diode applications. {A) In audio and sync
amplifier bias circuits, and (B) in the r.f.
and i.f. bias circuits of set.

maximum input voltage of 130 volts
rm.s. and can consequently be con-
nected directly to a 117-volt line for
its source of voltage. It is obvious
that this unit is ideal for use in equip-
ment that does not have any trans-
former winding such as an a.c.-d.c.
radio set. The circuit would be simi-
lar to Fig. 6. The resistance of R,
plus R, should be on the order of
150,000 ohms or more.

For higher output voltages, several
of these selenium diodes may be con-
nected in series. For example, three
Type 5Ul diodes connected in series
can be used to deliver 300 volts d.c.

It is believed that the selenium di-
odes thus far developed have made
available a series of new components
to the design engineer for considera-
tion in his future circuit designs. The
examples given are merely intended
as illustrations of a few such possi-
bilities and it is hoped that they may
stimulate the imagination and ingenu-
ity of the circuit design engineer.

Fig. 9. Biasing for four stages in TV set.,
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This article originally appeared in RADIO ¢» TELEVISION NEWS.
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Subminiature Selenium Diodes

These subminiature selenium diodes have
been developed specifically for applica-
tions where ambient temperature is high
and savings in space and weight are
prime considerations. They are small and
compact in size with pigtail leads to
facilitate wiring into crowded chassis.
The units are designed for stable oper-
ation in an ambient temperature range
of —50°C to +100°C.

The rectifying elements are potted in a
rugged thermosetting compound to pro-
tect them against corrosive atmospheres,
moisture, salt spray and fungus. High
stability and reliability along with ex-
treme miniaturization make these units
ideal for such applications as bias sup-
plies, sensitive relays, digital and analog
computers, hearing aids, electronic org-
ans and compact airborne electronic
equipments.

Dimensional Diagram

e
80DY

}COLOR CODING.
ED DOT INDICATES POSITIVE LEAD

#22 AWG TINNED COPPER WIRE
A\

(S9]
i SCHEMATIC
(—)

{V and Y Series are supplied
with # 20 Tinned Copper Wire)

2”7 MIN.

All dimensions in inches

3” MIN.

Typical Ratings, and Characteristics at 25°C

MAXIMUM RATINGS Gaxium ELECTRICAL CHARACTERISTICS (8C)
e | s INPUTAE Tnecriries [sunse, | ), s '(mcm) r::wnn a:ms:l c:::: con:;c
TR e toaD] OUTPUT o 'SEcy | YOLTS | OC) [ TR 1""‘ vours |1
IN1625 | 181 33 20 | 250ua 5 48 | 200 .165 225 1 0.1 26 15 | Yellow | Brown
1N1626 | 251 66 40 | 2508 ] 9% | 200 165 225 2 0.1 52 15 | Yellow | Red
IN1625A | 1T1 33 20 | 500xa 10 48 | 200 .165 225 1 0.2 26 15 | Green | Brown
IN1626A | 2T1 66 40 | 50042 10 9% | 200 .165 225 2 02 52 15 | Green | Red
1N1627 | 1Ul 33 20 |375ma | 80 48 | 100 190 265 1 15 26 27 | Gray | Brown
IN1628 | 2U1 66 40 |3.75ma | 80 9% | 100 190 265 2 15 52 27 | Gray {Red
IN1629 | 3ul 99 60 [3.75ma | 80 144 | 100 190 265 3 15 78 27 | Gray | Orange
1N1630 | 4ul 132 80 (375ma | 80 192 | 100 265 265 4 15 104 2] | Gray | Yeltow
IN1631 | Sul 165 100 | 275ma | 80 240 | 100 .265 .265 5 15 130 27 | Gray | Green
1N1632 | 6Ul 198 120 ;1 375ma | 80 288 | 100 345 265 6 15 156 27 | Gray | Blue
IN1633 | 7U1 231 140 | 3.75ma | 80 336 | 100 345 .265 7 15 182 27 | Gray | Violet
1N1634 | 8U1 264 160 | 3.7Sma | 80 384 | 100 345 265 8 15 208 27 | Gray | Grav
1N1635 | 1V1 33 20 [12.5 ma | 250 48 25 820 395 1 5.0 26 108 | Gray |[*
1N1636 | 2V1 66 40 (125 ma | 250 9% 2% 320 395 2 5.0 §2 108 | Gray |°
IN1637 | 3v1 99 60 (125 ma | 250 14 25 320 395 3 5.0 78 108 | Gray | *
INI638 | 4Vl 132 80 112.5 ma | 250 192 25 395 395 4 5.0 104 108 | Gray |*
IN1639 | SVl 165 100 125 ma | 250 240 25 395 395 5 5.0 130 108 | Gray |°*
N1640 | 1Y1 33 20 P28 ma | 550 48 10 430 475 1 11.0 26 2 Gray |*
INl641 | 2v1 66 40 (28 ma | 550 96 10 465 475 2 110 §2 2 Gray |°*
IN1642 | 3v1 9 60 |28 ma | 550 14 10 465 A75 3 110 78 240 | Gray |*
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Applications of High-Voltage
Selenium Cartridge Rectifiers

by John Vickrey, BEE
International Rectifier Corporation
Member AIEE, Eta Kappa Nu

Cartridge-type selenium rectifiers have
brought simplicity and compactness to
the design of high-voltage supplies.
Tubeless operation results in freedom
from warm-up time filament circuit
complications, reduced heat radiation,
increased ruggedness, unlimited life,
and reduction of space requirements.
International Rectifier Corporation’s
high voltage, cartridge-type selenium
rectifiers are obtainable with ratings up
to 9.9 kilovolts r.m.s. input for single
units. These single rectifiers may be em-
ployed in conventional and special volt-
age doubler, tripler, and quadrupler
circuits, as well as in simple half-wave
and full-wave circuits. Polyphase oper-
ation is also possible, as with lower-
voltage rectifiers. Besides half-wave
units, standard cartridges are available
in full-wave center tap, voltage doubler,
and single-phase bridge types.

Typical applications of these rectifiers
include insulation test equipment, ca-
pacitor breakdown testers, magnetic
amplifiers, bias supplies, oscilloscope
high-voltage d.c. supplies, television
high-voltage supplies, radiation detect-
ing instruments (Geiger and scintilla-
tion counters), electrostatic dust and
smoke precipitation, electrostatic spray
painting, photoflash high-voltage sup-
plies, photomultiplier tube supply, arc
suppression in contact protection cir-
cuits and many similar uses.

The accompanying illustrations show
practical circuits for several small-sized
devices employing selenium rectifters to
obtain high d. c. voltages. The simplicity
of these devices, resulting from tube-
less rectification, is evident. While each
circuit is intended for a specified appli-
cation, other uses will suggest them-
selves.

Fig. 1. Typical cartridge-type selenium rectifiers as made by International Rectifier.
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Fig. 2. (A) Schematic diagram of a
midget, low-current, high-voltage supply
which is completely portable and self-
contained. It operates from a 1, volt
flashlight cell. (B) A current versus volt-
age plot for various values of load re-
sistance, R.
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Portable High-Voltage Supply

Fig. 2A shows the circuit of a midget,
low-current, high-voltage supply.
Operated from a single Size-D 1145-volt
flashlight cell, this unit is completely
portable and self-contained.

The high a.c. voltage is supplied by a
small vibrator transformer, Model
10MVT (Precise Measurements Com-
pany, Brooklyn 23, New York). This
component is completely encapsulated
and requires only four connections, two
to the battery circuit and two to the
rectifier-output circuit. The interruption
frequency is approximately 250 cps.
The rectifier is an International Recti-
fier Type U200HFP.

This unit, is 714" long and 14" diam-
eter. Its peak inverse voltage rating is
9600 volts.

The maximum d.c. output voltage is 4
kv. Maximum output current, not coin-
cident with maximum voltage, is 140
microamperes. Fig. 2B is a current os
voltage plot for various values of load
resistance, R.

The vibrator is relatively noiseless
acoustically. Very little trouble has been
experienced with electrical hash from
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the contacts. If hash is observed in a
particular installation, however, it can
be eliminated or minimized by means
of a 0.005 to 0.01 microfarad buffer
capacitor shunting the high-voltage sec-
ondary winding.

At the low values of current drain indi-
cated in Fig. 2B, the 0.005 ufd. output
capacitor will furnish sufficient filter
action.

The high-voltage supply may be built
into other equipment, such as radiation
detectors, vacuum system leak detect-
ors, dielectric breakdown testers, etc.

Geiger Counter Supplies

Vibrator Type: The circuit shown in
Fig. 3 will supply —900 volts of regu-
lated d.c. to a 1B85, or equivalent, Gei-
ger tube and plus 80 volts at 0.2 ma. to
one or two amplifier tubes in the coun-
ter circuit.

As in the preceding circuit, initial driv-
ing power is derived from a single 11/
volt Size-D flashlight cell. The cell
operates a Model 10MVT miniature
vibrator transformer, previously de-
scribed. This feature provides simplic-
ity and compactness, as well as economy
and conventence of battery reglacement.
Two Type USOHFP cartridge selen-
ium rectifiers are employed. The first,
SRy, is “‘reverse-connected” to supply a
negative potential of 900 volts to polar-
ize the 1B85 Geiger tube. The second,
SR:, is “forward-connected” to supply
the positive plate and screen voltage to
the amplifier tube, or tubes.

The high voltage is stabilized at —900
volts by a miniature gaseous regulator
tube (Victoreen Type 5841). The
smoothing action of this tube and of the
R-C: network filters the high voltage ef-
fectively. The loading effect of the 15
megohm resistor, Ri, and leakage in the
electrolytic filter capacitor, Ci, reduce
the positive output voltage to 80 volts.
Sufficiently good regulation of the 80
volts by the combined load is obtained.
Capacitor C: seems to provide adequate
low-voltage filtering, since no serious
humming or buzzing is discernible in a
sensitive Geiger counter containing this

power supply.



In addition to operating the vibrator,
the 11/ volt cell can also heat the fila-
ments of the amplifier tubes in the
counter circuit.

Transistor Type: In Fig. 4, a transistor
takes the place of the vibrator in the
primary circuit of a battery-operated
step-up transformer. The transistor
functions as a low-frequency oscillator
with clipped-peak wave-form. The high
a.c. voltage is presented to a selenium
voltage doubler circuit consisting of two
Type U75HFP, cartridge rectifiers and
the 0.002 pfd. capacitors, C: and C..
This circuit is adapted from the original
arrangement by Chambers and Cole-
man®.

The d.c. output is 2000 volts at 20
microamperes, This is adequate for a
sensitive scintillation counter. The high
turns-ratio midget transformer, T, is a
special component, Type TC-673 (Cam-
Co Engineering Company, Culver City,
California) . The transistor oscillator is
powered by a medium-sized 2214 volt
“B"-battery (Burgess Z30ONX, or equiv-
alent). The low d.c. drain of 71/ to 10
milliamperes insures long battery life.
Efficient voltage doubling in the full-
wave circuit is afforded by the two recti-
fier cartridges. However, a dual recti-
fier unit, like the International Rectifier
Cartridge Type USODP may be used,
if desired. For small over-all size, the
electrolytic capacitors, C, and C,, may
be of the subminiature tantalum variety.
In adjusting the unit, the followin
steps should be observed. (1) Witﬁ
switch §: open, set rheostat R: to its
maximum resistance. (2) Connect a
high-resistance d.c. voltmeter (20,000
ohms-per-volt or higher) to the d.c. out-

SO ute, UTSHFPJUTSHFP
~]25v. R2
"
+|C1

002yt O02utd]
R ‘ST!; 1600V. 1600V
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)
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Fig. 4. Transistorized high-voltage supply
for Geiger and scintillation counters.

put terminals and close switch Si. (3)
Adjust rheostat R. for maximum volt-
age. (4) Lock R: in this position and
do not subsequently distutb its setting.
Make all later output voltage adjust-
ments with rheostat Rs.

This transistor oscillator is stable and
is a good starter if the R: and R: adjust-
ments have been made correctly. With
the d.c. voltmeter connected to the
d.c. output terminals, the starting action
may be checked by throwing switch §:
rapidly back and forth several times.
The voltage should rise and fall quickly
in response, within the limitations set
by the meter damping.

Beside its specific use as the high-
voltage d. c. supply for Geiger and
scintillation counters, this unit may be
employed in other applications requir-
ing a totally quiet, battery-operated,
portable source of 2 kv. or less. Such
uses include photomultiplier tube
supply, volt-meter calibration, klystron
electrode supply, portable oscilloscope
supply, etc.

Variable-Voltage Supply
Fig. 5 shows the circuit of a general-
purpose, adjustable-output, low-current,

Fig. 3. Vibrator-type power supply for a Geiger counter. It furnishes 900 volts.

PRECISE MODEL

USOHFP
SRt

"2
1 .
nes o -900V, REGULATED

—T~

SIZE-D
FLASHLIGHT USOHFP
CELL SR2

iw, TO 1885 GEIGER TUBE

T i
| ]
t I
L : | A A +80V. 2004a.
e + | i i TO AMPLIFIER
= : J oL aSSMKE
JAutd,
1 : ) 2000V,
+ RI c2
| I Ou A 500 —— f 5841
-0F
/o~ oFF ! 150V, =T 00 == e
| i w. .
| S NN J

TO CHASSIS GND

41



00000

LTYPE IO
POWERSTAT E

ON-OF F

js—— 1000V. RM.S.

.

2000V,

WTV.AL, HIGH RESISTANCE
D.C.VOLTMETER

Fig. 5. A general-purpose, variable, high~
voltage, low-current type power supply.

high-voltage supply which may be made
as small as some test meters. The d.c.
output voltage is 0 to 2000 volts at a
maximum current of 3 ma.

In this arrangement, the a.c. input volt-
age to the transformer may be varied by
means of a Superior Electric Type 10
“Powerstat.”” A General Radio 200B
“Variac” also may be used for this pur-
pose. A full-wave voltage doubler is op-
erated from the high-voltage secondary
of the transformer. The doubler con-
sists of a Type USODP doubler type
high-voltage selenium cartridge and the
two 0.5 ufd., 2000 volt capacitors.
Any convenient transformer having a
1000 volt r.m.s. secondary may be used.
For convenience and economy, the en-
tire secondary winding of a small
replacement type transformer may be
employed, neglecting the center tap of
this winding.

At the low values of current drain speci-
fied, storage action of the two 0.5 ufd.
capacitors and the full-wave operation
of the rectifier unit will smooth the d.c.
output well enough to permit use of the
high-voltage output for the calibration
of d.c. voltmeters, polarization of cath-
ode-ray and photo-multiplier tubes,
dielectric studies, radiation detector op-
eration, and polarizing capacitors. How-
ever, additional filter circuitry may be
added externally or internally for dis-
criminating applications.

A continuously variable supply of this
type will find sundry uses in the labora-
tory and shop. A prosaic application is
the flash-burning of particles from be-
tween the plates of variable capacitors.
An optional output-voltage indicating
meter may be included in the com-
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pleted unit, as shown dotted in Fig. 5.
This must be a high-resistance d.c. volt-
meter of at least 20,000 ohms-per-volt
sensitivity.

Scope High-Voltage Supply

A selenium voltage multiplier circuit
can simplify the high-voltage section of
a 5- or 7-inch oscilloscope power supply.
Fig. 6 shows a circuit of this type com-
plete with focus and intensity controls.
A half-wave doubler is used so that
a common ground may be employed
throughout. A Type U5S0DP doubler
type cartridge is used. The voltage
multiplier capacitors are C; and C,.
Capacitor C, provides additional filter-
ing action, operating in conjunction
with the 2000 ohm filter resistor, since
this circuit is not as easily filtered
as the full-wave doublers described
previously.
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Fig. 6. High-voltage supply for a scope.

The transformer may be a special half-
wave unit having a 1000 volt, low-
current secondary. The entire secondary
(both sides of center tap) of a low-
voltage transformer supplying the
amplifier and sweep tubes in the oscil-
loscope may be employed under some
circumstances.

Insulation Tester

Another type of continuously variable,
high-voltage d.c. supply is shown in
Fig. 7. This setup has been designed
primarily for insulation testing and
other dielectric breakdown measure-
ments but may be used in any other
application requiring an adjustable
low-current output up to 5500 volts d.c.

Smooth variation of the output voltage



is obtained by adjusting the input volt-
age to the transformer by means of a
small (Type 10) Superior Electric
“Powerstat.” A General Radio 200B
“Variac” may also be employed for this
purpose.

The transformer has a 1000 volt sec-
ondary. Its output voltage is presented
to a voltage quadrupler circuit com-
Fosed of two USODP doubler type se-
enium cartridges and capacitors Ci, C,
C,, and C,. The d.c. output voltage is
four times the peak value of the second-
ary r.m.s. voltage, minus the drop in the
rectifiers.

The 50-megohm resistor in series with
the positive output terminal limits the
output current to 100 microamperes on
external short circuit. The 8AG, 1/500
ampere fuse has a blow point of 3 ma.
and protects the rectifiers in the event
of a sustained external short circuit or
overload.

A high-resistance d.c. voltmeter may be
operated in parallel with the d.c. out-
put terminals to monitor the out-
put voltage. Where the use of such a
meter is not feasible, however, the out-
put voltage may be approximated from
the measured value of a.c. voltage at
the transformer primary. The follow-
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Fig. 7. Schematic of an insulation tester,
ing expression may be used: Ea =
5.65E:N. Here, Eqc is the approximate
output voltage, E: is the r.m.s primary
voltage, and N is the turns-ratio of the
transformer.

Conclusion

Possible uses of high-voltage selenium
cartridges are multitudinous. We have
selected those applications about which
information is constantly requested
These are small-sized devices in which
the elimination of tubes contributes
lighter weight, cooler operation, smaller
size, simplicity of construction, and ease
of servicing.

Reference

1. Chambers, R. W. & Coleman, L. G.: “A
High-Voltage Transistor Power Supply,” Radio
& Television News, October 1955.

This article originally appeared in RADIO & TELEVISION NEWS

Editor's Note: Where small unit size and operation in Qomperuiuros exceeding 100° € are re-

quired, the silicon rectifiers listed on the following p

and in most cases

are interchangeable with the selenium units indicated in 'his nrficle
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High Voltage Selenium Cartridge Rectifiers
Partial Listing, Ratings and Sizes

The coding system for International cartridge rectifiers is indicated in the rectifier num-
ber. For example V10HF indicates a cartridge rectifier using V"’ size selenium cells, 10 cells
in series, half wave circuit and having ferrule type terminals.

V10 HF
CELL SIZE TYPE OF CIRCUIT TERMINALS
T—1/16" Single Phase: H — Halfwave P = Pigtail
U-—1/8" NUMBER OF CELLS 8 — Bridge S = Stud
V—1/4" IN SERIES C—Center Tap L= Soider Lug
Y—23/8" AS REQUIRED FOR YOUR D — Doubler F=Ferrvle”
zZ-1/2" SPECIFIC APPLICATION M == Mag Amp Bridge FP — Ferrule Pigtail »
X -3/8" Three Phase: S — Halfwave G —Ferrule on glass tube |
W1 T ="8ridge

This construction applies to single phase half wave units only except for special
applications. (When letter S follows P or L terminal designations, it indicates
insulated studs for mounting only and is available on special request and certain
sizes. Consult manufacturer.)

Color Coding System — Red: Positive Black: Negative Yellow: AC

HALF-WAVE CARTRIDGE RECTIFIERS

Current ratings for these units are given in Fig. 1

Calls Max. AC Input Nominal DC T—*HP_Ju—*HF [u—*HFPJU—*HP|V—*HP[V_"HF] V—"HG]Y—"HP [ Y—_*HF [2—"HP| Z—*HF| X~ "HS| W_"HS
Per Vorts RS Output Voltage l’"" Outside] gp | 0o | 0.0. [ 00. |0b. | 00 [0 [ 0b. [ o0 | on. | ob. | oo
cartridge[Resistive | Capacitive | Resis, | Copac, v';‘};’:: Y 1w | w | ow | w [ | o | e | we [ one | e 1 | awe
In Series|  Load Load Load | Load (I S S A S S S D S S T
1 33 20 13 20 48 % % A VAR EREN ul % I AR AR AR
3 9 60 39 60 144 % % % % |14 [ 1% ARBAEAEARANRA
5 165 100 65 100 240 % % % % 11% [ 1'% %) 1% ARV ARVEARA

2 660 400 260 400 960 % VRV ABVARV AR AR IR ERA
30 9% 600 390 600 1440 VR AR MR ANANINEEARFANFIARFARARNAEA
40 | 1320 800 520 800 1,820 Ml 15[ 2 6 (1% | 1'% | 2%| 14| 24] 2 2% | 2%
50 | 1650 [ 1000 650 { 1000 2,400 2 il %) 2% 1 2%, | 2% | 2 AR ARZR AR AR
75 | 2475 | 1500 975 | 1500 3,600 2% | M 2% ] 3 M |3 3, U] 3 DAREARAEA
100 | 3300 | 2000 | 1300 | 2000 4,800 s {3 | % | 3% |44 |4 % | 44| 4 AR 4% | 4%

*Number of cells in series —refer to first column of table.

3,
A
10 330 200 130 200 480 % % PA Y%t % 1% | 1% ARVER! 1% 1% | 1%
%
7

HERMETICALLY SEALED CARTRIDGE RECTIFIERS

Current ratings for these units are given in Fig. 1

Max. AC Input Nominal DC * » . . 'y . s
Fer voits RIS i e VOIL imerse o;_—M:l g og-_u;a = o‘ll;frt" o;_!n" 0;—_!1:/4 5 oxo_ '1': o: :'1"; 7
carviogs [ W [Copacive | Resrte T apactive | vaage [0 e [ oo vt e
1 33 20 13 20 8 | % % % e Ws 1% 1%
5 165 100 65 100 240 %, % W %, ¥ 1Y 1%
10 330 200 130 200 480 B2 % s X
15 495 300 195 300 720 % 13 1%,
20 660 400 260 400 960 1% 1%, 13,

*Number of celis per cartridge — refer to 1st column of this table.
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VOLTAGE DOUBLER CARTRIDGE RECTIFIERS

For cell current ratings refer to Figure 1. When these
voltage doublers are used as individual sections of
smgle or three-phase bridges, they should be rated

in accordance with the applicable bridge ratings.

Max, AC Input Nominal DC . . . . »
I“cseeur?es Cells Volts RMS** Output Voltage . 'Re:r';e u-"cp v-cP Y=cp 7-cp x=cp | w-cp
(per leg) | Cartridge Resistive OR | Resistive Capacitive | Voltage |0.0.=%"] 0.0.=%"{ 0.0.=%,"] 0.0.='%,"] 0.0.=1"{ 0.0.=1%4"
Capacitive Loads Load Load Length” | Length Length” | Length” | Length” | Length™
1 2 33 13 16 48 % % % % 1% 1343
5 10 165 65 80 240 % 1 1 1%4 1% 1%
10 20 330 136 160 480 1% 1% 1% 1% 2 2
15 30 495 204 240 720 1% A 1% 2 2V 2%
20 40 660 271 320 960 2 2 2% 2% 2% 2%
30 60 990 406 480 1440 2% 2% 2% 2% 3 3%
50 100 1650 680 800 2400 4 4% A 4y 4% %

+Cells in series per leg — refer to first column of table.

**Line to line voltage.

FULL-WAVE CENTER TAP CARTRIDGE RECTIFIERS

For cell current information, refer to ratings for single
phase bridge cartridge rectifiers in Fig. 1 below.

Max. Ac Input Nominal DC % E o i & g
Incse::ises Cpee"rs MS Output Voltage ";?";e U-BP V—BP Y-BP 2-8P X—BP W-BP
(per leg)| Cartridge Remstqte OR Resistive] Capacitive | Voltage { 0.0.=%"] 0.0.=%"] 0.0.=%,"]0.0.=1}/,"[0.0.=1"  0.0.=1%"
Capacitive Load Load |Load (Nominal) Length Length * Length” Length” |Length” { Length”
1 4 33 25 3 48 % % 1 1 1% 1%
5 20 165 125 165 240 1Y VA 1% 13 2 2%
10 40 330 250 330 480 2 2 2% 2)4 2% 2%
15 60 495 375 495 720 2% A 2% 2% 3% 3%
20 80 660 500 660 960 % KA % kA 4% %
25 100 825 635 825 1200 4 4% LA LA 5% 5

*Number of cells in series per leg —refer to first column of table.

Also available are hundreds of Bridge Rectifier Cartridges not listed. For com-
plete data on all cartridge types available ask for Bulletin H-2.

NS - By
e
s go
\ E U CEUS
v -
150 - 55 !
X W CEls £ s
\ 3 T CEUS 280
1255 N g 1 -
X IRY 3 4 0 2030 4050 70 90
S x ceus NUMBER OF CELLS PER CARTRIDGE 60 80 100
100 AN SELENIUM PHENOLIC CARTRIOGE RECTIFIERS
AV HALF WAVE QUTPUT RATINGS VS.
- NOMaER OF CELLS PER CARTRIDGE
N
75 Nz ceus Based on cell temperature cite of 25° above
£} 1 35°C maximum ambient ond for resistive or
2 N T inductive loods. For capocitive loods use 60%
5 ~ S N © voles shown,
&5 J ce.us‘ N .
1 N s
o 1\ g
5 Vv CELS
225 —
5
[+] ! ™ =
8o I TIIT ]
3 4 5 678910 2030 40 50_ 70 90 200 300
NUMBER OF CELLS PER CARTRIDGE 60 80100 175

CURRENT RATINGS

Current ratings for International selenium
cartridge rectifiers in phenolic tubing. Curves
indicate half-wave DC output current ratings
vs. number of cells per cartridge for resistive
or inductive load.

(For half-wave capacitive loads, use 60% of
values shown.)

RERATINGS FOR OTHER CIRCUITS
MULTIPLY CHART RATING BY:

Resistive-
Inductive Capacitive
Single Phase Load Load
Half Wave 1 6
Full Wave Center Tap 2 1.6
Full Wave Bridge 2 1.6
Three Phase
Half Wave 2.6 26
Center Tap 3.6 36
Bridge 3 3
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High Voltage Silicon Power Diodes
600 to 1000 PIV at 125 ma.

Typical Applications Offering:
¢ Radar Power Supplies ¢ High Operating PIV Ratings
® High Voltage Bias Supplies ¢ High Temperature Operation
¢ Airborne & Guided Missile Application e High Rectification Efficiency
® Replacement of Vacuum Rectifier Tubes ® Optimum Reliability at elevated

and sub-zero temperatures

ABSOLUTE MAXIMUM RATINGS AT 75°C AMBIENT
IN596 | IN597 | IN598

DIODE TYPES (EM1J2)] (FM1J2)| (GM1J2)
Peak Inverse Voltage, volts 600 800 1000
RMS Input Voltage, ~olts 420 560 700
Rectified DC. Output Current, ma. 125 125 125
Continuous DC. Current, ma. 150 150 150
Max. Surge Current (0.1 sec.) ma. 1000 1000 1000
ELECTRICAL CHARACTERISTICS AT 25°C

Max. DC. forward volt drop at

rated DC. current—volts 3.0 3.0 3.0
Max. DC. reverse current 0.025 0.025 0.025

at rated PIV—ma.

For more detailed mgieen'ng data, request B”[I.'i,; SR- 138 E

600 TO 2400 PIV at 100 MA.

High temperature operation and optimum reliability at elevated and sub-zero
temperatures are provided by this series of high voltage silicon cartridge rectifiers.
Available in two physical configurations, their characteristics ideally suit them
for application to radar power supplies, high voltage bias supplies, and airborne
and gulded missile instrumentation.
- Style K TO METAL HERMETIC SEAL 20 AWG TINNED COPPER WIRE

MFYAL CASE (AT .
CATHODE POTENTIAL)

| )

= 1718
3 2172 78— 21/2

()
37 * 1/16 £ 1/

A Ry SN

|
|
X

N d
17/“
00. s ‘ t— 1= |/|s—-|
15/8 + 1/4 * 1, 1/2 w—ted
= /4
A Ratl at 78° C Amblent
DIODE STYLE AND TYPES STYLE K STYLE L
JETEC DESIGNATION p | 1N1406 | 1N1407 | 1N1408 [l 1N1409 1N1410 | tN1411 INT412 | IN1413
INT'L RECT. NUMBER ) 66-0708 66-0708 €8-0710 EMILY EMILS EMILS FMILS FMILG
Rated Peak Inverse Voltage (Volts) 600 800 1000 1200 1500 1800 2000 2400
Continuous dc voltage (Volts) 600 800 1000 1200 1500 1800 2000 2400
RMS Input Voltage  (Volts) 420 560 700 840 1050 1260 1400 1680
Rectified dc Output Current ma. 100 100 100 100 100 100 100 100
Continuous dc current ma. 125 125 125 125 125 125 125 125
Max. Surge Current (Im sec.) ma. 4000 4000 4000 4000 4000 4000 4000 4000
Electrical Characteristics at 26°C
Mex.dc forward yolt dropatirated 50 50 50 50 625 15 625 15
Max. dc reverse current at rated PIV {ma.) 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
Typical dc reverse current at rated PIV (ma) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Typical reverse current at full load
at 75°C ambient (full-cycle average) ma. 0l 01 0.1 ol 0.1 01 0.1 0.1

For more detailed engineering data, request Bulletin SR-157.
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High Voltage Silicon Cartridge Type Rectifiers
1000 to 20,000 Volits PIV-485 to 440 ma

STANDARD TYPES

HIGH CURRENT TYPES

Fig. 1-Dimensional Diagram

] B This
x°] } Seow
[ - on

i A r Yioh

These rectifiers will provide high
temperature operation, high effi-
ciency and miniaturization to a
wide range of high voltage appli-
cations. Designed to meet the most
rigorous military requirements,
they provide optimum reliability
over a temperature range from
—55°C to +150°C.

MECHANICAL FEATURES:

Construction: Silicon diodes in
series, hermetically sealed within
a metalized ceramic housing.
Mounting: Ferrule terminals for
clip-in mounting into standard 30
amp fuse clips.

ELECTRICAL
CHARACTERISTICS:

Forward Voltage Drop: See table
below.

Maximum Reverse Current: 0.025
ma at rated inverse voltage at 25°-
C.

Operating Temperature: —55°C to

AN
».L.J \Em

fove sy

sl
LENTY

Pt cupiied tor

= current
types
only
L &~ 10

Oesigned for Normal Conveotion Cooling

STANDARD TYPES

ABSOLUTE MAXIMUM RATINGS AT 75°C AMBIENT
(Normal Convection Coaling — Horizental Mounting)
Half-Wave Resistive Load — 60 CPS

150°C.

Storage Temperature: —55°C to
170°C.

Designed for Forced

HIGH CURRENT TYPES
or Ol

ABSOLUTE MAXIMUM RATINGS AT 75°C AMBIENT
Holf-Wave Resistive Lload — 60 CPS

“a'::.' BC Veit “L Mall:i"'réﬁ’::::lm:>" ﬁ:"m:’

oy Paak Rectified rep Length | pogy Forced | Drop at

Length Invarse | DC Output | Rated DC Inches { yaverse | Oil tmme: Convection | Rated DC

JETEC Int" Inches Voitage Current Current JETEC nt'l Yoltage |  0il Tem, 2000 LEM | Current
. Type Voits MA Valts Type Type Vaits @75° Volts
IN1133 CF1810 2V 1500 75 15.0 IN1745 [CFIB1OM ] 2%, | 1500 380 300 15.0
INT134 EF1AS 1%, 1500 100 7.5 IN1746 [EF1ASM | 1'%, | 1500 440 360 7.5
IN1135 CFIBI2 2% 1800 65 18.0 IN1747 {cFiB12m]| 2% | 1800 360 270 18.0
IN1136 EF1AG 1%, 1800 85 9.0 IN1748 [EFiA6m | 1'%, | 1800 420 330 9.0
IN1137 CFiBl6s % 2400 50 24.0 IN1749 [CFIBIom | 215 | 2400 320 220 24.0
IN1138 EF1AS 1%, 2400 60 12.0 INV750 [EF1ABM | 1'%, | 2400 380 | 270 12.0
INT139 DFICt8 A 3600 65 27.0 IN1751 [oFiciam| 4%, [3600 | 370 | 290 27.0
IN1140 EF1B12 2V 3600 85 18.0 IN1752 [EF1B12m [ 2% | 3600 | 360 280 18.0

INT141 DF1C24 A 4800 60 36.0 IN1753 [pFic24m] 4%, [ 4800 330 230 36.0 |
IN1142 EF1B16 2% 4800 50 24.0 IN1754 [EF1B1oM | 2V | 4800 320 220 24.0
IN1143 DF1C30 4%, 6000 50 45.0 IN1755 | oF1c3om] 43, | 6000 290 210 45.0
INT143A | EFIC20 4%, 6000 65 30.0 IN1756 [EFiczom | 4%, [ 6000 360 280 30.0
IN1144 DF1D36 A 7200 50 54.0 IN1757 [DF1D36M] 6%, | 7200 290 240 54.0
INT145 EF1C24 A 7200 60 36.0 IN1758 [EF1C24M | 4%, | 7200 330 230 36.0
INT146 DF1D40 A 8000 45 60.0 IN1759 [ DFID40M]| 6%, | 8000 250 220 60.0
INY147 EF1D40 A 12000 45 60.0 INT760 | EF1D40M | 6%, [12000 250 220 60.0
INT148 FF1D35 8%, 14000 50 52.0 IN1761 [FF1D35M | 8%, [14000 300 240 52.0
IN1149 FF1D40 A 16000 45 60.0 IN1762 | FF1D40M | 6%, 16000 250 220 60.0

NOTE: 1. Reroting of Output Current
Copacitive Load Rerating 10 75% of Resistive Load Roling

Rereting of Output Curremt
Capacitive Load Rerating to 75% of Resistive Lood Roting
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Fig. 1. Typical rectifiers used in opening dc. relay coils from ac supply sources.



Rectifiers and Circuits
for DC Relays

by F. W. Parrish, BEE
Chief Engineer, International Rectifier Corporation
Member AIEE, NACE

This article deals with rectifiers for
relay applications including some of
the less well known circuits and ap-
plications.

Semiconductor rectifiers of all types
have been used in power supplies for
relays and contactors for many years.
At present selenium rectifiers, either
in cartridge form, diode form, or in
small sized open stacks are the most
widely used. However, germanium
and silicon power diodes are fast re-
ceiving acceptance and wide usage in
relay circuits. Copper oxide rectifiers
are still used also, especially in the
meter-movement type contact-making
relays.

The largest single use of relay recti-
fiers is to supply power to the operat-
ing coils of relays. Available types of
selenium and silicon rectifiers for this
purpose are shown in Fig. 1. Where
only ac is available as in many appli-
cations, ac relays would normally be
used if possible. However, the life of
an ac relay is much less than that of a
dc type. The ratio has been estimated
at about 5 to 1. Moreover, dc relays
close less violently than ac relays (re-
sulting from the presence of the high
current surge in ac relays prior to the
closing of the magnetic circuit) and
are therefore quieter and maintain
accurate adjustment for longer peri-
ods of time. Accordingly, there is
often considerable advantage gained
by using dc relays; in which case, rec-
tifiers must convert the ac line current
to dc.

Semiconductor rectifiers are inher-
ently well adapted to relay applica-
tions for the following reasons: (1)
For a given coil current, they are
smaller than most tube rectifiers; (2)
They provide efficient long life serv-
ice when properly applied to the in-
dividual relay coils; (3) No filament
supply is required as would be neces-
sary for most vacuum tube rectifiers;
(4) They are available for all voltage
ratings; and (5) They are more
rugged and less susceptible to shock
and vibration than are vacuum tube
rectifiers,

Preventing Chatter

Half-wave rectifiers can sometimes be
used to supply dc power to relay coils.
The simple half-wave rectifier, shown
in Fig. 2a, was probably the first type
of rectifier used in this service and is
still used occasionally. However, most
dc relays will chatter or buzz consid-
erably when used on half-wave recti-
fied power (unless specifically
designed for that duty) unless some

AC SUPPLY

RELAY

Fig. 2A. Simple half-wave circuit for re-
lays using copper ring to prevent chatter.
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auxiliaries are used to prevent it. A
large copper ring is often mounted
on the relay core beside the coil when
a relay is to be operated from a half-
wave voltage supply. As the magnetic
field in the relay coil collapses duting
the non-conducting half cycle, trans-
former action generates a current in
this copper ring (which performs as
a single turn secondary winding) and
holds the relay armature closed until
the next conducting half cycle.

AC SUPPLY

RELAY

Fig. 2B. Half-wave circuit with smoothing
capacitor for coils without copper ring.

Another method of preventing chat-
tering has been to place a capacitor
across the relay coil (Fig. 2b). In this
way, the capacitor will be charged ap-
proximately to its point of maximum
energy storage during the conducting
half cycle and will dischatge this en-

ergy to the relay coil during the non-
conducting half cycle, and in that
way, prevent chatter of the relay ar-
mature.

RELAY

AC SUPPLY

Fig. 2C. Circuit employing “back-wave’
rectifier to give steady current through
coil.

The third method, which is gaining
increasing acceptance to accomplish
the same results, is the use of what
has been termed a “back-wave” recti-
fier (Fig. 2c). This rectifier, similar
to the one which supplies power to
the relay coil is connected across the
coil as shown. No current will flow
through this "back-wave” rectifier
during the conducting half cycle; but,
during the blocking half cycle, it pro-
vides a low resistance path for flow of
current generated by collapsing mag-
netic field of relay coil. The relay ar-
mature is thus held closed without

| T
RELAY COIL (Ag)

100
[
5 %0 SUPPLY
x RECTIFIER
3 o AC o RELAY
2 20 SUPPLY al CoIL
3 A "BACK -WAVE"
g e T~ SUPPLY RECTIFIER (A,) RECTIFIER )¢
&

50 =
2
«
i J "BACK-WAVE" RECTIFIER (A,)
o P
= 4
w 30
o
£ 20
w
&
€ 10
o

[+] i 8

o g 82 38828 8 g8 8 8°§ 8 8
~N . < o @ Q O [=]
= N R o @ § g % 3
SUPPLY FREQUENCY (CPS)

Fig. 3. Rectifier and relay coil current — frequency characteristics — “‘Back-
wave'’ rectifier connection.
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buzzing or chattering. Advantages of
the “back-wave” rectifier over the
copper ring and the capacitor are as
follows: (1) time constant of the re-
lay is not altered as much as with the
copper ring; (2) weight is generally
less; (3) current drawn through the
main rectifier during the conducting
half cycle is considerably less than
when a capacitor is used across the
relay, because it is not necessary to
supply energy to charge the capacitor
in addition to operating the relay;
and (4) the main rectifier may have a
current capacity approximately 60 per
cent of the coil current, and the "back-
wave” rectifier about 40 per cent (Fig.
3).

Coil Voltage

When the simple half-wave rectifier
is used, the relay coils should be de-
signed to operate at approximately 40
per cent of the ac line voltage. With

AC SUPPLY

RELAY

Fig. 4. Single-phase full-wave bridge
relay supply.

a capacitor across the coil, the coil
should be designed to operate at ap-
proximately full line voltage. With a
“back-wave” rectifier, the coil should
be designed for 40 per cent line volt-
age.

Other Circuits

To minimize the smoothing problem
a full-wave bridge type rectifier (Fig.
4) is commonly employed. If addi-
tional smoothing is required, a small
capacitor can be used as a filter, con-
nected across the relay coil; however,
without the capacitor, the bridge acts
as its own “back-wave” rectifier to
help maintain a smooth flow of cut-
rent through the relay coil, even dur-

SUPPLY

Fig. 5. Single-phase full-wave relay
supply.

ing the time the waveform dips to
zero.

A full-wave rectifier (Fig. 5) could
also be used; however, a center-
tapped ac supply is generally not
available. Therefore, the bridge type
is more popular. It is to be noted the
current smoothing action of the
“back-wave” current path is not ob-
tained with the full-wave circuit.
Where polyphase ac power is avail-
able, polyphase rectill:ers similar to
those shown in Fig. 6 can be used.

AC
SUPPLY

AC

SUPPLY

Ty

NEUTRAL I
B RELAY

Fig. 6. Polyphase relay supply circuits.
(A) Three phase bridge circuit. (B)
Three phase half-wave circuit.
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AC SUPPLY

RELAY
HALF -WAVE DOUBLER

A

AC SUPPLY
RELAY
FULL-WAVE DOUBLER
B
[ ] [ ]
o
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L-
AC RELAY
SUPPLY
TRIPLER
c
L I J
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RELAY

AC QUADRUPLER

SUPPLY

D

Fig. 7. Voltage-multiplier circuits
for relay applications. (A} Half-
wave doubler. (B) Full-wave
doubler. (C) Tripler. (D) Quad-
rupler,

]
. o
s
o8 oer = z_;'b‘ig .I:

Fig. 8. Selective relay operating
circuits,

A. Simple blocking valve to pre-
vent relay operation if polarity
is reversed.
B. Selective relaying from dc sup-
ply where
S, operates R; & R; only
S: operates R: & R; only
S; operates R, & R: only
C. Selective relaying from an ac
supply where
(1) Shorting diode D; permits
D. to rectify the supply and
operate R:;

{2) Shorting diode D: operates
R; similarly.

If impedance of relay coils is high

compared to forward resistance of

D; and D,, D; and D; may be omitted.
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Voltage multiplier circuits to obtain
power for relay operation can also be
used where only low voltage ac is
available and where it is necessary to
operate a higher voltage relay coil.
Common voltage multiplier circuits
are shown in (Fig. 7).

Special Rectifier Applications

There are some other uses for recti-
fiers in relay applications, which are
not as commonly known as those just
described. One such use is as blocking
valves. While these have sometimes
been used to replace reverse-current
protection relays, their principal use
is in selective relaying and to provide
a simple means of polarizing a relay.
Some examples of the uses of block-
ing valves for selective relaying and
polarity sensitive relays are shown in
Fig. 8.

Relay rectifiers are also used in tim-
ing circuits where a time delay is re-
quired in the pickup and drop out of
relay coils. Fig. 9a shows the circuit
of a time-delay pickup dc relay. The
relay picks up when the charge on the
capacitor equals the minimum pickup

voltage of the relay. A similar ar-
rangement is shown in Fig. 9b, but in
this case the time delay is on drop
out. The relay coil is directly across
the line in this case, so it will pick up
as soon as the energizing contacts are
closed. However, the capacitor will
charge more slowly through resistor
R. Then, when the circuit is opened,
it will discharge slowly through the
resistance of the relay coil and the
series resistor to give the required
time delay. Another form of the
delayed drop-out relay is to use the rec-
tifier in a manner similar to the “back-
wave” rectifier, but with a resistor in
series as shown at Fig. 9c. In this case
the relay coil should be selected to
have very high inductance, and the
“back-wave” rectifier should be se-
lected for the lowest possible forward
resistance. These two parameters will
provide the maximum possible delay
in drop-out; then, drop-out time is
adjusted by varying the resistor in
series as shown.

One method of using rectifiers (Fig.
9d) provides a time delay pickup for
an ac relay. It utilizes the charging

delay time.

resistor at R.)

completion of cycle of Relay Ri.

R 0
—e s — e
AC SUPPLY ac
SUPPLY
A
8
R
— 11— A
ac 3 AC X
SUPPLY SUPPLY by
S -
c v}

Fig. 9. Circuits for time-delay operation of dc relays.

(A) Time delay pickup of dc relay. A variable resistor will permit varying the

(B) Time delay drop-out of dc relay. A variable resistor will permit varying
the drop-out delay time,

(C) Time delay drop-out of dc relay using ‘“‘back-wave” rectifier. {Maximum
delay is less with this circvit than with capacitor.)

(D)

Time delay pickup of ac relay. (May be adjusted by using a variable

(E) Instantaneous pickup followed by time-delay drop-out of relay R: after
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rates of capacitors to limit the output
voltage for the desired pickup time

delay.

Still another use of time delay relays .
is to provide for the initiation of a ;‘:Tm—o/

new circuit function after a pre-deter- i §
mined interval following the comple- A

tion of a previous function. In Fig. 9e
rectifier R,, operates relay R, and also
charges capacitor C. After relay R, is . - oye
de-energized, the stored energy in I
capacitor C closes relay R, and holds it suppLY

closed until the charge on the capacitor
decays to the drop-out voltage of the 8
relay.

Other important uses of rectifiers with
relays involve the protection of relay

L Y )
contacts when used with inductive ————y l
loads. The three basic circuits for arc Ac on oc %E ?
suppression and contact protection D G
are illustrated in Fig. 10. Arcing at c

relay contacts can cause pitting, stick-
ing, or welding, and general deterio-
ration. Propitious use of rectifiers as
arc suppressors can minimize or elimi-
nate these conditions and greatly in-

crease relay life. For detail design :'fc i‘fg f::ki': d::;?:“:;:’:":::
reu .
methods for arc suppressors readers circuit to use depends upon the load

are referred to Ref. 3. conditions.

This Article originally appeared in ELECTRONIC DESIGN

REFERENCES

1. Relay Engineering (Handbook) Struthers-Dunn, Inc.

2. “Simplification of Control Circuits,” W. H. T. Holden, Electrical Manufac-
turing, April 1956, Vol. 57, No. 4, Page 82.

3. “Arc Suppression With Semiconductor Devices,” F. W. Parrish, Electrical
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Miniaturized Selenium Bridge Rectifiers

For use with Relays, Magnetic Ampli-
fiers and other Magnetic Devices

TYPES D-3576F AND D-3575M
These single phase full-wave bridge rec-
tifiers are designed for use directly from
117 volt ac systems. They are rated to
deliver an output of 9 watts, continuous
duty. With the addition of a 3 mfd, or
larger filter capacitor, these rectifiers
will deliver 120 volts dc. The overall
volume of this rectifier is only 0.875
cu. inches.

TYPE 61-2020 — This single phase full-
wave bridge rectifier will deliver 16
watts at ratings listed in the table below.
Overall volume: 1.76 cu. inches.

TYPE 61-1345 — A single phase bridge
designed to operate from 260 volts RMS.
Will deliver 14 watts. Occupied volume:
1.23 cu. inches.

TYPE 61-4037 — This unit is a single
phase bridge similar to Type 61-1345,
but designed specifically for higher out-
put — 18 watts maximum. Volume: 1.31
cu. inches.

TYPE 60-9150 — This is a voltage
doubler unit. Two connected as a full
wave bridge will deliver 18 watts. It
may also be connected as a half-wave

rectifier (by not using the center
terminal) to operate from a 520 volt
RMS input to supply 50 ma to a resis-
tive load, or to operate from a 360 volt
RMS supply to deliver 38 ma to a ca-
pacitive load. In a voltage doubling
circuit it will deliver 350 volts de at
38 ma from a 175 volt RMS supply.

TYPES D-3575F, 61-2020, 61-1345 TYPES+ D-3575M, 61-4037 TYPE 60-9150
13/32 | i j %é@} 13/32 | i i i 13/32 |
) o (o) _
ZIRR! | "2 R! i L/
Rectifier Ratings and Dimensions
INPUT VOLTS OUTPUT DIMENSIONS (INCHES) | CLEAR.
" o [ [ Ll [T 4 [ s [ w |
90
D-3575F | 130 | 200 | 120 | 100 75 (%% 2 | 14 ]0.164
90
D-3575M | 130 | 200 | 120 | 100 75  |%% % | 1 ]0.164
90
r61-2020 130 | 200 | 120 | 175 | 130 1 1 1% |0.164
180
60-9150*| 260 | 400 | 240 | 100 75 |2 % | 1% ]0.164
180
61-1345 | 260 | 400 | 240 70 B %4 % | 1% |0.164
180
61-4037 | 260 | 400 | 240 | 100 75  |%4 % | 1% 10.164

*60-9150 is o doubler stack. Ratings are for 2 stacks connected as a full wave bridge. Half wave and
doubler ratings are one-half of those shown in rating table.
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Miniature Silicon Power Diodes-50 TO 500 PIV

These twin series of highly reliable silicon diodes
are designed to meet the needs of extreme mini-
aturization, while providing optimum power dissi-
pation in an all-welded, hermetically sealed pack-
age. The entire housing of this unit acts as a heat
exchanger to permit maximum power dissipation
. . making these diodes especially suitable for
missile and airborne equipment applications.

Absolute Maximum Ratings (at 60 cps. Resistive or Inductive Load)

DIODE STYLE AND TYPES 3MS SERIES 5MS SERIES 1
JETEC DESIGNATION )| 1N1701|1N1702{1N1703|1NT704 [1NT705 IN1708 @l 1N1707 1N1708|1IN1709(IN1710{INTT11]INI712]
INT'L RECT. NUMBER » | amss | ams10| 3MS20 | 3MS30 | IMS40 | 3mss0 SMSS | SMS10 | 5MS20 | SMS30 | 5MS40 | SMSSO
Peak Inverse Voltage {(Volts) 50 | 100 | 200 | 300 400 | 500 50 100 | 200 | 300 | 400 [ 500
RMS Input Voltage (Voits) 35 70 140 | 210 | 280 350 35 70 140 210 280 350
Continuous DC Voitage (Volts) 50 100 200 300 400 500 50 100 200 300 400 500
Rectified DC Output Current (Ma.)
@ 50°C Ambient 300 | 300 | 300 | 300 | 300 | 300 500 | 500 | 500 ! S00 | 500 | 500
@ 100°C Ambient 150 § 150 | 150 | 150 | 150 | 150 - = = = i =
@ 150°C Ambient - - - - - - 175 175 175 175 175 125
Surge Current (One Cycle) 8 8 8 8 8 8 10 10 10 10 10 10
Maximum Operating Frequency (Kc) 50 50 50 50 50 50 50 50 50 50 50 50
Ambient Operating Temperature, °C —65°C to + 125°C (Alf Types) —65°C to +165°C (All Types)
Storage Temperature, *C —65°C to + 175°C (Al Types) —65°C to +175°C (All Types}
Electrical Characteristics
Max. Forward Voltage Drop (Volts)
@ ! Amp. DC 17 17 17 17 1.7 17 13 13 13 13 13 13
Max. Leakage Current (Ma.)
{Full Cycle Average @ 100°C Ambient) 04 04 03 03 0.3 03 — ‘ — — — — —
@ 150°C Ambient) — — — — — — 04 04 0.3 0.3 0.3 0.3

For more detailed engineering data, request Bulletin SR- 203

Industrial Silicon Power Diodes -100 TO 500 PIV

Specifically designed for industrial power appli-
cations, these hermetically sealed silicon power
diodes provide high reliability along with high
power capabilities. Rectified d.c. output current
ratings to 750 ma. at 50°C are obtained over a
PIV voltage range of 100 to 500 volts. All welded,
hermetically sealed, shock proof housing.

Absolute Maximum Ratings (at 60 cps. Resistive or Inductive Load)

DIODE TYPES $D-91 $D-52 $D-93 $D-94 SD-95 SD-81A  SD-92A  SD-93A  SD-94A  SD-95A
Peak Inverse Voltage, Yolts 100 200 300 400 500 100 200 300 400 500
RMS Input Voltage, Volts 70 140 210 280 350 70 140 210 280 350
Continuous D.C. Voitage, Volts 100 200 300 400 500 100 200 300 400 500
Rectified D.C. Qutpyt Current, ma.
at 50° C Ambient 550 550 650 550 550 750 750 750 750 750
at 100° C Ambient 300 300 300 300 300 500 500 500 500 400
Max. Surge Current (1 cycle), Amps. 10 10 10 10 10 15 15 15 15 | 15
Max. Operating Frequency, Kilocycles 50 50 50 50 50 50 50 50 50 50
Ambient Operating Temperature, °C —65°C to +125°C —65°C to +125°C
ELECTRICAL CHARACTERISTICS
Max. 0.C. Forward Voltage Drop at 25°C 1.5 volts @ 550 ma dc (all types) 1.3 volts @ 750 ma dc (all types)
Min, Series Resistance
(Capacitive Load) (ohms) 6.8 6.8 6.8 68 6.8 47 47 47 47 47
Max. Leakage Current (mA.) at Rated
Continuous D.C. Voltage at 100°C 1.0 1.0 1.0 80 65 05 0s 05 04 03

For more detailed engineering data, request Bulletin SR-201
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High Temperature Silicon Diodes-50 TO 600 PIV

o

Optimum reliability, high efficiency, a reduction
in space requirements and installation ease result
from the application of diodes in this series. They
are designed to provide maximum forward con-
ductance under elevated temperature conditions
without an additional heat sink which would re-
quire space — increase assembly time and costs.
Excellent forward and reverse characteristics
result in high rectification efficiency.

[ o

Absolute Maximum Ratings 60 cps RESISTIVE OR INDUCTIVE LOAD

1N536 1N537 1N538 1N539 1N540 1N1095 IN1096
PEAK_INV. YOLT. (YOLTS) 50 100 200 300 400 300 600
[ Rms INPUT vOLT. (VOLTS) 35 70 140 210 280 350 420
[ CONTINUOUS DC VOLT. (VOLTS) 50 100 200 300 400 500 600
RECTIFIED DC OUTPUT CURRENT, {ma)
150°C AMBIENT 250 250 250 250 250 250" 2504
@ 50°C_AMBIENT 750 750 750 750 750 750" 7504
| SURGE CURRENT (ONE CYCLE) MAX.{amps) 15 15 15 15 15 15 15
| MAX.OPERATING FREQUENCY, Kc 50 50 50 50 50 50 50
AMB. OPERATING TEMP, —65°C TO +165°C,_(ALL TYPES)
STORAGE TEMP. —65°C TO +175°C_(ALL TYPES)

Electrical Characteristics

MAX. FULL-LOAD FORWARD 0.5 0.5 0.5 0.5 0.5 0.5 0.5
VOLTAGE DROP (VOLTS)

(FULL CYCLE AVERAGE @ 150°C)
MAX. LEAKAGE CURRENT (ma) 0.4 0.4 0.3 0.3 0.3 0.3 0.3
(FULL CYCLE AVERAGE @ 150°C)

* IN1095 Current Ratings: 250 ma at 135°C; 750 ma at 35°C. . 3 . »
£1N1096 Current Ratings: 250 ma at 130°C, 750 ma o1 30°C. For more detailed engineering data, request Bulletin SR-202

Semicap=Voltage Variable Capacitor
Q of 1000+ at 1 Megacycle

Semicap . . . a voltage-sensitive variable capacitor
.. . opens up new design possibilities never before
practical in oscillator control circuits. Semicap’s
small size and weight, along with its high reli-
ability and negligible power requirements, make
it ideal for automatic frequency control, fre-
quency modulation oscillators and band-pass, and
filter networks where precision capacity control
is an essential design parameter.

Typlcal Capacity VS, Blas Voltage

Bt = ¥
CAPACITY i ¥
AT MAX. BIAS
TYPE | 40 vours|volrs pc -.’?25;
+20% —
6.85C20 | 6.8 vuf | 200 :
g -
2 Pt
100SC2 [ 100 wuf 20 - '\‘-38020
10 =
Units of intermediate capaci- ma
tance rotings will be availoble I
at a later date.
1

1 1 100 200

10
BIAS (MINUS V DO)

For more detailed engineering data, request Bulletin SR-205
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Fine grain selenium layer, keyed plates and lugs to prevent rotation and the patented
‘‘Bellows Spring’ contact spring make International Rectifier's extensive Selenium
Power Rectifier line the most dependable in the industry, See Pages 63 and 64 for listings
of standard types available through distributors.



Forced Air Cooling Requirements

for Selenium Power Rectifiers

by F. W. Parrish, BEE
Chief Engineer, International Rectifier Corporation
Member AIEE, NACE

When forced convection cooling is ap-
plied to selenium rectifier stacks, appre-
ciable economies may be realized as a
result of the increased current ratings
allowed. However, the amount of cool-
ing air necessary to effectively cool and
safely operate selenium rectifiers at this
rating, has not received universal ac-
cord. In fact, general statements as to
required air velocity vary from 250
to 1000 lineal feet per minute, based
usually on a nominal plate size of
5x6” (5" length parallel to air flow).

The basis for current ratings for sele-
njum rectifiers has been formulated to
allow a 20 to 25°C temperature rise
above ambient air when the rectifier
stack is free convection cooled in air,
with the plane of the rectifier cells
vertical. This degree of temperature
rise above possible industrial ambient
air conditions of 40 to 50°C results in
a cell temperature of 60 to 70°C; 75°C
considered to be about the maximum
continuous cell temperature consistent
with optimum rectifier life.

It is well known that the rate of
heat transfer frcm parallel, flat fins
with a fixed velocity and density of
cooling air varies with the length of
the fin parallel to the direction of air
flow.* For turbulent flow this heat trans-
fer coefficient varies approximately as
the fourth root (L2 ) of the fin length
(velocity constant). If the length is
held constant, the coefficient varies as
the 4/3 root (V™) of the velocity.

It has been found that the actual rates

Good Design Steps
in Forced Convection Cooling of
Selenium Rectifiers:

1. Since the rectifiers usually
have the lowest thermal
storage capacity of any power
supply components, the cool-
ing air should pass over the
rectifiers prior to any of the
other components.

2. Best design requires an ex-
haust type circulatory system,
where the fan or blower ex-
hausts the hot air from the
power supply, and cool air is
drawn in (over the rectifiers)
by the reduction in pressure.

3. Never cool rectifier stacks by
blowing directly against the
stack by a propeller-type fan.
Air flow in front of this type
fan is very non-uniform. It is
better to use either an exhaust
system or a plenum chamber
to smooth out the air flow.

of heat transfer do not strictly obey
these conditions, although results ob-
tained by use of these factors are suffi-
ciently accurate for practical industrial
designs.

There are several reasons for these
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variations, which will be discussed as
follows:
Refer to Figure 1, and note the loca-
tion of the International Rectifier Rat-
ing “Curve A (L=5")" and “Curve B
(L=5")" (from other rectifier liter-
ature ) . The basic curve and competitive
curve are both located quite conserva-
tively with respect to the Region of
actual test data. Reasons for this con-
servative position are as follows:

1. As a selenium rectifier is operated
over an extended period of time,
the cell losses increase due to natural
aging, It is therefore necessary to
supply more air initially, to insure
an adequate supply aftet partial ag-
ing has taken place.

2. Tests are made on new, clean recti-
fiers. An accumulation of dirt and
deposits on rectifiers after extended
use will reduce the rate of heat
transfer.

3. Actual installations may not be baf-
feled as carefully as the test stacks,
to insure that all of the air flow is
between the cells, and not in sur-
rounding void spaces.

4. Uniformity of air distribution over
the stack area may vary from the
test stacks resulting from the type
and location of the fan or blower.

Referring again to Figure 1, note that

less air is required to cool the smaller

cell (L==2"") than for the International

Rectifier “Curve A (L=5")." The re-

duction in air velocity is determined

from Figure 2, which is based on the
fourth root of fin length (L¢*%) as
mentioned above, which shows for

L—=2" the required air is about 79%

of that necessary for a cell of 5” length.

Note that the “Curve B (L=—2")" indi-

cates air requirements far below those

recommended by International Rectifier

Corporation, and far below those indi-

cated by actual test data. It is believed

that these excessively low air require-
ments are erroneous for the following
reasons:

1. At the low velocities indicated by
“Curve B (L=2")" the air flow
would tend to be “Laminar” rather
than “Turbulent” and the correspond-
ing rate of heat transfer would be
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very substantially reduced.

2. In the normal assembly of selenium
rectifiers, the center stud and spacers
cause a dead spot in the air tow
path. Since in small cells the center
stud is a larger percentage of the
total cell width, the masking effect
is greater on small cells and can re-
sult in greater temperature gradients
over the cell area.

3. It is usually more difficult to ade-
quately baffle small rectifier stacks
to insure all the air will flow be-
tween the cells.

Accordingly, it is believed more con-
sistent with actual rectifier practice
and performance to vary the rate
of air flow by adjusting the Interna-
tional Rectifier “Curve A (L=5")"
by amounts as indicated by Fig. 2 for
other cell lengths.
However, since the aging of selenium
rectifiers is primarily influenced by (1)
cell temperature and cooling efficiency;
(2) current density, and (3) inverse
voltage; a recommended limit has been
quite uniformly established by the sev-
eral manufacturets as the optimum cur-
rent density consistent with moderate
acceleration of aging and the economics
of forced cooling. This optimum up-
rating factor is 2.5 times the free
convection-cooled current density,
which is 160 ma/in?, for half-wave re-
sistive load, (NEMA). (Longer life
will be realized if smaller up-rating
factors are used.)
The ultimate test of cooling effective-
ness is the actual temperature rise of
the cell, above ambient air. At air
velocities between cells comparable to
those indicated by the International
Rectifier Curve of Fig. 1 and by Fig.
2, the temperature rise should not ex-
ceed 15°C and probably will be more
nearly 12°C for new rectifiers. These
values of temperature rise have been
found consistent with rectifier thermal
storage capacity, optimum aging rates,
and reliable industrial performance of
selenium rectifiers.

lllEI;_iEREN_I(_JE:
. Heat Transmission (Book) by McAd X
(McGraw-Hill) 3rd Edition ) by McAdams
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Fig. 1. Basic Re-Rating Curve for Forced Air Cooling of Selenium Cell 5” long.
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International Rectifier Corporation
Standard Selenium Power Rectifiers

For all DC power needs from
microwatts to kilowatts. Features:
long life; compact, light weight §

and low initial cost. Ratings: to 250 KW,
50 ma to 2,300 amperes and up. |

6 volts to 30,000 volts and up.
Efficiency to 87%. Power factor to 95%.
For complete information write

for Bulletin C-349.

Circuit and Connecting Diagrams

L. Diagrams of Dimensions
3
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Output Mmax,  [Circuit Dimensions (nches)

Type Code Input L
Number nc oc AC Diag. | N

voits | amp. | Voits |%3%- frig, A | B |MD* X | ¥ | st
JDS00G | BIC1SDAGX 04 [13/26 | 1 |A 1% |14 1% |%| % | 832
JD-501G | C1CISDAGX 07 113/26 | 1 [A |15 i1%|1%|% | % | 832
JD-3011 L1C1SDAGX 15113726 | 1 |A |2 |2 }1%|% | % | %20
JD-503G | DICISDAGX [0-10 | 30)13/26 | 1 |A |3 |3 |2 |3% | % |%16
JD-504P | PIC1SDAGX 5513/26 | 1 |A |4 [4 |2 |%| % | %16
JD-5056 | F1IC1SDAGX 95113/26 [ 1 |A |6 (5 [2%|%|1% | %16
JD-506G | HIC1SDAGX 150 113726 | 1 (A | 7% 16%| 2% | % | 1% | %16
JD-43468 | F1JINDBKX | 0-13 |30.0t[165/33) 1A (B |6 |5 |4%|% |1% | %16
JD-507G | BIB1SDAGX 04 |26 2 A 1% %t %! % | 832
JD-508G | C1B1SDAGX 0.7 |26 2 A1 ibils %] % | 832
JD-3022 L1B1SDAGX 15 |26 2 (A2 2 |1%|%| % | %20
J0-510G | D1IBISDAGX |0-20 | 3.0 |26 2 A3 |3 [ 2%1%| % | %16
JO-511P | P1B1SDAGX 55 |26 2 A4 |4 [2%|%) % | %16
JD-512G | F1IBISDAGX 9.5 (26 2 A6 |5 |3%|%|1k | %16
JD-513G | H1BISDAGX 15.0 {26 2 |A[T7%]6%|3%u|%|1% | %16
JD-514G | B2B1SDBGX 0.4 |52 2 B |1 (1% 25| %) % | 832
JD-515G | C2B1SDBGX 0.7 |52 2 B 1% (1| 2G| %] % | 832
JD-3023 L2B1SDBGX 15 |52 2 IB2 (2 |3 [%| % | W2
J0-517G | D2B1SDBGX | 0440 | 3.0 |52 2 |B|3 |3 |44|%]| % | %16
JD-518P | P2B1SDBGX 5.5 |52 2 |B 14 14 |4 %] | %16
JD-519G6 | F2B1SDBGX 95 |52 2 [B|6 |5 |5%(%|1ks |%16
JD-5206 | H2B1SDBGX 15.0 |52 2 |B|7%|6%] 5%| %1% | %16
JD-9317 D3B1SDBGX 24|78 2 1B 13 |3 |5 %| % | %16
JD-9318P | P3B1SDBGX |0-60 | 4.2 |78 2 (B |4 (4 |5 % | | %16
JD-9319 F3B1SDBGX 85|78 2 [B|6 (5 | 7% %|14 | %16
JD-9320 D4B1SDBGX 24104 2 (B3 3 (7| %| % | %16
JD9321P | P4B1SDBGX | 0-80 | 4.2 | 104 2 (B4 |4 |D|%]| | %16
JD-9322 F4B1SDBGX 85 [104 2 |B|6 (5 |10%|%|1% | %16
JD-3012 | B5B1SDBGX 0.3 [130 2 |B 1% 1% %% %| % | 832
J0-3007 C5B1SDBGX 06 {130 2 B 1% 1Y) 4% | % | % | 832
JD-3008 | L5B1SDBGX 1.2 1130 2 B2 |2 |{6%|%| % | k2
JD-3009 D581SDBGX | 0-100] 2.4 }130 2 |B|3 3 %] %] % | %16
JD-3010P | PSB1SDBGX 42 |130 2 B4 |4 Y| %] e | %16
JD-3013 F5B1SDBGX 35(130 2 [B|6 |5 |12%| %| 1% | %16
JD-3014 H5B1SDBGX 13.0 | 130 2 {B|7%|6%l12%]| %) 1% | %-16
JD-3015 | B6B1SDBGX 0.3 | 156 2 (gl 1%|1%] 5% 3| % | 832
JD-3016 C6B1SDBGX 06 | 156 2 lp|1s| 1| 5% %) % | 832
JD-3017 | L6BI1SDBGX 1.2 (156 2 lgl2 |2 | 7% %] % | %20
JD-3018 D6B1SDBGX | 0-120{ 2.4 | 156 2 (g3 |3 [104]|%]| % | %16
JD-3019P | P6B1SDBGX 4.2 {156 2 g4 [4 10%| %] | %16
JD-3020 F6B1SDBGX 8.5 | 156 2 |g|6 |5 [15 %1% | %16
JD-3021 H6B1SDBGX 13.0 | 156 2 |p |74 |6%[15 | %1% | %16
JD-116G | D-1166 2 26 3 Jjcy3 |3 Y Eyelet type
JD-116G** | D-116G** 4 [13/26 § 1 ¢ t3 |3 Y Eyelet type
J-117p | D-117P 27| 26 3 jcla |4 % Eyelet type
JD-117pP** | D-117p** 010 55 (13726 { 1 jc |4 |4 | A Eyelet type
102416 D-241G 6 26 3 lcti6 |5 Y Eyelet type
JD-241G** | D-241G** 12 [13/26 | 1 ¢ {6 |5 Y Eyelet type
JD-240G | D-2406 9 26 3 Ic|7% 6%l h Eyelet type
1D-240G** | D-240G** 18 (13726 } 1 ¢ | 7% {64 ] X Eyelet type

t Rated 100 amp DC for fast battery charging when fan cooled at 800 linear feet/min.

All ratings for Ambient Temperature of 35°C
** Two stacks of this type number required.

* Tolerance: =+ 3"

63



High Current Density Selenium Rectifiers

Where space and weight considerations are paramount, International
Rectifier High Current Density Rectifiers will deliver approximately
twice the rectified direct current output of standard selenium rectifiers.
Thus, a saving of 509 in volume for a given rating may be expected.
In addition, these units feature low forward voltage drop and high
inverse voltage ratings.

Circuit and Connecting Diagrams Diagrams of Dimensions
Z Ll
N
‘ FIG.A ® |2 { Ji=}
FiG. 1 | L L
g —Mp—=ix
CENTER TAP :c
L2 L D NHy —+
y +
FI6.2 3 ety | ot g8 | © |4 i
£ 14 =
SINGLE PHASE BRIDGE e
Output Max. 3."3:5‘ Dimensions (Inches)
Type Number oc | oc| "me | "ohet
Voits| Amp | Volts| Fig. |Fig] A | B | MDp*| x| ¥ Stud
114C04 AICISDALD | 0 | 04| 36 1 A1 |1 1Mkl Y 8-32
J14C1 C1CISDALD 15] 36 1 (A1 145 1% % X 8-32
J14c5 DICISDALD | to | 48} 36 1 (A3 |3 | 1%|%| %| %16
114C8 P1CISDALD 84| 36 1 (A4 |4 1% 1 %! 1t %16
J14C17 F1C1SDALD | 14 |17.0| 36 1 |A|6 |5 2% | %t 14| %-16
J29B04 AIBISDALD | 0 | 04| 36 2 |Bj1 |1 1% %l Y% 8-32
129B1 C1B1SDALD 15| 36 2 (B 1| 1Y 14| % %, 8-32
J29B5 DIBISDALD | to | 48| 36 2 /B3 |3 2% | %1 %| %-16
J29B8 P1B1SDALD 84| 36 2 B4 |4 | 2%|%|1%| %16
J29B17 FIBISDALD | 29 [17.0| 36 2 {Bj6 |5 il % k| %-16
158B04 A2BISDBLD | 0 | 04| 72 2 Bil |1 2 l%l U 8-32
J58B1 C2B1SDBLD 15 72 2 B1x|l 14| 2% | %| X 8-32
15885 D2B1SDBLD | to | 48| 72 2 |[B|3 |3 | % | %| %-16
15888 P2B1SDBLD 84| 72 2 B4 |4 B4 % 1| %16
158B17 F2B1SDBLD | 58 {17.0| 72 2 [B|6 |5 5% | %) 14| %-16
J116B04 | A4BISDBLD | 0 | 0.4 144 2 |B|1 {1 I % U 8-32
J116B1 C4B1SDBLD 15( 144 2 (B |[1% 1051 3% %| X 8-32
J11685 D4ABISDBLD | to | 4.8| 144 2 |IB|3 |3 s | %l 38| %-16
J116B8 | P4BISDBLD 84| 144 2 B4 14 | 7| %1% %16
J116B17 | FAB1SDBLD | 116 |17.0| 122 2 [B|6 |5 |10y | %1%l %16
J135804 | A5SBISDBLD | 0 | 0.4 180 2 |B|1 |1 Y\ % U 8-32
J135B1 C581SDBLD 15| 180 2 B il 1a| 84| 25| % 8-32
J135B5 D5BISDBLD | to | 4.8| 180 2 B3 |3 8| %| %| %16
J13588 P5B1SDBLD 84| 180 2 |[Bi4 |4 8Ws| 24| 15| %16
J135B17 | F5BISDBLD | 135 {17.0| 180 2 |B |6 |5 |12%]| % 1)4 |3/10-16
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How to Determine the Equivalent

Continuous Current of

Periodically Varying Loads

by L. W. Phinney, BEE
International Rectifier Corporation
Member AIEE

Occasionally a metallic rectifier will be
called upon to supply a load current
which varies over a fixed and repetitive
time cycle. It is then desirable to obtain
an ezuimlent continuous current which
can be used as a basis for the choice of
the minimum size vectifier plate re-
quired to give equivalent expected life.
It is intended in this article to discuss
the type of reasoning and analysis
which will produce this result.

The useful life obtained from a Selen-
ium rectifier is determined by several
factors, the most important of which is
the operating temperature of the plate
(or cell). This assumes there are no
extreme overload or surge conditions
and that the rectifier has been made by a
reputable manufacturer with close su-
pervision of quality and ample experi-
ence to be fully cognizant of the many
manufacturing variables which affect
the resulting rectifier characteristics.

Design Considerations

It is customary to design Selenium recti-
fier stacks, which are to be cooled by
self-induced convection currents, for a
rise over the ambient temperature of
about 25°C. In the case of forced air
cooling, designs are usually based upon
a rise above the ambient temperature of
from 10° to 15° C, It is upon these tem-

perature rise figures that published cur-
rent ratings are based (See International
Rectifier Corporation Bulletin C-349).
There must also be noted the maximum
ambient temperature :%Jeciﬁed in the
bulletins which, in effect, limits the
maximum temperature at which the
plate may be operated. Incidentally,
some conception of the rate at which
anticipated life falls with increased
plate operating temperature, for con-
vection cooled applications can be ob-
tairied from page three of bulletin
C-349 (rev. Jan.’55.)

Under rated load conditions the tem-
f:erature rise of a Selenium rectifier is
argely determined by the forward (or
load) current. This current produces
heat in the plate due to the forward re-
sistance of the plate. This heat will be
proportional to the square of the cur-
rent. Where the load current is periodi-
cally varying it is necessary to find the
continuous current value which would
produce the same average rectifier plate
heating as the actual load current. This
is illustrated in Fig. 1, wherein i is
some function of t expressed as i — f
(t). The average heat produced by the
actual load current will be proportional
to the average of the square of each in-
stantaneous load current, taken in time
sequence during one load cycle.
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MATHEMATICAL ANALYSIS

This would be expressed as follows:
t

. I
Equation 1 Average heat = k—t- F2 (t) dt —
t
Where k is a factor of proportionality.

The heating produced by the continuous current (I,)
which we are seeking is proportional to the square of this
current.

Equation 2 Average heat = k 1,2 — Where k is the same
k as in equation 1.

Editor’s Note: Due to the non-linearity of selenium
rectifiers, the exponent is usually less than 2.

Since it is the basis of these whole discussions that these
two heating values be the same we can equate these two
expressions:

| t
Equation3 kI2? = k4— \ P2 () dt
t,
or;

I [t
Equation4 I, = \/t_§t F2 (t) dt

ACTUAL LOAD CURRENT

il EQUIVALENT CONTINUOUS ty
CURRENT i
/ ~ 1
10AD e
CURRENT 1 1
CYCLE M a

Y
NEPEATS

' T—=f (D 1 — t, —i('Tf,,——ll-:e—ll

°
FIGURE 1 FIGURE 2

This equation 4 is recognized as the root-mean-square
(or r.m.s.) value of the load current which is the standard
in alternating current circuits.

Equation 4 can be useful in Selenium rectifier applica-
tions with two major exceptions. First, the equation for the
load current [f (t) ] is seldom known, and secondly the
load usually varies in steps so a more graphical type of
analysis can be used.

Assume that the load current varies cyclically according
to Fig 2. Using graphical methods which are amply de-
scribed in standard text books and which involve taking
ordinates spaced at equal intervals, and manipulating in
general accordance to equation 4, we obtain the following:

. _ I12at, + I2bt, + Ict,
Equation5 I, = \/ TS



TIMES RATED FULL LOAD CURRENT

Additional load steps merely require adding more terms
involving I, t, I, t. etc.

AN EXAMPLE

As an example, let us assume a load occurring in the fol-
lowing steps: 0.8 Ampere for 30 seconds, 0.1 Ampere for
10 seconds, 0.25 Ampere for 20 seconds, this load cycle
then repeats.

Using equation 5:

\/ (0.8)2 X 30+ (0.1)2 X 10+ (0.25)2 X 20
I, =
30+ 10 + 20
= 0.584 Amp.

If the circuit to be used is a single phase bridge, the size
C plate (114” sq.) or larger may be used since it is rated
at 0.6 amperes in such a circuit. If the load involves a single
valued “on” time and an “off” time, repeatedly occurring,
Fig. 1 can be more quickly used.

PRECAUTIONS

This method of evaluating a periodically varying load
must be used with discretion. Each portion of the load
cycle must be appreciably less than the time required for the
rectifier to attain a stable temperature condition. This “ther-
mal time” ranges from 5 to 20 minutes for self-convection
cooled stacks and from 214 to 5 minutes for fan cooled
stacks.
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FIGURE 3
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International Rectifier Corporation Stud Mounted Silicon Power Diode Types cover a

Current Range of from 400 ma to 250 amperes per junction at PIV ratings to 800 volts.
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Design of Fins for

Cooling of Semiconductors

by Werner Luft, BME
International Rectifier Corporation

Since operating temperature of materi-
als is a general limitation in the appli-
cation of components and equipment,
Zuantitative methods of analysis of
eat dissipation have become essential.
For many types of component, fins may
be used to increase surface area for heat
removal. Semiconductors are typical
components in which temperature con-
trol is a problem, and are used here to
Hlustrate the engineering approach to
the design of fins for cooling.
The choice of proper fin size for heat
dissipation from semiconductors de-
pends upon many variables. By making
certain simplifying assumptions a
method has been evolved which permits
numerical solution of fin design prob-
lems,
The output current from semiconductor
devices such as silicon or germanium
diodes is limited by the temperature of
the rectifying junction. This tempera-

Resistance within fin

from fin fo

ture depends on the heat losses within
the junction and the temperature of the
environment. The question arises as to
how to dissipate a certain amount of
heat from the device within a limited
temperature rise of the junction above
ambient and by 2 prescribed method of
cooling.

Semiconductor devices are usually
mounted on fins of rectangular section.
The problem becomes then to deter-
mine the necessary fin dimensions. The
heat is dissipated by conduction, con-
vection and radiation. Optimum fin de-
sign is desirable as it permits maximum
cooling with minimum material. Opti-
mum design here signifies maximum
heat dissipation for minimum fin vol-
ume of rectangular profile, for given
material and heat transfer coefficient.
The heat flow from the junction of a
semiconductor device mounted on a fin
to the environment can be illustrated by

Contact
resistance

Internal source
semicanductor
resistonce

2

Zq

Fig. 1. Electrical circuit analogous to the distribution of thermal resistances
between heat source and sink for a semiconductor device mounted on a fin.

69



pero—4

2= )

_W“

27

\
\
\
D

e

Fig. 2. (Upper) assumed radial heat
penetration into an annular fin at
the inner radius r,, and (lower)
tapered-thread assembly of semi-
conductor and fin.

an analogous electrical circuit contain-
ing an arrangement of resistances as
shown in Fig. 1. The thermal resistances
are the internal resistance of the device,
contact resistance between the device
and the fin, internal resistance of the
fin, and the resistance between the fin
and the environment, which is regarded
as the final heat sink. The last two are
each composed of an infinite number of
paths ans are series-parallel connected
over the entire fin area. Each part of
the fin internal resistance is infinitely
low, and each part of the fin-to-environ-
ment resistance is infinitely high.

The resultant of internal fin resistance
and the fin-to-environment resistance is
called thermal fin resistance and is
designated as Z:. These two resistances
must be treated simultaneously rather
than as a series-parallel connection of
resistances. Some simplifications have
been made in order to set up the nzces-
sary equations. The fin is assumed to be
circular and of rectangular section with
the semiconductor in its center, and the
heat flow as entering the fin in 2 radial
direction, uniformly distributed, at a
70

certain distance from the geometrical
center of the fin, Fig. 2 upper. The dis-
tance from the center where the heat
enters the fin is called the inner radius
of the fin. The thermal conductivity of
the fin material is assumed not to
change with temperature, the heat trans-
fer coefficient is considered to be con-
stant over the whole fin area and the
heat dissipation from the fin edges is
neglected. Furthermore, only the heat
dissipated from the fin is treated, while
in reality heat is also dissipated from
the housing of the device and through
the electrical contact leads.

The assumption of circular shapes im-
poses the problem of finding an equiva-
lent diameter if fin forms other than
circular are used. For a square fin the
side of the square can be chosen as
equivalent diameter. The resultant fin
resistance will be approximately 10 per
cent high and must be reduced accord-
ingly. Rectangular fins with their long-
est side not exceeding twice the shorter
side may be reduced to an equivalent
square, and the side of this square can
be taken as equivalent diameter. In or-
der to remain on the safe side, the re-
sulting resistance in such a case must not
be reduced.

The inner fin radius must be chosen in
accordance with the figuration of the
semiconductor device. If the device has
tapered threads and is assembled to the

Iil L
bz )
i ae M1
i .! T2 >

Fig. 3. Type of semiconductor and
fin assembly requiring the concept
of mean radius in fin design.



Heat source

Z: | internal resistance

[ZEJ Contact resistance

24 Fin resistance

Fig. 4. Simplified electrical circuit
analogue.

fin as shown in Fig. 2, lower, half the
pitch diameter gives the inner fin
radius. When the device is mounted as
in Fig. 3, the heat will enter the fin at
neither a fixed distance from the center
nor in a radial direction. In this case
some mean value must be taken as inner
fin radius, such as the arithmetic mean
of the radii n and 7.

The errors caused by the further as-
sumptions are negligible in practical
cases where the air velocity is not too
high. The heat losses from the fin edges
can be accounted for by reducing the
diameter used in the calculations by the
calculated thickness of the fin.

The solution of the differential equa-
tions which result from the thermal cir-
cuit analysis shows that the thermal fin
resistance is a complex function of the
heat transfer coefticient, the thermal
conductivity of the fin, the thickness of
the fin and the inner and outer radii of
the fin. Numerical values of the fin re-
sistance can be obtained from the nomo-
grams.

Having obtained values for the fin re-
sistance, the circuit of Fig. 1 can now
be reduced to a simple series connection
of thermal resistances: the internal
semiconductor resistance, the contact re-
sistance and the fin resistance, as shown
in Fig. 4. The total thermal resistance
for the heat flow from the junction is
then obtained by adding the three re-
sistances together. Thus we have ob-
tained an expression of the temperature
rise of the junction above the environ-
ment per unit of effect loss in the semi-
conductor device. Obviously, efforts to
reduce the fin resistance by altering the
fin dimensions are only profitable if the
fin resistance is of the same order or
larger than the internal semiconductor
resistance and the contact resistance to-
gether.

Optimum Fin Design.

By calculation and graphical trial and
error methods it is found that for given
heat transfer coefficient, fin material,
inner radius of fin and volume of fin
material, the fin resistance yields a mini-
mum in cases met in actual fin design
for values of (rL—7.) /R between 0.8

i
AN
\

T -fo

Fig. 5. Thermal fin resistance for circular
fins of rectangular section as a function
of (rL—r,) /R, for fixed values of inner
fin radius, heat transfer coefficient, ther-
mal conductivity and fin volume.
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and 1.2. Figure 5 gives a clear illustra-
tion of this correlation. In this figure
the fin resistance is plotted against the
ratio (rL—#.) /R for given values of
fin volume, inner fin radius, thermal
conductivity of fin material and heat
transfer coefficient. Curve (a) is calcu-
lated for a fin with a thermal conductiv-
ity of 220 Btu/ft-hr-deg F, an inner fin
radius of 0.5 in. and a volume of 0.87
cu. in. The heat transfer coefficient is
10 Btu/sq ft-hr-deg F. In curve (b) all
variables are the same as for curve (a)
except the fin volume which is 2.0 cu.
in. Curve (c) differs from (b) in that
the inner fin radius has been changed to
0.3 in. and the heat transfer coefficient
to 30 Btu/sq ft-hr-deg F.

It is seen that for small values of
(r.—r.) /R the fin resistance is very
high. For increasing (rL—.) /R val-
ues the fin resistance decreases rapidly
and reaches a minimum; for the three
cases shown the minimum lies between

0.95 and 1.09. In the vicinity of the
minimum the curves are rather flat and
as an approximation it can be said that
the minimum occurs at (rfL—r.) /R=
1. For still higher values of (rL—7.)
/R the fin resistance increases again, but
less rapidly than on the opposite side
of the minimum point.

The sharp rise of the fin resistance for
small values of (rL—7.) /R in the fig-
ure is to some part due to the simplifi-
cation of neglecting the heat transfer
from the fin edges. The error caused by
the simplification is evidently greater
for small values of (rL—r.) /R than
for large ones. We can draw the con-
clusion that for each value of fin vol-
ume the optimum fin dimensions are
obtained by choosing the thickness and
outer fin radius in such relation that the
quotient of the outer fin radius minus
the inner radius to the “natural” radius
gives a value of 0.8 to 1.2. In practical
work with semiconductors where the

Fig. 6. Surface representing the temperature
drop within a square fin of rectangular section.
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inner fin radius is small compared with
the outer radius, the thumb rule can be
used to take the outer fin radius equal
to the “natural” radius.

The “natural” fin radius, R, is a function
of the thermal conductivity of the fin,
the fin thickness and the heat transfer
coefficient:

ks

R = 2h

Thus, if a certain fin diameter is given,
the optimum thickness depends on the
fin material and the manner of cooling.
When choosing materials with better
heat conductivity, the thickness can be
reduced proportionally, while a higher
heat transfer coefficient will requite a
thicker fin.

Fin Efficlency.

Owing to space limitations the problem
frequently arises of dissipating a certain
amount of heat from a limited fin area.
The optimum fin thickness may then
yield a value of the fin resistance which
is too high to allow the desired heat dis-
sipation within the given temperature
limits. In such a case the fin efficiency
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Fig. 7. Temperature drop within o fin, with
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Fig. 8. Relative efficiency of annular fins
of constant thickness.

can be increased by increasing the fin
thickness. Efficiency of a fin is the ratio
of the amount of heat actually dissi-
pated by the fin surface per unit tem-
gerature rise to that which would be

issipated if, without change of heat
transfer coefficient, the whole fin sut-
face were held at the temperature of the
fin base.

Figure 6 shows a three-dimensional plot
of the temperature drop within a square
fin from the inner fin radius to the edges
of the fin. The Y-axis represents the
temperature, and the fin is in the X-Z
plane. At the inner fin radius the tem-
perature rise above the environment is
T. and at the edges this temperature
difference has dropped to TL. The tem-
perature droF within the optimal fin is
approximately 50 per cent of the total
temperature difference between the fin
base and the ambient. The amount of
temperature drop depends on the fin
diameter. The fin efficiency is then about
55 per cent to 60 per cent. By increas-
ing the fin thickness sufficiently, the
efficiency can be raised to more than 90
per cent, with a gain in heat dissipation
of 50 per cent to 60 per cent.

Figure 7 gives a clear illustration of this
statement. The figure shows the temper-
ature distribution in a 5 x 5 in. fin with
an inner radius of 0.4 in. for values of
the “natural’”’ radius from 2.0 to 7.9 in.
The X-axis represents the distance from
the fin center, and the Y-axis is the ratio
of the temperature difference above the
ambient at each point of the fin to the
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temperature difference at the inner fin
radius. The optimal design for this fin
would be for a value of R=2.1, for
(rL—r. /R=1. The efficiency of the
fin for this value of R is only approxi-
mately GO per cent of the efficiency the
fin would have if R were 8 in.

Figure 8 gives a dimensionless repre-
sentation of the fin efficiency for annu-
lar fins of constant thickness*. It is seen
that the fin efficiency decreases with in-
creasing (rL—r.) /R and depends on
the ratio of the outer and inner fin
radius.

From Figs. 6 and 7 it is seen that the
temperature gradient is steepest at the
center of the fin and becomes zeto at
the edge. This indicates that the effec-
tiveness of a fin can be greatly improved
by making the fin thicker in the center
than at the edges. This would save
material compared to a fin of uniform
thickness. In practice this improvement
can be obtained by brazing thick wash-
ers of suitable diameter to the center
of a fin.

Table of Symbols

Table of Symbols

A = Heat transfer area, sq. In.
h = Heat transfer coefficient, watts/sq in-deg C
k = Thermal conductivity, watts/in-deg C
q. = Heat dissipation per unit time, watts
r = Radius of circular fin, in.
r, = lnner radius of fin, in.
r. = Outer radius of fin, in,

ks
2h

s = Thickness of fin with rectangular profile, in.

R = “Natural” radius of fin = \/ in.

T = Temperature riss above the environment at

r =7, dég

T: = Temperature rise above the environment at
r=rs,deg C

V = Volume of fin, cu in,

Z; = Thermal resi of
deg C/watt

Z, = Thermal resistance of fin, deg C/wait, =

/90

Z, = Total thermai resistance = Z, + 2
deg C/watt

*See “Efficiency of Extended Surfaces”, K. A.
Gardner, Transactions ASME, Vel. 67, No. 8,
Nov. 1945
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A numerical example will show how a
typical problem can be solved with the
aid of nomograms. An output current
of 82 amp is desired from a silicon di-
ode shown in Fig. 3. The diode is
mounted on a copper fin and is im-
mersed in transformer oil with an aver-
age temperature of 80°C. The junction
temperature of the diode shall not ex-
ceed 140 C. Fin thickness is to be found
if outside dimensions are to be a maxi-
mum of 4 in. x 4 in. and with known
constants as follows:

Heat losses in the diode g0 = 106 watts
Dimensions of diode stud r, = 0.25 in.
(see Fig. 3) 7. = 0.55 in.

Heat transfer coefficient from fin to trans-
former oil 4 = 0.13 watts/sq in-deg C

Thermal conductivity of copper £ = 9.6
watts/in-deg C

Internal diode resistance Z; = 0.25 deg
C/watt

Contact resistance diode to fin (if diode is
soldered to fin) Z,=0

o = arithmetic mean of r, and r. = 0.40 in.
T = maximum temperature rise = 140—80
=60 C
Z: = 60/106 = 0.565 deg C/watt
Zy = Zi— Zs = 0.565 —0.25
= 0.315 deg C/watt

For the equivalent circular fin we can thus
allow a fin resistance of 0.315/0.9
=0.35 deg C/watt

4 .
rL = 3 = 21in
We assume a value of R = 4 in.
fa/R == 0.1
rL—1,
—_—— =04
R

From Nomogram I we obtain Z, = 0.35 deg
C/watt, which is the desired value.

From Nomogram II we obtain 5 = 0.42 in.
The volume of material is 6.7 cu. in,

Nomogram 1 >
Fin resistance Z: for given values of r.,
r, h and R. The first step is to derive the
ratio ro./R and (rL—r,) /R. Enter with the
first ratio at the left hand side of the
chart, and with the second ratio at the
bottom of the chart. From the point of in-
tersection of these ratio values, draw a
horizontal line to the first ‘“‘pivot line,”
which is the right hand limit of the curve
chart (the vertical line representing
{(rL—r.)/R=0.1). A line is then drawn
from this point through r, to the pivot line
A, then through h to pivot line B and
through R to Z:.
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If the first trial gives a too high value Assume rL = 2.5 in.

of Z; a new trial must be made with a 25-04 . p_ 2
higher value of R and vice versa. To R’ /R — 0.19
find the optimum dimensions the trial 7, = 0.35 deg C/W

and error method must be used again.

Assume 7L = 3 in.
rL— 1o

From Nomogram Il s = 0.12 in.
Volume of material = 3.0 cu. in.

R =1;R=26 . . . )
/R = 0.15 The optimum dimensions result in 55
From Nor:mgram 1,Z; = 0.24 deg C/watt per cent less material but 56 per cent
£ - . .
We can thus take a smaller 7L more space than the first trial
K R s h
o
g g &
3} "::-' kil z|e
$ - £ g
E
< 0.1
] —0.01
E A - 02
) 3 i [
Fe—r g 023 C :
[ 3 3 C -
1 & F0.02 -
E 2 05 E 0.1
s E00%  Looes
2 ! F-004 [ 0.06
:_4 —0.05 ~0.05
3 —0.06 s
- 2 = 004
Al - :
S 008 [oo03
.7 — 3
[ g —0.10 3
o o 5 - F-0.02
0.5 C
10 E C
Key to chart :'—0.20 [
o -0.01
20 E-0.30 [-0.008
! 24 E o
\~\ - [ E L
- :‘ 040 1-0.006
“y 050 -0.005
Eo.om

NOMOGRAM I The function R= '/ :;.—'

In order to find R when the three other variables are known, line (1) is first drawn,
as indicated in the chart key, then line (2) from the intersection on the pivot line, to h.
When s is desired, and the other variables are known, line (2) is drawn from h to R
and extended to the pivot line. This article originally appeared in ELECTRICAL MANUFACTURING

76



Silicon Rectifier Stacks
1.5 to 14.4 Amperes 31 to 1500 Volts

International Rectifier Silicon
Stacks are designed primarily for
high temperature operation over
the range from —65°C to 170°C.
This table provides a partial list-
ing of standard assemblies now
available. Other configurations, in-
cluding half-wave, three phase

half-wave, six phase star and
single phase magnetic amplifier
bridge assemblies are available in
a variety of voltage and current
ranges. For more detailed informa-
tion on this complete line of silicon
rectifier stacks, request bulletin
SR-206.

Standard Types and Ratings
(Partial Listing)

Single-Phase Center Tap
0.C.
Max. D.C.
Output " .
Tros s | o | Gorem | p. | Oimepen
Voltsy Yolts Amps
66B1C152CS4 70 3t 3.0 A -
66B1C252D54 70 3 6.0 [ 3.50
66B1C352054 70 3 9.0 1 4.48
6681C152CU4 140 62 1.0 A -
6681C2520U4 140 62 6.0 s 3.50
66B1C3520U4 140 62 9.0 1 448
66B1C152CV4 210 o4 3.0 A -
66B1C252DV4 210 94 6.0 s 3.50
66B1C3520V4 210 94 9.0 s 4.48
66B1CISCWA 280 125 3.0 A -
66B1C25DW4 280 125 6.0 [ 3.50
66B1CISDW4 280 125 9.0 [ 4.48
6682C152DV4 420 188 3.0 8 3.5
6682C2520V4 420 188 6.0 ] 5.02
6682C3520V4 420 188 9.0 ] 7.00
66B2C1520W4 560 250 3.0 [ 3.5
66B2C2520W4 560 250 6.0 [ 5.02
6682C3520W4 560 250 9.0 [ 7.00
86B3C1520W4 840 376 3.0 B 4.49
66B3C2520W4 840 376 6.0 [ 7.00
66B4C1520W4 | 1120 500 3.0 [ 6.01
. 6685C1520W4 | 1400 625 30 ] 6.54
rmetically Sealed
Hseilicon Ju:ctions 66B6C1S2DW4 | 1680 750 3.0 [ 7.53
Single-Phase Bridge
N
i — 66B1B152D54 70 62 3.0 ] 3.51
2 66818252054 70 62 6.0 [ 5.49
— 66818352054 70 62 9.0 s 6.99
6681B152DU4 140 125 3.0 B 1.5
1s 23 K 56B182520U4 140 125 60 ] 5.49
@ i 668183520U4 140 125 9.0 [ 6.99
: 658181520V4 210 188 3.0 1 3.5
s 66818252DV4 210 188 6.0 s 5.49
I o 4581B3S20V4 | 210 188 9.0 3| 60
TS s -1 £6B1B1S2DW4 280 250 3.0 B 15
~750 =~ - CLEARMNCE #§ SCREW 66B1B252DW4 280 250 6.0 s 5.49
7o i 668183520W4 | 280 250 9.0 s 6.99
Fig. A 66B2B1S20DV4 420 376 3.0 s 5.00
66B28152DW4 420 376 3.0 8 5.00
6683B152D0W4 840 750 3.0 3 6.48
Three-Phase Bridge
66817152054 70 | 9 36 s 4.48
66817252054 70 93 7.2 s 7.0)
66B1T1520U4 140 188 2.6 3 4.48
66B172520U4 140 188 7.2 s 7.00
66B1T1520V4 210 283 ) s 4.48
66B172520V4 210 283 7.2 B 7.00
6681T1S20W4 280 376 3.6 s 4.48
66B1T2520W4 280 376 7.2 3 7.00
66B2T1520V4 420 575 3.6 8 6.54
Fig. 8 66B2T152DW4 560 750 3.6 [} 6 54
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Stud Mounted Silicon Power Diodes
50 TO 600 PIV

These silicon diodes are designed primarily for
high temperature applications. They may be
operated at temperatures up to 150°C and can
withstand exposure to temperatures from —65°C
to 4+170°C. Exhaustive tests on these diodes at
high ambient temperatures have shown no detect-
able aging in their characteristics.

POWER SUPPLY TYPES

Absolute Maximum Ratings at 100° C ambient Characteristics at 25° C
Max. D.C.
Max. Max. Max. Max. Max.
JETEC D',"";‘ ':Ve:,l;e RMS Rectaified Conti‘:\uous Su:ge D.C. Volt Drop %ﬂ:x:‘:
Type jode | 4ltage Input | DC Output D.C. Current || at 200 ma. DC | ,¢ Rated
Type volts | Voltage |Current. Current (0.1 Sec.) || Output Current P.IV.
volts ma. ma. ma. volts ma.
1N607 | 3ATI 50 35 800 1000 2000 1.5 .025
IN608 | 3BT1 100 70 800 1000 2000 1.5 .025
IN609 | 3CT1 150 105 800 1000 2000 1.5 025
IN610] 3DT1 200 140 800 1000 2000 1.5 025
IN611 ] 3ET1 300 210 800 1000 2000 1.5 .025
IN612 | 3FT1 400 280 800 1000 2000 1.5 025
IN613 | 3GT1 500 350 800 1000 2000 1.5 .025
1N614 1 3HTI 600 420 800 1000 2000 1.5 .025
MAGNETIC AMPLAIFIER TYPES
Absolute Maximum Ratings at 100° C ambient Characteristics at 25° C
Max, D.C.
) Max, Max. Max, Max. Max, e
JETEC I)'{::'dlea l:::rkse RMS | Rectified |Continuous | Surge |ID.C. Volt Drop %T;f;:;
Type | Type Voltage Input |DC Output D.C. Current |l at 400 ma. DC at Rate
volts | Voltage [Current Current (0.1 Sec.) |{Output Current P.ILV.
volts ma. ma. ma. volts ma.
IN607A | 3AT2 50 35 800 1000 2000 1.5 .001
1N6OBA | 3BT2 100 70 800 1000 2000 1.5 .001
TN609A | 3CT2 150 105 800 1000 2000 1.5 .001
IN610A | 3DT2 200 140 800 1000 2000 1.5 001
IN611A | 3ET2 300 210 800 1000 2000 1.5 .001
IN612A | 3FT2 400 280 800 1000 2000 1.5 0015
IN613A | 3GT2 500 350 800 1000 2000 1.5 .002
IN614A | 3HT2 600 420 800 1000 2000 1.5 .0025
MILITARY TYPES
Ratings and Characteristics at 135°C ambient
Mox. Max. Max.
Peak g Max. DC Max. R
JETEC* lnveearse |::’A§f DRC"S:"'::" cﬁ::::' Vol':gxe Drop, oéurr:::,n.
Types Voltage, 4 Volt: 135°C A
Volts | Veltage, | - Current, | Ames (o1 25°¢) Over One Cycle
1N253 95 65 1000 4.0 1.5V @ 1000 ma. 100 pa. @ 70V
1N254 190 135 400 1.5 1.5V @ 500 ma. 100 pa. @ 140V
1N255 380 270 400 1.5 1.5V @ 500 ma. 150 pa. @ 280V
1N256 570 400 200 1.0 20 @ 500 ma. 250 pa. @ 420V
*JAN Types
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Mounting Methods and

Cooling Considerations-
Silicon Stud Mounted Diodes

by E. W. Parrish, BEE
Chief Engineer, International Rectifier Corporation
Member AIEE, NACE

Silicon stud mounted diodes are
manufactured with a large variety of
base and stud sizes, each having its own
particular mounting requirements to ob-
tain optimum performance.

The use of a mounting stud accom-
plishes two functions; i.e., electrical
connection to rectifier cathode (or an-
ode if diode is reversed polarity), and
transfer of thermal losses from the
diode to the heat exchanger and cooling
media. The electrical connections are
easily made by any of several common
methods and will not be considered
here. However, proper mounting to
achieve low thermal resistance is not so
readily accomplished. Consequently,
more emphasis will be placed on means
to obtain good thermal transfer of
diode losses.

Steps to Obtain Low Thermal
Resistance

1. Diode base material must be a good
conductor of heat. Copper is usually
used.

2. Diode contact surface must be flat
and smooth.

3. Surface to which diode is fastened
must be flat and smooth. (Ideally the
two surfaces should be lapped to
obtain maximum contact area, but
this is excessively expensive for usual
applications.)

4. The two mating surfaces should be
chemically compatible to prevent for-
mation of high resistance films by
galvanic action of dissimilar metals.

Typical configuration of International
Rectifier stud mounted power diode rated
50 to 600 V PIV up to 800 ma.

5. The two mating surfaces must be
clamped together as tightly as practi-
cable consistent with the structural
rigidity of the device. Clamping is
usually accomplished by means of
the threaded stud.

6. Apply a thermally conductive, lubri-
cating film between the two mating
surfaces to exclude the partial stag-
nant air thermal insulating film.
The first two of the above items are

inherent in good diode manufacturing
practice. Item three may be the respon-
sibility of the diode manufacturer, (if
diodes are sold as fin-mounted assem-
blies) or of the user if purchased as
components and mounted in his equip-
ment.

Item 4 requires that the heat ex-
changer material (or the plated surface
on this heat exchanger) be near to the
diode base material or plated surface
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25 ampere silicon rectifier series fea-
turing advanced ceramic technology
that protects against shock loads of
temperul‘ure.
coating in the galvanic series, to pre-
vent galvanic action of dissimilar
metals where moist or corrosive atmos-
pheres are present, to eliminate the con-
sequent increase of thermal contact
resistance. Table 1 lists the galvanic
series of metals to assist in selecting
compatible materials. Normally, the
copper diode base and stud has an elec-
tr?lated finish of nickel, tin or silver;
indicating that heat exchanger or fin
materials ot surfaces should be close to
one of these in the galvanic table. Note
that an “active” nickel surface on a
diode may safely be used against a tin
Flated fin. Also, a “'passive’” nickel sur-
ace on a fin is compatible with a silver
plated diode.

Note that bases with tin, nickel or
silver plating should not be used di-
rectly against aluminum fins where

moisture or corrosive atmospheres exist
unless the aluminum contact surface is
treated in some manner to make it
chemically com{)atible. Aluminum fins
may be electroplated with nickel, silver,
or tin; or an irridite surface (chtom-
ate treatment) often provides a smooth
and passive surface against which the
diode may be clamped.

Item 5 requires that the nut on the
diode stud be tightened within the tol-
erances specified by the manufacturer,
to obtain maximum pressure of the two
mating surfaces, and yet not cause
mechanical distortion of the diode base,
which can stress the crystal wafer and
cause changes in electrical characteris-
tics or actual cracks in the crystal. Sug-
gested limits are listed in Table 2.

A TORQUE WRENCH (ACCU-
RATE IN THE LISTED TORQUE
RANGE) SHOULD ALWAYS BE
USED WHEN TIGHTENING DI-
ODES.

Item 6 . . . Contact between the di-
ode base and the cooling fin — even
when both are machined smooth — is
actually a large number of fpoint con-
tacts. Between the points of contact is
a thin film of dead air, which is a
thermal barrier. To eliminate this ther-
mal barrier, a thin film of a thermally
conductive lubricant should be applied
to both mating surtaces before tighten-
ing. A silicone grease (similar to DC
200) is recommended for the bases
with machine screw studs. For the taper
pipe thread bases, a colloidal graphite
suspension is recommended.

TABLE 1

ANODIC END
Magnesium

Zinc

Aluminum
Cadmium

Steel

Cast Iron

Stainless Steels (A)
Lead-Tin Solders
Lead

Tin
11 Nickel (A)
12 Iconel (A)
13 Nickel-Chromium Alloys
14 Brasses
15 Copper

O 00~ GAVA B RS =

GALVANIC SERIES OF METALS

16 Bronzes
17 Nickel-Silver
18 Copper-Nickel Alloys
19 Monel
20 Silver Solder
21 Nickel (P)
22 Iconel (P)
23 Stainless Steels (P)
24 Silver
25 Graphite
Gold
27 Platinum

CATHODIC END:
(A)=Active Metal Surface
(P)=Passive Metal Surface
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TABLE 2

DIODE BASE Tigl(x]tinixixg g'or)que Approx. Contact Recommended Mini-
. . ~inches Area (8q. in.) mum Fin or Boss
Hex. N . .
Stud Size ex. Size oy Alﬁzl:te Diode to Fin Thickness (Inches)
10-32 NF2A 46” 12 15 0.138 149
%g”
1,-28UNF2A }/14,3” 20 25 0.359 364
4
34-24NF2A bl 85 100 0.752 e
l”
1-20NF2A {z,: 144 180
4
17.20NEF2A 11” 200 300 0.904 z:
14-18 ASA Taper 113” 150 200 0.738* Ya
%-14 ASA Taper %‘/t:j: 200 300 1.05 * Yy

(*) When tapped into ¥,” Thick fin or boss.

Note: When tightening taper pig)e
thread it is also suggested that the fin
or boss be heated to a temperature of
+150°C before the diode is screwed
into the hole, and the diode tightened
while the fin is still hot.

When it is necessary to electrically
insulate the diode from the cooling fin
and yet maintain high thermal conduc-
tivity, thin films of high dielectric
strength materials are usually employed.
Commonly used materials are mica
(.003” Tk), Mdyla.r (.001 to .003” Tk)
or a mica bonded glass silicone in the
form of insulating washers. A light
coating of silicone grease is usually ap-
plied to all surfaces to maintain the
thermal resistance as low as possible.
Table 3 lists some typical relative values
of thermal resistances for the mounting
methods discussed above.

From the above it is evident that ade-
auate derating must be applied when
iodes are electrically insulated from

the cooling fin. The actual final test to
prove design adequacy is to measure the
diode base temperature with diodes op-
erating at the maximum expected load
and maximum ambient temperature
conditions, to assure that operation is
within the manufacturer’s cutrent and
temperature ratings.

International Rectifier 45 amp silicon
diode features standard and reverse po-
larity in machine thread and pipe thread
base configuration.

TABLE 3 TYPICAL THERMAL RESISTANCES FOR SELECTED MOUNTING METHODS

L) I i % £ G
°C/watt %
10-32 x he” 2.0
14-28 x 1144”7 0.70
Y2217 Beis 100% 130% 260% [320% | 280% |440% | 280% |400%
15-20 x 11" 0.25

NOTE : All diodes torqued to limits required by Table 2.
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Silicon Medium Power Rectifiers

These hermetically sealed silicon rectifiers, utilize the latest ceramic techniques,
and are engineered to give long-term reliability on a wide variety of power appli-
cations. Designed to meet the most rigid military specifications, they will provide
added stability in environmental extremes of temperature (—65°C to 200°C),
humidity, shock and vibration.

25 TO 45 AMPERES = 50 TO 500 VOLTS PIV

RMS Recommended

Part Number Rated PIV Max. Max. RMS Volts
25H5 50 35 12
25H10 100 70 24
25H15 150 105 36
25H20 200 140 48
25H25 250 175 60
25H30 300 210 72
25H35 350 245 84
25H40 400 280 96
25H45 450 310 108
25H50 500 350 120

45 TO 150 AMPERES-50 TO 800 VOLTS PIV

MACHINE THREAD TYPES

RATED VOLTAGE
STYLE L STYLE M Rated | RMS | Recommended
Part Number Part Number PIV | Max. | Max. RMS Volts
45L5 45M5 50 35 12
45L10 45M10 100 70 24
45L15 45M15 150 106 36
45120 45M20 200 140 48
45125 45M25 250 175 60
45L30 45M30 300 210 72
45L35 45M35 350 245 84
45L40 45M40 400 280 96
45L45 45M45 450 310 108
45L50 45M50 500 350 120
45L60 45M60 600 420 144
45L70 45M70 700 490 168
45L80 45M80 800 560 192

TO ORDER REVERSE POLARITY TYPES add the letter R to the
basic part number. For example: 45LR5, 45MR5, etc.

45 TO 150 AMPERES-50 TO 800 VOLTS PIV

PIPE THREAD TYPES

TYPE P RATED VOLTAGE
Standard Reverse Rated | RMS | Recommended
Types Polarity Types PIV Max. |Max. RMS Volts
45P5 45PRS 50 35 12
45P10 45PR10 100 70 24
45P15 45PR15 150 105 36
45P20 45PR20 200 140 48
45P25 45PR25 250 175 60
45P30 45PR30 300 210 72
45P35 45PR35 350 245 84
45P40 45PR40 400 280 96
45P45 45PR45 450 310 108
45P50 45PR50 S00 350 120
45P60 45PR60 600 420 144
45P70 45PR70 700 490 168
45P80 45PR80 800 560 192
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Coordination of Fuses

and Semiconductor Rectifiers

by Ed Diebold, MEE
International Rectifier Corporation
Member AIEE

In large rectifier installations con-
taining many semiconductor rectifier
elements, the protection of the elements
themselves is usually done by means of
current limiting fuses. In well designed
rectifier equipment, these current limit-
ing fuses are not the only protection. In
order to understand the role of the cur-
rent limiting fuses, it is necessary to
differentiate between different types of
faults and the means used to protect
against them.

At the input of a rectifier unit, there is
usually a circuit breaker; a.c. fuses or
an a.c. contactor which has a tripping
device which is thermally or magnet-
ically operated. This a.c. protection
must eliminate the possibility of dam-
age to the transformer or any other
component in the unit and furthermore
interrupt whenever the unit itself is
overloaded.

A second level of protection is usually
afforded by the current limiting fuses in
series with a rectifier element.

A third level of protection is afforded
by a d.c. circuit breaker, d.c. current
limiting fuse or similar device. This last
protection is usually for fault current,
over-currents or overload which are ap-
pearing on the rectifier unit output.
Design Trend

The trend of design has tended to use
a current limiting fuse or extremely fast
circuit breaker with instantaneous trip
on the d.c. output side of the rectifier
unit. If, then, the rectifier unit is over-
loaded, this device separates the rectifier
unit from the overload and the rectifier
elements within the unit are protected.
This, particularly, is the case when the
rectifier elements are selected conserva-

tively and a substantial overload is
necessary on the unit in order to reach
the so-called rated load of the rectifier
elements in the unit. If, at 1009 unit
capacity, the rectifier elements are oper-
ated at 509 of their rated capacity,
then the unit must be overloacFed by
200% until the rectifier elements reach
the rated load. This type of application
has the advantage that it is usually pos-
sible to find a fast acting circuit breaker
or current limiting fuse which permits
to protect the rectifter elements in the
unit from d.c. faults.

Coordination

The coordination problem, then, exists
only inasmuch as we must know the
resistance and inductance of the ex-
pected worst short circuit (in order to
obtain the rate of rise of the current),
the interrupting curve of the current
limiting fuse or fast circuit breaker, and
the current-time curve of the aggregate
of all the rectifier elements which feed
into this fault. If the aggregate cutrent
capacity of all the rectifier elements
feeding into this fault is substantially
higher than the current which is let
through by the fuse or circuit breaker
until the protecting means interrupts
the current, then the unit is well-
designed and protected on the d.c. side.
As the next step of protection, we come
to the rectifier elements with their cur-
rent limiting fuses, which should be
deliberately selected to fail to open
under a d.c. short circuit which is prop-
erly interrupted by the d.c. protective
means. Thus the rating of the individual
fuses should be selected high enough
to permit passage of the short circuit
current feeding the short circuit on the
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d.c. side, until the protective means of
the d.c. side interrupts. Thus, the fuses
associated with the rectifier elements
within the unit are useless for the pro-
tection against d.c. faults of the rectifier
unit,

Internal Short Circuits

In 2 unit containing many branches of
rectifiers connected in parallel within
the unit, the failure of any one rectifier
element may entail an internal short
circuit of the unit which damages all the
rectifier elements. This internal short
circuit is not protected by the output
protection described above. Further-
more, it is not wise to depend upon an
a.c. protective means to cover this in-
ternal short circuit, because the a.c.
protection must be designed to with-
stand the inrush current of the trans-
former. This inrush current is very high,
necessitating a circuit breaker setting
which protects the transformer, but not
the rectifier elements.

Assuming that a large rectifier unit
contains ten rectifier elements in par-
allel per arm, there are ten rectifier
elements operating in parallel é)er arm
whenever the current is carried in any
one phase. If any one element fails in
one of the phases, a fault current flows
from the good elements in the other
two phases through the failed element
in the third phase. The fuse of the
failed element must carry a ten times
higher current than the individual cur-
rents of the ten good elements in the
other phases. If this particular fuse is
selected in such a way that it interrupts
the fault current before the ten elements
in the other phases which feed into this
fuse are overloaded, the protection is
very effective and safe.

This type of protection depends on the
number of rectifier elements in parallel
per phase. If there are ten elements in
parallel per phase, the selection of the

fuse is easy. If there are only two recti-
fier elements in parallel Jner phase, the
selection may be very difficult and a
difterent means of protection may be

used. In this latter case, it may be more

advantageous to limit the short circuit

current by a high impedance trans-
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former and to interrupt the current on
the primary side by means of a very fast
tripping electrically operated circuit
breaker or contactor which is tripped by
the current through a relay or current
transformer-relay arrangement in the
rectifier circuit on the secondary. This
arrangement permits almost instanta-
neous interruption of any fault current
within the rectifier itself, without being
tripped by the inrush current of the
transformer. In addition to the instanta-
neous interruption, it may be necessary
to add a thermal protection of the trans-
former to interrupt the transformer
current whenever it is too high.

It should be noted that the so-called i2t
constand is meaningless for many fuses
and completely meaningless for rectifier
elements. The only way to coordinate
the different means of protection is by
comparison of current-time curves.
Protection on the d.c. side depends on
the impedance of the d.c. system and
the apparent inner impedance of the
rectifier unit; see for example: “Ex-
tended regulation curves for six-phase
double way and double wye rectifiers,”
by L. K. Dortort, AIEE technical paper
53-36, 1953. Protection for internal
faults depends mainly on the trans-
former impedance, the speed of the
protective means, the overload curve of
the rectifier elements, their current and
derating at rated equipment load, and
the number of elements in parallel per
arm,

In severe cases of short-circuits it may
be necessary to use extremely high speed
circuit breakers, high reactance trans-
formers, and radical derating of recti-
fier elements simultaneously in order to
cope with the fault conditions. Further-
more, it may be advantageous to use
many small rectifier elements in parallel
instead of a few large elements.

Summary

Protection of any type of equipment
should be studied in view of its appli-
cation and the expected availability in
service. If the loading is severe and sub-
jected to disturbances and the reliability
should be high, the application of the
rectifier elements should. be extremely
conservative and well protected.



Elimination of Surge Voltage
Breakdowns of Semiconductor
Diodes in Rectifier Units

by Ed Diebold, MEE

International Rectifier C orporation
Member AIEE

A phenomena common to all electric
power systems is that of transient surge
voltages. Normal switching, opening
and closing of circuit breakers, will al-
ways result in surges. Most of the elec-
trical equipment currently in use is not
sensitive to these surges, and the stand-
ard measuring instyuments used in the
field are not capable of indicating them.
Rectifier equipment utilizing semi-
conductor diodes will subject these di-
odes to the normally present transient
surges unless special precautions are
taken in designing the equipment. If
the peak voltage of the transient surge
exceeds the dielectric breakdown voltage
of the diode, the diodewill be destroyed.
Surge voltages of lesser magnitude will,
of course, have no ill effect on the diode
in use. This destruction of the diode by
the transient surge voltage can be pre-
vented either by the elimination of the
transient surges at their source or by
providing a by-pass around the diode

to neutralize the surge.

Causes of Transient Surge Voltages

The first cause of voltage surges is the
release of magnetic energy, stored in
the leakage reactance of transformers
and other system reactances, when the
power is suddenly cut off. These tran-
sient voltages are mostly oscillatory
and may have very complex wave
forms. The magnitude and frequency
of the transient voltage are deter-
mined by the leakage reactance, the
line to line capacity, and the speed of
the circuit breaker. The behavior of a
given circuit is hard to predict if sev-
eral reactive and capacitive elements
are present and switching may occur
on any one of several different points.

Figure 1 shows a simple power cir-
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cuit having transient voltages of this
first kind. When the circuit breaker B
is closed, a sine wave voltage origi-
nating in the generator G is trans-
formed by the transformer T and
applied to the diode D. Opening the
circuit breaker B causes oscillations
between the leakage reactance L of
the transformer and the circuit capaci-
tances C.

Figure 2 shows a transient voltage
appearing in one phase of a three
phase system when a circuit breaker
opens under heavy current. In reality
the transient frequency is much higher
than shown in the figure and the dura-
tion of the transients may be very
much shorter than one cycle of the
line frequency.

The second cause of transient voltage
surges is the sudden interruption of
the magnetizing current of a trans-
former operating without load. Fig-
ure 3 shows the flux-current curve of
a transformer core and its deforma-
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Fig. 2. Dlode Voltage-Time Diagram
85



R CURRENT

Fig. 3. Transformer Magnetizing Curve

tion (dotted line) when the magnetiz-
ing current is suddenly interrupted.
From a maximum of current and flux
at the point P the current suddenly
is forced to zero. Due to eddy cur-
rents in the transformer core, the flux
does not directly come to the point R
but diminishes to the point T in an
extremely short time. The flux reduc-
tion from T to R occurs at a decreas-
ing rate as the eddy currents are
damped by the iron resistance. This
sudden change of flux and subsequent
relaxation is the cause of an extremely
short and high voltage pulse shown
in Figure 4. Nature and magnitude
of such transients depend intimately
on the transformer design (notably
the joints of the core and the flux
density). They also will depend on
the duration of the arc when the mag-
netizing current alone is interrupted.
Surge voltages of this type may be ex-
tremely high; they are usually aperi-

VOLTAGE
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Fig. 4.

odic with one high initial voltage
pedk. This type of transient may be
partially avoided by designing trans-
former cores without stacked joints
and only a very small air gap (e. g.
wound cores).

The third cause of surge voltages is
the sudden energizing of a step-down
transformer. Primary and secondary
windings of any transformer are
coupled by the coil capacity; when
suddenly energized, the capacitive
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coupling transmits part of the high
primary voltage to the secondary low-
voltage side. Figure 5 shows the
equivalent circuit to a transformer
having transient voltages of the third
kind. Before the circuit breaker B is
closed a high voltage is already pres-
ent at the generator G. A certain time
after closing the circuit breaker B, the
transformer T transforms this volt-
age down to a much lower voltage
which then appears on the diode D.
At the closing instant, however, the
primary and secondary windings of
the transformer are coupled through
the winding capacity W, thus permit-
ting a short voltage pulse to be trans-
mitted directly from the high voltage
side to the low voltage side. The ap-
pearance of such a transient voltage is
shown in Fig. 6. The nature of this

w
e B r“ ¢

Fig. 5. w

transient voltage may be aperiodic or
oscillatory; it may not be noticeable in
transformers which are always con-
nected to a resistive or capacitive load.
Surge voltages of this nature can
(theoretically) be avoided by reduc-
ing the capacitive coupling of the pri-
mary and secondary windings. This,
however, works against the normal re-
quirement of a moderate leakage re-
actance.

Voltage surges, as described before,
have various origins. Their common
property is that the transient energy
which feeds these surges is relatively
low. Surges occur on almost any point
of the circuit and are present whether
diodes are used or not.
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Surge Voltages on Diodes

Rectifying elements in rectifier equip-
ment are subjected to all voltages of
the circuit, both normal voltage and
transients.

Metallic rectifier elements (e. g. sele-
nium, copper oxide, etc.) have a high
capacity during the blocking cycle and
carry a high reverse current when sub-
jected to an excessive inverse voltage.
If such elements are subjected to a low
energy transient, excessive voltage
build-up will not occur because the
capacitive and resistive currents form
an effective short circuit.

Germanium diodes have a characteris-
tically low capacity during the block-
ing cycle and carry only a very low
reverse current when subjected to a
high inverse voltage (except in the
case of break-down). If such elements
are subjected to a low energy tran-
sient, excessive voltage build-up may
occur because there is no short-
circuiting effect.

Means to Prevent Surge Voltage
Breakdowns

From the previous discussion, it is ap-
parent that voltage surges cannot be
predicted easily and that they depend
on many variables. Surge voltages as
such are unavoidable. They are harm-
less only if they do not exceed the
breakdown voltage of the diodes. The
complete suppression of all voltage
transients is an impractical and very
costly task. If the peak voltage ap-
pearing on the diode can be cut down
to a harmless value, the problem is
solved without difficulty.

Surge voltage arrestors or limiters lo-
cated at any one point of the system
are no warranty that over-voltages
may occur at another point. Notably,
a surge voltage limiter applied to the
primary of the transformer cannot
prevent all the surge voltages caused
by the transformer itself, i.e., the most
dangerous ones.

One extreme solution is to perform all
the switching on the transformer
when the diodes are not connected to
it. This necessitates a special switch

for each diode. The system and the
transformer are then energized prior
to closing the diode switches and ap-
plying the load. Similarly, the load
and the diodes must be disconnected
before the transformer is de-energized.
This method is cumbersome, expen-
sive, and is not entirely safe, because
unexpected transients may still occur.
Surge voltage breakdowns of germa-
nium diodes can be eliminated by par-
tially duplicating the conditions of
the dry plate rectifiers. If capacitors
or non-linear resistors are connected
in parallel with the diodes, the tran-
sient power surges are short circuited
by the capacitive or resistive currents.

Capacitors

Surge voltages caused by the inter-
winding capacity of the transformer
can be substantially reduced by the use
of capacitors connected directly across
the secondary transformer terminals.
Surge voltages caused by other factors
can be limited by this method except
that the higher energy may require ex-
tremely large capacitors. Capacitors
can lead to oscillations and hence to
other over-voltages; their use should
be checked by oscilloscopic observa-
tion. Capacitors also tend to broaden
high-voltage, short-duration tran-
sients into low-voltage long-duration
transients, a condition which is not
necessarily safe.

Capacitors do not have an appreciable
power loss, they may be large and ex-
pensive. Preferably, paper-oil insu-
lated capacitors should be used and
conservatively rated because of their
high harmonic load in rectifier serv-
ice. For the limitation of interwind-
ing capacity surges, preference should
be given to capacitors.

Non-Linear Resistors

Silicon carbide resistors with non-
linear properties are commercially
available (trade name Thyrite). These
resistors show a decrease of resistance
with increasing voltage. When con-
nected in parallel with a diode, a
voltage surge causes a proportionally
much greater surge current which is
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in effect a short-citcuit for the tran-
sient. With increasing magnitude of
the voltage surge, the current in-
creases much more, thus a2 maximum
of by-pass effect is available when it
is most desirable. Figure 7 shows the
current voltage characteristics of such
a non-linear resistor. Normally it
would operate at the point N or be-
low, carrying a small current at an
appreciable voltage. If the voltage in-
creases beyond the point N, the cur-
tent increases at a much higher rate.
At the point T, the voltage is 167%
of the rated voltage and the current
1000% of the rated voltage.

Non-linear resistors have a disadvan-
tage due to the inherent power loss
which reduces the efficiency of the
rectifier. Their application is thus
limited by the reduction in overall
efficiency which they cause, and the
necessity of cooling to dissipate the
lost power. It is advantageous to force
cool the non-linear resistors as much
as possible, e.g., by clamping them
between cooling fins and subjecting
the assembly to a strong air blast, or
cooling them in a liquid. Under these
citcumstances, the resistors may be
operated at an increased capacity
where they exhibit the most non-
linear properties.

Example

Rectifier, 3-phase bridge circuit, 85
volts, 450 ampere output. One stack
of three Thyrite resistors (Catalog
#3993060G1, 3" dia., 14" thick) con-
nected across the dc terminals of the
bridge. Each resistor is clamped with

one 414" square cooling fin on each
end and separated by 3” diameter, 15"
thick metallic spacer, from the next
resistor. The stack is located in the
same cooling air blast as the germa-
nium diodes. In normal operation, each
resistor operates at approximately
28.3 volts and 1.5 amperes, represent-
ing a total of power loss of 128 watts,
or 15% of the rectifier output.

If a transient overvoltage of 50%
should appear on the rectifier, the
non-linear resistor carries 5 amperes,
i.e., the transient must furnish 3.5 am-
peres at 42.5 volts or 150 watts. This
is more power than ordinary tran-
sients can deliver, which means that
the actual magnitude of the transient
voltage will be much less than the
42.5 volts.

Connections of Protective Elements

In a bridge rectifier, one protective
element, connected across the dc ter-
minals of the bridge, is sufficient. This
is shown in Figures 8 and 9.

A single element may also be used in
a single phase center tap rectifier, con-
necting it directly across the trans-
former terminals, as shown in Figure
10.

Multi-phase half-wave rectifiers need as
many protective elements as there are
phases, as shown in Figures 11 and 12.
The protective elements in multiphase
half wave circuits may be connected
directly across the diodes or across the
phases from line to line, however,
the voltage rating of the elements
connected across the diodes is only 90%
of the voltage rating of the elements
connected from line to line. In order
to reduce the power loss, non-linear

resistors should be connected across
the diodes.

%
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Comparison of Protective Elements

Besides capacitors and non-linear re-
sistors, other means may be used, such
as ordinary resistors and cold-cathode
gas-discharge tubes. Ordinary resis-
tors present a steady power drain and
are not very effective. However, they
are inexpensive and easy to utilize.
Gas discharge tubes limit the voltage
peaks effectively, except during the
time the tube requires to ignite. This
may be long enough to damage the
diodes. Tubes must be carefully
checked to have their burning voltage
above the established voltage of the
rectifier, otherwise they are destroyed.

As an overall evaluation, preference
is given to non-linear resistors over
capacitors. Capacitors are surge volt-
age limiters, but may lead to oscilla-
tions and, although they reduce the
peak value of voltage surges, increase
their duration, which is not desira-
ble. Experiments show that non-linear
resistors effectively cut down the volt-
age peaks, without increasing the dur-
ation of the over-voltage.

For practical application, it may be
advantageous to assign a standard
non-linear resistor to each standard
rectifier and make it available when-
ever diode failures due to transient
over-voltages are found. For a new
rectifier unit, it is advisable to con-
nect a cathode ray oscilloscope across
the secondary transformer terminals,
before the diodes are connected, and
operate the circuit-breaker repeatedly
to observe if high transient peaks are
present during switching. If excessive
transients (double or more than the
normal voltage) are seen, then the
standard non-linear resistor may be
connected, together with the diodes.
Observation with the oscilloscope
should then be repeated.

Conclusion

Surge overvoltages due to transients
cannot be accurately predicted be-
cause they may have many different
origins. If excessive voltage surges are
encountered, they can be limited to a
safe value by the application of non-
linear resistors or capacitors.

Fig. 9.
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Fig. 2. Representative collection of germanium power rectifiers. Forced air-cooled units
shown are rated from 330 amp to 500 amp half wave. The liquid-cooled unit at upper
left is rated 667 amp (half wave) up to 66 v r.m.s, input.
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Application Data for the
Germanium Power Rectifier

by J. T. Cataldo, BME, BEE
International Rectifier Corporation
Member IRE

NEW concept for power con-
version equipment has been

made possible with the pro-
ductionand availability of germanium
power rectifiers. With the advent
of alternating current for electrical
power arose the need for conversion
equipment. As the years passed,
many various types were developed.
The principal methods employed in
the United States for the conversion
of a.c. into d.c. power may be gener-
ally grouped into four classes:
(1) rotating equipment, which in-
cludes the synchronous convertor
and the motor generator set; (2)
thermionic rectifiers, which include
the vacuum, gasfilled or vapour-
filled hot-cathode tube, or the pool-
cathode tank or tube; (3) mechanical
rectifiers; and (4) metallic rectifiers,
which include the copper oxide,
magnesium copper sulphide and
selenium.

The various types of rectifiers
each found their own niche in
industry, depending on their parti-
cular characteristics and advantages
for the application.

The Ideal Rectifier

In the development of new recti-
fiers, attempts were made to
develop units approaching the
ideal rectifier, ie., zero forward
resistance and infinite reverse re-
sistance. The newest and nearest
approach to date for high power
conversion is the germanium power
rectifier.  Although other earlier
types of convertors have equivalent
efficiencies, certain disadvantages
preclude their continued use.

Three years ago fan-cooled ger-
manium power rectifiers were put
into mass production. A typical
unit of this vintage rated to deliver
up to 42 V d.c. at 1,500 amp when
connected as a dual three-phase,
half-wave unit, with an interphase
transformer is shown in figure 1.
Newer types of air-cooled and liquid-
cooled germanium power junctions
are shown in figure 2. The ratings
of these units range from 300 amp
to 667 amp (half wave). They are
available for input voltages of 26, 36,
52 and 66 V r.m.s.

Advantages

Major advantages of germanium
rectifiers are their high efficiency,

Fig. 1. Forced air-cooled germanium power
rectifier assembly—rated 1,500 amp out-
put in a dual three-phase, half-wave cir-
cuit with inter-phase transformer.
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which is in the vicinity of 98.5 per
cent for the junctions alone. Recti-
fier circuits using germanium ele-
ments, therefore, operate very close
to the theoretical values of an ideal
rectifier. High efficiency also per-
mits cooling with a small amount
of air, allowing use of small blowers,
filters and simplified duct work. If
recirculation is desired (in areas of
high air impurities) the heat ex-
changers required are very small,
for example, much smaller than for
mercury-arc rectifiers. Except for
the transformer voltage drop, the
germanium rectifier has almost no
regulation, assuring an unchanging
output voltage for varying loads.
Another advantage of germanium
rectifiers is the absence of ageing.
Rectification is accomplished in a
single crystal which does not change
with age or storage. A third advan-
tage is the small size and weight of
the germanium rectifier junction.
Being a small device, the cooling
method is much different than for
larger rectifying devices of the same
capacity. Whereas large devices are
convection cooled or cooled by a
relatively slow air flow in a large
space, germanium rectifiers require

a small volume of air flowing in a
small duct at high speed.

Characteristics

The germanium power rectifier
has superior characteristics over
other types of metallic rectifiers for
high current and medium voltage
range. The low leakage current
and low forward voltage drop are
illustrated in figure 3. These charac-
teristics explain the high efficiencies
attainable with germanium power
rectifiers.

Depending on the circuit and
voltages required, rectifier efficien-
cies as high as 98.5 per cent are
attainable. Other outstanding fea-
tures are small size and unlimited
life. No measurable increase in
forward voltage drop or reverse
current has been noted after 24,000
hours of continuous operation at
rated current and voltage. This is
indicative of the non-ageing proper-
ties of germanium power rectifiers
and is equivalent to 3,000 working
days (approximately ten years) of
operation at eight hours per day.
Another very important characteris-
tic of germanium power rectifiers
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Fig. 4. Typical re-rating curves for various ambient temperature operation.

is that there is no change in charac-
teristics after storage, i.e., no re-
forming is required after extended
periods of non-operation.

Cooling

Germanium power rectifiers are
produced for both air and liquid
cooling. As previously mentioned,
air-cooled types require a small
volume of air flowing at a fast rate.
The range of the air volume recom-
mended is 75 to 250 cubic feet per
minute at a static pressure drop of
0.75 to 1.0 inches of water. It is
obvious that only a small blower is
required.

The liquid-cooled germanium rec-
tifier junction is designed to operate
with many of the commercial cool-
ants. Liquid cooling should be
supplied to the special heat exchanger
assemblies at inlet coolant tempera-
tures not exceeding 30 degrees C and
at flow rates of approximately three
gallons per minute for water. The
flow rate for other coolants such as
trichlorethylene and butyl alcohol
is dependent on the specific heat,
thermal conductivity and viscosity.

Germanium power rectifiers are
thermally rated like most electrical
and electronic components. Con-
sequently, if the ambient temperature
exceeds 35 degrees C for forced
convection-cooled units, the unit
must be derated in accordance with
figure 4. For liquid-cooled units,
when coolant inlet temperatures in
excess of 30 degrees C are necessary,
the  manufacturer should be
consulted.

Surge Voltages

The maximum applied a.c. voltage
to the germanium rectifier junctions
should not exceed the rated r.m.s.
voltage of the unit, even for short
durations. Care should be exer-
cised in the design of rectifier
equipment to prevent voltage surges
above this value. It is therefore
recommended that input voltages
should be approximately 10 per
cent below the rated r.m.s. voltage.
However, each installation should
be investigated in regard to power
line fluctuations. The r.m.s. rating
is based upon sine wave voltage
forms, therefore, when a high peak
wave form is involved, the peak of
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the a.c. voltage applied should not
exceed the rated r.m.s. voltage
multiplied by 2. If the peak
voltage of the transient surge
exceeds the dielectric breakdown
voltage of the junction, the junction
will be destroyed. Surge voltages of
lesser magnitude will, of course, have
no ill effect on the germanium rectifier
junction in use. This destruction by
transient surge voltages can be pre-
vented either by the elimination of
transient voltage surges at their
source or by providing a by-pass
around the junction to neutralise
the surge. Surge voltages caused by
interwinding capacity of the trans-
former can be substantially reduced
by the use of capacitors connected
directly across the secondary trans-
former terminals. Transient surges
having a higher total energy content
than caused by inter-winding capacit-
ance, may be effectively reduced by the
use of non-linear resistors. Silicon
carbide resistors with non-linear
properties are commercially available
as thyrites.

Overloads

The forced air-cooled and liquid-
cooled germanium power rectifiers
are applicable for all types of d.c.
load requirements except those re-
quiring heavy surge currents and
those subject to heavy intermittent
overloads or occasional short cir-
cuits. Intermittent overloads on
forced air-cooled and liquid-cooled
germanium power rectifiers are per-
mitted up to the limiting values
indicated by the curves in figure 5,
but not in excess of these limiting
values. Where the overloads are
repetitive they must be thermally
evaluated to insure that maximum
operating temperatures are not ex-
ceeded. Unlimited operating life
can be expected over a temperature
range of —55 degrees C to 45
degrees C maximum when equipment
is designed to operate within speci-
fied voltage, current and temperature
rise ratings. This temperature range
provides ample safety factor for all
normal industrial and commercial
applications.
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Fig. 5. Intermittent duty and overload curves for both forced air-cooled and liquid-
cooled units. Note that protective devices must open the a.c. supply within maximum

time shown in curve.
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Fig. 6. Typical liquid-cooled ger-
manium rectifier assembly. This
unit measvres approximately
26/, in. high by 24 in. wide and
13 in. deep. Units of this type
are used to supply filament cur-
rent to large vacuum tubes,

Aggllcmions

Contrary to original prediction,
the germanium power rectifiers are
not necessarily replacing selenium
rectifiers. By far the largest volume
of germanium is being used to re-
place M-G sets, mercury arc recti-
fiers and mechanical rectifiers. A
few of the end uses of this d.c.
equipment are: vacuum refining of
metals, reduction of aluminum and
production of such chemicals as
hydrogen peroxide, caustic soda
and chlorine, to name a few. Ger-
manium is, however, also being
used for electroplating and anodising
equipment.  This equipment has
been designed using both the air-
cooled and liquid-cooled germanium
shown in figure 1.

A typical example of a liquid-
cooled germanium rectifier assembly
is shown in figure 6. The circuit of
this configuration is a triple dia-
metric with two junctions in parallel
per arm using paralleling reactors.
This assembly is designed to deliver
8,700 amp at 10 V to 25 V, depending
on the voltage rating of the junctions
used. Ratings for the various ger-
manium junctions connected in vari-
ous circuits are given in table I.

Analysis of various germanium
power installations indicates a mater-
1al saving in weight of the equipment
and volume it occupies over mercury
arc rectifiers. For example, a com-
parison of a 1,006 kW-250 V d.c.
germanium unit with a mercury
arc unit of the same rating shows
approximately a 4 to 1| saving in
weight and a better than 16 to |
saving in cubic space requirements.
The germanium unit provided 50
kW per cubic foot of space at only

‘0.8 1b per cubic foot.

Conclusions

By proper circuit  design,
germanium power rectifier equip-
ment may be produced to deliver
up to 250,000 amp or more at vol-
tages up to 300 V d.c. As will be
noted, germanium rectifiers offer
many advantages, such as smaller
size, high efficiency and lighter
weight, among others. This rela-
tively new rectifier has opened new
fields for the d.c. power equipment
manufacturer heretofore impossible
with other types of metallic rectifiers.

This article originally appeared in DIRECT
CURRENT
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Silicon and Germanium Power

Rectifier Circuit Diagrams, Transformer

Connections and Rectifier Ratings

HOW TO USE THE TABLE APPEARING ON PAGES 98-99

The Table is Divided Vertically into
Three Parts

At the left-hand side appear circuit
diagrams of the most commonly used
power rectifiers, with the number of
phases and generally accepted des-
ignations.

The right-hand part of the table shows
five International Rectifier Corporation
rectifiers. In the columns below the
junctions, opposite each circuit, appears
the maximum current output of each
circuit in amperes d.c., having only
one junction in parallel per arm,

The center portion of the table contains
twelve columns of general information
on rectifier circuits and transformers.
A description of the tabular data as it
appears in each column of the table
is given here by column number.
(Note: Standard circuit designations
for Mercury-arc rectifiers and metallic
rectifiers are not the same.)

Column 1

Ratio of no-load rms. a.c. voltage [E]
to no-load d.c. voltage [Eg,]. The a.c.
voltage [E] is always taken line to
line [diametric in the case of 6-phase
star.] This a.c. voltage is also the rms.
value of the commutating voltage;
multiplying it by /2 gives the peak
inverse voltage appearing on one arm
of the rectifter.

The no-load d.c. voltage is approxi-
mately given by:

Esw=[Es+n E]J[1+

r

X

+—]
100 z
96

Wherein

E; = d.c. voltage

E; = forward voltage drop [rectified
direct voltage]

n = number of cells in series per arm
[half-wave] 2 number of cells
“1n series per arm [bridge]

r = percent resistive drop in trans-
former

X — percent reactive drop in trans-
former

2z == number, tabulated in column 12

Note: Busbars, primary devices [satur-
able reactors, tap changers] and system
impedance may increase both the re-
sistive and reactive voltage drop.
Column 2

Ratio of d.c. ripple frequency [f,]
over line frequency [f]. For high ripple

f

frequency [e.g. — higher than 3],
f

small overlap and without phase con-
trol, the rate of the minimum rms.
ripple voltage to the d.c. voltage is

given by:
E, f
=15 [ ]2
d fr
Example: 3-phase parallel bridge:
f,
=12
f
E, 1.5
— =1.04%
E, 144

Note: The overlap [high commutating
reactance] increases the ripple voltage.
Phase control also increases the ripple
voltage substantially.



Column 3 .
Ratio of average rectified d.c. [1,] per
arm to total output d.c. current [(;]

Column 4
Ratio of rms. current [I,] per arm to

total output d.c. current [I].
Note: Fuses must be dimensioned for
rms. current,

Column 5

Ratio of secondary rms. current [I.] in
the line from transformer to rectifier,
to total output d.c. current [I].
Note: Fuses in the a.c. leads of bridge
rectifiers must be dimensioned for this
secondary current.

Column 6

Ratio of the primary rated power [P,]
of the rectifier transformer to the ideal
output power [P] of the rectifier. This
power is determined by P—=1I X E,,, the
product of no-load voltage E,, times
full-load current I. (See for [E4]
under Column 1.)

Column 7

Ratio of the secondary rated power
[P,] of the rectifier transformer to the
ideal state output power [P] of the
rectifier. (See under Column 6.)

Column 8

Maximum obtainable power factor
[distortion factor]. Ratio of apparent
power [in kVA] to real power [in
kilowatt] in primary of transformer.

Overlap and phase control [saturable
reactors] reduce the power factor to
a value below this maximum.

Column 9
Ratio of the interphase transformer rms.

voltage [E;] to the no-load d.c. volt-
age [E4]. The interphase transformer
voltage [E;] is measured from line to
neutral, except for the triple diametric
circuit, where it is given per coil.

Column 10

Ratio of the frequency [f,] in the iton
core of the interphase transformer to
the line frequency [f].

Column 11

Ratio of the equivalent power rating
[P:] of the interphase transformer, to
the ideal outgut power [P] of the rec-
tifier (see under Column 6) . Equivalent
power rating [ P;] means: Power rating
of a transformer operating at the fre-
quency [f] of the a.c. line, and having
the same size and weight as the inter-
phase transformer. These figures are
derived for identical iron losses per
pound at the frequency of the inter-
phase transformer and the flux density
of the interphase transformer against
the line frequency and the normal flux
density.

Column 12
Impedance factor needed for calcula-

tion of voltage drop.

High current silicon power rectifiers pro-
viding d.c. forward currents up to 250 am-
peres with a maximum peak inverse voltage
range from 50 to 500 volts are currently
available from International Rectifier Cor-
poration, El Segundo, California. These units
are designed for use at high temperatures
and are capable of operation at a junction
temperature of 190°C.

Engineered and manufactured to meet
the most rigid military specifications, these
rectifiers utilize the latest techniques in
hermetic sealing to provide additional re-
liability in environmental extremes of tem-
perature, vibration and shock. To further
increase reliability and assure freedom from
contamination, no soft solders or fluxes are
used in sealing. Bulletin SR-305, describing
these units in detail, is now available.
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International Rectifier Corporation manufactures a xener diode type and rating for
every voltage regulation and control application.

100



Silicon Zener Voltage Regulators

by George Porter
International Rectifier Corporation

CHARACTERISTICS, SELECTION AND APPLICATION DATA

Technological advances in the manu-
facture of silicon junction diodes have
made an extremely valuable component
available for use in accurate voltage
regulator reference design.

The silicon junction diode is a semi-
conductor device possessing a very high
back resistance up to its critical reverse
breakdown, or zener, voltage. At this
point, the back resistance drops to a
very small value. In this region, the cur-
rent will increase very rapidly, while
the voltage drop across the diode re-
mains almost constant. Figure 1 illus-
trates that over a wide range of current,
an essentially constant voltage will be
maintained. Zener diodes, therefore,
when biased in the reverse direction,
can be used as a voltage regulator, or
reference element.

+i
ZENER

r~— VOLTAGE —
| Ez
+

1z

REVERSE
CURRENT

12 MAX, —i

Fig. 1. Typical Reverse Breakdown Charac-
teristics.

Silicon Regulator Advantages

The silicon diode regulator possesses
definite advantages over other types of
reference elements. It has a longer life

i
4
-
|

=

expectancy because of mechanical
ruggedness and does not suffer from
deterioration under storage. There is
essentially no aging during its operat-
ing life as contrasted to other reguFating
devices. Small size and light weight
make its use especially desirable in air-
borne or portable equipment. More-
over, the silicon regulator or combina-
tions thereof, can be supplied in values
at any desired voltage and can operate
over a wide range of current, whereas
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Fig. 2.
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other regulators are restricted to specific
voltages and very limited current

ranges.

ZENER REGULATOR CHARACTERISTICS

The breakdown voltage of a zener
diode is dependent on the resistivity of
silicon material used and can be con-
trolled to a great degree in the manu-
facturing process. Figure 2 shows a
typical zener characteristic vs. tempera-
ture in detail. It can be seen that the
voltage is dependent to a degree upon
the operating ambient temperature.

Temperature Coefficient
Those diodes for which the zener volt-
age is high have a positive temperature
coeflicient of reverse breakdown, where
the voltage is low, the temperature co-
efficient is negative. In the region from
about 5 through 6 volts, the tempera-
ture coefficient may be made positive or
negative by control of the reverse cur-
rent. In Figure 2, (a) indicates that at
a value of 45 ma, the coefficient is zero.
It should be understood that the point
of exactly zero coefficient for those
diodes in the 5 volt region hold true
for a specific reverse current only. This
is best illustrated in Figure 2 at the
intersection point (a). Temperature co-
efficient for zener regulators is a con-
stant for a given regulator and is
related to its breakdown voltage, as

shown in Figure 3.
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Fig. 3. Zener Diode Temperature Coeffi-
tient Curve.
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This graph indicates that this coeffi-
cient, although approaching 0.1% per
degree centigrade at the higher volt-
ages. passes through zero at about 5
volts and then becomes negative for
lower voltages, reaching —.04% /°C at
about 3.5 volts.

Zero Temperature Coefficient

The zero temperature coefficient char-
acteristic is not limited to diodes of
exactly 5 volt breakdown only, but can
be found at various operating current
points in regulators in the voltage range
from 4.5 to 6.5 volts. As shown in Fig-
ure 4, points b, ¢, and d, are points of
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EMPERATURE COEFFICI
L —200

Fig. 4.

intersection that provide zero coeffi-
cients at a definite reverse current. Be-
low 4.5 volts, the high current value
necessary to achieve the condition of
zero coefficient is prohibitive and ap-
proaches the maximum I, of the device.
Above 6 volts, the intersection of zero
coefficient has reached the zero reverse

current line.

Maximum Current Limits
Any silicon zener regulator has a maxi-
mum limit of current range over which



it can operate. This upper limit is estab-
lished by the heat dissipation capability
of the regulator. The maximum current
which can flow through the diode is
limited in practice by the heat generated
at the junction, the temperature of
which must not rise above some critical
value. Heat generated internally at the
crystal junction contributes, together
with the ambient temperature, to the
determination of the junction tempera-
ture. A typical derating curve for an In-
ternational one watt zener diode is
shown in Figure 5.

Various power classes of regulators are
in production ranging from several
hundred milliwatts to 10 watts. Silicon
regulators for higher power dissipation
ate currently being developed at Inter-
national Rectifier Corporation to pro-
vide operation at currents up to 10
amperes.
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Fig. 5. Typical Temperature Derating
Curve.

SELECTION OF ZENER DIODES

The dynamic resistance (R,) in the
zener region is the basic parameter for
establishing the regulating ability of
the silicon voltage regulator and is one
of the most important factors to be con-
sidered when selecting a diode to be
used in a regulator application. The
dynamic resistance is determined by
measuring the A-C voltage developed
across the regulating diode when oper-

ating with a specified A-C current
superimposed on the D-C current cor-
responding to the design center current
(1;) of the reference element.

This dynamic resistance is an expression
of the change in voltage for a small
change in current about its operating
D-C current point. All International
Rectifier zener diodes are measured by
using a value of A-C current which is
10% of I,. For a diode having 2 nomi-
nal I, rating of 30 ma a 3 ma A-C
signal is used.

In general, the dynamic resistance is a
function of the D-C current flowing
through the diode, and under conditions
of rated current, is of the order of a
fraction of an ohm for low voltage
diodes and several hundred ohms for
high voltage types. Since R, is depend-
ent upon the operating current, those
diodes capable of high dissipation,
hence higher current, offer a much
lower resistance. The higher the allow-
able current through the diode, the
lower the resulting dynamic resistance.
A change in dynamic resistance can be
observed with variations in ambient
temperature; the higher the temgﬁn-
ture, the greater the resistance. is
change is linear with temperature, in-
creasing by approximately 30% for
100°C rise.

Current Selection

It should be noted that although I, is
the recommended operating point, usu-
ally 20% of I, maximum, any current
beyond the zener breakdown curvature
may be arbitrarily selected. A family of
reverse current curves of typical zener
diodes is shown in Figure 6. If opera-
tion near the knee of the curve is de-
sired, diodes exhibiting an E, of above
approximately 7 volts should be chosen.
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APPLICATION DATA

Silicon Zener Voltage Regulators

Beyond breakdown, the characteristics
of the silicon diode are almost identical
to the gas voltage-regulator tube and
may be considered to be the semi-
conductor equivalent. The effect can be
used in exactly the same manner to pro-
vide a constant voltage output.

The simple shunt regulator (Figure 7)
is a circuit in which a shunt element
draws variable current through a re-

sistor, which is also in series with the
load.

+Ey HEy

Fig. 7. Shunt Voltage Regulator.

The current through resistor R is de-
pendent upon the load requirements.

As the load increases or decreases, the
zener shunt element will draw more or
less current. The net result is substan-
tially a constant output voltage
across Rp..

Thermully Induced Resistance

Resistor R should be so selected that
the current in the diode does not exceed
I, max. or exceed the maximum power
dissipation rating if the load R were
removed. In practice I, is chosen as ap-
proximately 20% of I, max. and as a
shunt regulator, will absorh current
variations between the I, and I, max.
limits. Referring to Figure 7, it can be
seen that the larger I, becomes, the
lower the dynamic resistance.

Therefore, the greater the permissible
current through the shunt diode,
the larger the ripple reduction will
be and the better the circuit regu-
lation. However, as the diode current
is increased, the junction temperature
will rise to the point where the dynamic
resistance will increase, due to a ther-
mally induced resistance in the element.

This thermally induced resistance will
therefore, tend to limit regulation at
high currents, whereas the dynamic re-
sistance will dominate at lower current
levels. For any particular diode, a com-
promise operating point must be se-
lected. The alternative would be to use
a regulator of higher dissipation capa-
bilities possessing lower thermal resist-
ance.

The maximum permissible diode cut-
rent is limited by the temperature rise
of the junction and by the heat sink
provided to dissipate the heat. Thus,
the use of a zener diode as a voltage
regulator element is limited only by its
rated current handling capabilities In-
ternational Rectifier supplies zener
regulators over a wide range of power
dissipations.

MULTIPLE JUNCTIONS

In many instances, the circuit design
engineer requires regulation at higher
voltages. Three alternatives are availa-
ble. A single junction unit rated for the
desired voltage can be used, but suffers
from a high positive temperature co-
efficient and high dynamic resistance.

In order to achieve optimum perform-
ance a number of lower voltage units
can be used in series. The resultant tem-
perature coefficient, dynamic resistance,
and thermal resistance will be much re-
duced for the series combination.

An example of how a high voltage
multiple junction assembly compares
with a single high voltage unit can be
shown when six 5 volt zeners are con-
nected in series. A single 30 volt zener
diode would possess a temperature co-
efficient of close to +0.1%/°C, a dy-
namic resistance of 60 ohms and might
handle only 30 ma for a particular style
diode. The series combination, on the
other hand, would have essentially zero
coefficient, resistance of only 6 ohms
and the ability to handle over 200 ma
of reverse current!
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Serios Advantages

Regulation of such a device will be
superior in all respects at any given
current. It is also possible to obtain a
much closer tolerance by such a series
combination. If similar units are used,
the series regulator assembly will also
have higher current ratings as a result
of its increased heat dissipation capa-
bility. The higher wattage rating is di-
rectly proportional to the number of
similar series units used.

Packaged Series Assemblies

The third alternative is the use of pack-
aged series assemblies of the Interna-
tional Rectifier HZ type. Here, six se-
lected zener diodes are assembled in
series to provide voltage regulators
from 24 through 160 volts. The total
dissipation of the package is 5 watts
without heat sink, and allows the de-
signer to place the assembly in a con-
venient location on the chassis without
having to provide for mounting of in-
dividual diodes.

The power dissipation per diode in such
a series combination will be inversely
proportional to the number of units
used; in this case, six. For a given cur-
rent, there will be a significant lowering
in the operating junction temperatures.
As the junction temperature is lowered
life expectancy of each diode will in-
crease.

It is possible, therefore, to achieve an
increase in overall reliability, despite
the fact that more individual compo-
nents are involved. In general, multi‘ple
junction operation is to be preferred in
all ways.

DOUBLE ANODE ZENER DIODES

It is possible, in the 6 to 8 volt region,
to compensate for the reverse positive
temperature coefficient by taking ad-
vantage of the negative coefficient of
another diode operating in the forward
direction. Two such diodes when con-
nected in series with reversed polarities
make possible a stability of *1% or
better over the temperature range of
—55°C to +100°C. Optimum com-
pensation and stability will occur at cur-
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rents of approximately 10 ma.

For this application, the International
Rectifier Type ZZ double anode assem-
bly is recommended. Such a device can
also be employed to provide 2 means of
simple a-c regulation since the ZZ type
diodes are constructed in a symmetrical
manner; the reverse voltage of both di-
odes are matched to within *5%.
Typical applications involving use of
such devices would be: calibration
source for oscilloscopes, A-C limiting
in servo control systems, speech clip-
ping, etc. The basic A-C regulator cir-
cuit is shown in Figure 8.
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Fig. 8. Basic A.C. Regulator.

Space Savings — Design Freedom
The principal advantage of zener diodes
over conventional semiconductor di-
odes and vacuum tubes for limiting
Eurposes lies in the fact that no D-C
ias supplies or heater connections have
to be made, thus allowing greater free-
dom in design and a savings of com-
ponents.

—Ezn1——
[}

f——Ez2—

Fig. 9. Typical Reverse Characteristics of
Double Anode Type ZZ Diode.

The reverse resistance breakdown in
the zener diode is much sharper than
the forward conduction break of any
other diode and therefore results in a
precise and clean limiting action.

The zener diode provides a low imped-



ance cathode bias supply, useful with
both vacuum tubes and transistors, illus-
trated in Figure 10.

Eo

Fig. 10. Zener Diode Cathode Bias Element,

By-Pass Capacitor Unnecessary

The bias for the stages is the zener
breakdown voltage of the diode and
due to its Jow impedance requires no
by-pass capacitor even at very low fre-
quencies. Where gain is important, the
zener unit contributes little or no de-
generative effects so that the full gain
of the tubes may be realized.

Fig. 11. Relay Amplifier Bias Supply.

Bias Method For Relay Amplifier

Figure 11 illustrates a method of bias
for a relay amplifier that can be held in
an off condition until a predetermined
input level has been reached. The zener
diode provides a bias for the amplifier
that is close to cut-off, and current
through the tube will be insufficient to
energize the relay. When the grid is
made more positive, it can be seen that
the bias will remain constant even
though the tube current increases. This
is in contrast with a conventional cath-
ode resistor which would result in an

ever increasing bias as tube current in-
creases.

The zener diode may be considered as
the equivalent of a ﬁattery when used
for cathode bias purposes. Figure 12 il-
lustrates how a form of fixed bias for
two tubes or transistors in a single-
ended push-pull servo amplifier may be
provided. The result is a simple, highly
efficient circuit with a minimum of com-
ponents.

Fig. 12. Zener Diode as Fixed Bias.

Zener Diode as Coupling Device

A silicon zener diode may be used as a
coupling device between two amplifier
stages in much the same manner as a

capacitor, illustrated in Figure 13.
+

Fig. 13. Zener Diode as D.C. Coupling De-
vice.

The D-C level will be reduced only by
an amount equal to the zener voltage
drop. The zener element permits fre-
quency response down to D-C due to
its extremely low resistance. Although
the diode may be replaced by a resistor
to achieve the required change.in level,
there could be a loss in signal due to
the voltage-divider action of the resist-
ors.
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Reference Element Application

Fortunately, the zener diode is basically
a low voltage device. This fact makes it
particularly attractive in the design of
transistorized equiFment. Of particular
interest is its application as the refer-

+Ey ) +Eg

Fig. 14, Zener Reference Element in Tran-
sistor Power Supply.

ence element in a series-regulated
power supply, as shown in Figure 14.
The small size and rugged construction
of the diode is compatible with the
other semiconductor circuit components,
and lends itself admirably to construc-
tion of light weight, durable airborne
electronic equipment.

Temperature Sensing Device

The apparent disadvantage of a zener
diode’s temperature coefficient may be
put to a useful purpose in the form of a
temperature sensing device. A bridge
composed of two resistors and two simi-
lar diodes (Figure 15) can be con-
structed so as to indicate a temperature
level when one of the diodes is held at
a reference temperature and the other
is subjected to the varying environment.
An International Rectifier 1210 (10 V.
zener) has a temperature coefficient of
+.07%/°C which corresponds to 7
millivolts per °C change. The sensing
element will, therefore, indicate an im-
balance of 0.7 volts when undergoing a
100°C temperature change. The output
can be read directly, or fed to a record-
ing galvanometer for permanent rec-
ords.
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Fig. 15. Temperature Sensitive Bridge.

Selective Signaling Circult

A precision selective signaling circuit
can be made so as to operate a series of
relays in a sequential manner corre-
sponding to various values of applied
voltage. In Figure 16, as the input volt-
age reaches the level of each individual
zener diode, the diode will conduct
through the appropriate relay coil.

# )
L
Rl R2 R3 : Re
VARIABLE 4.7 K178.2 X1210 *Dl

D.C. SOURCE L)
\A K1 \4 K2 \4 Ka "‘\:im
1

Fig. 16. Selective Relay Signaling Circuit.

The principal advantage over other
means is that the pull-in of each relay
is virtually independent of coil charac-
teristics and is dependent only on the
sharp reverse characteristic of the zener
diode. The exact voltage value for relay
operation can be set by pre-selection of
the proper zener diode, rather than
choosing relays of dissimilar charactet-
istics, often times an impossibility.

The applications described are but a
few of the many possible uses for the
zener regulator diode. As their capa-
bilities become more widely known,
numerous other functions will be pet-
formed by these versatile components,
especially in conjunction with tran-
sistors and switching circuitry.



The Zero Temperature

Coefficient Zener Diode

by George Porter
International Rectifier Corporation

Without a doubt, the information most
often requested by potential users of
zener diodes concerns the tempera-
ture stability of these voltage-regulating
devices; i.e., temperature coefhicients.

For those who are to use the zener diode
as circuit elements exposed to tempera-
ture variations, this characteristic 1s of
extreme importance. Fortunately, zener
diodes are obtainable with positive,
negative and essentially zero co-
efficients.

In certain aplglications, the circuit de-
signer may take advantage of either ex-
treme to provide compensation for
another circuit element tending to drift
in an opposite direction.

The stability of a zener diode is depen-
dent on several factors, including the
value of the zener breakdown voltage,
and the operating current. The tempera-
ture coefficient tends to be positive at
the higher zener voltage ranges, and
negative at the lower. Figure 1 illus-
trates in graphical form this relation-
ship between zener voltage and
temperature coefficient.

In many instances the zener diode is
to be utilized as an extremely accurate
voltage reference element. A reference
element of this type must serve, as
nearly as possible, as an absolute stan-
dard, and voltage deviations with varia-
tions in temperature cannot be tolerated.
In order to achieve this degree of sta-
bility there are three basic courses open
to the design engineer:

1. Operation of the Zener Diode in a
Crystal Oven: This assures an even
temperature (ahywhere from +2°C
to +154°C, depending on oven
quality) but only at the expense of
increased cost, circuit complexity,
larger size and oven operating life.
This may be considered as the “brute
force’” method of achieving sta-
bility. On the other hand, there ate oc-
casions where conditions demand a
reference at a discreet voltage, usually
high, where use of the oven is not only
justifiable, but sometimes the only solu-
tion. Where operation at arbitrary lower
voltage values can be used, either of the
two following alternatives should be
considered:

‘N\

—.02
—.03 ,’

sv.

JOV. 15V 22V. 25V. 30V
ZENER DIODE VOLTAGE

Fig. 1. Zener Diode Temperature Coeffi-
cient Curve.
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Fig. 2. 1N430 Reference Element.

2. The Diode Compensated Voltage
Reference Element: The popular 1N430
(Figure 2) is probably most regre-
sentative of this type device and at
the present time is not only a military
standard item, but is nearly the ulti-
mate in stability. Temperature sta-
bility better than +.002% per de-
gree Centigrade is obtainable from
the 1N430 and -+.001%/°C may
be realized from the 1IN430A and
1N430B versions over extremely wide
temperature variations. This is accom-
plished by using diodes operating in
their forward direction, (and exhibit-
ing a negative temperature coefficient),
being used to nullify the positive co-
efficient effects of a reverse biased zener
diode. If extreme care is taken in co-
efficient matching, the resultant device
is a reference element possessing the
aforementioned temperature stability at
approximately 8.4 volts.

Although considerably smaller in size
than the oven, the 1N430 is considet-
ably larger than a single diode and must
be chassis-mounted. Although the
necessarily higher cost ot this element
can be tolerated by producers of mili-
tary equipment, there are many cases
where the simple matter of economics
enters the picture and the designer must
turn to another answer — the single
“zero coefficient” diode.

3. Operation of a Zener Diode of Ap-
proximately 5 volts Breakdown, accox_'d-
ing to Figue 1, provides us with a sin-
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gle diode reference element having es-
sentially zero temperaure coefficient.
This should prove especially attractive
to engineers who are cost-conscious, and
to whom space is a problem.

At first glance the solution seems
amazingly simple; install a 5 volt diode
and it should follow that we have a
stable reference, unaffected by tempera-
ture. It is not quite that simple.

In the 5 to 6 volt region, a zener diode
exhibits this nearly zero temperatute co-
efficient characteristic only at a specific
reverse current. Figure 3 (next page)
shows that a 5.3 v. diode will have such
a characteristic at approximately 125
ma; a 5.5 v. unit at approximately 60
ma and a 5.6 v. diode at 25 ma,

A high degree of stability is assured by
operation of the zener diode at its
proper revetse current point.

Zero Coefficient

You may have noticed the use of the
terms “nearly” or “'essentially” zero co-
efficient. Although it appears logical
from Figure 3 that if we can obtain a
negative coefficient at low current
values, and a positive coefficient at high
current, there must be a reverse current
at which absolutely zeto coefficient can
be obtained. This is true only to a
limited extent, and is explained graphi-
cally in Figure 4.

In order to illustrate more clearly how
reverse current is the determining fac-
tor in achieving this essentially zero
temperature coefficient effect, a diode
rated at a zener breakdown voltage of
5.5 v. was selected and its thermal sta-
bility measured at a number of different
reverse currents. Figure 4 is, in effect,
an expansion of the cross-over region at
point C in Figure 3, and shows the de-
viation from an initial voltage drop at
+ 25°C for various amounts of reverse
currents. For example, a diode having
a drop of 5.500 v. at +25°C at a re-
verse current of 50 ma d.c. would ex-
hibit a negative change in voltage as the
temperature is increased. In this case,
a 50° increase in temperature would
cause the voltage to drop from its in-
itial value to 5.492 v. at + 75°C, or a
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net change of —8 millivolts. On the
other hand, 80 ma of current would
cause the voltage to increase by approxi-
mately 9 millivolts for the same tem-
perature rise.

Of interest is the fact that, at this cur-
rent, the voltage will first change in a
positive direction and then at about
+75°C will reverse, pass through
zero, and then go predominantly nega-
tive. At 4 150°C the net change will
be almost exactly equal and opposite to
the positive deviation at the lower tem-
perature. This particular diode at 80 ma
would therefore leave a stability rating
of apg:roximately +.003% /°C from
+25°C through +150°C.

If operation over a limited temperature
range is expected; say + 25°C through
+ 75°C, it would then be advantageous
to operate at an intermediate current
value; in this case 57.5 ma where a
temperature coefficient of slightly over
+.001%/°C can be expected. This
gives a stability that excéeds the IN430
reference element and approaches the
1IN430A.

Current Source

The only problem that remains is to pro-
vide a current source for the reference
diode. Three methods are normally
used. See Figure 5.

15°C)
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50°C.

25°C)
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+
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(a) makes use of a high voltage as a
constant current source.

(b) utilizes a 10 volt zener diode to
act as a regulator for the reference
diode. The current limiting resistor be-
tween the two diodes should have a
negative temperature coefficient to com-
pensate for the positive ( +.07% /°C)
drift of the 10 volt unit.

(¢) Two 1Z5.6 diodes, each having
nearly zero T.C., in turn act to stabilize
the current through the reference ele-
ment.

In all three cases, R1 must be assigned
a value that insures proper reverse cut-
rent for the end diode.

Although the data presented is for a

- particular diode rated by International
Rectifier at 5.5 volts, the principle ap-
plies to all diodes in the 5 to 6 volt re-
gion, and the optimum reverse current
will be dependent on the voltage rating
of individual diodes; the higher volt-
age diodes will have their optimum
temperature characteristics at lower cur-
rent values,

As long as this critical current is known
for a particular diode, a single junction
therefl:)re can be made to perform as an
excellent stable reference element at low
cost, small size and circuit simplicity.

+50 TO +100 v.0C

125.6

Fig. 5.

Semiconductor equivalents eliminate
components and circuitry requived by
tube counterparts to overcome plasma
oscillation and high firing potential.
Voltage regulation circuits can be sim-
plified and the reliability increased by
using silicon zener voltage regulators in
place of conventional gas tube regulat-
ors such as the 0A2, 0A3, 0B2, 0C3,
1B46 and the 991.

The International Rectifier HZ series,
provides a substantially lower dynamic
resistance than do comparable tube
types — and over a much broader tem-
perature range (—65°C to +165°C).
This feature, and the unusually high
zener reference voltage, stem from the
unique construction of these units.
Mechanical ruggedness of this package
leads to longer term reliability than can
be expected from tubes.



Application of Zener Diodes
to Industrial Equipment

by George Porter
International Rectifier Corporation

Zener diodes, although a relatively new
regulating device, offer the design en-
gineer a versatile component that may
be used to good advantage in many
electrical industries.

The small size and high current hand-
ling c?abilities of the zener diode per-
mits design of lightweight, compact
equipment, and is particularly attractive
when compared to its bulkier counter-
part.

In addition to the military, manufac-
turers of industrial equipment, ap-
pliances, and electrically operated
machinery represent a large and grow-
ing market for this simple semiconduc-
tor device. Designers of automatic
machinery, communications equipment,
aircraft, electronic computers, etc., are
constantly finding new applications for
the silicon regulator.

The following tabulation indicates, in
general, manufacturing groups who at
present are making use of the zener
diode in new equipment design. The
survey includes ten basic industry classi-
fications, type of product manufactured,
and a few of the typical applications.
This is followed by a breakdown of the
particular rating or style of zener regu-
lator normally encountered in such
equipment.

These statistics were compiled by the
Applications Advisory Group of Inter-
national Rectifier Corporation, and are
fairly representative of the present use
of these devices.

Although the industries and products
listed represent only a small segment
of the total number of electrical equip-
ment manufacturers, the applications
and diode types shown are indicative
of their present utilization.

It is quite evident that producers of
other types of equipment will, in time,
incorporate these regulators in new
equipment design.

THESE ARE INTERNATIONAL
RECTIFIER CORPORATION’S SEVEN
BASIC ZENER DIODE STYLES

A. STYLE M: 750 MW RATED
zemer voltage range of 3.6 to 30 volts

B. STYLE $: 1 WATT RATED
zemer voltage range of 3.6 1o 30 volts

©. STYLE T: 3.5 WATT RATED
zomer voliage range of 3.6 40 30 volts

D. STYLE T: 10 WATT RATED
zener voltage range of 3.6 0 30 volts

®. STYLE HZ: S WATT RATED
zener voltage range of 24 10 160 volis

P, STYLE ZZ: 600 MW RATED
2emer voltage range of 4.3 10 30 volts

©O. REFERENCE ELEMENTS:
250 MW RATED voltage reference
range of 8.0 10 8.8 volts
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Silicon Zener Voltage Regulator Diodes

International Rectifier's advanced line of Silicon Zener Diodes offer extreme
stability and excellent voltage regulation characteristics at high temperatures (up
to +165°C ambient). They are designed and process-selected to give exceptionally
low dynamic resistance and sharp zener characteristics over the entire operating
current range.

Miniature Style M: 750 milliwatts rated

[Ratings and Characteristics at 26°C Ambient
| DYNAMIC NOMINAL
JETEC INT'L VeraE e RESISTANCE :
TVPE TYPE . COEFFICIENT)
RANGE ma. | s S |05
IN1507 MZ 3.9 3.64.3 180 1.25 35 —.04
1IN1508 MZ 4.7 4.3:5.1 150 1.25 30 0]
IN1509 MZ 5.6 5.1-6.2 130 2 26 +.03
1N1510 MZ 6.8 6.2-:7.5 110 25 22 +.05
1N1511 MZ 8.2 7.5:9.1 90 4 18 +.06
1N1512 MZ 10 9.1-11 75 6 15 +.07
1N1513 MZ 12 11-13 60 10 12 +.075
1N1514 MZ 15 13-16 50 20 10 +.08
1N1515 MZ 18 16-20 40 40 8 +.085
1N1516 MZ 22 20-24 33 €0 6 +.09
1N1517 MZ 27 24-30 26 75 5 +.095

For more detailed engineering data, request Bulletin SR-251

Style S: 1 watt rated

[Ratings and Characteristics at 25°C Ambient
DYNAMIC NOMINAL
JETEC INT'L ZENER 1z RESISTANGE TEMP
TYPE TYPE VOLTAGE MAX. COEFFICIEN
RANGE " onmis g %/°C
1N1518 1Z 3.9 3.6-4.3 250 1 50 —.04
1N1519 1Z 4.7 4.3-5.1 200 1 40 0
1N1520 12 5.6 5.1-6.2 175 1.5 35 +.03
1N1521 1Z 6.8 6.2-7.5 150 2 30 +.05
1N1522 1Z 8.2 7.59.1 120 3 25 +.06
IN1523 1Z 10 9.1-11 100 4.5 20 +.07
1N1524 1Z 12 11-13 80 7.5 15 +.075
IN1525 1Z 15 13-16 65 15 13 +.08
1N1526 1Z 18 16-20 55 30 10 +.085
1N1527 1Z 22 20-24 45 45 9 +.09
1N1528 12 27 24-30 35 60 7 +.095

For more detailed engineering data, request Bulletin SR-251

Style T-3.5 watt rated

Ratings and typical characteristics
DYNAMIC NOMINAL
JETEC INT'L ZENER Iz RESISTANCE MP,
TYPE TweE VOLTAGE MAX. i + COEFFICIENT
RANGE ma. o | St %/sC
IN1588 | 32 3.9 3.64.3 850 .5 150 —.04
IN1589 | 32 4.7 4.3-5.1 700 5 125 V]
IN1590 | 3Z 5.6 5.1-6.2 625 .75 | 110 +.03
IN1591 | 3Z 6.8 6.2-7.5 525 1 100 +.05
IN1592 | 32 8.2 7.5-9.1 425 1.5 80 +.06
IN1593 | 3Z 10 9.1-11 350 2.5 70 +.07
IN1594 | 3Z 12 11-13 275 4 50 +.075
IN1595 | 32 15 13-16 225 7.5 40 +.08
IN1596 | 32 18 16-20 200 15 35 +-.085
IN1597 | 3Z 22 20-24 160 22.5 30 +.09
IN1598 | 3Z 27 24-30 125 30 25 +.095

For more detailed engineering data, request Bulletin SR-252
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Silicon Zener Voltage Regulators
Style T-10 watt rated

Ratings ana typical characteristics

DYNAMIC WOMINAL
Jeree INTL ZENER x RESISTANCE TEMP.
TPE TWPE VOLTAGE MAX, COEFFICIENT
RANGE ma. ons) g_.'f %/°C
IN1599 110Z 3.9 | 3.6-4.3 2500 .25 500 —.04
IN1600 | 10Z 4.7 | 4.3-5.1 2000 .25 400 o
IN1601 {10Z 5.6 | 5.1-6.2 1750 4 350 +.03
IN1602 [10Z 6.8 | 6.2-.7.5 1500 .5 300 +.05
IN1603 | 10Z 8.2 | 7.59.1 1200 .75 250 +.06
IN1604 | 10Z 10 9.1-11 1000 1.25 200 +.07
IN1605 {10Z 12 11-13 850 2 170 +.075
IN1606 | 10Z 15 13-16 650 4 140 +.08
IN1607 | 10Z 18 16-20 550 7.5 110 +.085
IN1608 | 10Z 22 20-24 450 |12 920 +.09
IN1609 |10Z 27 24-30 350 |15 70 +.095

For more detailed engineering data, request Bulletin SR-252

Style HZ: 5 watt rated
Ratings and characteristics at 25°C case temperature

W J, i RESISTANGE noMIAL
TYPE RANGE ma. 22 @ Iz COEFFICIENT
(OHMS) ma. %/°C
HZ 27 24-30 200 7 40 0
HZ 33 30-36 150 10 30 +0.03
HZ 47 43-51 110 20 22 +0.05
HZ 68 62-75 75 60 14 +0.065
HZ 100 91-110 50 180 10 +0.08
HZ 150 130-160 35 370 7 +0.09

For more detailed engineering data, request Bulletin SR-253

600 MW Rated Type Doubie Anode

Ratings and Electrical Characteristics at 25°C Ambient

INT'L ZENER Iz Rgsvlrs‘lélmge N??A':AL
TYPE VOLIAGE MAX, 2z 1 COEFFICIENT
RANGE me. @ 'z
(OHMS) ma. DC % /°C

27 4.7 4.3-5.1 125 5 25 —.01
71 5.6 5.1-6.2 100 7 20 0
17 6.8 6.2.7.5 80 10 16 +.025
77 8.2 7.5-9.1 70 14 14 +.035
ZZ 10 9.1-11 60 20 12 +.05
7Z 12 113 50 27 10 +.06
77 15 13-16 40 42 8 +.07
7Z 18 1620 30 75 6 +.08
77 22 20-24 25 105 5 +.09
77 27 24-30 20 140 4 +.095

For more detailed engineering data, request Bulletin SR-254
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Typical of the many configurations International Rectifier offers in standard selenium
photocells. Custom cells to any specifications are also avallable.
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Selenium Photoelectric
Cells and Sun Batteries

by John Sasuga
International Rectifier Corporation
Manager Photocell Division

Today, three main classes of photoelec-
tric cells are in general use. They ate
the photoemissive, photoconductive and
the photovoltaic or self-generating
types. The first of these, the photo-
emissive type has been the most widely
used. Its high impedance has made it
most readily adaptable for coupling
with the input of vacuum tube ampli-
fiers. Being a vacuum tube itself, it has
fitted in with the mass volume pro-
duction techniques using automatic
machinery that has already produced
many millions of vacuum tubes at low
manufacturing cost. The second of
these, the photoconductive cell, is a
semiconductor device whose electrical
conductivity is a function of the inci-
dent illumination. It may be manufac-
tured in compact size and is useful in
such specialized applications as those
requiring a high infrared sensitivity.
Unlike the other two classes of photo-
electric cells, the photovoltaic type, as
exemplified by the International photo-
cell, has the characteristic of generating
a voltage (up to .58 volt) when light
impinges upon its sensitive surface.
This self-generated voltage will cause
a current to flow in an externally con-
nected circuit; the magnitude of this
current is a function of the external
circuit resistance and the illumination
from the incident light. This type of
photocell therefore may be regarded as
a primary source of electric power, as
much so as an electric galvanic type
battery.

The selenium self-generating photocell
is a very sensitive and reliable photo-
element that offers versatile applications
in the infra-red, visible, and ultra-

violet spectral range. In the past, the
primary application of selenium photo-
cells was in photometric equipment and
light measuring devices such as spectral
photometers, colorimeters, and photo-
graphic light meters. With the advent
of automation, and the availability of
transistors, many new applications for
selenium photocells have evolved ; typi-
cal examples are in control and safety
devices, counters, tape reading mecha-
nisms, and monitoring equipment.

With a response faster than the human
eye, an International Rectifier selenium
photocell reacts to changing light levels
and sets the lens opening on an auto-
matic 8 mm motion picture camera
manufactured by Bell and Howell
Company. No batteries, motors or
springs are required in the operation,
said to be the first commercial use of
direct light energy in performing a
mechanical task without intermediate
conversion.

G

International Rectifier Selenium Photocell
activates Bell and Howell “Electric Eye”
exposure mechanism in 8 mm movie
camera.
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Cell Structure and Operation

The metallic structure of the Interna-
tional Rectifier selenium photocell is
shown in Fig. 1. It consists of a metal
base plate on which are deposited mul-
tiple coats of selenium compounds and
precious metals. The front electrode and
barrier layer are of molecular thickness.
The selenium layer is 0.002” to 0.003”
thick.

The completed cell is coated with a
thermosetting protective resin which
provides an extremely rugged, shatter-
proof finish that is immune to shock
and vibration.

Light falling on the cell penetrates the
transparent front electrode and causes
the selenium to release electrons which
travel across the “‘barrier layer”. These
electrons are trapped on the front elec-
trode to form a negative charge. They
are prevented from returning (except
by some small leakage), by the uni-
lateral conductivity of the barrier layer.
The collector ring is then the negative
and the base plate the positive terminal
of the cell.

When these two terminals are connected
directly to the actuating device or to
an amplifier, a current will flow.

For over ten years, International Rec-
tifier Corporation has been a leading
supplier of selenium photocells to the
industries of America. During this
time, a wealth of data has been devel-
oped to assist engineers in the applica-

iR
T

tion of these devices to control and
measuring instruments. If you require
technical assistance in the application
of photocells, do not hesitate to call
upon our experienced engineering staff.
Just completed is an 8-page brochure
providing complete technical informa-
tion and listings on all International
Rectifier Photovoltaic devices. Copies
may be obtained by writing to Interna-
tional Rectifier Corporation, El Segun-
do, California on your letterhead. Ask
for Bulletin PC-649A.

For those wishing information and
actual circuitty involving the use of
photocells in radios, relay circuits and
many other light powered devices, an
84 page booklet entitled “The Use of
Selenium Photocells and Sun Batteries”
has been prepared and is available either
from your local electronics distributor
or by writing directly to the factory.
Price: $1.50.

84 page Application Handbook contains
theory and circuitry for light powered
devices.
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INTERNATIONAL SELENIUM SELF-GENERATING PHOTOELECTRIC CELLS

PHOTOELECTRIC CELL...RATINGS

Maximum Operating Continuous duty ............................. 85°C
Temperature: Intermittentduty ............ ... ... oLl 100°C
Spectral Response: Overall response ............ 220 to 780 millimicrons
Response peak ..........ccevueen. 550 millimicrons

Speed of Response: The response of these cells is limited only by their shunt

capacitance, and therefore decreases with increasing fre-
quency and load resistance. For optimum frequency response
in the range of 1000-10,000 cycles per sec. small area pho-
tocells are recommended.

Fatigue: No measurable aging or irreversible fatigue at illumination
levels up to 1000 foot candles.

Life: The life of these cells is practically unlimited when operat-
ing under normal conditions, and within their ratings.

PHOTOELECTRIC CELL...ELECTRICAL CHARACTERISTICS

Standard electrical characteristics and performance data are measured at ambient
temperatures of 25°C using a tungsten lamp source at 2700 K.

Output Voltage: The self-generated open circuit voltage of International
selenium photocells varies approximately logarithmically
with illumination, and approaches a maximum value of 0.6
volts at high light intensities. The output voltage across a
ioad is a function of illumination and load resistance, and
is independent of cell area.

Output Current: The self-generated short circuit current of the International
selenium photocell is nominally 3.5 ma. per square inch of
active cell area at 1000 footcandles illumination; it is a
linear function of illumination intensity over the range
from 0 to 1000 foot candles. The output current into a load
is a function of load resistance, photosensitive cell area,
and illumination intensity.

Matching: Standard match specification-two or more cells may be
matched to within +5% over the range of 0-100 foot
candles, and for any load resistance from 0-10,000 ohms.

Special match specifications—cells may be matched for spe-
cial requirements and applications to a minimum tolerance

of +2%.
Visibility Mounted Photocells are available with visual correction
Corrections Filters: filters to correct the photocell response to that of the

human eye. The transmission factor of such a filter is in
the order of 50%.
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INTERNATIONAL STANDARD UNMOUNTED PHOTOCELLS

UNMOUNTED CELLS — These cells are offered for convenience
of mounting in a user's installation where spring contacts for cell
terminals are provided.

PIGTAIL LEAD CELLS — AH cells are with
pigtall leads {o the This is desi

to provide *‘positive contact’ connection to the cell terminals.
The pigtail leads are not pressure sensitive nor subject to inter-
mittency. To order Pigtail Lead Types, add the suffix PL"" to the
basic part number. For example: A3PL, B2PL.

These “pigtail contact” celis are also available with a flexible
bracket to permit adjustment of the cell surface to any desired
angle. This bracket is attached to the base plate for mounting
to chassis. Specifications for-other bracket-mounted cell sizes
available on request.

MATCHED CELLS — On request, two or more cells may be
matched to within +5% over the range of 0 to 100 footcandles
for a specified load resistance, and to +2% over the range of
0 to 100 footcandles for a specified load resistance.

SPECIAL CELL SELECTION — Photoceils used for transistor bias-
ing must be selected to give optimum performance in this appll-
cation. This selection may be requested by adding the suifix
“T** to the cell type number. For example: 82PLT.

@

A3pl

Brackets

Angle
Bracket

RECTANGULAR TYPES
. Overall Dimensions Typical Output Current
Scale Drawings Cell | Tength] width | thickness] Photosensitive| 100fc 100 ohme
Type | inches| inches| inches | Area inches? | microamperes
- : B1 059 | 0.24 0.047 0.12 32
Bl B10 B15 82 0.72 | 0.44 0.021 0.26 77
(R Ba | 088 | 050 | 0047 | 039 120
B17 85 | 144 | 064 | 0.047 0.78 25
B10 1.69 0.88 0.058 1.26 380
B15 1.69 1.69 0.058 2.25 640
B17 | 6.0 0.50 0.021 2.6 710
820 2.0 20 0.021 33
830 ~ 00
B30 3.25 3.25 0.021 9.41 2200
ROUND TYPES
Scale Drawings Overall Di Output Current
Cell | diameter | thickness| Photosensitive | 100fc 100 ohms
Type inches inches Area inches? microamperes
A2 0.25 0.047 0.045 12
Py A3 0.38 0.047 0.06 20
A5 1.13 0.047 0.78 250
A2 AS AlO
A7 1.50 0.058 1.40 440
Al0 1.75 0.058 2.04 600
Al5 2.0 0.058 2.58 770
A30 2.75 0.058 5.10 1400
0.D. 2.0
PC103| | ges| 0058 2.20 600
Al5 PC103
WITH PIGTAIL LEADS

4

4

B2pl

Flexible
Bracket




INTERNATIONAL SELENIUM SELF GENERATING MOUNTED PHOTOCELLS

HERMETICALLY SEALED PHOTOCELLS

Hermetically sealed photocells are protected against humidity, corrosive atmospheres, and salt spray.
These cells are especially suitable for outdoor applications, where protection from corrosion is
required, and may be immersed in non-corrosive liquids.
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1550 5Q —en—r — 925 @ :
L—zoso__.l *I7%4l—’_ FIG. 2 [} REF ”
050 =l
FIG. 1 All Dimensions in Inches FIG. 3
Typical Output Current Typical Output Voltage
Hermetic -
Sealed Photosensitive 100fc 100fc ifc 100fc 1fc
Cell Type | fig Area inches? 100 ohms 1000 ohms | 10,000 ohms | RL==1 Megohm RL=:100,000 ohms
microamps | microamps | microamps volts millivolts
DP-5 1 2.25 600 250 35 0.30 75
DP-3 2 0.21 66 60 0.6 0.26 34
DP-2 3 0.088 24 20 0.16 0.22 9

MOUNTED PHOTOCELLS IN PLASTIC HOUSINGS

The cells are mounted in a black phenolic or butyrate housing with glass or plastic window. The
mounting studs protruding at the rear of the housing also serve as the electrical output terminals.

~— A i Plastic Wind. Plastic Window
~ & — g?tf:evﬂ:aw Ac(ivle Are': o Active Ares
/
— —
3 E -
T L
F G " - D
i L =
l—' \ z—l [ L - A
|
FiG. 1 ‘C'L‘ FIG. 2

Al Dimensions in Inches

Dimensions Typical Output Current Typical Output Voltage]

Mounted 100fc 100fc 1fc wofe | o:)f(cmo
Tcyeplé sigl Al Bl ¢c| p]|E]F | e |1000hms |1000 chms {10,000 chmsi 1 Megohm oh;ns

microamps |microamps | microamps volts | millivoitd
B10-M 1 [(11]07|04]06]03]2.2]22 320 210 2.0 0.30 65
A5-M 2 112111(03|06]|04 220 160 15 0.30 60
A7-M 2 |17}114/03|06]04 350 200 29 0.31 60
A10-M 2]19}17|03]|06|04 550 240 34 0.30 70
Al5-M 3 {21(19(03]|10|04]|08]|05 700 250 3.5 0.31 70
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CONTOUR PHOTOCELLS

For applications requiring photocell surfaces in curved, cylindrical or other
three-dimensional shapes, “Contour Photocells” are available in
the same rectangular dimensions as standard cell types. These
cells can be produced to your requirements in three-dimensional shapes
with a minimum of 1 inch radius of curvature. A typical
application for the units — mounting on a rotating shaft in a position
control servo- mechanism. (The current sensitivity of these cells is
slightly lower than for standard cell types.)

Very High Current Sensitivity Cells
These selenium photocells offer output
current sensitivity 209 higher than for
standard cell types. For optimum sta-
bility and long life, these cells should
not exceed an operating temperature
of 60°C.

B2M Sun Battery
Highly popular for experimental use,

the B2M selenium photocell and sun
battery will generate a current of 2 ma
with a 10 ohm load in bright sunlight.
These cells may be mounted in series
or series-parallel arrangements to con-
vert solar energy into a high power
supply for operation of transistorized
equipment and portable devices. The
mounting bracket is flexible to permit
adjustment of the sensitive surface to
any desired angle. See the “B2 cell” in
the table for additional specifications.
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Silicon Solar Cells

by Harry Nash, BEE
International Rectifier Corporation
Member IRE, Assn. for Applied Solar Energy

The silicon solar cells now available
from International Rectifier Corpora-
tion are practical photovoltaic devices
capable of converting radiant or solar
energy into electrical power of useful
proportions.

Tapping a Resource

When the magnitude of the energy
showered upon the earth by the sun
each second is considered, it is not sut-
prising that the harnessing of this vast
resource has been a constant challenge
to man through the centuries.

Although several methods of utilizing
solar energy have been in use for many
years, with varying degrees of success,
the method considered most practical
today involves the direct conversion of
solar radiation into electrical energy by
thermoelectric or photoelectric effects.
During the f”t few years this science
has attracted widespread interest, par-
ticularly in the branch of science dealing
with photovoltaic phenomena. About
1876 the first barrier layer photovoltaic
cell was developed, utilizing selenium.
Through the development of collateral
electrical and electronic technology, the
selenium photoelectric cell gained wide
application. Recent research in the semi-
conductor field contributed much basic
knowledge which, when applied to the
photovoltaic principle, resulted in sili-
con photocells with efficiency factors
far greater than those of selenium fore-
runner.?

The Silicon Cell
The International silicon solar cell is
of the p- junction type. This p-» junc-

Fig. 1. Ruggedized Silicon Solar Cells de-
signed for high efficlency solar energy
conversion.

tion is formed on the surface of the
silicon wafer to be exposed to illumi-
nation. The junction is composed of
two types of semiconductors—the n-type
and the p-type. The n-type material is
obtained by adding certain impurities
to the melt at crystal growing stage.
The p-n junction is formed when im-
purities of another type are diffused
into the n-type silicon wafer.

" A cross-section of a silicon solar cell

would show the p-type and #-type sili-
con to be separated by an extremely
thin barrier layer which becomes a
built-in, permanent electric field. The
movement and displacement of elec-
trons and holes that occurs when light
is absorbed by a silicon crystal and the
subsequent phenomena that take place
at the p-» junction cause a voltage dif-
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ference between the silicon layers of
the cell, thus causing an electric current
to flow.?

Silicon Solar Cell Types

Typical of the silicon solar cells manu-
factured by International Rectifier are
those shown in Figure 1.

This new series of ruggedized silicon
photovoltaic cells features extremely
high efhciencies, and are capable of
converting up to 9% of the radiant
energy falling on their surface.

Designed and manufactured to rigorous
military specifications, the high effi-
ciency and rugged construction of these
units results, in part, from new alloying
techniques which permanently bond the
contact to the silicon wafer. This bond
makes the contact an integral part of
the cell itself, while still allowing sol-
dering of individual cells. These new
bonding processes result in substantial
gains in operating efficiency and min-
imize series resistance.

Complete engineering data on these
cells is contained in Bulletin SR-275A,
available on request.

Silicon Solar Cell Modules

To provide engineers with prepackaged
solar cells in configurations easily
adapted to solar battery requirements,
International Rectifier now offers cells
in modular forms. See Figure 2.

These silicon solar modules are basic
building blocks designed for intercon-
nection in series-parallel configurations
to supply from milliwatts up to hun-
dreds of watts of power for a wide
variety of power applications. A typical
installation can supply a charging cur-
rent of from 25 ma to greater than 1
amp into a 12-volt nickel cadmium
battery in bright sunlight.

Mechanical Construction

Modules are assemblies of series-con-
nected 1 cm X 2 cm silicon solar cells.
The cells are embedded in epoxy resin
providing a rugged, shockproof, weath-
erproof housing. Insulated solder ter-
minals for electrical connection extend
from the bottom of the module case.
For complete data, write for Bulletin
SR-276.

REFERENCES

1 D. M. Chapin, C. S. Fuller and G. L. Pearson,
J. Appl. Phys. 25, 676 (1954); Bell Record 38,
241 (1955).

2 C. S. Fuller and J. A. Ditzenberger, J. Appl.
Phys. 25, 1439 (1954).

Fig. 2, Silicon Solar Cell modules designed for interconnection to supply any desired
power rating.
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The Influence of
Temperature on Silicon
Solar Battery Output

by Werner Luft, BME
International Rectifier Corporation

The power output and the voltage at
which this power is supplied is the most
important consideration in the applica-
tion of silicon solar batteries.

When a solar cell is operated at a de-
termined light intensity, the output
power can vary from zero to a given
maximum. (This maximum value de-
pends on the active cell area and the
efficiency of the cell). Within these
limits the magnitude of output power
depends upon the load resistance con-
nected to the cell, as shown in Fig. 1.

It is, of course, desirable to operate the
solar battery at its maximum power out-
put; consequently the load resistance
must be matched to this effect. Under
identical conditions the load resistance
for maximum power output increases
with decreasing active cell area.

Limiting the discussion to a cell of given
efficiency and active area, operating at
a given light intensity, we will only
discuss the influence of the cell tem-
perature on the output.

Fig. 2 illustrates the variation in the
current-voltage characteristic with
temperature. The short circuit current
changes but slightly, and increases first
somewhat with increasing temperature,
to decrease again at still higher temp-
eratures.The open circuit voltage, how-
ever, decreases rapidly with increased
temperature (approximately 2.25 x
103-V/°C in figure 2.).

The points for maximum power output
on the current-voltage curves are con-

nected by the dashed line. It is seen that
the load resistance must be reduced
when the temperature increases in order
to operate the solar cell at the maximum
power point.

Furthermore, the figure illustrates that
within normal operation temperatures
for earthbound applications (25 to
70°C) the output current is nearly con-
stant along the maximum power line.
The voltage at which this curreat is
delivered decreases, however, at in-
creased temperatures, and so does the
maximum power output.
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In Fig. 3 a comparison is made between
the relative change with temperature
of the maximum power output, the
voltage at which the maximum power
is obtained, and the open circuit volt-
age. A cell temperature of 30°C is
taken as reference point.

Above 70°C cell temperature the nega-
tive temperature coefficient of the ab-
solute change of the three variables is
constant.

The absolute magnitude of the tem-
perature coefficient is lowest for the
open circuit voltage; highest for the
maximum power output.
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Below 70°C the negative temperature
coefficient varies and becomes zero at
approximately —20°C. Below this
temperature the temperature coefficient
1s positive.

The temperature coefficients will vary
somewhat from solar cell to solar cell.
The relation between the temperature
coefficients of the mentioned three vari-
ables will, however, remain approxi-
mately the same for any one cell, at
least in the region of normal operation
temperatures. Therefore the variation
in open circuit voltage with tempera-
ture (which can easily be measured)
can be used to predict the maximum
power output and corresponding volt-
age at any temperature within the nor-
mal operating range if the latter are
known for a certain temperature.

From Fig. 3 we see that the maximum
power output decreases roughly 10%
for each 20°C rise in cell temperature.
It is, therefore, of considerable interest
to the designer of solar battery assem-
blies to provide adequate cooling for
the cells wherever possible. If heat
sinks are used for this purpose, efforts
must be made to keep the thermal im-
pedance from cell to ﬁeat sink to a low
value. Direct metallic contact from cell
to sink is desirable, but unfortunately
not always possible.



For further information on any of the International Rectifier
Corporation products listed in this book, write directly to the
factory or contact the branch office nearest you. All standard
items listed are also carried in stock by International Rectifier
Corporation Authorized Industrial Distributors
located throughout the United States.

Phone ORegon 8-6281 « Cable RECTUSA
BRANCH OFFICES:
NEW YORK AREA OPFICE: 132 E. 70tl| 8t.,
New York City, N.Y. ultln! -3330
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& Cambridge, Mass. UNiversity 4-6320
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D 23 Rue du Rhone, Geneva, Switzerland

FOREIGN ASSOCIATES:
ENGLAND : International Rectifier Co.
(Great Britain) Lcd., Hurst Green, Oxted, Surrey.
FRANCE : CERAME, 142 Avenue Victor Hugo,
Clamart (Seine)
JAPAN : International Rectifier Corp. (J?m) L.,
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