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INTRODUCTION 

Regulated power supplies employ engineering techniques drawn 
from the latest advances in many disciplines such as: low-level, 
high-power, and wide-band amplification techniques; operational 
amplifier and feedback principles; pulse circuit techniques; and the 

constantly expanding frontiers of solid state component develop-
ment. 

The full benefits of the engineering that has gone into the modern 
regulated power supply cannot be realized unless the user first 
recognizes the inherent versatility and high performance capa-
bilities, and second, understands how to apply these features. This 
handbook is designed to aid that understanding by providing com-
plete information on the operation, performance, and connection 
of regulated power supplies. 

The handbook is divided into six main sections: Definitions, Princi-
ples of Operation, AC and Load Connections, Remote Programming, 
Output Voltage and Current Ratings, and Performance Measure-
ments. Each section contains answers to many of the questions 
commonly asked by users, like: 

What is meant by auto-tracking operation? 
What is the difference between a constant voltage/constant 
current power supply and a constant voltage/current limit supply? 
When should remote sensing at the load be used? 
How can ground loops in multiple loads be avoided? 
What factors affect programming speed? 
What are the techniques for measuring power supply perform-
ance? 

In summary, this is a book written not for the theorist, but for the 
user attempting to solve both traditional and unusual application 
problems of regulated power supplies. 
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DEFINITIONS   

AMBIENT TEMPERATURE 

The room temperature or temperature of the air surrounding the 

power supply. 

AUTOMATIC (AUTO) PARALLEL OPERATION 

A master-slave parallel connection of the outputs of two or more 
supplies used for obtaining a current output greater than that ob-
tainable from one supply. Auto- Parallel operation is characterized 
by one-knob control, equal current sharing, and no internal wiring 
changes. Normally only identical supplies may be connected in 
Auto- Parallel; in certain cases, however, supplies of the same series 
are capable of mixed Auto- Parallel operation. 

AUTO-PARALLEL POWER SUPPLY SYSTEM 

MASTER 

• Im 

+ 

SLAVE NO. I 

+ 

SLAVE NO. 2 

12 

IL 

lm + + 12 31m 
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AUTOMATIC (AUTO) SERIES OPERATION 

A master-slave series connection of the outputs of two or more 
power supplies used for obtaining a voltage greater than that ob-
tainable from one supply. Auto-Series operation, which is permissi-
ble up to 300 volts off ground, is characterized by one-knob control, 
equal or proportional voltage sharing, and no internal wiring changes. 
Different power supplies may be connected in Auto-Series without 
restriction, provided that each slave is capable of Auto-Series 
operation. 

AUTO-SERIES POWER SUPPLY SYSTEM 

EL= EM + E1 i-E2.3Em 

AUTOMATIC (A UTO) TRACKING OPERATION 

A master-slave connection of two or more power supplies each of 
which has one of its output terminals in common with one of the 
output terminals of all of the other power supplies. Auto-Tracking 
operation is characterized by one-knob control, proportional output 
voltage from all supplies, and no internal wiring changes. Useful 

where simultaneous turn-up, turn-down or proportional control of 
all power supplies in a system is required. 

2 



DEFINITIONS 

AUTO-TRACKING POWER SUPPLY SYSTEM 

Ei.K 1 Em E2' K2EM 

CONSTANT CURRENT POWER SUPPLY 

A regulated power supply that acts to maintain its output current 
constant in spite of changes in load, line, temperature, etc. Thus, 
for a change in load resistance, the output current remains constant 
while the output voltage changes by whatever amount necessary 
to accomplish this. 

CONSTANT CURRENT POWER SUPPLY 
OUTPUT CHARACTERISTIC 

E OUT 
Is 
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CONSTANT VOLTAGE POWER SUPPLY 

A regulated power supply that acts to maintain its output voltage 

constant in spite of changes in load, line, temperature, etc. Thus, 
for a change in load resistance, the output voltage of this type of 

supply remains constant while the output current changes by what-
ever amount necessary to accomplish this. 

Es 

àEouT201 

CONSTANT VOLTAGE POWER SUPPLY 
OUTPUT CHARACTERISTIC 

EOUT 

I OUT 

CONSTANT VOLTAGE/CONSTANT CURRENT (CV/CC) 
POWER SUPPLY 

A power supply that acts as a constant voltage source for compara-

CONSTANT VOLTAGE/CONSTANT CURRENT (CV/CC) 
OUTPUT CHARACTERISTIC 

CONSTANT VOLTAGE 
OUTPUT 

Is 

CONSTANT CURRENT 
OUTPUT 
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DEFINITIONS 

tively large values of load resistance and as a constant current source 
for comparatively small values of load resistance. The automatic 
crossover or transition between these two modes of operation oc-
curs at a "critical" or "crossover" value of load resistance Rc = Es/Is, 
where Es is the front panel voltage control setting and Is is the front 
panel current control setting. 

CONSTANT VOLTAGE/CURRENT LIMITING (CV/CL) 
POWER SUPPLY 

A supply similar to a CV/CC supply except for less precise regula-
tion at low values of load resistance, i.e., in the constant current 
or current limiting region of operation. 

CONSTANT VOLTAGE/CURRENT LIMITING ( CV/CL) 
OUTPUT CHARACTERISTIC 

CONSTANT VOLTAGE 

OUTPUT 

CURRENT LIMITING 

DRIFT (See Stability) 

LINE REGULATION OF A CONSTANT CURRENT 
POWER SUPPLY 

The change in the steady state value of the dc output current due to 
a change in the input line voltage from low line to high line, or from 
high line to low line. 

5 



DC POWER SUPPLY HANDBOOK 

LINE REGULATION OF A CONSTANT VOLTAGE 
POWER SUPPLY 

The change in the steady state value of the dc output voltage due 
to a change in the input line voltage from low line to high line, or 
from high line to low line. 

LOAD REGULATION OF A CONSTANT CURRENT 
POWER SUPPLY 

The change in the steady state value of the dc output current due 
to a change in load resistance from short circuit to a value which 
results in maximum rated output voltage. 

LOAD REGULATION OF A CONSTANT VOLTAGE 
POWER SUPPLY 

The change in the steady state value of dc output voltage due to 
a change in load resistance from open circuit to a value which re-
sults in maximum rated output current. 

LOAD TRANSIENT RECOVERY TIME 

Sometimes referred to as recovery time, transient response time, 

LOAD TRANSIENT RECOVERY TIME 

IOUT-

EOUT 

6 

FULL LOAD 

LNO LOAD 

LOAD CURRENT 

-.Ix VOLTAGE RECOVERY 

Y 

- 

NOMINAL OUTPUT 
VOLTAGE 
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DEFINITIONS 

or response time—loosely speaking, the time required for the out-
put voltage of a power supply to return to within a level approxima-
ting the normal dc output following a sudden change in load current. 
More exactly, Load Transient Recovery Time for a CV supply is the 
time " X" required for the output voltage to recover to, and stay with-
in "Y" millivolts of the nominal output voltage following a "Z" amp 
step change in load current—where: 

(1) "Y" is specified separately for each model but is generally of 
the same order as the load regulation specification. 

(2) The nominal output voltage is defined as the dc level halfway 

between the steady state output voltage before and after the 
imposed load change. 

(3) "Z" is the specified load current change, typically equal to the 
full load current rating of the supply. 

OUTPUT IMPEDANCE OF A POWER SUPPLY. 

At any frequency of load change, àEouT/AlouT.Strictly speaking, the 

definition applies only for a sinusoidal load disturbance, unless the 
measurement is made at zero frequency (dc). The output impedance 

of an ideal constant voltage power supply would be zero at all fre-
quencies, while the output impedance for an ideal constant current 

power supply would be infinite at all frequencies. 

TYPICAL OUTPUT IMPEDANCE OF A CONSTANT 
VOLTAGE POWER SUPPLY 

100 io, 102 103 104 105 106 
FREQUENCY- Hz -b. 

107 
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OVERVOLTAGE CROWBAR PROTECTION CIRCUIT 

A separate circuit that monitors the output of a power supply and 
rapidly places a low resistance shunt (or "crowbar") across the out-
put terminals of the power supply whenever a preset voltage limit is 
exceeded, thereby initiating action to reduce the output voltage to 

a low value. 

PROGRAMMING SPEED 

The time required following the onset of a step change in the pro-
gramming input for the output to change from an initial value to 
within a certain band of the newly programmed value. This band is 
typically specified in millivolts for a well regulated CV supply, and 
in milliamps for a CC supply. 

REMOTE ERROR SENSING, OR REMOTE SENSING 

A means whereby a constant voltage power supply monitors and 

regulates its output voltage directly at the load terminals ( instead 
of the power supply output terminals). Two low current sensing 
leads are connected between the load terminals and special sensing 

terminals located on the power supply, permitting the power supply 
output voltage to compensate for IR drops in the load leads and 
achieve optimum regulation at the remote load terminals. 

POWER SUPPLY AND LOAD CONNECTED NORMALLY 

POWER SUPPLY 

POWER SUPPLY AND LOAD CONNECTED FOR 
REMOTE SENSING 

POWER SUPPLY 

+SENSING LEAD 

-SENSING LEAD 
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DEFINITIONS 

REMOTE PROGRAMMING 

Control of the regulated output voltage or current of a power supply 
by means of a remotely varied resistance or voltage. The illustra-

tions that follow show examples of constant voltage remote 

programming. CC applications are similar; see page 90. 

REMOTE PROGRAMMING USING RESISTANCE CONTROL 

POWER SUPPLY 

 o 

Rp 
E OUT RL 

REMOTE PROGRAMMING USING VOLTAGE CONTROL 
POWER SUPPLY 

1 
E Eour KEP 

RIPPLE AND NOISE 

The residual ac component which is superimposed on the dc out-

DC OUTPUT OF POWER SUPPLY AND SUPERIMPOSED 
RIPPLE COMPONENT 
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put of a regulated power supply. Ripple and noise may be specified 
in terms of its rms or (preferably) peak-to-peak value. When the 
peak-to-peak value is specified, it should be accompanied by the 
maximum bandwidth of the measuring instrument, typically dc to 

20MHz. Measuring ripple and noise with an instrument that has 
insufficient bandwidth may conceal high frequency spikes 
detrimental to the load. 

STABILITY 

Obviously a misnomer, this term refers to the instability in power 
supply output which occurs in the presence of constant load, con-
stant ac input and constant ambient temperature for a stated period 
of time ( usually 8 hours) following warm-up. This small output vari-

ation, which is related in part to the internal temperature rise of the 
power supply, is the zero frequency component of noise which must 

be present in any dc amplifier or regulator, even though all input, 
output, environmental, and control parameters are held constant. 

TEMPERATURE COEFFICIENT 

For a power supply operated at constant load and constant ac input, 
the maximum permissible change in output voltage (for a constant 
voltage supply) or output current (for a constant current supply) 
for each degree change in the ambient temperature. 

10 



PRINCIPLES 
OF OPERATION 

Electronic power supplies are defined as circuits which transform 
electrical input power—either ac or dc— into output power—either 
ac or dc. This definition thus excludes power supplies based on 
rotating machine principles and distinguishes power supplies from 
the more general category of electrical power sources which de-
rive electrical power from other energy forms (e.g., batteries, solar 
cells, fuel cells). 

Electronic power suppl ies maybe subdivided into four classifications: 

(1) ac in, ac out— line regulators and frequency changers 

(2) dc in, dc out—converters and dc regulators 

(3) dc in, ac out—inverters 

(4) ac in, dc out 

This last category is by far the most common of the four and is gen-
erally the one referred to when speaking of a " power supply." All 
of the topics of this Handbook relate to AC Input, DC Output power 
supplies. 

Four basic outputs or modes of operation can be provided by dc 
output power supplies: 

Constant Voltage: Maintains the output voltage constant in spite 
of changes in load, line, or temperature. 

Constant Current: Maintains the output current constant in spite 
of changes in load, line, or temperature. 

Voltage Limit: Same as Constant Voltage except for less precise 
regulation characteristics. 

Current Limit: Same as Constant Current except for less precise 
regulation characteristics. 

As explained in this section, power supplies are designed to offer 
these outputs in various combinations for different applications. 

11 
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CONSTANT VOLTAGE POWER SUPPLY 

An ideal constant voltage power supply would have zero output 
impedance at all frequencies. Thus, as shown in Figure 1, the volt-
age would remain perfectly constant in spite of any changes in out-
put current demanded by the load. 

I 

EOUT 

Es 

/ 

IlEOUTe °—/I 

I OtIT 

Figure 1. Ideal Constant Voltage Power Supply Output Characteristic 

Simple rectifying circuits alone are not adequate to provide a ripple-
free dc whose value remains constant in spite of changes in input 
line voltage, load resistance, and ambient temperature. A control 
element is interposed either in shunt or in series with the rectifier 
and the load device to form a regulated power supply. The shunt 

regulator is less often used than the series regulator, because it 
must withstand the full output voltage under normal operating con-
ditions and is less efficient for most applications. Figure 2 shows 
a simplified schematic of a power supply employing a series regu-

lator, or series control element, that acts as a variable resistance 
connected in series with the load resistor. 

POWER 
TRANSFORMER 

12 

Figure 2. Basic Series Regulated Supply 

SERIES 
CONTROL 
ELEMENT 



PRINCIPLES OF OPERATION 

Series Regulated Power Supply 

Figure 3 shows the basic feedback circuit principle* used in HP 
constant voltage power supplies. The ac input, after passing through 
a power transformer, is rectified and filtered. By feedback action, 
the series regulator alters its voltage drop to keep the regulated dc 
output voltage constant in spite of changes in the unregulated dc, the 
load, or other disturbances. 

Figure 3. Series Regulated Constant Voltage Power Supply 

The comparison amplifier continuously monitors the difference be-
tween the voltage across the front panel voltage control Rp and the 
output voltage. If these voltages are not equal, the comparison 
amplifier produces an amplified difference (error) signal. This signal 
is of such a magnitude and polarity as to change the conduction of 
the series regulator, thereby changing the current through the 

'Throughout this Handbook NPN power transistors are employed as series regulating 
elements and the reference circuit and comparison amplifier are referenced to the 
positive Output circuit (common). The use of PNP series power transistors would ne-
cessitate only reversing terminal and diode polarities ( including the polarity of the 
reference circuit), without in any other way altering the diagrams and concepts given 
in this manual 
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load resistor until the output voltage equals the voltage Ep across 

the voltage control. 

Since the net difference between the two voltage inputs to the 
comparison amplifier is kept at zero by feedback action, the volt-
age across resistor RR is also held equal to the reference voltage 
ER. Thus the programming current 1p flowing through RR is constant 

and equal to ER/RR. The input impedance of the comparison am-
plifier is very high, so essentially all of the current 1p flowing through 
RR also flows through Rp. Because this programming current I p 
is constant, Ep (and hence the output voltage) is variable and di-
rectly proportional to Rp. Thus the output voltage becomes zero 

if Rp is reduced to zero ohms. 

The Regulated DC Power Supply—An Operational Amplifier 

An operational amplifier ( Figure 4) is a high gain dc amplifier that 

employs shunt negative feedback. The power supply, like an opera-
tional amplifier, is also a high gain dc amplifier in which degenera-
tive feedback is arranged so the operational gain is the ratio of two 

resistors. 

IR 

Figure 4. Operational Amplifier 

As shown in Figure 4, the input voltage ER is connected to the sum-
ming point via resistor RR, and the output voltage is fed back to 
this same summing point through resistor Rp. Since the input im-
pedance is very high, the input current to the amplifier can be con-
sidered negligibly small, and all of the input current IR flows through 

both resistors RR and Rp. As a result 

ER — Es Es — E0 

14 
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PRINCIPLES OF OPERATION 

Then, multiplying both sides by RR Rp, we obtain 

ER Rp = Es Rp+Es —E0 RR. (2) 

Figure 4 yields a second equation relating the amplifier output to 
its gain and voltage input 

E0 = Es (—A) (3) 

which when substituted in equation (2) and solved for Es yields 

ER Ep  
Es = Rp+RR (1+A) (4) 

Normally, the operational amplifier gain is very high, commonly 

10,000 or more. In equation (4) 

Uwe let A --II> CO 

Then Es 0 (5) 

This important result enables us to say that the two input voltages 
of the comparison amplifier of Figure 4 (and Figure 3) are held equal 
by feedback action. 

In modern well-regulated power supplies, the summing point volt-
age Es is at most a few millivolts. Substituting Es = 0 into equation 
(1) yields the standard gain expression for the operational amplifier 

R p 
E0 ER -TiR (6) 

Notice that from equation 6 and Figure 4, doubling the value of Rp 
doubles the output voltage. 

To convert the operational amplifier of Figure 4 into a power supply 

we must first apply as its input a fixed dc input reference voltage 
ER (see Figure 5). 

RL 

Figure 5. Operational Amplifier with DC Input Signal. 
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A large electrolytic capacitor is then added across the output ter-
minals of the operational amplifier. The impedance of this capacitor 
in the middle range of frequencies (where the overall gain of the 
amplifier falls off and becomes less than unity) is much lower than 
the impedance of any load that might normally be connected to the 
amplifier output. Thus, the phase shift through the output terminals 
is independent of the phase angle of the load applied and depends 
only on the impedance of the output capacitor at medium and high 
frequencies. Hence, amplifier feedback stability is assured and no 
oscillation will occur regardless of the type of load imposed. 

In addition, the output stage inside the amplifier block in Figure 4 is 
removed and shown separately. After these changes have been 
carried out, the modified operational amplifier of Figure 5 results. 

Replacing the batteries of Figure 5 with rectifiers and a reference 
zener diode results in the circuit of Figure 6. A point by point com-
parison of Figures 3 and 6 reveals that they have identical topology 
—all connections are the same, only the position of the components 
on the diagram differs! 

16 
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PRINCIPLES OF OPERATION 

Thus, a power supply is an operational amplifier. The input signal 
to this operational amplifier is the reference voltage. The output 
signal is regulated dc. The following chart summarizes the corre-
sponding terms used for an operational amplifier and a power supply. 

Operational 
Amplifier 

Constant Voltage 
Power Supply 

Input Signal  Reference Voltage 
Output Signal   Regulated DC 

Amplifier   Regulator 
Output Stage  Series Regulating Transistor 
Bias Power Supply  Rectifier 
Gain Control   Output Voltage Control 

As a result of the specific method used in transforming an opera-

tional amplifier into a power supply, some restrictions are placed 
on the general behavior of the power supply. The most important 
of these are: 

(1 ) The large output capacitor Co limits the bandwidth.* 

(2) The use of a fixed dc input voltage means that the output volt-
age can only be one polarity, the opposite of the reference 
polarity, ** 

(3) The series regulator can conduct current in only one direction. 

This, together with the fact that the rectifier has a given polari-
ty, means that the power supply can only deliver current to 
the load, and cannot absorb current from the load. 

In general, if the power supply user considers a power supply as an 
operational amplifier subject to the restrictions listed above, he can 
determine quickly whether any given power supply is suitable for 
a specific application and what limitations exist. 

Variable Transformer Preregulated Power Supply 

In power supplies of moderate or high power output the dissipation 

requirements of the series regulator circuit are more severe, and an 
efficient, reliable, and economical design is not feasible without 

*Special design steps have been added to the design of most HP low voltage supplies 
to permit a significant reduction in the size of the output capacitor merely by ma-
nipulating straps on the rear barrier strip (see page 94) 

**In the PS/A Series of Power Supply/Amplifiers this output capacitor is virtually elim-
inated by using a special feedback design. In addition, PS/A instruments are capable 
of ac output, conduct current in either direction, and their outputs are continuously 
variable through zero (see page 50) 

17 
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resorting to some sort of preregulator in the rectifier path. The pur-

pose of a preregulator is to allow the rectifier output to change in 
coordination with the output voltage so that only a small voltage 
drop is maintained across the series regulator, minimizing the power 
dissipation in the series regulator elements. One of the simplest 
techniques for accomplishing this is shown in Figure 7. A variable 
transformer mechanically coupled to the front panel voltage control 
insures that as the output voltage is turned down, the ac input to 
the rectifier (and therefore the rectifier output) is decreased by a 
similar amount. 

REFERENCE 
VOLTAGE 

VARIABLE 
XFMR. 

Figure 7. Constant Voltage Supply with Variable Transformer Preregulator 

Disadvantages of this technique are that ( 1) remote programming 
and constant current operation are not feasible, and ( 2) under a 
short-circuit load condition, the full rectifier voltage is impressed 
across the series regulator transistors, just as in a power supply with 
no preregulator. 

SCR Preregulated Power Supply 

The use of SCR preregulators allows the circuit techniques already 
developed for low power output supplies to be extended readily to 
medium power and high power designs, without incurring the dis-
advantages of variable transformer preregulators. Figure 8 shows a 
typical HP regulated dc power supply utilizing an SCR preregulator. 

18 
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REFERENCE 
RECTIFIER 

a 
REGULATOR 

SERIES 
REGULATOR 

AC IN 

DC 
OUT 

VOLTAGE 
COMPARISON 

AMPL 

••••.-.0" 
SCR 

CONTROL 
CIRCUIT 

Figure 8. Constant Voltage Power Supply with SCR Preregulator 

Silicon Controlled Rectifiers, the semiconductor equivalent of thy-

ratrons, are rectifiers which remain in a non-conductive state, even 
when forward voltage is provided from anode to cathode, until a 

positive trigger pulse is applied to a third terminal (the gate). Then 
the SCR "fires, - conducting current with a very low effective re-
sistance; it remains conducting after the trigger pulse has been 
removed until the forward anode voltage is removed or reversed. 

On some recent preregulator designs, the SCR's are replaced by 
triacs, which are bidirectional devices. Whenever a gating pulse is 
received, the triac conducts current in a direction that is dependent 

on the polarity of the voltage across it. 

Triacs are usually connected in series with one side of the input 
transformer primary, while SCR's are included in two arms of the 

bridge rectifier as shown in Figure 8. By controlling the firing time 
of the SCR's during each half cycle of input line frequency, the du-

ration of conduction of the bridge rectifier is varied and the rectifier 

19 
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output is controlled in accordance with the demands imposed by the 
dc output voltage and current of the supply. 

The function of the SCR control circuit is to compute the firing time 
of the SCR trigger pulse for each halt cycle of input ac and hold the 
voltage drop across the series regulator constant in spite of changes 

in load current, output voltage, and input line voltage. The final 
burden of providing the precise output voltage regulation rests with 
a series regulator. 

The reaction time of an HP SCR control circuit is much faster than 
conventional SCR or magamp circuits. Sudden changes in line 

voltage or load current result in a correction in the timing of the next 
SCR trigger pulse, which can be no farther away than one half cycle 
(approximately 8 milliseconds for a 60 Hz input). The use of large 
electrolytic capacitors across the rectifier output allows only a small 
voltage change to occur during any 8 millisecond interval. Using 
this pre-regulator technique, the series regulator elements drop a 
relatively low voltage, without any risk of transient drop-out and 
loss of regulation due to changes in load or line. The use of this type 
of SCR pre-regulator results in a power supply having unusually 
high efficiency and reliability, since the power dissipated in the 
series regulator is held to a very small value. 

The leakage inductance of the power transformer acts as a small 
filter choke in series with the SCRs. This inductance slows the in-
rush current after firing, thus reducing the peak current through the 
SCRs, and improving their reliability. Since this inductance reduces 
the high frequency content of the energy flow through the SCRs, 
RFI effects are suppressed. 

SCR Regulated Power Supply 

In many applications the highly regulated performance capability 
of a series-regulated transistor power supply is not required. For 
medium and high power requirements, SCR circuit techniques 
permit the design of power supplies that are economical and yet 
have efficiency and performance characteristics superior to that 

obtainable from magamp supplies. Figure 9 illustrates a typical 
Hewlett Packard SCR regulated supply that is variable continuously 
down to zero volts and achieves excellent line transient immunity. 

The SCR control circuit receives its input from the voltage com-
parison amplifier. The control circuit computes the firing time for 
the SCR s, varying this in a manner which will result in a constant 

output in spite of changes in line voltage and load resistance. As 

20 
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in the case of SCR preregulator supplies, the SCR control circuit 
(which computes the firing time by comparing a ramp function with 
each half sine-wave of ac input) is unusually fast, with almost com-
plete correction within the first half-cycle (8.3 msec) following a 

disturbance. 

AC IN 

C 

REFERENCE 
RECTIFIER 
a 

REGULATOR 

ER 

VOLTAGE 
COMPARISON 

AMPL 
Rp 

DC 
OUT 

SCR 
CONTROL 
CIRCUIT 

Figure 9 SCR Regulated Power Supply 

"Piggy- Back .. Regulator Design 

Normal series or SCR regulated circuit techniques are not suitable 
for all-semiconductor, short-circuit-proof power supplies with out-
puts greater than 300 volts. Shorting the output terminals would 
place the rectifier voltage ( more than 300 volts) across the series 
regulator transistors. Utilizing a sufficient number of high voltage 
series transistors to achieve output of several thousand volts would 
be too costly and unreliable. Even the preregulator circuit of Figure 
8 is not suitable for a higher voltage supply, because a shorted out-

put causes the rectifier capacitor to discharge through the series 
regulator, and the energy stored in this capacitor is more than ade-
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quate to destroy the power transistors in the regulator. 

High voltage HP supplies utilize a circuit technique that extends 
the usefulness of series regulating transistors rated for 30 volts to 
short-circuit-proof power supplies rated for outputs of well over 
3000 volts. As shown in Figure 10, the basic technique consists of 

placing a well-regulated low voltage power supply in series with a 
less-well-regulated high voltage supply. Notice, however, that the 
amplified error signal from the voltage comparison amplifier is de-
pendent upon the total output voltage— not just the output of the low 

voltage power supply alone. Thus, the well-regulated "piggy-back" 
supply continuously compensates for any ripple, load regulation, 
or line regulation deficiencies of the main power source by adjust-
ing the voltage across its series regulator to maintain the total out-
put voltage at a constant level. 
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As an illustrative example assume that the low voltage rectifier sup-

plying the series transistor of the " piggy-back" supply develops 
approximately 40 volts, and that the main voltage source is capable 
of providing a maximum of 300 volts. With 20 volts normally dropped 
across the series regulator, the maximum output of this supply would 
be 320 volts; 20 volts from the "piggy-back" supply and 300 volts 

from the main source. Thus, the series regulator of the " piggy-back" 
supply would have a -± 20 volt range available for accomplishing 
the dynamic changes necessary to compensate for the output volt-
age variations of the main source. 

Short-circuit protection for the series regulator in the " piggy-back" 
supply ( Figure 10) is provided by diode CRp which, if the output 
terminals are shorted, provides a discharge path for rectifier capaci-

tor Cm . Since CRp prevents the output of the "piggy-back" supply 
from ever reversing polarity, the series regulator will never be called 
upon to withstand a voltage greater than the 40 volts from its own 

rectifier. 

Fuse F1 is included so that the path between the output terminals 
and the rectifying elements of the main voltage source will be opened 

under overload conditions, to protect the rectifiers and transformer. 

The high voltage control circuit does not derive its input control 
signal from the total voltage across the load resistor or the voltage 
across the terminals of the high voltage supply itself. Instead, the 

control circuit monitors the voltage across the combination series 
regulator and current monitoring resistor and maintains this voltage 
drop at approximately 20 volts, leaving approximately 20 volts across 

the output terminals of the "piggy-back" supply. 

Hewlett-Packard supplies may use any of three basic methods of 

controlling the high voltage output of the Main Voltage Source: 
(1) the control signal from the High Voltage Control Circuit fires 
SCRs in the rectifier circuit to vary the dc output, (2) the control 

signal varies the coupling of the high voltage input transformer to 
adjust the ac input to the rectifiers or ( 3) the control signal pulse 

modulates the input to the rectifier to vary the dc output. 

CONSTANT CURRENT POWER SUPPLY 

The ideal constant current power supply exhibits an infinite output 
impedance (zero output admittance) at all frequencies. Thus, as 
Figure 11 indicates, the ideal constant current power supply would 

accommodate a load resistance change by altering its output volt-
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age by just the amount necessary to maintain its output current at 
a constant value. 

à I OUT le° 

Is 

Figure 11. Ideal Constant Current Power Supply Output Characteristic 

Constant current power supplies find many applications in semi-
conductor testing and circuit design, and are also well suited for 
supplying fixed currents to focus coils or other magnetic circuits, 
where the current must remain constant despite temperature-in-
duced changes in the load resistance. Just as loads for constant 
voltage power supplies are always connected in parallel ( never in 
series), loads for constant current power supplies must always be 
connected in series ( never in parallel). 

The following paragraphs describe the current feedback loop gen-

erally employed in HP Constant Voltage/Constant Current supplies. 
This particular approach to constant current, while sufficiently ef-

fective for most applications, has limitations caused by its simplified 
nature. For example, although output capacitor Co minimizes output 
ripple and improves feedback stability, it also increases the program-
ming response time and decreases the output impedance of the 
supply; a decrease in output impedance inherently results in deg-
radation of regulation at low values of output current. 

If precise regulation, rapid programming, and high output impedance 
are required, improvements on the basic feedback loop are neces-

sary as described under Precision DC Constant Current Source on 
page 43. 

Figure 12 illustrates the elements constituting a basic constant cur-
rent power supply. Many of these elements are identical to those 
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found in a constant voltage supply. The feedback loop acts contin-
uously to keep the two inputs to the comparison amplifier equal. 
The inputs are the voltage drop across the front panel current con-
trol and the IR drop developed by load current IL flowing through 
current monitoring resistor Rm. If the two voltages are momentarily 
unequal, then the comparison amplifier output changes the conduc-
tion of the series regulator, which in turn corrects the load current 
and voltage drop across Rm until the error voltage at the comparison 
amplifier input is reduced to zero. Momentary unbalances at the 
comparison amplifier are caused by adjustment of current control 
R0 or instantaneous output current changes due to external dis-
turbances. Whatever the cause, the regulator action of the feedback 

loop will increase or decrease the load current until the change 
is corrected. 
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CONSTANT VOLTAGE/CONSTANT CURRENT (CV/CC) 
POWER SUPPLY 

The many common elements in the constant voltage power supply 
(Figure 3) and the constant current power supply ( Figure 12) sug-
gest combining these two circuit principles in one supply as illus-
trated in Figure 13. Fortunately, most of the expensive, high power 
elements are common to both the constant voltage and constant 
current circuit configurations. Only low-level circuitry need be 
added to a constant voltage power supply for dual-purpose use as 
a constant current source. Because of its unusual versatility and 

inherent output protection features, many HP supplies employ this 
CV/CC circuit technique. 

REF 
Z EN E R 
DIODE 

Figure 13. Constant Voltage/Constant Current (CV/CC) Power Supply 

Two comparison amplifiers are included in a CV/CC supply for con-
trolling output voltage and current. The constant voltage amplifier 

approaches zero output impedance by varying the output current 
whenever the load resistance changes, while the constant current 
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amplifier approaches infinite output impedance by varying the 
output voltage in response to any load resistance change. It is ob-
vious that the two comparison amplifiers cannot operate simultane-
ously. For any given value of load resistance, the power supply must 
act either as a constant voltage or a constant current supply— it 
cannot be both. Transfer between these two modes is accomplished 
automatically by suitable decoupling circuitry at a value of load 
resistance equal to the ratio of the output voltage control setting 
to the output current control setting. 
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Figure 14. Operating Locus of a CV/CC Power Supply 

Figure 14 illustrates the output characteristic of an ideal CV/CC 
power supply. With no load attached ( RL , o0), I •OuT = 0, and EouT = 
Es, the front panel voltage control setting. When a load resistance 
is applied to the output terminals of the power supply, the output 
current increases, while the output voltage remains constant; point 
D thus represents a typical constant voltage operating point. Fur-

ther decreases in load resistance are accompanied by further in-
creases in I OUT with no change in the output voltage until the out-
put current reaches Is, a value equal to the front panel current con-
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trol setting. At this point the supply automatically changes its mode 
of operation and becomes a constant current source; still further 

decreases in the value of load resistance are accompanied by a drop 
in output voltage with no accompanying change in the output cur-
rent value. Thus, point B represents a typical constant current 
operating point. Still further decreases in the load resistance result 

in output voltage decreases with no change in output current, until 
finally, with a short circuit across the output load terminals, 10 Ln- = 

s and EcuT = 0. 

By gradually changing the load resistance from a short circuit to an 
open circuit the operating locus of Figure 14 will be traversed in the 

opposite direction. 

Full protection against any overload condition is inherent in the 

Constant Voltage/Constant Current design principle because all 
load conditions cause an output that lies somewhere on the opera-
ting locus of Figure 14. For either constant voltage or constant cur-

rent operation, the proper choice of Es and Is insures optimum pro-
tection for the load device as well as full protection for the power 

supply. 

The slope of the line connecting the origin with any operating point 
on the locus of Figure 14 is proportional to the value of load resist-
ance connected to the output terminals of the supply. The "critical" 

or "crossover" value of load resistance is defined as Rc = Es/Is, 
and adjustment of the front panel voltage and current controls per-
mits the "crossover" resistance to be set to any desired value from 

0 to oo . If R L is greater than Rc, the supply is in constant voltage 
operation, while if RL is less than Rc, the supply is in constant cur-

rent operation. 

CONSTANT VOLTAGE/CURRENT LI MITI NG (CV/CL) SUPPLY 

The difference between a CV/CC power supply and a CV/CL power 
supply is one of degree. Because a current limiting supply uses few-
er stages of gain in the current regulating feedback loop, the regu-
lation in the region of current limiting operation is less precise than 
in constant current operation. Thus, the current limiting portion of 
the locus of Figure 15 slopes more than the current operating re-
gion for a CV/CC power supply ( Figure 14). 

CV/CL supplies employ either a fixed current limit or a continuously 
variable limit. In either case the change in the output current of the 
supply from the point where current limiting action is first incurred 
to the current value at short circuit is customarily 3% to 5% of the 
current rating of the power supply. 
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Figure 15. Operating Locus of a CV/CL Power Supply 

DETAILED CIRCUIT DISCUSSION 

Regulated dc power supplies, regardless of their regulating method, 
employ some similar basic circuits, such as the reference circuit, 
comparison amplifier, and others. An in-depth discussion of these 
circuits is included in the following paragraphs. 

Reference Circuit 

In all HP power supplies the reference voltage is developed across 
a reference zener diode that has a low ac impedance and tempera-
ture coefficient. This reference zener diode is in turn controlled by 
a reference regulator assuring reference voltage immunity against 
line voltage changes and other disturbances. The reference regu-
lator is a low-power closed-loop auxiliary supply designed to main-
tain the operating current through a reference zener diode constant. 
In addition, reference circuits used in HP power supplies also pro-
vide the necessary bias voltages for use at various points through-
out the regulator circuit. 

Nearly all reference circuits for supplies employing NPN power 
transistors are referred to the positive output; and for supplies using 
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PNP power transistors the reverse is true. Figure 16 is a simplified 
schematic of a positive common reference circuit. 

02 

Figure 16. Simplified Reference Circuit 

This reference circuit is actually a small closed loop regulator em-

ploying 02 as the series regulating element and Q1 as the compari-
son amplifier. VR1 and VR2 are low temperature coefficient zener 
diodes with low incremental resistance; thus the voltage fluctuation 
across these reference diodes is even less than any small change 
which may be present across the 18.6 V regulated output. 

Comparison Amplifier Circuit 

This circuit is second in importance only to the reference circuit 
in determining the degree of regulation which will be obtained. 
Because of the need in the input stage for low noise, low drift per-
formance, a differential amplifier is frequently used. The emitter-
to-base voltage of normal transistors varies approximately 2mV per 
degree Centigrade. Such voltage variations in the input amplifier 
stage would produce a proportional change in the power supply 
output voltage. By using two matched transistors in a differential 
amplifier configuration and placing them in thermal proximity, this 

effect is largely cancelled and the drift performance of the supply 
is markedly improved. 
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The effect of the comparison amplifier in the feedback regulating 

action characteristic of a constant voltage power supply can be 
demonstrated by assuming that a disturbing influence has caused 
a momentary increase in the regulated dc output voltage of Figure 
17A. If we regard the positive output terminal as circuit common, 
then the negative output terminal and the summing point " S" be-
come instantaneously more negative. Therefore, the collector of 
Q1A becomes positive and causes a more negative potential to be 
impressed on the base of the series regulator transistor, reducing 
its conduction. The output voltage then decreases back to its nor-
mal value and the error voltage between the bases of Q1A and 
Q1 B is reduced to zero. 
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Figure 17A. Constant Voltage Regulator with Simplified Comparison Circuit 

Because any change in the resistance value of RR or Rp will cause 
a change in the output voltage, wire-wound elements with a very 

low temperature coefficient are used. To avoid thermal fluctuations 
these resistors are operated at a power dissipation level consider-

ably less than their rating so that their surface temperature will not 
be significantly higher than ambient. 
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Figure 17B shows several refinements Hewlett-Packard typically 
includes in comparison circuits to improve performance and relia-

bility. Capacitor Cl improves the regulator performance with regard 
to ripple and other ac disturbances; diodes CR1 and CR2 limit the 
maximum voltage that can be impressed on the base of Q1 A. Nor-
mally there are zero volts across these diodes and they are not con-
ducting; sudden changes in the output voltage caused by shorting 
the output terminals or rapidly altering the value of Rp will cause 
CR1 or CR2 to conduct, thereby preventing the burn-out of transis-
tor 01A. Resistor R3 is added to balance the I co effects of the bases 

of Q1 A and Q1 B, and is nominally equal to the resistance seen by the 
base of 01A. Variable resistor R4 provides one method of adding 
positive feedback within the regulator loop as discussed in the follow-

ing paragraphs. 
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Figure 178. Constant Voltage Regulator with Improved Comparison Circuit 

Zero Output Impedance 

As mentioned previously, the ideal constant voltage power supply 
would have a zero output impedance at all frequencies. This would 
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result in constant output voltage for a change in output current 
from no load to full load, and would mean that there could be no 
mutual coupling effects between load devices connected to the 
same power supply. It is doubtful that the ideal constant voltage 
power supply can ever be achieved; however, the circuit shown in 
Figure 17B does approach zero output impedance at zero frequency 
(dc). 

The output impedance of a regulated power supply (or any negative 
voltage feedback amplifier) is given by 

Zo 
ZoF —  

where: ZoF = the output impedance with the feedback loop 
closed 

Z o = the output impedance which would be present if 
amplifier stages within the regulator were not 
activated 

= the combined voltage gain of all amplifier stages 
within the regulator feedback loop 

= the feedback factor from the output terminals 

to the first amplifier stage. 

The term p. is actually the composite of the several stages of gain 
within the feedback loop. Therefore, "I = I-I-2 P3  
where the subscripts refer to the first, second, third stage, etc. 
Consequently, a more exact description of the output impedance 
of a power supply is: 

ZOF 
• P-1 P- 2 P.3 

Z o 

(2) 

Now let us assume that local positive feedback is added around the 
first stage. The gain of this stage is therefore: 

=- 1- 1-tl'1 (3) 

*For negative feedback, ,u13 is a negative number, and the denominator of ( 1) is a posi-
tive number greater than unity. 
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where: p. i' is the gain of the first stage without local positive feed-
back, and pl is the local positive feedback factor for the 
first stage. 

Substituting equation (3) into ( 2) yields a new expression for the 
output impedance of the power supply: 

Z OF = 

Zo 

1 1.11 lu2 
(4) 

It can be seen that if pi , the local positive feedback factor for the 
first stage, is adjusted so that 1.21 pi exactly equals unity, then the de-
nominator of equation (4) increases without bound and the output 

impedance Z OF of the power supply becomes zero. 

Figure 17B shows one method of adding positive feedback to a 
power supply regulator to obtain zero output impedance. Control 
R4 furnishes the local positive feedback from the collector of Q1A 
to the base of Q1 B. Adjustment of this control enhances the gain 
of the comparison amplifier and permits the power supply to retain 
its static output voltage constant in spite of a no load to full load 

change in load current. 

Series Regulator Circuitry 

All previous circuits described have included only a single series 
transistor; however, it is obvious that a single series transistor has 
an adequate power capability only for the smallest power supply. 

Using several transistors in parallel is usually not desirable because 
(1) the number of series power transistors— probably the least re-
liable component in the power supply—becomes quite large even 

for supplies of moderate output capability, and ( 2) each series tran-
sistor will be subjected to the entire series regulator voltage under 

all operating conditions. Hewlett-Packard has placed considerable 
design emphasis both on reducing the power dissipated in series 
transistors and minimizing the number of series transistors required. 

Figure 18A illustrates the simplest type of series transistor regulator; 
the maximum power dissipated in this series transistor is the product 
of its maximum voltage drop and the maximum current through it. 
Figure 18B illustrates the circuit principle of a two transistor series 

regulator employing a shunt resistor R5 around the second series 
transistor. With any moderate amount of load current the circuit 

of Figure 18B will attempt to maintain approximately 2 volts across 
transistor OA. With a proper choice of R5 the maximum power dis-
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sipated in transistor OA or () F3 will be approximately one-fourth the 

power which would be dissipated in the simple transistor regulator 
shown in Figure 18A—the excess power is dissipated by power 

resistor R5. 

Furthermore, the operation of this circuit assures that transistors 
QA and QB are not required to dissipate maximum power simultan-
eously. Thus, a heat sink for both transistors will have a maximum 
temperature rise associated with the heat dissipated by one, not 

two, power transistors. 

The circuit of Figure 18B has the advantage of performing a pre-
regulating action, with the result that ripple and other line disturb-
ances presented to the collector of OA are less than those present 

at terminal 1, the rectifier dc input. This is true because the base 
of transistor C)B is held practically constant, differing only by a bat-

tery voltage from the nearly constant output voltage present at ter-
minal 2, the positive output terminal of the power supply. 
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Figure 18. Series Regulator Circuits 
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Figure 180 illustrates an actual circuit in which three forward con-
ducting silicon diodes, acting as the semiconductor equivalent of 
VR tubes, are substituted for the battery of Figure 18B. Resistor R6 
provides the necessary path for maintaining the forward current 
flow through the three diodes. 

Hewlett-Packard supplies employ a large number of variations on 
the circuit principle suggested in Figure 18C; all such combinations 
of power resistors, transistors, and diodes result in increased relia-
bility, because most of the series regulator dissipation occurs in 
power resistors rather than power transistors. 

Multiple Range Meter Circuit 

Many HP supplies employ a multiple range meter circuit that allows 
a single front-panel meter to indicate either the output voltage or 
current in one of two ranges. A meter switch selects X volts or X/10 
volts, when measuring output voltage, and Y amps or Y/10 amps, 
when measuring output current; where X and Y are the maximum 
voltage and current ratings, respectively. Figure 19 shows a typical 
multiple range meter circuit; the A portion illustrates the meter 
connections when measuring current and the B portion the meter 
connections for voltage measurements. Measuring the output cur-

rent of a supply presents the greatest problem, and therefore, the 
current measuring technique will be discussed first. 

When measuring output current the entire meter circuit is connected 
across the current monitoring resistor Rm. As mentioned previously, 
the IR drop across Rm varies in proportion to the output current. 
A portion of this voltage drop appears across voltage divider R1, 
R2 and R3, and is coupled through the meter range switch to the 
meter amplifier whose output, in turn, deflects the meter. The range 
switch selects the value of divider resistance placed across the meter 
amplifier. With the meter range switch in the higher current range 
(Y AMPS position) resistor R3 is connected in a shunt position and 
the IR drop across this resistor is the input to the meter amplifier. 
The input impedance of the meter amplifier is sufficiently high to 
avoid loading the shunt resistance. For low values of output current, 
the meter switch is set to the lower current range (Y/10 AMPS po-
sition) switching resistors R2 and R3 into the shunt position. The 
meter amplifier now receives a voltage drop which is 10 times larger 
than that received when the meter range switch is in the higher cur-
rent position. 

The main purpose of the meter amplifier is to isolate the meter move-
ment from the current monitoring resistor, because the meter has a rel-
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atively poor temperature coefficient (of the order of 4000 ppm/°C). 

This is especially important in the low current range where the high 

temperature coefficient of a meter connected in series with a low 
resistance value across the current monitoring resistor degrades 

the overall constant current temperature coefficient of the supply. 
The meter amplifier has an additional current limiting feature for 
protecting the meter movement against overloads. For example, 
if the meter range switch is set to the low current range while the 

supply is actually delivering a higher output current, the meter 
amplifier is driven into saturation, limiting the current through the 

meter to a safe value. 
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Figure 19. Multiple Range Meter Circuit 

Figure 19B shows the meter connections for measuring output 
voltage. The range switch determines the amount of output voltage 
that is applied to the meter amplifier. In the higher voltage range 
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(X VOLTS position) the IR drop across R4 is the input to the ampli-
fier. In the lower voltage range (X/10 VOLTS position), a 10 times 
larger fraction of the output voltage (drop across R4 and R5) is ap-
plied to the meter amplifier. 
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Figure 20. Power Supply Protection Circuits 

Protection Circuits 

Many different methods may be employed to protect a power supply 
and its load. The following paragraphs describe protection circuits 
commonly used in HP supplies. ( Figure 20). 

A. Rectifier Damping Network —This RC network protects other 

elements in the supply against short-duration input line transients. 

B. Preregulator Overvoltage Limit -By monitoring the output volt-
age of the supply this circuit turns off the preregulator when ex-
cessively high output voltage is being delivered to the load. Thus, 
protection for both the load and other elements in the supply is 
provided. 

C. Series Regulator Diode —This diode protects the series regula-
tor against any reverse voltage which may be delivered by an ac-
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tive load or parallel power supply. 

D. Back-Up Current Limit —This circuit protects against excessive 
output current in the event of a failure of the primary current limit 

circuit or in case the voltage across the series regulator becomes 

excessive. 

E. Amplifier Input Clamp Diodes— By limiting the maximum input 
to the amplifier to -± 0.7 volts, these diodes protect the comparison 
amplifier against excessive voltage excursions. 

F. Sensing Protection Resistors-These resistors protect the load 
from receiving full rectifier voltage if the remote sensing leads are 
accidentally open-circuited. 

G. Output Diode —This diode protects the components in the power 
supply against reverse output voltage which might be generated 
by an active load or series connected power supply. 

Overvoltage Crowbar Circuit - The crowbar circuit is connected 

across the output terminals, and provides protection against any 
output overvoltage condition which might occur because of opera-
tor error or failure within the power supply or load. Because of its 
importance the crowbar circuit is discussed in more depth below 
and on the following three pages. 

Overcurrent and Overvoltage Protection -All HP semiconductor 
supplies are short-circuit-proof and can operate under any current 
overload condition indefinitely without risk of internal damage. 
Moreover, overvoltage protection is also available if required during 

constant current operation. CV/CC and CV/CL automatic crossover 

circuitry (see pages 26 and 28 respectively) is ideal for these pur-
poses since it allows the user to select the maximum safe current 
or voltage for the particular load device. 

Turn-On Overshoot Protection-This circuit consists of a long time-

constant RC network connected to the base of the series regulator 
transistor. When the supply is first turned on, this RC circuit biases 

the series regulator off until the reference circuits stabilize. 

Overvoltage Crowbar Circuit Details 

A crowbar monitors the output voltage to protect against an opera-
tor error or power supply malfunction that could destroy the load. 
It guarantees that the power supply voltage across the load will 
never exceed a preset limit. This guarantee is necessary because 

of the extreme voltage sensitivity of present-day semiconductor 
devices—an overvoltage condition of only a few volts is destructive 
to low level IC's. 
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The basic elements used in most crowbars are: some method of 
sensing the output voltage, an SCR that will short the output, and 
a circuit that will reliably trigger the SCR. 

The sense circuit can be a simple bridge or voltage divider network 

that compares the output voltage to some internal crowbar reference 
voltage. The best trigger circuit is the one which turns the SCR on 
the fastest. The fastest SCR turn-on is accomplished by a fast rise-
time pulse cirtuit such as a blocking oscillator or Schmidt trigger. 

The Hewlett-Packard crowbar, illustrated in Figure 21A, compares 
the output voltage with a reference voltage +V. The overvoltage 
potentiometer adjusts the reference voltage on the comparison am-
plifier and sets the voltage level at which the crowbar will activate. 
Normally the overvoltage control is located on the front panel and 
can be adjusted from approximately 2 volts to 20% above the maxi-
mum output voltage of the power supply. 
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Figure 21A. Typical Crowbar Overvoltage Protection Circuit 

When the output voltage exceeds the reference, the comparison 
amplifier triggers the blocking oscillator which then sends firing 
pulses to the SCR. When the SCR fires, it places a very low imped-
ance across the output, reducing the voltage to near-zero. 
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Several beneficial features are included in most HP crowbar circuits: 

1 An overvoltage indicator lights when the SCR fires; the lamp 
conducts a holding current to prevent the SCR from oscillating 

on and off. 

2 The crowbar circuit creates an extra current path during normal 
operation of the supply, thus changing the current that flows 
through the current monitoring resistor. Diode CR1 keeps this 
extra current at a fixed level for which compensation can then 

be made in the constant current comparator circuit. 

3. In preregulated supplies the crowbar turns off the preregulator 
circuit when the SCR fires, reducing the voltage drop across 

the series regulator. 

4. An auxiliary winding is included on the blocking oscillator trans-
former for connection to an additional crowbar. Tandem crow-
bar operation is available for coincident firing of all crowbars 
in a system. 

Crowbar Response Time 

There are three time delays that place a practical limit on how fast 
crowbars can react. In order of decreasing magnitude, they are: 

(1) The typical SCR turn-on time (from 1sec to around 50 p.sec); 

(2) The reaction time of the trigger circuit; and 

(3) The time delay associated with the crowbar voltage-sensing 
circuit. Since only a fraction of the output voltage is compared 
with an internal crowbar reference voltage, the voltage sensing 
circuit incorporates a large voltage divider which combines 
with discrete and stray capacitance in the sensing circuit to 
form an RC delay network. 

If the output voltage is rising relatively slowly there will be essen-
tially no time delay of types ( 2) and ( 3). The SCR will be triggered 
within a fraction of a microsecond after the relatively slow-rising out-
put voltage crosses the trip level, and the only noticeable time delay 

will be the turn-on time of the SCR. If, on the other hand, the output 
voltage waveform approaches a step, the sense circuit will not fol-
low the fast rising wavefront and an added time delay (type 3) will 
result. For a step that is only a few millivolts above the trip level, 
this time delay can be as much as a few microseconds; but as the 
magnitude of the step increases, the sense circuit charges faster 
and the delay decreases. 
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In practice, it is unrealistic to specify either the time delay or the 
maximum overvoltage as shown in Figure 21B, because they vary 
according to operating levels, load and line impedances, and the 
exact failure mode. Instead Hewlett-Packard specifies the over-
voltage margin, which is "the minimum crowbar trip setting above 
the desired operating output voltage to prevent false crowbar 

tripping". 

Vo 

TRIP VOLTAGE LEVEL 

TRIP MARGIN 

OPERATING VOLTAGE 

Figure 21 B. Crowbar Response 

HIGH PERFORMANCE POWER SUPPLIES 

Hewlett-Packard manufactures several types of high performance 
dc power supplies with specifications at least an order of magnitude 
superior to the normal well-regulated laboratory supply. Foremost 
among these are the STB ( High Stability Bench) and COB ( Constant 
Current Bench) series of supplies. 

High Stability DC Power Supply. 

The STB supplies are Constant Voltage/Current Limiting type, simi-

lar to those described on page 28, with a few important exceptions. 
The critical components of the supply, including the zener reference 
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diode for the voltage comparison amplifier and the low-level por-

tions of the feedback amplifier, are enclosed in a temperature-
controlled oven. Moreover, the less critical components which are 
not oven enclosed are high quality components with low tempera-
ture coefficients. These techniques, together with the utilization 
of a high-gain feedback amplifier, result in an exceptionally stable 
and well-regulated supply with a 0.1% accuracy. 

Precision DC Constant Current Source 

The concepts and circuits used in basic constant current power 
supplies are discussed on page 23. This section is devoted to the 
refinements necessary to upgrade a basic constant current supply 
to a precision class, with characteristics that more closely approach 
an ideal current source. 

An ideal current source is a current generator that has infinite in-
ternal impedance. It provides any voltage necessary to deliver a 
constant current to a load, regardless of the size of the load imped-
ance. It will supply this same current to a short circuit, and in the 
case of an open circuit it will attempt to supply an infinite voltage 
(see Figure 22). 

V 

VOLTA G E 
LIMIT 

OUTPUT CURRENT 

IDEAL CURRENT SOURCE: 

Zi • co 

PRACTICAL CURRENT SOURCE: 

Z¡ < co 

,CLV 
INTERNAL IMPEDANCE Zi 

Figure 22. An Ideal Current Source 

LI I 

In practical current sources, neither infinite internal impedance nor 
infinite output voltages are possible. In fact, if the current source 
is to be used as a test instrument, it should have a control for limit-
ing its maximum output voltage, so its load will be protected against 
the application of excessive potentials. Its output impedance should 
be as high as possible, of course, and should remain high with in-
creasing frequency to limit current transients in rapidly changing 
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loads. A capacitor across the output terminals should be avoided, 
since it will lower the output impedance, store energy which can 

result in undesirable current transients, and decrease the program-
ming speed. 

One approach to the design of a current source is to add a high 
series resistance to an ordinary voltage source. However, it is dif-
ficult to achieve good current regulation with this design. 

Typical applications for current sources call for output impedances 
of a few megohms to a few hundred megohms and currents of tens 
or hundreds of milliamperes. This means the source voltage would 
have to be tens of kilovolts or more. Such a high-voltage supply will 
cause noise problems, will be difficult to modulate or to program 
rapidly, will be dangerous, very large, and will waste considerable 

power. 

Electronic current regulation is a much more tractable way to obtain 
high output impedance, although there are still design problems, 

such as leakage. 

Leakage Versus Regulation 

The current regulation of a current source, as seen at the load, is 
degraded by any impedance in parallel with the load. If lo is the 
current generated by the source, IL is load current, Z L is load im-
pedance, and Zs is the total impedance shunting ZL, then 

When the output impedance of the current source is high, then even 

very small leakage currents can become significant (see Figure 23). 
Such things as the input impedance of a voltmeter measuring the 
load voltage, the insulation resistances of wiring and terminal blocks, 
and the surface leakage currents between conductors on printed-
circuit boards will all take current away from the load, unless special 
design precautions are used. 

CCB Current Sources 

In the Hewlett-Packard CCB Current Sources, leakage at the output 

terminals is negligible, owing to a combination of techniques, in-
cluding guarding, shielding, and physical isolation. Feedback regu-
lation makes the output impedance high (3.3 to 10,000 megohms), 
and there is no output capacitor to lower the output impedance or 

44 



PRINCIPLES OF OPERATION 

store energy. Low leakage and high output impedance result in pre-
cise current regulation. 

CURRENT SOURCE 

1L' lozsi(k+ zs) 
I I I I I I 

rs'IT + 27+273+ .1+ ZT 

Zi = OUTPUT ( INTERNAL) IMPEDANCE OF CURRENT SOURCE. 

Zi c0 FOR IDEAL CURRENT SOURCE. 

Z1 = INSULATION IMPEDANCE ANYWHERE INSIDE OUTPUT TERMINAL 

OF CURRENT SOURCE. 

ZB= CIRCUIT BOARD IMPEDANCE. 

ZL. LOAD IMPEDANCE. 

Ziyi= METER IMPEDANCE. 

ZT= TEST LEAD INSULATION IMPEDANCE. 

Figure 23. Impedances Shunting the Load Degrade Current Regulation 

As shown in Figure 24, the COB design includes three key sections 
which determine its unique regulating properties—the Programming/ 
Guard Amplifier, the Main Current Regulator, and the Voltage Limit 

Circuit. 

The Programming/Guard Amplifier is an independent, variable con-
stant voltage source, whose output voltage EG is linearly dependent 
upon the setting of RQ, being equal to Es Ro/Rs. The guard aspects 
of this circuit are discussed in detail later; it is sufficient to note 
here that this circuit permits linear output current control while 
facilitating the common point connection at the inboard side of the 

current monitoring resistor. 

The Programming/Guard Amplifier provides the programming volt-
age EG for the Main Current Regulator; this dc voltage, which is 

negative with respect to circuit common, is applied to one of the 
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inputs of the differential Current Comparison Amplifier. The other 

input of this differential amplifier is connected to the current moni-
toring resistor Rm. The Current Comparison Amplifier continuously 
compares the voltage drop across the current monitoring resistor 
(lo Rm) with the programming voltage ( EG). If these voltages are 
momentarily unequal due to a load disturbance or a change in the 
output current control setting, this error voltage is amplified and 
applied to the series regulator transistors, altering the current con-
ducted through them and forcing the voltage drop loRm to once 

again equal EG. 
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Figure 24. CCB Current Source Block Diagram 

 o 

The output current is related to the programming voltage and ref-
erence voltage by the relationship 

EG E s Ro 
= 

Rm Rm Rs 

As this equation suggests, Rm is a critical component and is selected 
to have low noise, low temperature coefficient, and low inductance. 
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Its ohmic value is large enough to give an adequate current moni-
toring voltage, yet small enough to minimize its temperature rise 
(and the resulting resistance change) caused by its own power 
dissipation. 

Returning to the guard duties of the Programming/Guard Amplifier, 
the output of this amplifier (EG) is connected to a guard conductor 
which surrounds the positive output terminal, the current monitoring 

resistor, and the (+) input to the Current Comparison Amplifier. 
Since EG is held at the same potential as the positive output ter-
minal by the Main Current Regulator, no leakage current flows from 
the positive output terminals (or any of the internal circuit elements 
connected to it). The leakage currents that would normally flow from 
the positive output circuitry flow instead from the guard conductor, 
whose current is supplied by the Programming/Guard Amplifier. 
Notice that since the Programming/Guard Amplifier is a low im-
pedance source referenced to ( C), any leakage current fed by the 
guard originates from circuit common via this amplifier, bypassing 
Rm —only the output current flows through Rm. In this way leakage 
current flowing directly between the supply's two output terminals 
is eliminated, and precise load regulation is obtained. 

The Programming/Guard amplifier output may also be used as a 
convenient point to connect indicating meters, since the current 
to drive these meters will not affect the regulated output current, 

10. 

The Voltage Limit Circuit is designed to eliminate dangerous high-
voltage or high-current transients that might occur under certain 
load conditions. For example, when the load is suddenly removed 
from an ordinary constant-current power supply, the output voltage 
attempts to rise to the raw supply voltage of the instrument, which 
can be hundreds of volts. Or, when the load is suddenly reconnected 
to a supply operating in the voltage limit mode, a high-current tran-
sient can occur if the current regulator saturates while the instru-

ment is still in voltage limit. 

The Voltage Limit Circuit in CCB Current Sources virtually elimi-
nates voltage or current overshoots and undershoots when going 
in and out of voltage limit, without adding any significant leakage 

path across the output terminals. 

Normally, when voltage limiting action is not occurring, the setting 
of the Voltage Limit Control establishes across the Shunt Voltage 
Regulator a preset voltage limit EL which is higher than the positive 
output voltage and its twin, the guard voltage EG. Since there is 
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zero volts across the series combination of isolation diode CR2 
and resistor R1 (5 kilohms or less), no current flows through them, 
and the potential EG is also present at their junction, thus back-
biasing isolation diode CR1. (Any small leakage through back-bi-
ased diode CR1 flows through R1 and the output of the Program-
ming/Guard Amplifier, but does not flow into CR2 or the positive 
output terminal). The Shunt Voltage Regulator conducts a "standby" 
current through shunt regulator bias resistor RB; this current in-
sures that the Shunt Voltage Regulator is operating in its linear 
region, readyto react quickly when voltage limiting action is required, 
thus preventing crossover transients. 

If the output voltage exceeds the preset voltage limit value, CR1 
and CR2 conduct, and the Shunt Voltage Regulator conducts a por-
tion of the current which otherwise would flow to the load, thus 
clamping the output voltage to the preset limit value. 

Even during voltage limiting action, EG continues to be maintained 
at a value equal to the potential at the positive output terminal; both 
guarding action and the normal control action of the Main Current 
Regulator continue, minimizing any output transients which might 
tend to occur when the output transfers from voltage limiting to its 
normal output current mode. 

High Output Impedance.—The high output impedance of CCB Cur-
rent Sources is a result of several factors, both electrical and mech-
anical. The series-regulator transistors are in a cascode configura-
tion, which inherently has a high output impedance. Since the open-
loop gain of the error amplifier is high, the closed-loop output im-
pedance is greatly increased by feedback. 

Output capacitors have been eliminated—and although the output 
impedance falls off with frequency because of the necessary gain 
and phase compensation in the amplifier circuits, it is much higher 
than it would be if a capacitor were connected across the output 
terminals. 

The importance of low output capacitance should not be under-
estimated. Excessive output capacitance would cause the output 
impedance of the current source to fall off with increasing frequency, 
producing undesirable transients in rapidly changing loads. Large 
capacitors store large amounts of energy which, if discharged sud-
denly through the load, may cause damage; negative-resistance 
devices are particularly susceptible to this kind of damage. Finally, 
an output capacitor would slow down the response of the current 
source to changes in the external programming signal. 
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In the interest of keeping the output impedance high, the im-
pedances of internal leakage paths have been made as high as pos-
sible by careful mechanical design and hygienic construction tech-
niques. Leakage, both internal and external, is further reduced by 
guarding the positive output terminal. 

Guarding.— In addition to eliminating leakage currents, as described 
on page 47, the guard can also be used to measure the output volt-
age without drawing current away from the load. Connecting a volt-
meter between the negative output terminal and the positive out-
put terminal will lower the output impedance, but a voltmeter con-
nected between the negative output terminal and the guard has no 
effect on the output impedance. The meter still measures the output 
voltage because the guard is at the same potential as the positive 
output terminal. The front-panel voltmeter is internally connected 

to guard; and if greater accuracy is needed, a voltmeter can be 

connected externally. 

Unlike other guards, such as those used on digital voltmeters, the 
guard in the CCB Current Source is active and internally referenced 
to the positive terminal. For this reason the guard is labeled "(+) 
meter" on the front panel, and must not be connected to either out-
put terminal, since this interferes with the closed loop performance. 

Transformer Shielding Eliminates Ripple. —The CCB Current 
Sources meet their low ripple specifications regardless of which 
output terminal, if either, is connected to earth ground. High-gain 
current regulation is one reason for the low ripple. Another is spe-
cial shielding to keep ac voltages in the power transformer from 

being coupled into the output via the capacitance between the 
transformer windings and the output or ground. 

One potential source of ripple current is capacitive coupling be-

tween the primary winding and the negative output terminal. In the 
CCB Current Sources, this problem is eliminated by enclosing the 
primary winding in an electrostatic shield which is connected to 
earth ground. Asecond source of ripple current is capacitive coupling 
between the secondary winding and ground. To keep this current 
from affecting the output, the secondary winding is enclosed in an 
electrostatic shield which is connected to the negative output ter-
minal. This causes the ripple current generated by the secondary 
winding to be confined to a closed loop inside the instrument. 
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Power Supply/Amplifier Design* 

In many applications a power supply is required that has faster pro-

gramming speed than standard power supply designs (see page 94 
for limitations of remote programming speed). Still other applica-
tions require a power supply which can be controlled continuously 
through zero over a wide span in either a positive or negative di-
rection. These needs have been met with a design which arises 
directly from the operational amplifier concept of a power supply 
(page 14). The resulting instruments, designated Power Supply/ 
Amplifiers ( PS/A), not only meet the objectives of high speed pro-
gramming and output continuously variable through zero, but also 

are useful as direct-coupled amplifiers with very low output dis-
tortion and bandwidth from dc to 20 kHz. 

INPUT RECT. -+ ICOMPARISON  AMPL. 
+  

g 02 SERIES REGULATORS 

REFERENCE SUPPLY  
1=  L_ _J 

DC OUTPUT CONTROL ....,,,Ei RI COMMON 
V 

RF 
EOUT 

Figure 25. Power Supply/Amplifier Drawn as a Power Supply 

Figure 25 shows a simplified representation of this instrument 
drawn as a power supply. Two series transistors are used in a com-
plementary configuration, where one transistor is connected to a 
negative rectifier and the other to a positive rectifier. These tran-
sistors in turn are controlled by the normal comparison amplifier; 
'Application Note 82 presents a more comprehensive description of the features and 
applications of the Power Supply/Amplifier. Copies are available free of charge from 
your local Hewlett Packard sales office. 
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however, a bi-polar reference supply is used, thus making the volt-
age El capable of being continuously varied through zero. The 
output voltage is given by the relation 

RF 
E 0 =— — E 1 

R 

Figure 26 shows the same circuit redrawn as an amplifier. Tran-
sistors 01 and 02 are arranged in a single ended push-pull configu-
ration, and the operational amplifier aspects are more readily sug-
gested by the configuration shown. In Figure 26 an external signal 
input has been substituted for the internal reference supply shown 
in Figure 25. 

Figure 26. Power Supply/Amplifier Drawn as an Amplifier 

EXTERNAL 
SIGNAL INPUT 

GAIN 
CONTROL 

Not shown in either diagram are the circuit details of a special out-
put sensing circuit which ensures feedback stability regardless of 

the phase angle of the load imposed. 

The rear barrier strip on PS/A instruments includes numerous con-
trol terminals to facilitate all modes of operation including linear 
programming using resistance input, remote programming with dc 

or ac voltage input ( amplifier operation), etc. While inherently a con-
stant voltage output device, any PS/A Series instrument can readily 
be adapted to constant current applications by adding one external 
current monitoring resistor in a manner similar to that discussed on 

page 108, thus making the instrument useful as a resistance or volt-
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age controlled constant current output power supply or amplifier. 

DIGITALLY CONTROLLED POWER SUPPLIES 

Digitally controlled power supplies are designed specifically for 
use in modern automated systems which require power supplies 
capable of being programmed by a computer or other digital source. 
Although tailor-made for computer-based automatic test systems, 
the digitally controlled power supply ( DCPS) is useful wherever 
digital signals must be converted to analog form with speed, ac-
curacy, and a minimum of system interface complication. 

Figure 27 is a simplified block diagram showing a typical DCPS 
manufactured by HP. The unit consists basically of a digital-to-analog 

(DIA) converter followed by a bi-polar power amplifier. 

FROM 
CMPTR 

TO 
CMPTR 

VOLT 
- DATA 

CUR R 
DATA 

GATE 

STATUS 
SIGNALS 

INTER-
FACE a 

ISOL AT ION 

Sp SEC 

DEL AY 

FEED-

BA C K  

STORAGE 

D /A 

CONV 

CURR. 
TRIP 
 > 

'OUT 
--110 

CURRENT 
COMPAR-

ATOR a 

LATCH 

BI - POLAR 
POWER 
AMPL 

CURR 
LATCH 
DELAY 

LATCH 

ANALOG 
VOLTAGE 

Figure 27. Digitally Controlled Power Supply Block Diagram. 

Additional circuits are also included to facilitate operation within 
the systems environment. The additional circuitry performs inter-

face, isolation, storage, overcurrent protection, and status feedback 
functions as explained in subsequent paragraphs. 

Interface and Isolation 

Each input and output signal, to and from the DCPS, passes through 
interface and isolation circuits. Interface circuits are designed to 
match the DCPS to a variety of computers or other digital sources. 
Isolation circuits isolate the digital input from the analog output 
voltage allowing the output to be floated if desired. Isolation also 
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prevents troublesome loops between the output ground and com-
puter ground and prohibits potentially destructive current surges 
which could occur if some point in the load circuit were inadvertently 

grounded. 

Storage 

The digital voltage and current programming input data are trans-
ferred into integrated-circuit storage buffers upon receipt of the 
storage pulse from the computer. Once the data is stored, the com-
puter can perform other tasks without the need for maintaining the 
input data. This increases computer operating efficiency and even 
allows " party-line" operation where one set of data lines can be 
used to program several DCPS's. 

The storage capability also minimizes voltage programming over-
shoots or undershoots by ensuring that all voltage program inputs 
reach the D/A converter simultaneously. The gate pulse is delayed 

5- sec from the arrival of the input data to allow time for all input 
lines to settle. 

If the programming source does not normally generate gate signals, 
the storage circuits can be bypassed by means of a switch on the 

DCPS. The voltage program data now passes directly into the D/A 
converter as soon as received from the isolation circuits, but with-

out the benefit of storage. 

D/A Converter 

The heart of the DCPS is the D/A converter. This bi-polar, high-
speed circuit converts the digital voltage programming inputs into 
an analog reference signal which drives the precision power ampli-
fier. The reference output signal is either positive or negative in 
accordance with the polarity of the input number. 

Bipolar Power Amplifier 

The accurate reference signal from the D/A converter goes directly 
to the power amplifier. To preserve the accuracy of the input signal, 

large amounts of negative feedback are used in the amplifier cir-
cuits. The amplifier can be programmed either side of, or through, 
zero without " notch" effects or the use of polarity switches. 

The power amplifier has a self-contained voltage limit circuit which 
prevents the output voltage from exceeding 110% of rating despite 
possible programming errors. It also contains a "gross" current limit 

circuit which prevents the output current from exceeding 110% 
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(maximum) of the rated output current. This circuit provides back-
up protection for the programmable overcurrent circuits. 

Overcurrent Protection 

Both the load and the DCPS are protected against overcurrent 

conditions by a current comparator and latch circuit. When acti-
vated, this circuit sends a latch signal to the power amplifier which 
shuts off the output stages and reduces the output current to under 
10% of the current rating. The current latch trip point can be pro-
grammed, by three external current latch program bits, to one of 
eight values ranging from 2% to 100% of the output current rating. 

The current latch bits from storage are first converted to a corres-
ponding analog reference value within the current comparator and 
latch circuit. Next, this reference value is compared with a sample 
of the output current ( louT). If the output current equals or exceeds 
this reference value, a current overload condition exists. Approxi-
mately 5 µsec after a current overload is detected; a latch signal is 
generated to reduce the output current. Should the load require a 
heavy initial current, the delay period between overload and latch 
can be extended up to 2msec by adding an external capacitor. 

The current latch trip point can also be set by manual switches on 
the DCPS instead of by the external current latch program bits. 

Status Feedback 

Three feedback lines are available to furnish continuous status 
information to the computer. A flag line informs the computer when 
new voltage programming data is being processed by the DCPS. 
Current overload and latch lines are activated if the DCPS exper-
iences a current overload or latch condition. 
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AC AND LOAD 
CONNECTIONS 

Modern power supplies are flexible, high-performance instruments 
designed to deliver a constant or controlled output with a maximum 
of reliability and control versatility. In many cases, however, the 
user inadvertently degrades this performance capability by making 
improper wiring connections to the input or output. At best, this can 
result in excessive output ripple, a tendency toward oscillation, 
poor load and line regulation, and unnecessary degradation of sta-
bility, temperature coefficient, and transient recovery specifications. 
At worst, the result can be power supply failure and potential shock 
hazards. 

Careful attention to the guidelines presented in this section will 
improve the safety and usefulness of power supplies. As a general 
rule, the guidelines should be followed in the sequence given, e.g., 
dc distribution terminals must be considered before common or 
ground connections. 

The following checklist is included for quick reference to the most 
important rules in connecting dc power supplies; these rules are 
repeated with greater detail on the pages indicated. 

CHECKLIST FOR AC AND LOAD CONNECTIONS 

Each rule should be followed in the sequence indicated. 

AC Power Input Connections 

Page 

1. The ac, acc and third wire safety ground continuity 
should be retained without accidental interchange from 
ac power outlet to the power supply input terminals .. .  57 

2. An autotransformer (or isolation transformer) connected 
between the ac power source and the power supply input 
terminals should be rated for at least 200% of the 
maximum rms current required by the power supply. . 58 

3. The autotransformer common terminal should be 
connected to the acc (not ac) terminals of both the power 
supply and the input power line   58 
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4. Most ac input line regulators should not be used with Page 

well-regulated power supplies without first checking 
with the power supply manufacturer   58 

5. When connecting ac to a power supply, it is necessary 
to use a wire size which is rated to carry at least the 
maximum power supply input current   58 

Load Connections for One Power Supply 

6. A single pair of terminals are designated as the positive 
and negative "DC Distribution Terminals" ( DT's)   59 

7. One pair of wires should be connected directly from the 
power supply output terminals to the DT's, and a separate 
pair of leads from the DT's to each load  60 

8. As an absolute minimum, each load wire must be of 
suffcient size to carry the power supply output current 
which would flow if the associated load terminals were 
short circuited  61 

9. A local decoupling capacitor, if required, should be 
connected across each pair of load and distribution 
terminals   64 

10. One of the DC Distribution Terminals should be desig-
nated as the " DC Common Point" (CP)  67 

11. One of the terminals which is connected to ground 
should be designated as the DC Ground Point (GP)  73 

12. The CP should be connected to the GP as shown in 
Figures 34 through 37 (unless one load is already 
grounded), making certain there is only one conductive 
path between these two points  73 

13. Connections between the power supply sensing and 
output terminals should be removed, and using shielded 
two-wire cable, the power supply sensing terminals 
should be connected to the DC Distribution Terminals as 
shown in Figure 43  76 

14. One end of the shield should be connected to the CP and 
the other end should be left unconnected  77 

15. The possibility of an open remote sensing path, which 
might occur on a long-term or transient basis, should 
be avoided  77 

16. The minimum wire size for the load current leads (from 
the power supply output terminals to the DT's) should be 
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determined for remote sensing  78 

17. Check for the possibility of power supply oscillation 
when connected in the system for remote sensing  79 

18. Check for proper current limiting operation while the 
power supply is connected in the system for remote 
sensing   80 

Load Connections for Two or More Power Supplies Page 

19. There must be only one point of connection between the 
dc outputs of any two power supplies in the multiple 
power supply system—this point must be designated as 
one of the two DT's for both power supplies   80 

20. One of the ( N-4-1) DT's determined in accordance with 

the preceding rule is designated as the CP for 
the system  81 

21. There must be only one GP per multiple power supply 
system  81 

22. Connect the System CP to the System GP (unless one 
load is already grounded), making certain there is only 
one conductive path between these two points for the 
entire system   82 

AC POWER INPUT CONNECTIONS 
The ac, acc and third wire safety ground continuity should be re-
tained without accidental interchange from ac power outlet to the 
power supply input terminals.  

Accidental interchanging of ac and safety ground leads may result 
in the power supply chassis being elevated to an ac potential equal 
to the line input voltage. This could result in a potentially lethal 
shock hazard, if the chassis is not grounded; or blown fuses, if the 
chassis is grounded. 
If ac and acc are accidentally interchanged, the power supply 
switches.and fuses are thereby placed in series with the ground 
side of the power line instead of the hot side— if the power supply 
ac line switch is turned off or the fuse opens, the hot side of the 
power line will be connected to exposed components within the 
power supply. 

Accidental interchanging of acc and ground leads places the chassis 
at the acc potential giving rise to circulating ground currents flowing 
through the power supply chassis and other associated ground re-
turn paths—the result is often excessive power supply output ripple 
and malfunction of associated instruments. 
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Autotransformers 

An autotransformer (or isolation transformer) connected between  
the ac power source and the power supply input terminals should 
be rated for at least 200% of the maximum rms current required by  
the power supply. Because a power supply input circuit does not 
draw current continuously, the input current wave is not sinusoidal, 
and the peak-to-rms ratio is generally greater than V and can 
be as high as two or more at full output. To avoid autotransformer 
saturation and consequent limiting of peak input current, the auto-
transformer must have a rating higher than suggested by the power 
supply's rms input current. Failure to follow this precaution may 
result in the power supply not meeting its specifications at full out-
put voltage and current. 

The autotransformer common terminal should be connected to the  
acc (not ac)terminals  of both the power supply and the input power 
line. If acc is not connected to the common terminal of the auto-
transformer, the input acc terminal of the power supply will have a 
higher than normal ac voltage connected to it, contributing to a 
shock hazard and, in some cases, greater output ripple. 

Line Regulators 

Most ac input line regulators should not be used with well-regulated 
power supplies without first checking with the power supply manu-
facturer. Such regulators tend to increase the impedance of the line 
in a resonant fashion, and can cause malfunctioning of power sup-
plies particularly if they employ SCR or switching type regulators 
or pre-regulators. Moreover, since the control action of the most 
common line voltage regulators is accompanied by a change in the 
output waveshape, their advantage in providing a constant rms in-
put to a power supply is small. Often these waveshape changes are 
just as effective in causing output voltage changes of the power 
supply as the original uncorrected line voltage amplitude changes. 

Input AC Wire Rating 

When connecting ac to a power supply, it is necessary to use a wire 
size which is rated to carry at least the maximum power supply in-

putcurrent. In addition, a check should be made to determine whether 
a still larger wire size will be required to retain a sufficiently low im-
pedance from the service outlet to the power supply input terminals, 
particularly if a long cable is involved. 

As an extreme example, many power supplies would fail to function 
properly if the IZ drop in the input cable approached 10% of the line 
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voltage, even though the wire size had an adequate current rating, 
and even though the voltage at the power supply terminals was not 
below the rated input range specified by the manufacturer. 

As a general guideline, input cables should employ wire size suf-
ficient to insure that the IZ drop at maximum rated power supply 
input current will not exceed 1% of the nominal line voltage. 

LOAD CONNECTIONS FOR ONE POWER SUPPLY 

The simplest (and most common) example of improper load wiring 
is illustrated in Figure 28. Each load sees a power supply voltage 
which is dependent upon the current drawn by the other loads and 
the IZ drops they cause in some portion of the load leads. Since 
most power supply loads draw a current which varies with time, a 
time-varying interaction among the loads results. In some cases 
this interaction can be ignored, but in most applications the result-
ing noise, pulse coupling, or tendency toward inter-load oscillation 
is undesirable and often unacceptable. 

POWER SUPPLY 

LOAD 
NO I 

LOAD LOAD 
NO 2 NO 3 

Figure 28. Improper Load Connections 

DC Distribution Terminals 

A single pair of terminals are designated as the positive and nega-
tive "DC Distribution Terminals" (DT's). These two terminals may be 
the power supply output, the B-f- at the load, or a separate pair of 
terminals established expressly for distribution. Proper location 
of the DT's results in improved over-all performance and reduced 
mutual coupling effects between separate loads using the same 
power supply. If remote sensing is not used, locate the DT's as close 
as possible to the power supply output terminals—optimum per-
formance will result when the power supply output terminals them-
selves are used as the DT's. (See Figure 29). 
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POWER SUPPLY 

LOAD 

-s 

DIS ARE SHOWN SOL ID 

A. WITH ONE LOAD. 

POWER SUPPLY 

DT'S ARE SHOWN SOLID 

B. WITH MULTIPLE LOADS -- PREFERRED. 

Figure 29. Location of DC Distribution Terminals without Remote Sensing 

If remote sensing is employed, the DT's should be located as close 
as possible to the load terminals—sensing leads should then be con-
nected from the power supply sensing terminals to the DT's (see 
Figure 30). ( See Page 74 for further details on remote sensing.) 

One pair of wires should be connected directly from the power sup-
ply output terminals to the DT's, and a separate pair of leads from 
the DT's to each load. There should be no direct connection from 

one load to another, except by way of the DC Distribution Terminals. 

Although for clarity the diagrams show the load and sensing leads 
as straight lines, some immunity against pick-up from stray magnetic 

fields is obtained by twisting each pair of (-3-) and (—) load leads. 
In addition, all sensing leads should be shielded. 
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DT'S ARE SHOWN SOLID 

A. WITH ONE LOAD. 

POWER SUPPLY 
+ DT 

-DT 

KEEP THESE FOUR 
LOAD WIRES AS 
SHORT AS POSSIBLE, 
USE LARGE WIRE SIZE 

B. WITH MULTIPLE LOAD -- USING DT'S 
SEPARATE FROM POWER SUPPLY AND LOAD 
TERM INALS. 

Figure 30. Location of DC Distribution Terminals with Remote Sensing 

Load Wire Rating 

As an absolute minimum, each load wire must be of sufficient size  
to carry the power supply output current which would flow if the  
associated load terminals were short circuited. However, impedance 

and coupling considerations usually dictate the use of load current 
wires larger than required simply to satisfy current rating require-
ments. 

Power supplies and load wires are usually thought of in terms of their 
schematic equivalents—the battery symbol and line connections. 

The simplistic circuit models which these symbols imply are ade-
quate for many purposes, but more exact models must be used 
when evaluating the regulation properties of a power supply con-
nected to its load(s). 
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The battery symbol represents an ideal constant voltage source with 
perfect regulation and zero output impedance at all frequencies, but 
every regulated power supply has some small output impedance at 
low frequencies, and a much higher output impedance at high fre-
quencies. Thus a more exactcircu it model for a power supply includes 
an equivalent source resistance and inductance as shown in Figure 
31. Rs is the power supply output impedance at dc, and is found by 
dividing the load regulation bythe current rating; forexample, a power 
supply which has a load regulation of 10mV for a full load change of 
10 amps has an equivalent Rs of 1 milliohm, atypical value. Similarly, 
a power supply with an output impedance of 0.2 ohms at 100k Hz and 
2 ohms at 1MHz has an equivalent high frequency output inductance 
Ls of 0.3p.H —again a value typical of high performance power 
supplies. 

The connecting lines on a schematic represent ideal connection 

between two points, but the physical wires used to connect any 
two terminals (such as power supply and load) are characterized 
by distributed resistance, inductance, and capacitance. For de-
termining necessary load wire sizes, it is usually sufficient to con-
sider only the equivalent lumped constant series resistance and 
inductance ( Lo, L1, L2 ... and Ro, R1, R2 . .). Given the wire size 
and length, these lumped equivalents can be determined from wire 
tables and charts. 

In general, the power supply performance degradation seen at the 
load terminals becomes significant whenever the wire size and 
length result in a load wire impedance comparable to or greater 
than the equivalent power supply output impedance. With one load, 
this degradation can be evaluated by comparing 2R0 with Rs, and 
2L0 with Ls. The total impedance seen by the load is Z1 = (R s 
2R0) jct.) ( Ls -I-- 2L0), and the variation of the dc load voltage 
caused by a sinusoidal variation of load current is E ac = lac ZT. 
If load current variations are more pulse- or step-shaped than sinu-
soidal, then the resulting load voltage "spike" will have a magnitude 
of el.= (di/dt), where LT= Ls-1-2Lo, and di/dt is the maximum 
rate of change of load current. 

If these calculations indicate that the resulting variations in dc volt-
age provided to the load are greater than desired, then shorter and/ 
or larger load leads are required. 

With multiple loads ( Figure 31B), it is necessary to consider sep-
arately the common or mutual impedance seen by the loads, 
(Rs 2R0) + ice ( Ls + 2L0), and the added impedance seen by 
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each load individually, 2(R1 jw L1), 2(R2 L2), etc. Re-
member that the mutual impedance presents an opportunity for a 
variation of one load current to cause a dc voltage variation 
at another load. If the loads are pulse or digital circuits, false trigger-
ing may result. Similarly, if one load is the output stage of a high 
gain amplifier, and another load contains low level stages feeding 
the same signal path, unintentional feedback may occur via this 
mutual impedance, with resulting amplifier oscillation. 

POWER SUPPLY 

OTS ARE SHOWN SOLID 

A. EQUIVALENT CIRCUIT WITH ONE LOAD. 

POWER SUPPLY 

B. EQUIVALENT CIRCUIT WITH MULTIPLE LOAD. 

Figure 31. Power Supply and Load Wiring Equivalent Circuits 
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Connecting remote sensing to the load terminals of Figure 31A or 
the DT's of Figure 31B has the effect of reducing Ro by a factor 
equal to the loop gain of the power supply regulator, usually of the 
order of 103, 104, or 105. However, remote sensing does not in 
general alter the effective value of Lo seen by the load, since Lo 
predominates at frequencies above the bandwidth of the power 
supply regulator. 

Since remote sensing affords little or no reduction in the effective 
load wiring impedance at high frequencies, some amount of capaci-
tive load decoupling is sometimes desirable, particularly when 
multiple loads are connected to a power supply. 

Load Decoupling 

A local decoupling capacitor, if required, should be connected across  
each pair of load and distribution terminals. This reduces the high 
frequency impedance seen byany individual load looking back toward 
the power supply, and reduces high frequency mutual coupling ef-
fects between loads fed from the same supply. The use of load decou-

pling capacitors is most often employed with multiple loads drawing 
pulse currents with short rise times. Without local decoupling these 
current changes can cause spikes which travel down the load dis-
tribution wires and falsely trigger one of the other loads. 

To be effective, the high frequency impedance of local decoupling 
capacitors Co, Cl, C2, and C3 ( Figure 32) must be lower than the 
impedance of wires connected to the same load. Thus a decoupling 
capacitor must be chosen with care, with full knowledge of its in-
ductance and effective series resistance, as well as its capacitance. 
Moreover, it is imperative that the shortest possible leads be used 
to connect local decoupling capacitors directly to the load and DT 
terminals (not to other points along the dc wiring path) so that the 
wiring impedance between the capacitor and its connection point 
is minimized. 

Ground Loops 

This is the most persistent, subtle, difficult-to-analyze, and gen-
erally troublesome problem connected with power supply wiring. 
The origins of ground loop problems are so diverse that empirical 
solutions are frequently resorted to. Nevertheless, a little extra 
thought and care will reduce, and in most cases eliminate, the need 
for an empirical approach. 
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POWER SUPPLY 

DT'S ARE SHOWN SOLID 

A. ONE LOAD 

POWER SUPPLY 

B. MULTIPLE LOADS. 

'Lc 

t;Rcoi 

ILC2fr 

EOU I VALENT 
CIRCUIT 

Figure 32. Local Decoupling Capacitors 
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The ideal concept of a single "quiet" ground potential is a snare 
and a delusion. No two ground points have exactly the same poten-
tial. The potential differences in many cases are small, but even a 
difference of a fraction of a volt in two ground potentials will cause 
amperes of current to flow through a complete ground loop (any 
circuit with more than one ground point). 

To avoid ground loop problems, there must be only one ground 
return point in a power supply system (the power supply and all 
its loads, and all other power supplies connected to the same loads). 
However, the selection of the best DC Ground Point is dependent 
upon the nature and complexity of the load and the dc wiring, and 
there are practical problems in large systems which tend to force 
compromises with the ideal grounding concept. 

For example, a rack mounted system consisting of separately 
mounted power supplies and loads generally has multiple ground 
connections—each instrument usually has its own chassis tied to 
the third " Safety Ground" lead of its power cord, and the rack is 
often connected by a separate wire to " Safety Ground" (the cold 

EA DC SYSTEM CONSISTING OF ALL INTERCON - 
NECTED POWER SUPPLY OUTPUTS, 

THEIR DC DISTRIBUTION WIRING, 
ND ASSOCIATED tOAD CIRCUITS 

DC COMMON POINT 
(CPI 

DC GROUND 
CONNECTION 

ONLY ONE WIRE OR CONNECTION IS 
PERMITTED IF GROUND LOOPCURRENTS 
ARE TO BE KEPT OUT OF DC SYSTEM. 

DC GROUND POINT 
(GP) 

E GROUN cf D SYSTEM 
CONSIST CONSISTING OFALL CHASSIS FOR POWER 
SUPPLIES AND THEIR LOAD DEV ICES, THEIR 
GROUND TERM INALS, SAFETY GROUND, AC 
GROUND WIRING, RACK FRAMES, ETC 

ALL EVENTUALLY LEAD 
TO EARTH GROUND. 

Figure 33. Isolating Ground Loop Paths from DC System 
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water pipe). With the instrument panels fastened to the rack frame, 
circulating ground currents are inevitable. However, as long as 
these ground currents are confined to the "Ground System" and do 
not flow through any portion of the power supply dc distribution 
wiring, the effect on system performance is probably negligible. 
To repeat, separating the dc distribution circuits from any conduc-
tive paths in common with ground currents will in general reduce 
or eliminate ground loop problems. 

The only way to avoid such common paths is to connect the dc dis-
tribution system to ground with only one wire. Figure 33 illustrates 

this concept. DC (and signal) currents circulate within the DC Sys-
tem, while ground loop currents circulate within the Ground System. 

Providing there is only one connection between the two systems, 
the ground loop currents do not affect the power supply dc output 

and load circuits. 

Notice that any magnetic coupling between the DC System and 
Ground System, or any capacitive leakage from the DC System to 
ground can provide a return path enabling additional ground loop 
current to link both the DC System and Ground System. 

DC Common 

One of the DC Distribution Terminals should be designated as the 
"DC Common Point" (CP).  There should be only one DC Common 
Point per DC System. If the supply is to be used as a positive source, 
then the minus DC Distribution Terminal is the DC Common Point; 
if it is to be a negative source, then the plus DT is the CP. Here are 
some additional suggestions for selecting the best DC Common 
Point for five different classes of loads: 

a. Single Isolated Load—Select either the positive or negative 
DC Distribution Terminal as the DC Common Point. A single isolated 
load exists when a power supply is connected to only one load, and 
that load circuit has no internal connections to the chassis or ground. 
If the power supply output terminals are to be used as the DC Dis-
tribution Terminals, then the DC Common Point will be either the 
positive or negative power supply output terminal ( Figure 34A). 
On the other hand, if remote sensing is to be employed and the load 
terminals will serve as the DT's, then either the positive or negative 
load terminal is designated as the CP ( Figure 34B). 
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POWER SUPPLY 

LOAD 

S.G 

S.G. 

GP 

GND 
o  

CP 

SG.'SAFETY GROUND"LEAD IN POWER CORD- CONNECTED TO 
CHASSIS AND GROUND TERMINALS OF POWER SUPPLY, AND 
TO EARTH GROUND. 

G ND = POWER SUPPLY GROUND TERMINAL 

A. WITHOUT REMOTE SENSING. 

POWER SUPPLY 

GP 

LOAD 

CP 

B. WITH REMOTE SENS ING. 

Figure 34. Preferred Ground Connections for Single Isolated Load 

b. Multiple Ungrounded Loads—Select the positive or negative DC 
Distribution Terminal as the DC Common Point. This alternative is 

applicable when there are two or more separate loads with separate 
pairs of load leads, and none of the load circuits has internal con-

nections to chassis or ground ( Figure 35). 
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POWER SUPPLY 

GP CP 

A. WITHOUT REMOTE SENSING. 

POWER SUPPLY 

B. WITH REMOTE SENSING. 

Figure 35. Preferred Ground Connections for Multiple Loads, All Isolated 

c. Single Grounded Load—The load terminals of the grounded load 

must be designated as the DT's and the grounded terminal of the 

load is necessarily the OP ( Figure 36). 
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POWER SUPPLY 

A. WI THOUT REMOTE SENSING. 

POWER SUPPLY 

S.G. 

+S   

GND S 0  
 o 

B. WITH REMOTE SENSING. 

LOAD 

•  

AND GP 

Figure 36. Preferred Ground Connections for Single Grounded Loads 

This method of OP selection is followed when there is only one load 
and it has an essential ( internal) connection to ground or chassis— 
or when there are multiple loads and only one has an internal con-

nection to ground or chassis ( Figure 37). 

d. Multiple Loads, Two or More of Which are Individually Grounded 

—This is an undesirable situation and must be eliminated if at all 

possible. Ground loop currents circulating through the dc and load 
wiring can not be avoided as long as separate loads connected to 
the same power supply (or dc system) have separate ground returns 
(Figure 38). 

One solution is to break the circuit connection to ground in•all of 
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POWER SUPPLY 

A. WITHOUT REMOTE SENSING 

POWER SUPPLY 

B. WITH REMOTE SENSING 

Figure 37. Ground Connections for Multiple Loads, One Grounded 

the loads and then select the DC Common Point following alternative 

(b) on page 68, or break the circuit connection to ground in all but 
one of the loads and treat as in ( c). In other cases the only satisfactory 
solution is to increase the number of power supplies, operating each 
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grounded load from its own separate supply, and treating each 

combination of power supply and load as in (c). However, in this 
case any conductive path remaining between the loads may degrade 
load performance, and any conductive path between power supplies 
(except via their respective load grounds) will probably degrade 
both power supply and load performance. 

POWER SUPPLY 

GROUND 
VOLTAGE 
SOURCE 

Figure 38. Ground Connections for Multiple Loads. Two or More Grounded 

e. Load System Floated at a DC Potential Above Ground— In some 

applications it is necessary to operate the power supply output at 
a fixed voltage above (or below) ground potential. In these cases 
it is usually advantageous to designate a DC ammon Point using 
whichever of the preceding four alternatives is appropriate, just 

as though conductive grounding would be employed. Then this DC 
Common Point should be "shorted" to the DC Ground Point through 

a 1µF capacitor ( Figure 39). 

In some special applications, however, (e.g., bridge load circuits) 
neither conductive nor capacitive grounding of the dc load distri-
bution system is appropriate, since such grounding would also 
short out the desired output signal being generated by the bridge 
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POWER SUPPLY 

Figure 39. Floating Load 

DC Ground Point 

The terminal which is connected to ground should be designated 
as the DC Ground Point (GP). The GP may be any single terminal, 
existing or added, which is conductively connected to " Safety 
Ground" of the building wiring system and then eventually to earth 
ground. It may, for example, be the separate ground terminal located 
on one of the power supplies or loads in a system, or it may be a 
special system ground terminal, bus, or plane established expressly 
for ground connection purposes. 

The CPshould be connected to the GP as shown in Figures 34 through  
37 (unless one load is already grounded), making certain there is  
only one conductive path between these two points. This connec-
tion should be as short as reasonable, and the wire size used should 
be such that the total impedance from the DC Common Point to the 
DC Ground Point is not large compared with the impedance from 
the GP to earth ground. Braided leads are sometimes used to fur-
ther reduce the high frequency component of this ground lead 
impedance. 

Sometimes the impedance between the CP and the GP is minimized 
by using a single terminal or bar for both. In these cases, care should 
be taken that all DC System connections are made at one end of the 
terminal or bar, and any Ground System connection at the other, so 
that the DC and Ground System currents are not intertwined. 

When checking for unintentional paths from dc to ground, be sure 
that any straps or wires between power supply output and ground 
terminals have been removed ( unless, of course, this is the single 
desired connection between the CP and the GP). 
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Remote Error Sensing (Constant Voltage Operation Only) 

Normally, a power supply achieves its optimum load and line regu-
lation, its lowest output impedance, drift, ripple and noise, and its 
fastest transient recovery performance at the power supply output 
terminals ( Figure 40). If the load is separated from the output ter-
minals by any lead length, some of these performance character-
istics will be degraded at the load terminals— usually by an amount 
proportional to the impedance of the load leads compared with the 
output impedance of the power supply. 

POW ER SUPPLY 

Figure 40. Regulated Power Supply with Local ( Normal) Error Sensing 

Some idea of how easily even the shortest leads can degrade the 
performance of a power supply at the load terminals can be obtained 
by comparing the output impedance of a well-regulated power sup-
ply (typically of the order of 1 milliohm or less at dc and low frequen-
cies) with the resistance of the various wire sizes listed in the fol-
lowing chart. 

AWG ( B & S) 
WIRE SIZE 

Annealed Copper 
Resistance at 20°C. 

millohms/ft. 
Nominal current 
rating (amps)* 

22 16.1 5 

20 10.2 7 

18 6.39 10 
16 4.02 13 

14 2.53 20 
12 1.59 25 
10 0.999 40 
8 0.628 55 
6 0.395 80 
4 0.249 105 
2 0.156 140 

0 0.0993 195 
00 0.0779 260 

*Single Conductor in Free Air at 30 ° C with rubber or thermoplastic insulation. 
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With remote error sensing ( Figure 41), a feature included on nearly 
all HP power supplies, it is possible to connect the feedback ampli-
fier directly to the load terminals so that the regulator performs its 
function with respect to these load terminals rather than with re-
spect to the output terminals of the power supply. Thus, the voltage 
at the power supply output terminals shifts by whatever amount 
necessary to compensate for the IR drop in the load leads, thereby 

retaining the voltage at the load terminals constant. 

POWER SUPPLY 

+SENSING LEAD 

-SENSING LEAD 

Figure 41. Regulated Power Supply with Remote Error Sensing 

REFERENCE .1P\fR2 
SUPPLY 

SERIES REGULATOR 

UN REG 
DC 

+ SENSING LEAD 

o  

RS 

Cp 

4-0 V 

+V 

Rp 

IL 

Ls 

+LOAD LEAD 

CL 

POWER 
SUPPLY 
OUTPUT 

TERMINAL 

-LOAD LEAD 

Rs Ls 

o  
- SENSING LEAD 

RL§ 

Figure 42. Constant Voltage Regulator with Remote Error Sensing 
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Figure 42 shows remote sensing connections to the regulator circuit. 
By comparing Figure 42 with Figure 17A it can be seen that the 
modifications to a standard design are minor, since remote error 

sensing simply involves operating the input comparison amplifier 
01 with reference to the load terminals instead of the output ter-

minals of the power supply. 

Remote Sensing Connections 

Connections between the power supply sensing and output terminals  
should be removed, and using shielded two-wire cable, the power  
supply sensing terminals should be connected to the DC Distribution  

Terminals as shown in Figure 43.  Do not use the shield as one of 

the sensing conductors. Although for clarity the diagram shows the 
load leads as straight lines, some immunity against pick-up from 
stray magnetic fields is obtained by twisting each pair of (-I-) and 

(—) load leads. 

POWER SUPPLY 

Figure 43. Remote Sensing Connections 

Typically, the sensing current is 10mA or less. To insure that the 

temperature coefficient of the sensing leads will not significantly 
affect the power supply temperature coefficient and stability spec-
ifications, it is necessary to keep the IR drop in the sensing con-
ductors less than 20 times the power supply temperature coefficient 
(stated in millivolts/0C). This requirement is easily met using readily 
available small size shielded two-wire cable—except in applications 
involving very long sensing leads or unusually well regulated power 
supplies with very low TC and stability specifications. 
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One end of the shield should be connected to the CP and the other 
end should be left unconnected. In nearly all cases this method 
of connecting the sensing shield will minimize ripple at the Load 
Distribution Terminals. However, in rare cases a different ground 
return point for this shield is preferable— it is important in such 
cases to experimentally verify that this relative advantage applies 
under all possible combinations of load and line. 

Protecting Against Open Sensing Leads 

The possibility of an open remote sensing path, which might occur 
on a long-term or transient basis, should be avoided. Such open 

circuit conditions are likely if the remote sensing path includes any 

relay, switch, or connector contacts; any interruption of the con-
nections between the power supply sensing terminals and the DC 
Distribution Terminals should be avoided wherever possible. 

When a sensing open occurs, the regulator circuit within the supply 
reacts as though the load voltage were zero— usually, the output 
voltage corrects this deficiency by climbing rapidly toward the maxi-
mum rectifier voltage, a value which is significantly larger than 
the power supply's maximum rated output voltage. Even if the power 
supply output circuitry is designed to withstand this extreme, the 

chances are that the load is not. 

To reduce the degree of output overshoot which can result from 
accidentally opened remote sensing connections, many regulated 
power supplies include internally wired resistors or small silicon 
diodes as shown in Figures 44 and 45.1f they are not part of the power 
supply, and if the power supply application involves long sensing 
leads, sensing paths which include relay, switch, or connector con-
tacts, or any other likely cause of even momentary open-circuits 

POWER SUPPLY 

*100 OHMS TYPICAL 

Figure 44. Remote Sensing Protection with Resistors 
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in the remote sensing paths; then the user should add either re-

sistors or silicon diodes. 

If the diode configuration of Figure 45 is employed, operation will 
be satisfactory up to about 0.5 volts drop in either load lead ( be-
tween a power supply output terminal and the corresponding DC 
Distribution Terminal); for greater drops use two or more diodes 

in series. 

POWER SUPPLY 

+ DT 

S 

LOAD 

- DT Et CP 
GP 

Figure 45. Remote Sensing Protection with Diodes 

If the resistor configuration of Figure 44 is included by the manu-

facturer or added by the user, it may be necessary to check that 
the power rating of this resistor is adequate, particularly for sizable 
sensing drops. Remember that the actual dissipation in the remote 
sensing protection resistors is E D2/R, where ED is the IR drop from 
either power supply output terminal to the corresponding DT, and 

R is the ohmic value of the protective resistor. 

Load Wire Ratings 

The minimum wire size for the load current leads (from the power 
supply output terminals to the DT's) should be determined.  Most 

well regulated power supplies have an upper limit to the load cur-
rent 1R drop around which remote sensing may be accomplished 
without losing proper regulation control. This maximum limitation 

is typically 0.5, 1, or 2 volts, and may apply to the positive, negative, 
or both the positive and negative output leads—consult the instruc-
tion manual or the manufacturer if in doubt concerning the exact 
limitation applicable to a particular supply. 
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In addition, it must be remembered that voltage lost in the load 
leads reduces the voltage available for use at the load. This is usu-

ally not significant at high voltages, but a typical 10-volt power sup-
ply will only have 6 volts left for load use if 2 volts are dropped in 
each load lead— remote sensing does not increase the total voltage 
available from the power supply rectifier and regulator! 

Either of these two factors will, in some cases, lead to a wire size 
selection which is larger than dictated by a consideration of wire 
current rating or impedance. 

Output Oscillation 

Check for the possibility of power supply oscillation when connected  
in the system for remote sensing. Figure 46 illustrates that the im-

pedance of the load leads is included inside the power supply feed-
back loop. In remote sensing applications involving small or long 
load wires, there is a tendency for power supply oscillation to occur 
due to the phase shift and added time delay associated with the load 

and sensing leads. 

Removal of such tendency toward oscillation is usually done empiri-
cally. In some cases readjusting a "transient recovery" or " loop 
stability" control inside the supply will be adequate— in more severe 
cases the power supply loop equalization may have to be redesigned 
and tailored for the application. 

POWER SUPPLY 

+ S 

RECTIFIER 

AND 

REGULATOR 
ERROR 
AMPL. 

• LOAD 
Lo 

Figure 46. Effect of Load Lead Impedance on Remote Sensing 
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As suggested on page 64, capacitor Co' is commonly included in 

order to suppress load transients and reduce the power supply 
impedance at the load at high frequencies. However, the capacitor 
must be chosen with care if power supply oscillation is to be avoided, 
since any capacitor resonances or other tendency toward high im-
pedance within or near the bandpass of the power supply regulator 
will reduce loop stability. It is therefore common in extreme remote 
sensing applications to remove Co from the power supply and use 

it as Co'. 

Proper Current Limit Operation 

Check for proper current limiting operation while the power supply  
is connected in the system for remote sensing.  With some power 
supply designs, the resistance of one of the current carrying leads 
adds to the resistance used for current limit monitoring, thereby 
reducing the threshold value at which current limiting begins. The 

current limit value should not change significantly while shorting 
—S to —OUT and +S to +OUT at the power supply. If it does, re-
fer to the instruction manual for corrective adjustments, or contact 

the manufacturer. 

LOAD CONNECTIONS FOR TWO OR MORE 
POWER SUPPLIES 

The extension of the preceding single power supply concepts 
(pages 59 to 80) to multi-power supply systems ( Figure 47) is sim-
ple and direct, requiring only the application of the following addi-
tional rules. 

DC Distribution Terminals 

There must be only one point of connection between the dc out-
puts of any two power supplies in the multiple power supply system  

—this point must be designated as one of the two DT's for both 
power supplies.  

Thus there are exactly (N -I- 1) DT's in any system, where N is the 
number of power supplies (excluding the possibility of parallel sup-
plies sharing the same distribution terminals or series power supplies 
with unused intermediate terminals). 

This rule eliminates the possibility of circulating dc currents, while 
insuring the optimum connection of load and sensing leads ( in ac-
cordance with DC Distribution Terminals, page 59, and Remote 
Sensing Connections, page 76), and lays the groundwork for avoid-
ing ground loops. 
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AC AND LOAD CONNECTIONS 
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RI,R2 ,R3,R4 • REMOTE SENSING PROTECTION RESISTORS 

LOAD 
NO 

LOAD 
NO 2 

LOAD 
NO 3 

Figure 47. Load Connections for Multiple Power Supplies. 

DC Common 

One of the (N + 1) DT's determined in accordance with the preced-
ing paragraph is designated as the CP for the system.  There can be 
only one CP per system— it is the DT which is to be held at "Ground" 
potential. For other constraints affecting the choice of the CP see 
DC Common starting on page 67. 

DC Ground Point 

There must be only one GP per multiple power supply system.  This 
rules out the possibility of connecting two grounded loads in the 
same system. For other notes on designating the GP, refer to DC 
Ground Point on page 73. 
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Connect the System CP to the System GP (unless one load is al-
ready grounded), making certain there is only one conductive path  

between these two points for the entire system.  This rule also ap-
pears on page 73 and is repeated here as a reminder because of 
the far greater number of possible paths from dc to ground associ-
ated with multiple power supply systems. The notes on page 73 are 
fully applicable to multiple power supply systems. 
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REMOTE 
PROGRAMMING 

Remote programming, a feature found on most HP power supplies, 
permits control of the regulated output voltage or current, by means 

of a remotely varied resistance or voltage.* It is generally accom-
plished by restrapping the rear terminal strip, disabling the front 
panel control and connecting the remote control device to rear 

terminals. 

There are four basic types of remote programming: 
(1) controlling the constant voltage output using remote resist-

ance, 
(2) controlling the CV output using a remote voltage, 

(3) controlling the constant current output using a remote re-

sistance, and 
(4) controlling the CC output using a remote voltage. 

Throughout this section, the rules for connecting and operating a 
power supply with remote programming are underlined. Careful 
attention to those rules will assure proper remote programming 

of the power supply. 

CONSTANT VOLTAGE REMOTE PROGRAMMING WITH 

RESISTANCE CONTROL 

Using an external resistor and/or rheostat, the output voltage can 
be set to some fixed value, or made continuously variable over 

the entire output range, or made variable over some narrow span 

above and below a nominal value. 

Figure 48 illustrates the essential details of resistance program-

ming of a constant voltage power supply. Note that this differs from 

the normal constant voltage circuit in only one respect—the cir-
cuit points normally connected to the front panel control have been 
made available on rear terminals so that an external control can be 

•A remotely varied current can also be used to control the regulated output voltage or 
current. This method of programming is discussed in Application Note 82. 
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substituted. The current flowing through Rp and RR is constant 
and independent of the output voltage, and the voltage across the 
programming resistor (and therefore the output voltage) is a linear 
function of the resistance R. 

Programming a power supply with a 200 ohms/volt programming 
coefficient to an output level of 30 volts would require an Rp of 
6K. The power supply will force through this programming resistor 

a 5mA constant current thus resulting in 30 volts across the power 
supply output terminals. 

4 
REFERENCE 
SU7LY 

SERI ES REGULATOR 

UN REG 
DC 

\-41r VR2 

+ V 

OV 

QI 

Rp 
EouT — 

Kp 

• 

Co 

EouT 

Rp 

PROGRAMMING — 
CONTROL 

Figure 48. Constant Voltage Supply with Resistance Programming 

Remote Programming Connections 

Shielded two-wire cable should be used to connect the power sup-

ply programming terminals to the remote programming source,  
following the manufacturer's instructions for connections. The shield 
should not be used as one of the programming conductors. One end 
of the shield should be connected to the DC Common Point and the 
other end of the shield should be left unconnected. 
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Figure 49. Remote Programming Connections 

Output Drift 

Check that programming leads and source will not contribute to  
output drift, noise, etc.  The power consumed in the programming 

resistor can be readily determined by remembering that the pro-
gramming current is the inverse of the programming coefficient Kp. 
Using the same example, a 200 ohms/volt prog/amming coefficient 
corresponds to 5 mA programming current, and for 30 volts out-
put (and thus 30 volts across the programming resistor), 150 mill i-
watts will be dissipated in Rp. A stable programming resistor must 
be used, since a percentage change in its resistance value will re-
sult in the same percentage change in the output voltage of the 

power supply being controlled. 

To avoid short term temperature-dependent shifts in the resistance 
value (and hence the power supply output voltage) the program-

ming resistor used should have a temperature coefficient of 20 
ppm/ °C or less and a wattage rating in excess of ten times the ac-

tual dissipation. Thus, in the previous example, the programming 
resistor should have a minimum power rating of 1.5 watts. 

The wire size of the programming leads must be adequate to with-
stand any programming surges (consider effects of any large stor-
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age capacitors which have to be charged or discharged through 
the programming leads). The temperature coefficient of very long 

programming leads may degrade power supply temperature coef-
ficient and stability specifications. This is particularly true if the 
power supply is exceptionally well regulated, or the programming 
leads are subjected to considerable ambient temperature changes, 
or when programming is done with low resistance values. 

Protecting Against Momentary Programming Errors 

Using remote programming, several different values of fixed output 
voltage are obtainable with resistors and a switch, so that the output 

voltage of the supply can be switched to any pre-established value 
with a high degree of reproducibility. Figure 50 illustrates several 
switching techniques that can be used in conjunction with resistance 
programming. 

Suppose it is desired to program a supply having a programming 
coefficient Kp of 200 ohms/volt to any of three values-5 volts, 
10 volts. and 15 volts: the circuit of Figure 50A is a typical config-
uration. However, if a break-before-make switch is used in the con-
figuration of Figure 50A, there will occur for a short interval during the 
switching action a very high resistance between the two program-
ming terminals, and the power supply during that interval will raise 
its output voltage in response to this high resistance input. 

To eliminate this output overshoot corresponding to an infinite pro-
gramming resistance, a make-before-break switch should be em-
ployed. However, this solution has the disadvantage that during the 
short interval when the swinger of the switch is contacting two switch 
terminals, two programming resistors will momentarily be paralleled 
across the power supply programming terminals, and the supply 
will for this short interval seek an output voltage which is lower 
than either the initial or the final value being programmed. This 
output undershoot increases the time required for the supply to set-
tle to its new value. 

The switching circuit of Figure 50B, using a make-before-break 
switch, eliminates both the overshoot and the undershoot prob-
lems associated with Figure 50A. When the switch is rotated clock-

wise the resistance value between the two programming terminals 
will go directly from 1000 to 2000 ohms, and then from 2000 to 
3000 ohms. 

It appears at first glance that the circuit of Figure 50B also has one 
drawback—namely, the output voltage must always be switched in 
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ascending or descending sequence. As Figure 500 shows, however, 
the same voltage divider can have its tap points returned to the 
switch contacts in any sequence, permitting output voltage values 
to be programmed in any desired order without overshoot or under-
shoot. 

TO 
POWER SUPPLY 
PROGRAMMING 
TERMINALS 

5V IK 

A.UNRECOMMENDED CONFIGURATION 

TO 
POWER SUPPLY 
PROGRAMMING 
TERMINALS 

IK 

I K 

IK 

B.RECOMMENDED IN PROGRAMMING CIRCUIT 
USE MAKE - BEFORE-BREAK SWITCH 

TO 
POWER SUPPLY 
PROGRAMMING 
TERM INALS 

C.RECOMMENDED OUT- OF- SEQUENCE PROGRAMMING CIRCUIT 
USE MAKE-BEFORE-BREAK SW ITCH 

Figure 50. Remote Programming Switching Circuits 

Backup Protection for Open Programming Source 

In some applications it is possible for the programming switching 

circuits to be opened accidentally, thus causing the output voltage 
to rise to some value higher than the maximum voltage rating of 
the supply. With some loads this could result in serious damage. 
To protect loads from accidental opening of the remote program-
ming leads, a zener diode should be placed directly across the pow-
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er supply programming terminals. This zener diode is selected to 
have a breakdown voltage equal to the maximum power supply 
voltage that can be tolerated by the load. Thus, if the programming 
terminals open, the programming current will cause the zener diode 
to break down, and the output voltage will be limited to the zener 
diode voltage. Such a zener diode must be capable of dissipating a 
power equal to the product of its breakdown voltage times the pro-
gramming current 1p. 

CONSTANT VOLTAGE REMOTE PROGRAMMING WITH 
VOLTAGE CONTROL 

Instead of controlling a power supply by means of a programming 
resistance, it is possible to control the output of any remotely pro-
grammable supply with an input voltage. Thus, the power supply 
becomes a low frequency dc amplifier. Remote Programming Speed 
on page 94 stresses the bandwidth and speed of response of this 
configuration, whereas this section deals only with the method 

of control. 

Two distinct methods can be employed to voltage program: unity 
and variable voltage gain. 

Programming with Unity Voltage Gain 

This method, shown in Figure 51, requires that the external voltage 
be exactly equal to the desired output voltage. 

SERIES REGULATOR 

Eour * Ep 

Figure 51. Voltage Programming with Unity Voltage Gain 
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The current required from the voltage source Ep is at most several 

milliamps. Of course, this voltage source must be free of ripple and 
noise and any other undesired imperfections, since within the regu-
lator bandwidth the power supply will attempt to reproduce on its 
output terminals the programming voltage input on a one-for-one 

basis. 

Programming with Variable Voltage Gain 

Figure 52 illustrates the method by which the power supply can be 
programmed using an external voltage with a voltage gain depend-
ent upon the ratio of Rp tO RR. Note that this method is no different 
from the circuit normally used for constant voltage control of the 
output except that an external reference (the programming voltage 
source) has been substituted for the internal reference. 

On most supplies external terminals are available so that the con-
nections shown in Figure 52 can be accomplished without any in-
ternal wiring changes. In all HP remotely programmable power sup-
plies the summing point S is made available, and the configuration 
of Figure 52 can always be accomplished using the external pro-

gramming voltage source and external precision wirewound resis-
tors Rp and R. (RR should not exceed 10K.) As indicated by the 
equation in Figure 52, Rp can be selected so that the resulting 
voltage gain is either less or greater than unity. It is possible to use 

the front panel control on the supply as the voltage gain control, Rp. 
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Figure 52. Voltage Programming with Variable Voltage Gain 
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When programming the output using a remote voltage or current  
source, the use of a zener diode across the programming terminals 

will prevent the power supply output from exceeding a predeter-
mined limit, even though the programming source may provide an 
excessively high input command. The relationship between the 
zener diode and the output limit value depends upon the power 
supply design and the programming connection, but in any case 
can be determined by considering the power supply as equivalent 
to an operational amplifier. The zener diode must have a current 
rating equal to or greater than the largest current which the remote 

programming source can provide— in some cases the power rating 
of the zener diode can be reduced by employing a fixed resistance 
in series with the programming path. 

In situations where only low programming voltages are being used, 
forward conducting silicon diodes (0.7V per junction) can be used 
in place of zener diodes. 

CONSTANT CURRENT REMOTE PROGRAMMING 

Most of the general principles discussed under Constant Voltage 
Programming starting on page 83 are also applicable when con-

sidering remote programming for constant current supplies. Remote 
programming of the constant current output of any programmable 

supply can be accomplished either by: 

1. applying a resistance or voltage to the programming terminals 
of a CV/CC supply, or 

2. modifying a constant voltage programmable supply for con-
stant current operation and then controlling the output current 
by means of a resistance or voltage applied to the terminals 

normally used for constant voltage control. A Constant Voltage 
Supply is modified for Constant Current operation by adding an 
external current monitoring resistor as described on page 108. 

Method 1 is used with any Constant Current or Constant Voltage/ 
Constant Current HP power supply, while method 2 is used for any 
remotely programmable Constant Voltage/Current Limiting supply. 

Method 1 has one important disadvantage: the normal current lim-
iting protection, which is dependent upon the constant current 
setting of a CV/CC power supply, is negated if the constant current 
programming terminals are accidentally opened. Particular care  
must be taken in the design of the constant current programming  
network to insure that no open circuit condition can exist even for 
a short interval of time, because such an open circuit will program the 
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power supply to an output current in excess of its rating—with almost 
certain destruction of the series regulating components and other 
components within the regulator circuitry. Therefore any constant 
current programming mechanism involving switches must use make-
before-break switches. 

A good safety precaution is to place directly across the constant cur-
rent programming terminals of the power supply a control resistance 
corresponding to the maximum output current. The remote switch-
ing mechanism can then be used to shunt this " safety" resistor to 
the degree necessary to achieve any lower values of output current. 
The resistor can only be used if non-linear programming of the 
output current can be tolerated. The speed of response associated 
with constant current programming is determined by the output 
voltage change required as a result of change in output current 
being programmed. The equations given on page 94 are applicable 
in determining the time required for the newly programmed value 
of constant current to be achieved. 

REMOTE PROGRAMMING ACCURACY 

Figure 53 shows the relationship between programming resistance 
and output voltage for a power supply with perfect remote program-
ming. Zero ohms across fhe programming terminals results in ex-
actly zero volts output, and all other values of programming resist-
ance result in the output voltage predicted by the programming 
coefficient Kp. 

EOUT _ 1 
Rp P Té F: 

RP MAX' (EMAX)KP 

Figure 53. Ideal Remote Programming Characteristics 
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As Figure 54 indicates, all power supplies deviate somewhat from 
the ideal. The application of a short-circuit across the programming 
terminals results in an output voltage which is slightly different 
from zero (typically between +20 millivolts and —50 millivolts). 
While the linearity of the programming characteristic is nearly per-

fect, the overall slope may differ from the value predicted by the 
programming coefficient by from 1% to 5%. The fact that this slope 
is extremely linear can be utilized in improving the absolute accura-

cy in programming a supply, since by pinpointing two points on this 
straight line segment, all other points are thereby determined. The 
two points which are the easiest (and best) to fix are zero and maxi-
mum output voltage. If these two points are successfully relocated, 

the graph of Figure 54 can be changed into one closely approxi-
mating that shown in Figure 53, which is the characteristic of an 
ideal supply having perfect programming accuracy. 

Figure 54. Practical Remote Programming Characteristic 

Regardless of the programming coefficient, an ideal programmable 

supply having absolute programming accuracy will deliver zero 
volts with zero programming resistance. Thus, the first step in im-

proving the programming accuracy of Figure 54 is to short the pro-
gramming terminals and note the output voltage. Normally, this 
voltage will be slightly negative. If this is not the case the differential 

amplifier transistors can be interchanged; the output voltage with 
zero programming resistance will then, in most cases, become 
slightly negative. In some supplies, an internal control is provided 
for adjusting this zero offset voltage. 
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It is now possible to insert permanently a small resistor in series 
with the programming leads, this value of resistance being just 
sufficient to bring the output voltage up to exactly zero volts. 

One point of the ideal programming characteristic has now been 
established. Next, the slope of EouT versus Rp characteristic must 
be adjusted so that this straight line will pass through the maximum 
output voltage with the proper value of programming resistance. 
Assume, for example, that we are adjusting a power supply which 
has a programming coefficient of 200 ohms per volt and a maximum 
output voltage of 20 volts. Having inserted internally a series pro-
gramming resistance of sufficient value to bring the output voltage 
to zero volts with zero ohms external programming resistance, the 
next step would be to attach a precision 4000 ohm resistor across 
the programming terminals and adjust the programming current so 
that the output voltage would equal exactly 20 volts. In some sup-
plies this programming current can be adjusted by means of an 
internal pot. In most cases, however, it will be necessary to "trim-
up" a precision resistor (by means of shunt resistors) which deter-
mines the programming current. Having adjusted this constant cur-
rent, it may be necessary to readjust the zero output crossing point 
by shorting the remote programming terminals and trimming the 
internal programming resistance (or offset control adjustment) to 
obtain exactly zero volts. 

Once a power supply has its programming characteristic aligned 

"perfectly" in accordance with the characteristic shown in Figure 
53, this alignment will retain an absolute accuracy within a tolerance 
found by adding the power supply specifications for: 

a. load regulation 
b. line regulation 
c. (temperature coefficient) X (ambient temperature change) 
d. stability 

Any change in the load resistance, input line voltage, ambient tem-
perature, or warmup time can be expected to cause slight variations 
in the output voltage of the supply even though the value of the pro-
gramming resistance has not been altered. The capability for remote 
programming accuracy therefore increases with improvements in 
the four specifications mentioned, and high stability power supplies 
are capable of greater long-term programming accuracy than stand-
ard supplies. 
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REMOTE PROGRAMMING SPEED 

A constant voltage regulated power supply is normally called upon 
to change its output current rapidly in response to load resistance 
changes. In some cases, however, notably in high speed remote 
programming applications and constant current applications involv-
ing rapidly changing load resistance, the power supply must change 

its output voltage rapidly. If the power supply does not employ a 
preregulator, the most important factor limiting the speed of output 
voltage change is the output capacitor and load resistor. 

The equivalent circuit and the nature of the output voltage wave-

form when the supply is being programmed upward are shown in 
Figure 55. When the new output is programmed, the power supply 
regulator circuit senses that the output is less than desired and 
turns on the series regulator to its maximum value IL, the current 
limit or constant current setting. This constant current IL charges 
the output capacitor Co and load resistor R L in parallel. The output 
therefore rises exponentially with a time constant RLC0 toward a 

voltage level I L R L, a value higher than the new output voltage 
being programmed. When this exponential rise reaches the newly 
programmed voltage level, the constant voltage amplifier resumes 
its normal regulating action and holds the output constant. Thus, 
the rise time can be determined using a universal time constant 

chart or the formula shown in Figure 55. 

If no load resistor is attached to the power supply output terminals, 
then the output voltage will rise linearly at a rate of Co/I L when 
programmed upward, and TR= Co (E2— E1)/IL , the shortest possible 
up-programming time. 
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- --- El. INITIAL EouT 
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I - 2 ,NE W Epoy IS REACHED 
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EQUIVALENT CIRCUIT 

FOR ti < t<T 

Figure 55. Speed of Response- Programming Up 
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Figure 56 shows that when the power supply is programmed down, 
the regulator senses that the output voltage is higher than desired 

and turns off the series transistors entirely. Since the control circuit 
can in no way cause the series regulator transistors to conduct 
backwards, the output capacitor can only be discharged through 
the load resistor. The output voltage decays exponentially with a 
time constant RLCo, and stops falling when it reaches the new out-
put voltage which has been demanded. 

EQUIVALENT CIRCUIT 
FOR ti<1. <ta 

E4= INITIAL EouT 

IC = RLC0 

Ea = NEW Emil. 
El 

TF = FALL TIME=RLC0 LOGe( 

t— ii" I I ASYMPTOTIC LEVEL . 0 

1---t 2 ,NEW EouT IS ACHIEVED 

'- - t 1NEW EouT IS PROGRAMMED 

Figure 56. Speed of Response— Programming Down 

If no load resistor is attached to the power supply output terminals, 
the output voltage will fall slowly, the output capacitor being dis-
charged only by internal bleed paths within the power supply. 

Whether the supply is required to increase or decrease its output 
voltage, the output capacitor tends to slow the change. Many HP 
power supplies therefore make it possible to remove a major por-

tion of the output capacitance simply by removing a strap on the 
rear barrier strip. After this has been accomplished the output volt-

age can in general be programmed ten to one hundred times more 
rapidly, but the regulator loop may need readjustment of the transient 

recovery control so that the supply does not oscillate under certain 
load conditions. 

Beyond a certain point, further reduction in the size of the output 
capacitor Co will not result in greater speed of programming, since 
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other power supply circuit elements will eventually limit the maxi-
mum rate of change of the output voltage. For example, Ci of Fig-

ure 48 eventually limits the speed of programming, but reduction 
or elimination of this capacitor would degrade the ripple perform-
ance. Thus, high speed programming applications can involve spe-
cial circuit considerations which ultimately lead to a distinctly dif-
ferent power supply design. 

Since up-programming speed is aided by the conduction of the 
series regulating transistor, while down-programming normally has 
no active element aiding in the discharge of the output capacitor, 
laboratory power supplies normally program upward more rapidly 
than downward. In many HP laboratory power supplies, however, 
a special transistor circuit provides for the more rapid discharge 
of the output capacitor for down-programming. With this circuit 
and the unstrapping of the major portion of the output capacitance, 
these laboratory power supplies have up and down programming 
speeds in the order of 1 ms. 

High performance power supply/amplifiers provide ultimate per-
formance in high speed programming operation, with programming 
speed at least an order of magnitude faster than can be achieved 
with any standard power supply with reduced output capacitance. 

More details on these versatile supplies, which are continuously 
adjustable through zero, are given on page 50 and in Application 
Note 82. 

Supplies using SCR preregulator circuits cannot in general be ex-
pected to respond as rapidly as shown in Figures 55 and 56, since 

a change in output voltage must be accompanied by a change in 
rectifier voltage; the large value of the rectifier filter plus protection 
circuits within the SCR preregulator prevent the rectifier voltage 
from changing rapidly. 
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DUTY CYCLE LOADING 

In some applications the load current varies periodically from a 
minimum to a maximum value. At first it might seem that a regulated 

power'supply having a current rating in excess of the average load 
requirement ( but less than the peak load value) would be adequate 
for such applications. However, the current limit or constant current 
circuit within a semiconductor power supply limits the output cur-
rent on an instantaneous not an average basis, because extremely 
rapid protection is necessary to provide adequate safeguard against 

burn-out of the series regulating elements. 

The first question which must be answered when powering a dc load 
that draws a large current during some portion of its operating cycle 
is whether ( 1) the power supply need only withstand the peak load 
condition, or whether (2) the power supply must continue to de-
liver its full value of regulated output voltage during the peak load 
interval. 

Examples of the first category are dc motors and filaments for large 
vacuum tubes. While the starting resistance of these loads is very 

low compared to the normal operating value, it is not necessary that 
the power supply be able to deliver this peak current— it is necessary 
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that the supply withstand without damage this initial peak load con-
dition and that it continue to operate through the peak load interval 
until normal load conditions are established. For such loads Con-
stant Voltage/Constant Current or Constant Voltage/Current Limit-
ing supplies rated for the normal (not the peak) load condition are 
adequate and, in some cases preferable, since the limited output 
current can provide protection for the load device during the peak 

load interval. Peak load demands in excess of the current rating of 
the power supply will not result in damage to the power supply; 
the output voltage will merely drop to a slightly lower value. Normal 
output voltage will be restored automatically by the power supply 
after the peak or transient load condition has passed. 

As for the second category, if it is desired to meet a duty cycle re-
quirement similar to that illustrated in Figure 57 while retaining the 
full value of regulated output voltage during peak load conditions, 
then a power supply must be selected which has a current rating 

equal to or greater than the peak load requirement. However, if the 
peak load condition is of relatively short duration, then the stored 

energy in the power supply output capacitor may prevent an ex-
cessive output voltage sag. 

Thus for peak loads of either category ( 1) or (2), it is of interest to 
know how much the output voltage will drop for a peak load condition 
in excess of the power supply current rating, and how long it will take 
for the supply to recover to its normal output voltage following the 
removal of the overload. Figure 57 illustrates the equivalent circuit 
and output voltage waveform which are characteristic of a power sup-

ply experiencing a short term overload. When the overload condition 
is first imposed, the power supply goes into the current limit mode and 
is, therefore, equivalent to a constant current generator IL feeding 
the output capacitor Co (already charged to E NO RM) in parallel with 
the lowered value of load resistance R L PE AK . Thus the capacitor 

begins discharging exponentially toward the final output voltage 
value which would result if the overload condition were retained, 
namely ILRL PEAK. The amount of voltage sag AV depends upon 
the output time constant and the duration of the overload peak load 
condition; the equation for this voltage sag is given in Figure 57. 
When the peak load condition is removed, R L is restored to its nor-
mal value and the supply continues in the current limiting mode, 
charging the output capacitor on another exponential curve. This 
time the asymptotic level approached by the exponential curve is 
IL R LNORm . However, this charging action stops when the voltage 
level has risen to the normal level, and the regulator changes from 
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the current limit mode to the normal constant voltage mode. Figure 
57 also gives the equation for the time required for this voltage 

recovery following the removal of the peak load condition. 
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1 -   

EOUT I -- --- - — IL RL PEAK 

-el to-AT (ASYMPTOTIC 
I LEVEL) 

t --eI L-12 NORMAL OUTPUT VOLTAGE 
RESTORED 

" - 11 NORMAL LOAD CONDITION 
I RESTORED 

L.—to PEAK LOAD CONDITION IMPOSED 

VOLTAGE SAG = -A V* E NORM -EMIN (trio) 

' ( ENORM --ILRL PEAK 1-e RLCO 

SAG RECOVERY TIME. AT 

(IL RL NORM - EMIN ) 
.FILC0 10Q e 

I LRL NORM - E NORM 

IL RL NORM 

--(ASYMPTOTIC 

LEVEL) I 
ENORM 

Figure 57. Short-term Overload Equivalent Circuit and Output Voltage 

Thus, the equations can be used to evaluate whether the voltage sag 

and recovery time resulting from an overload condition lie within 
acceptable limits, permitting the use of a power supply having a cur-
rent rating less than the peak load demand. For short term overloads, 
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a quick approximation can be made to determine the amount of volt-
age sag: (IP - I L) AT  

AV 
Co 

where: 
AV= The voltage sag 

ENORM  
Ipz= = Peak load current demand, 

RL PEAK 

IL = The current limit or constant current setting, 

CO= The output capacitor ( in farads), and 

AT= Duration of overload condition ( in seconds). 

This approximation is pessimistic, since it assumes that the discharge 
of the output capacitor is linear at the rate of I/C instead of decaying 
exponentially. 

REVERSE CURRENT LOADING 

In some applications it is necessary for a power supply to retain its 
normal regulated output voltage in the presence of reverse current 
flow during part of the operating cycle of an active load device con-
nected to the power supply. Such situations can arise, for example, 
in pulse and digital circuitry and in bias supplies for class C ampli-
fiers. 

Figure 58A illustrates the nature of this problem. It is assumed that 

the active load device normally draws a current of 5 amperes, but 
that during part of its operating cycle it delivers a current of 3 am-
peres. Since the series transistor cannot conduct current in the 
reverse direction, the reverse current furnished from the load device 
would charge the output capacitor of the power supply, causing an 
increase in the output voltage with loss of regulation and possible 
damage to the output capacitor and other components within the 
power supply. 

To correct these deficiencies and permit the normal operation of a 
regulated power supply with loads of this type, it is only necessary 
to add a shunt or dummy load resistor such as RD (Figure 58B), 
thus shifting the zero bias level with respect to the load current 
waveform so that the power supply is only required to de/iver current. 
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POWER SUPPLY 
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Figure 58A. Reverse Current Loading Problem 

In terms of the numerical example shown in Figure 58B, it is neces-
sary to add a resistor RD which will draw 3 (or more) amperes at 
the operating voltage of the power supply. With this resistor added, 
the power supply output current varies between 0 and 8 amperes 
rather than between —3 and +5 amperes. During the interval when 
the load device is absorbing current, current flow follows the paths 

indicated by the solid lines of Figure 58B, whereas when the load 
device delivers current, current flow follows the path indicated by 
the broken line. Since the power supply is operating normally under 
both conditions, the voltage across the active load device is main-
tained continuously at the regulated level. 
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Figure 58B. Reverse Current Loading Solution. 

DUAL OUTPUT USING RESISTIVE DIVIDER 

Often it is required to use both a positive and negative dc power 
source having approximately the same voltage and current capa-
bility It might seem reasonable to meet such requirements using 
a single regulated dc power supply with a resistive voltage divider 
center-tapped to ground. Figure 59 shows, however, that such an 
arrangement results in a drastic increase in the effective dc source 
impedance feeding each load; assuming that the power supply has 
a zero output impedance, each load looks back into a source imped-
ance consisting of the two arms of the voltage divider in parallel 
with each other and the other load resistance. 

Thus, a change in the current requirement of either load results not 
only in a change in its own dc voltage, but also in a change of the 

dc voltage feeding the other load, and extreme conditions of im-
balance can develop. In nearly all cases, a simultaneous need for 
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positive and negative dc voltages necessitates the use of two sep-
arate regulated power supplies. 

REGULATED 
POWER 

SUPPLY 

Figure 59. Center-tapped Power Supply Output 

PARALLEL OPERATION 

The operation of two constant voltage power supplies in parallel is 
normally not feasible because of the large circulating current which 
results from even the smallest voltage difference which inevitably 
exists between the two low impedance sources. However, if the two 
power supplies feature CV/CC or CV/CL automatic crossover opera-
tion, then parallel operation is feasible, since the supply with the 
higher output voltage setting will deliver its constant current or 
current limited output, and drop its output voltage until it equals 
the output of the other supply, which will remain in constant volt-
age operation and only deliver that fraction of its rated output cur-
rent which is necessary to fulfill the total load demand. For example, 
if two CV/CC power supplies each rated for 10 amperes were con-
nected in parallel across a 15 amp load with one of the supplies set 
for 30.0 volts and the other supply set for 30.1 volts, the 30.1 volt 
supply would deliver 10 amperes as a constant current source, 
thus dropping its output voltage to 30.0 volts. The second supply 
would continue to act as a constant voltage source delivering 5 amps 
at the 30.0 volt level. 

AUTO-PARALLEL OPERATION 

Auto- Parallel, or automatic parallel operation of power supplies per-
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mits equal current sharing under all load conditions, and allows 
complete control of the Auto-Parallel ensemble utilizing only the 

controls of the master supply. 

f-MA-STE-RSU-PPL-Y 7 - 

ILAVE SUPPLY 

UNREG. 
DC 

Figure 60. Auto- Parallel Operation of Two Supplies 

Figure 60 illustrates the circuit principle involved. The master supply 
operates in a completely normal fashion and may be set up for either 

constant voltage or constant current operation as required. The 
slave supply employs its regulator circuit to compare the voltage 

drop across the current monitoring resistor of the master supply 
with the voltage drop across the current monitoring resistor of the 

slave supply, and adjusts the conduction of the series regulator 
in the slave supply so that these two IR drops are held equal. There-

fore, with equal values of current monitoring resistors in the master 
and slave supplies, the output current contribution will always be 
equal regardless of the output voltage or current requirement of 

the load. 

Normally, only supplies having the same model number should be 
connected for Auto-Parallel operation, since the two supplies must 
have the same voltage drop across the current monitoring resistor 

at full current rating. 
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As is also true of Auto-Series and Auto-Tracking operation, no in-
ternal wiring changes are necessary. All that is required is a screw-
driver to change the strapping pattern on the terminals of the rear 
barrier strip, and one extra lead running from the barrier strip of 
each slave supply to another supply in the same master-slave system. 

SERIES OPERATION 

Series operation of two or more HP power supplies can be accom-
plished up to 300 volts off ground. Series connected supplies can be 
operated with one load across both supplies or with a separate load 
for each supply. All HP semiconductor power supplies have reverse 
polarity diodes connected across the output terminals so that if 
operated in series with other power supplies, reverse polarity will 
not occur across the output terminal of any supply if the load is 
short-circuited or if one power supply is turned on separately from 
its series partners. 

ITAASTER SUPPLY 

UNREG. 
DC 

flH 

IC 0 
o 

R2 

ET Em+ Es 

(RI+R2 
.Em   

RI 

LSLAVE SUPPLY 
R2  

Es - 
RI + R2ET 

Figure 61. Auto-Series Operation of Two Supplies 

AUTO-SERIES OPERATION 

Auto-Series or automatic series operation of power supplies per-
mits equal or proportional voltage sharing under all load conditions, 
with complete control of the Auto-Series ensemble being obtained 
from the master supply alone. Figure 61 illustrates the circuit prin-
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ciple involved. The slave supply is connected in series with the 
negative output terminal of the master supply, and a voltage divider 
(R1 and R2) is placed across the series voltage span. One input of 
the comparison amplifier of the slave supply is connected to the 
junction of these two resistors while the other input is connected 
to the positive output terminal of the slave supply. Since normal 
feedback action of the slave supply is such as to maintain a zero 

error between the two comparison amplifier inputs, the slave supply 
will contribute a fraction of the total output voltage determined by 
the voltage divider R1 and R2. 

For example, if these two resistors are equal, the slave supply will 
contribute half the total output voltage with the master supply con-
tributing the other half. Notice that the percent of the total output 
voltage contributed by each supply is independent of the magnitude 
of the total voltage. When using fixed resistors R1 and R2, the front 

panel voltage control of the slave supply will be inoperative. Turn-
ing the voltage control of the master supply will result in a continuous 
variation of the output of the series combination, with the contribu-
tion of the master's output voltage to that of the slave's voltage 
always remaining in the ratio of R1 to R2. 

Since any variation in the resistance value of R1 and R2 will result 
in a change in the voltage divider ratio and hence the output of the 
slave supply, it is important that both these resistors have a low 

temperature coefficient (20 ppm/0C or better) and have a power 
rating at least 10 times their actual dissipation. Resistors R1 and 

R2 should be selected so that at the normal operating levels the 
current through them will be of the order of 1 to 5 mA. 

Comparing Figure 61 with previous block diagrams for the constant 

voltage power supply, there is no difference in the circuit location 

of Resistor R2 and the front panel voltage control normally found 
in HP power supplies. Thus, Auto-Series operation can be achieved 

using only one external resistor ( R1) and employing the front panel 
voltage control on the slave supply as the element which deter-

mines the ratio of its voltage to that of the master. 

Mixed model numbers may be employed in Auto-Series combina-
tion without restriction, provided that each slave is specified as 

being capable of Auto-Series operation. The master supply need 
not be an Auto-Series supply since the internal circuit aspects of 

the master supply in no way affect the Auto-Series principle of op-
eration. If the master supply is set up for constant current operation, 
then the master-slave combination will act as a composite constant 
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current source. 

In some applications, remote programming of the master supply is 
employed, thereby achieving simultaneous control of the output 
of two sources from a single remote resistance or voltage input. 
When the center tap of such an Auto-Series combination is grounded 
coordinated positive and negative voltages result. This technique is 
commonly referred to as "rubber-banding," and an external refer-

ence source may be employed if desired. Any change of the internal 
or external reference source (e.g. drift, ripple) will cause an equal 

percentage change in the outputs of both the master and slave 
supplies. This feature can be of considerable use in analog com-

puter and other applications, where the load requires a positive and 
a negative power supply and is less susceptible to an output voltage 
change occurring simultaneously in both supplies than to a change 
in either supply alone. 

AUTO-TRACKING OPERATION 

Auto-Tracking or automatic tracking operation of power supplies is 

similar to Auto-Series operation except that the master and slave 

FIASTER SUPPLY - - 

UNREG. 
DC RL1 

UN REG. 
DC o o 

R2  RL Es - RI + R2 Em 

[ LAVE SUPPLY 

Figure 62. Auto-Tracking of Two Supplies 
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supplies have the same output polarity with respect to a common 
bus or ground. Figure 62 shows two supplies connected in Auto-
Tracking with their negative output terminals connected together 

as a common or ground point. A fraction R2/(R1-1-R2) of the out-
put of the master supply is provided as one of the inputs to the com-
parison amplifier of the slave supply, thus controlling the slave's 
output. The master supply in an Auto-Tracking system must be the 
positive supply having the largest output voltage. Auto-Series ad-
dition of still more slaves permits the expansion of an Auto-Tracking 
system to both positive and negative power supplies. 

Like Auto-Series operation, Auto-Tracking permits simultaneous 
turn-on and turn-off of power supplies in the same system, thereby 
preventing accidental application or removal of main power sources 

without proper bias potentials being present. 

CONVERTING A CONSTANT VOLTAGE POWER SUPPLY TO 

CONSTANT CURRENT OUTPUT 

Many, but not all, HP power supplies are capable of constant current 
operation. Those which are not designed for normal operation as a 
constant current source can readily be converted, provided the sup-

ply has remote programming capability. 

As Figure 63 indicates, it is only necessary to add a single external 
current monitoring resistor to a remote programming constant 

voltage power supply in order to convert it to constant current op-
eration. ( Also any remote sensing protection resistor or diode 

connected inside the supply from —S to —OUT must be removed). 
Because the proper operation of the regulator circuitry re-
quires that the positive output and positive sensing terminals be at 
nearly the same potential, the external current monitoring resistor 
Rm must be connected to the positive output terminal, while the 
constant current load must be connected to the negative output 
terminal.* The front panel control (or remote programming control) 

is used to determine the voltage E across the current monitoring 
resistor Rm. Since this voltage E will be held equal to the voltage 
Ep across the control resistance by feedback action, a constant 
current I-T- =E/Rm will be caused to flow through the current mon-

itoring resistor R m . The load current IL consists of the current flow-
ing through the monitoring resistor plus the programming current I p 

(normally negligibly small compared to IT). Both the current through 

*For supplies employing PNP power transistors and a negative common circuit con-
figuration. the current monitoring resistor Rm must be connected to the negative 
output terminal and all polarities associated with this paragraph and Figure 63 are 
reversed. 
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the monitoring resistor and the programming current are held con-
stant by regulator action; thus the net load current is also constant. 
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Figure 63. Converting a CV Supply to CC Output 

Since any change in the value of the resistance Rm will result in a 
change in the load current, the current monitoring resistor should 

have a low temperature coefficient and should be operated at less 
than 1/10 (or even 1/100) of its power rating. This, plus the restric-
tion that the total IR drop across Rm and RL in series cannot ex-
ceed the voltage rating of the power supply, means that Rm will 
be selected so that its IR drop will be of the order of 1 volt, depend-
ing upon the constant current value required. 

Generally speaking, the constant current performance of a supply 
connected in the method shown in Figure 63 can be predicted by 
dividing the constant voltage specification by the value of Rm. and 
then adding on a percentage basis any change in the value of Rm 
due to temperature effects. The lowest constant current output level 

is limited to the programming current I p, typically 5 milliamps. 
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CONSTANT VOLTAGE POWER SUPPLY MEASUREMENTS 

Figure 64 illustrates a setup suitable for the measurement of the 
six most important operating specifications of a constant voltage 
power supply: line regulation, load regulation, ripple and noise, 

transient recovery time, stability, and temperature coefficient. 

The automatic load switch shown in Figure 64 is used to periodically 
interrupt the load when measuring transient recovery time. Full 

details of a suitable load switch and the method of employing it are 
given later under CV Load Transient Recovery Time on page 120. 

AC 
POWER 

VARIABLE 
AUTO-

TRANSFORMER 

DIFFERENTIAL 
OR DIGITAL 

DC VOLTMETER 

CONSTANT VOLTAGE 
POWER SUPPLY 
UNDER TEST 

AUTOMAT IC 
LOAD SWITCH 

Figure 64 Constant Voltage Measurement Setup 

110 



PERFORMANCE MEASUREMENTS 

MEASURING 
INSTRUMENT 

NECESSARY 
CHARACTEISTICS 

SUITABLE 

MODEL NUMBER 

Oscilloscope Minimum bandwith 20 MHz, 
vertical sensitivity 1 millivolt 
per centimeter minimum, 
differential input preferred 

HP 180A with 
1803A vertical 
plug-in 

Differential or 
Digital DC 
Voltmeter 

Resolution-1 millivolt or 
better at voltages up to 
300 volts. 

HP 3420B 
HP 3460B 

True RMS 
Voltmeter 

Sensitivity 100/Ivolts full 
scale. Crest factor 10:1. 

HP3400A 

Precautions 

Measure Performance at Front or Rear Terminals. 

Before attaching the load and monitoring devices shown in Figure 
64 determine whether the supply is connected for front or rear 
terminal sensing, because the load and monitoring devices must be 
connected to the same pair of output terminals to which the feed-
back amplifier within the power supply is connected. In the case of 
small laboratory supplies that feature Automatic Error Sensing, 
performance measurements can be made at either the front or rear 
output terminals but are normally accomplished at the rear terminals. 

Connect Leads to Power Supply Terminals Properly. 

Casual clip lead connections will inevitably result in serious meas-
urement errors— in most cases exceeding the power supply's spec-
ifications even though the power supply is operating perfectly. The 
load and monitoring leads must be connected to the power supply 
terminals exactly as shown in Figures 65A and B. If performance 
measurements are made at the front terminals ( Figure 65A) the load 
should be plugged into the front of the terminal at (B) while the 
monitoring device is connected to a small lead or bus wire inserted 
through the hole in the neck of the binding post at (A). If performance 
is being measured at the rear barrier strip ( Figure 65B), the measuring 
instrument should be connected to the plus and minus sensing 
terminals; in this way the monitoring device sees the same perform-
ance as the feedback amplifier within the power supply. 

Failure to connect the monitoring instrument to the proper points 
shown in Figure 65 will result in the measurement not of the power 
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supply characteristics, but of the power supply plus the resistance 
of the leads between its output terminals and the point of connection. 
Even using clip leads to connect the load to the power supply ter-
minals and the monitoring instrument to the load leads can result in 
a serious measurementerror. Remember that the power supply being 
measured probably has an output impedance of less than 1 milli-
ohm, and the contact resistance between clip leads and power sup-
ply terminals will in most cases be considerably greater than the 
specified output impedance of the power supply. 

OUTPUT TERMINAL 

LOAD LEAD---

MEASURING INSTRUMENT 

(SCOPE, TRUE RMS VTVM, 
DIFFERENTIAL OR 

DIGITAL VOLTMETER) 

B. REAR PANEL 

MONITORING 
LEADS 

MONITOR HERE 

A. FRONT PANEL 

+S 
REAR 

BARRIER 
STRIP 

Figure 65. Proper Connections for Monitoring and Load Leads 

Use Separate Leads to All Measuring Instruments. 

All measurement instruments (oscilloscope, ac voltmeter, differen-
tial or digital voltmeter) must be connected directly by separate 
pairs of leads to the monitoring points indicated in Figure 65. This 
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is necessary to avoid the subtle mutual coupling effects that may 
occur between measuring instruments unless all are returned to the 
low impedance terminals of the power supply. Twisted pairs or 
shielded cable should be used to avoid pickup on the measuring 
leads. 

Use an Adequate Load Resistor. 

In general, the load resistance and wattage selected should permit 
operation of the supply at its maximum rated output voltage and 
current. When measuring the transient recovery time of power sup-
plies requiring low resistance loads, it may be necessary to use 
non-inductive loads so that the L/R time constant of the load will 
not be greater than the inherent recovery time of the power supply, 
thus impeding the measured transient recovery performance. 

Check Current Limit Control Setting. 

When measuring the constant voltage performance specifications, 
the constant current or current limit control must be set well above 
the maximum output current that the supply will draw. The onset of 
constant current or current limiting action can cause a drop in output 
voltage, increased ripple, and other performance changes not prop-
erly ascribed to the constant voltage operation of the supply. 

Check Setup for Pickup and Ground Loop Effects. 

Avoid degradation of the measured performance caused by pickup 
on the measuring leads or by power line frequency components 
introduced by ground loop paths. Two quick checks will determine 
if the measurement setup is free of extraneous signals: 

(a) Turn off the power supply and observe the CRT for evidence 
of unwanted signals (with the scope connected between +S 
and —S). 

(b) Instead of connecting the oscilloscope leads separately to the 
positive and negative sensing terminals of the supply, connect 
both leads to either the positive or the negative sensing ter-
minals, whichever is grounded to chassis. 

Signals on the face of the CRT as a result of either of these tests 

are indicative of shortcomings in the measurement setup. The most 
likely causes of these defects and proper corrective measures are 
discussed further under CV Ripple and Noise on page 115. 

Connect AC Voltmeter Properly. 

It is important that the ac voltmeter be connected as close as po§si-
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ble to the input ac terminals of the power supply so that its indica-
tion will be a valid measurement of the power supply input, without 
any error introduced by the IR drop present in the leads connecting 
the power supply input to the ac line voltage source. 

Use an Auto- Transformer of Adequate Current Rating. 

If this precaution is not followed, the input ac voltage presented at 
the power supply may be severely distorted, and the rectifying and 
regulating circuits within the power supply may operate improperly. 

Do Not Use an AC Input Line Regulator 

Such regulators tend to increase the impedance of the ac input 
as explained on page 58. 

Further precautions necessary for the proper measurement of spe-
cific power supply specifications are given as required in the follow-
ing paragraphs. 

CV Line Regulation 

Definition: The change A EouT in the steady state value of dc out-
put voltage due to a change in ac input voltage over the specified 
range from low line (e.g. 103.5 volts) to high line (e.g. 126.5 volts) 
or from high line to low line. 

Actual measurement is accomplished by turning the variable auto-
transformer ( Figure 64) through the specified range from low line 

to high line and noting the change in the reading of the digital volt-
meter or differential voltmeter connected to the output terminals 
of the supply. The power supply will perform within its line regula-
tion specifications at any rated output voltage combined with any 
rated output current; the most severe test normally involves meas-
uring line regulation at maximum output voltage combined with 
maximum output current. 

Notice that for HP power supplies the line regulation specification 
is not prefixed by "±". Thus the line regulation specification sets a 
limit on the total excursion of the output voltage resulting from the 
total input ac change from low line to high line, thereby allowing 
only one-half the output deviation of a " ±" specification. 

CV Load Regulation 

Definition: The change PE ou-r in the steady state value of dc out-
put voltage due to a change in load resistance from open circuit to 
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a value that yields maximum rated output current (or vice versa). 

Load regulation is measured by closing or opening the switch in 
Figure 64 and noting the resulting static changeAEouT in the out-
put voltage on the digital voltmeter or differential voltmeter con-
nected to the output terminals. The power supply will perform within 
its load regulation specification at any rated output voltage com-

bined with any rated input line voltage. 

CV Ripple and Noise 

Definition: The residual ac voltage which is superimposed on the dc 
output of a regulated power supply. Ripple and noise may be speci-
fied and measured in terms of its rms or (preferably) peak-to-peak 

value. 

Ripple and noise measurement of an HP constant voltage power 
supply can be made at any input ac line voltage combined with any 

dc output voltage and load current within rating. 

The amount of ripple and noise that is present on the power supply 
output is measured either in terms of the rms or peak-to-peak value. 
The peak-to-peak measurement is particularly important for ap-
plications where noise spikes could be detrimental to a sensitive 

load, such as logic circuitry. The rms measurement is not an ideal 
representation of the noise, since fairly high output noise spikes of 
short duration could be present in the ripple and not appreciably 

increase the rms value. 

The technique used to measure high frequency noise or "spikes" 
on the output of a power supply is more critical than the low fre-

quency ripple and noise measurement technique; therefore the 
former is discussed separately on page 119. 

Figure 66A shows an incorrect method of measuring ripple, because 

a continuous ground loop exists, as illustrated by the dashed line. 

Any ground current circulating in this loop as a result of the differ-
ence in potential EG between the two ground points causes an IR 

drop which is in series with the scope input. This IR drop has a 60 
Hz line frequency fundamental, and is magnified by pickup on the 
unshielded leads interconnecting the power supply and scope. 
The magnitude of this resulting noise signal can easily be much 

greater than the true power supply ripple and can completely in-
validate the measurement. 

The same ground current and pickup problems can exist if an rms 
voltmeter is substituted in place of the oscilloscope in Figure 66. 

However, the oscilloscope display, unlike the true rms meter reading, 

115 



DC POWER SUPPLY HANDBOOK 

tells the observer immediately whether the fundamental period of 
the signal displayed is one-half cycle or one full cycle of the ac in-
put. Since the fundamental ripple frequency present on the output 
of an HP supply is 2fL , where f L is the line frequency (due to full-
wave rectification), an oscilloscope display showing a 2f L funda-
mental component is indicative of a "clean" measurement setup, 
while the presence of a fundamental frequency f L usually means 
that an improved setup will result in a more accurate (and lower) 
value of measured ripple. 

POWER SUPPLY CASE OSCILLOSCOPE CASE 

AC AC 

ACC Il ACC 
GND ONO 

A. INCORRECT METHOD. 

POWER SUPPLY CASE 

AC 

ACC 

ONO 

USE 3-T0-2 
ADAPTER TO 

BREAK ONO PATH 

OSCILLOSCOPE CASE 

AC 

ACC 

ONO 

B. CORRECT METHOD USING A SINGLE- ENDED SCOPE 

AC 

ACC 

GND 

POWER SUPPLY CASE OSCILLOSCOPE CASE 

SHIELDED 
TWO - WIRE 

VERTICAL 
INPUT 

AC 

ACC 

Gre 

C. CORRECT METHOD USING A DIFFERENTIAL SCOPE. 

Figure 66. Measurement of Ripple and Noise Output of a CV Supply 
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Figure 66B shows a correct method of measuring the output ripple 
of a constant voltage power supply using a single-ended scope. 
The ground loop path is broken with a 3-to-2 adapter in series with 
the power supply ac line plug. Notice, however, that the power 
supply case is still connected to ground via the power supply out-
put terminals, the leads connecting these terminals to the scope 
terminals, the scope case and the third wire of the power supply 
cord. 

Either a twisted pair or preferably a shielded two-wire cable should 
be used to connect the output terminals of the power supply to the 
vertical input terminals of the scope. When using shielded two-wire, 
it is essential for the shield to be connected to ground at one end 
only so that no ground current will flow through this shield preventing 
induced noise signals in the shielded leads. 

To verify that the oscilloscope is not displaying ripple that is induced 
in the leads or picked up from the grounds, the (±) scope lead should 
be shorted to the (—) scope lead at the power supply terminals. 

If the ripple magnitude of the "shorted" test approaches the actual 
ripple measurement, then the measurement results are unreliable. 

In most cases, the single-ended scope method of Figure 66B will 
be adequate to eliminate non-real components of ripple and noise 
so that a satisfactory measurement may be obtained. However, in 
more critical cases, or in measurements where both the power sup-
ply and the oscilloscope case are connected to ground (e.g. if both 
are rack-mounted), it may be necessary to use a differential scope 
with floating input as shown in Figure 66C. If desired, two single-
conductorshielded cables may be substituted in place of the shielded 

two-wire cable. 

Because of its common mode rejection, a differential oscilloscope 
displays only the difference in signal between its two vertical input 
terminals, thus ignoring the effects of any common mode signal 
introduced because of the difference in the ac potential between 
the power supply and scope case. Before using a differential input 
scope in this manner, however, it is imperative that its common 

mode rejection be verified by shorting together the two input leads 
at the power supply and observing the trace on the CRT. If this trace 

is a straight line, the scope is properly ignoring any common mode 
signal present. If it is not a straight line, then the scope is not re-

jecting the ground signal and must be realigned in accordance with 
the manufacturer's instructions. 

To be absolutely certain that the measurement setup is free from 
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extraneous signals, turn off the power supply and, with the scope 
connected across +S and —S terminals, ascertain that no signals 
are present on the CRT. The presence of noise signals under these 
conditions is indicative of pickup on the leads between the power 
supply and the scope. 

Figure 67 shows the relationship between the peak-to-peak and 
rms values of three common waveforms. The output ripple of a dc 
power supply usually approximates the sawtooth of Figure 67B, 

which is 1/3.464 of the peak-to-peak value displayed on the oscillo-
scope. The square wave is included in Figure 67 because it has the 
highest possible peak to rms ratio. Thus, the rms ripple and noise 
present on the output terminals of a power supply cannot be greater 

than 1/2 the peak-to-peak value measured on the oscilloscope. 
In most cases, the rms ripple on HP power supplies is between 1/3 
and 1/4 of the peak-to-peak value. 

Ep-p 

Ep-p.21-2 ERms = 2.828 ERms 

A. SINE WAVE 

Ep-p 

Ep-p 213 ERms. 3.464 ERms 

B. SAWTOOTH WAVE 

EP -P 

Ep-p 2 ERms 

C. SQUARE WAVE 

Figure 67. Three Ideal Ripple Waveshapes 
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Noise Spike Measurements 

When a high frequency spike measurement is being made, the 

oscilloscope must have a bandwidth of 20 MHz or more. Measuring 
noise with an instrument that has insufficient bandwidth may conceal 
high frequency spikes detrimental to the load. 

The test setups illustrated in Figures 66A and 66B are generally 
not acceptable for measuring spikes; a differential oscilloscope is 
necessary. Furthermore, the measurement concept of Figure 66C 
must be modified if accurate spike measurement is to be achieved: 

1 As shown in Figure 68, two coax cables must be substituted for 
the shielded two-wire cable. 

2. Impedance matching resistors must be included to eliminate 
standing waves and cable ringing, and the capacitors must be 
connected to block the dc current path. 

3. The length of the test leads outside the coax is critical and must 
be kept as short as possible; the blocking capacitor and the 
impedance matching resistor should be connected directly 
from the inner conductor of the cable to the power supply ter-

minals. 
4. Notice that the shields of the power supply end of the two coax 

cables are not connected to the power supply ground, since 
such a connection would give rise to a ground current path 
through the coax shield, resulting in an erroneous measurement. 

AC 

ACC 

ONO 

POWER SUPPLY 
CASE 

0.01 uf 

50 11. 
TERMINATION 

T- CONNECTOR OSCILLOSCOPE 
CASE 

T- CONNECTOR 

5 0 11 
TERMINATION 

Figure 68. Measurement of Noise Spikes 

AC 

ACC 

ONO 
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5. Using the setup in Figure 68, the measured noise spike values 
must be doubled, because the impedance matching resistors 
constitute a 2-to-1 attenuator. 

The circuit of Figure 68 can also be used for the normal measure-
ment of low frequency ripple and noise, by simply removing the four 
terminating resistors and the blocking capacitors and substituting a 
higher gain vertical plug-in in place of the wide-band plug-in re-
quired for spike measurements. Notice that with these changes, 
Figure 68 becomes a two-cable version of Figure 66C. 

CV Load Transient Recovery Time 

Definition: The time "X" for the output voltage to recover and to stay 
within "Y" millivolts of the nominal output voltage following a "Z" 

amp step change in load current, where: 

"Y" is specified separately for each model but is generally of the 
same order as the load regulation specification. 

The nominal output voltage is defined as the dc level half way be-
tween the steady state output voltage before and after the imposed 
load change. 

"Z" is the specified load current change, typically equal to the full 
load current rating of the supply. 

Transient recovery time may be measured at any input line voltage 
combined with any output voltage and load current within rating. 

If a step change in load current is imposed on the output of a power 
supply, the output voltage will exhibit a transient of the type shown in 
Figure 69. The output impedance of any power supply rises at high 
frequencies, giving rise to an equivalent output inductance; if the 
load current is switched rapidly enough so that the high frequencies 
associated with the leading edge of the step change can react with 
this effective output inductance, a spike will occur on the output 
terminals of any power supply. 

It is not possible to specify the amplitude of an output voltage spike 

caused by a load current change unless the rise time of the load 
change is first established. A power supply with an effective output 

inductance of 0.16 microhenries will exhibit a load transient spike 
of about 0.16 volts if the load is switched with a rise time of 1 amp/ 
p.sec, but the spike amplitude will be only 160p.V if the load is 
switched at 1 amp/millisecond. In this latter case the output spike 
would not be evident, since it would be small compared to the static 
change in output voltage associated with the full load change. 
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1 

IOUT 

EOUT 
Y 

FULL LOAD 

LNO LOAD 

LOAD CURRENT 

Y 

NOMINAL OUTPUT 
VOLTAGE 

VOLTAGE RECOVERY 

t 

Figure 69. Transient Recovery of a Constant Voltage Power Supply 

While an oscilloscope with a bandwidth of the order of 100 kHz is 
adequate to observe and measure the transient recovery time of 

a power supply, the spike amplitude for load switching times of less 
than 1 microsecond cannot be accurately determined, unless a very 
wideband scope is used. 

Of all power supply specifications, transient recovery time is sub-
ject to the widest variation in definition, and is not defined at all by 
some power supply manufacturers. Specifying that a power supply 
has a transient recovery time of "50 microseconds" is incomplete 
and conveys no information. Such a specification leaves to the 
imagination whether the power supply will recover during the 50 
iisecond interval to within 37% ( 1/e) of its initial value, to within 

10%, or "all the way." 

Since the falling portion of the transient remains reasonably con-
stant in spite of wide variations in the spike amplitude and the speed 
of the load change causing it, Hewlett-Packard has chosen to define 
transient recovery time in terms of recovery to a certain voltage 
level. For ease in oscilloscope measurement, this voltage level is 
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referenced to a nominal output voltage half-way between no load 
and full load. 

Reasonable care must be taken in switching the load resistance on 
and off. A hand-operated switch in series with the load is not ade-
quate, since the resulting one-shot displays are difficult to observe 
on most oscilloscopes, and the arc energy occurring during switch-
ing action completely masks the display with a noise burst. Transistor 
load switching devices are expensive if reasonably rapid load current 
changes are to be achieved. 

Hewlett-Packard employs a mercury-wetted relay, using the load 
switching circuit of Figure 70. When this load switch is connected 
to a 60 Hz ac input, the mercury-wetted relay will open and close 
60 times per second. Adjustment of the 25K control permits adjust-
ment of the duty cycle of the load current switching and reduction 
in jitter of the oscilloscope display. 

The maximum load ratings listed in Figure 70 must be observed in 
order to preserve the mercury-wetted relay contacts. Switching 
of larger load currents can be accomplished with mercury pool 
relays; with this technique fast rise times can still be obtained, but 
the large inertia of mercury pool relays limits the maximum repeti-
tion rate of load switching and makes the clear display of the transient 
recovery characteristic on an oscilloscope more difficult. 

TO 
POWER SUPPLY 

OUTPUT - 
TERMINA LS 

LOAD SWITCH CHASSIS 

CONTACT -/ 
PROTECTION 
NETWORK 

* USE WIRE WOUND RESISTOR 

W.E. TYPE 2766 

OR 

CLARE TYPE 
HGPI 002 

MAXIMUM LOAD 
RATINGS OF SWITCH: 

5 AMPS 
500 VOLTS 
250 WATTS 

(NOT 2500 WATTS) 

Figure 70. Automatic Load Switch for Measuring Transient Recovery Time 
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CV Stability 

Definition: The change in output voltage for the first eight hours 
following a 30 minute warm-up period. During the warm-up and 
measurement interval all parameters, such as load resistance, am-
bient temperature, and input line voltage are held constant. 

This measurement is made by monitoring the output of the power 
supply on a differential voltmeter or digital voltmeter over the stated 
measurement interval; a strip chart recorder can be used to provide 
a permanent record. A thermometer should be placed near the sup-
ply to verify that the ambient temperature remains constant during 
the period of measurement. The supply should be put in a location 
immune from stray air currents (open doors or windows, air con-
ditioning vents); if possible, the supply should be placed in an oven 
which is held at a constant temperature. Care must be taken that the 
measuring instrument has a stability over the eight hour interval 
which is at least an order of magnitude better than the stability speci-
fication of the power supply being measured. Typically, a supply 
may drift less over the eight hour measurement interval than during 
the 1/2 hour warm-up period. 

Stability measurements are frequently made while the supply is 
remotely programmed with a fixed wire-wound resistor, thus avoid-
ing accidental changes in the front panel setting due to mechanical 
vibration or "knob-twiddling." 

CV Temperature Coefficient 

Definition: The change in output voltage per degree Centigrade 
change in the ambient temperature following a 30 minute warm-up. 
During the measurement interval the ac line voltage, load resistance, 
and output voltage setting are held constant. 

The temperature coefficient of a power supply is measured by placing 
the power supply in an oven and varying it over any temperature 
span within its rating. ( Most HP power supplies are rated for opera-
tion from 0°C to 55°C). The power supply must be allowed to ther-
mally stabilize for a sufficient period of time at each temperature of 
measurement. 

The temperature coefficient specified is the maximum temperature-
dependent output voltage change which will result over any 5°C 
interval. The differential voltmeter or digital voltmeter used to meas-
ure the output voltage change of the supply should be placed out-
side the oven and should have a long term stability adequate to in-
sure that its drift will not affect the overall measurement accuracy. 
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CV Programming Speed 

Definition: The time required following the onset of a step change in 
the programming input for the output to change from an initial value 
to within a certain band of the newly programmed value. This band 
is typically specified in millivolts for a well regulated CV supply, 
and in milliamps for a CC supply. 

POWER SUPPLY 

*RL SHOULD BE REMOVED 

WHEN CHECKING DOWN-

PROGRAMMING SPEED TO 

SIMULATE WORST CASE 

CONDITIONS. 

Figure 71. CV Programming Speed Test Setup 

This measurement is made by monitoring the output voltage while 
rapidly changing the remote programming resistance. Up-program-
ming requires that the remote programming resistance ( Rp in Fig-
ure 71) be varied from zero ohms to a value that will produce maxi-

mum rated output voltage, while down-programming involves 
changing the resistance from the value that produces maximum rated 

output voltage to zero ohms. As shown on Figure 71, the load re-
sistance RL is included when checking up-programming and is re-
moved for down-programming. This is done to present the worst 
possible conditions for programming in each direction. A method 

for measuring the programming speed of an HP power supply is as 
follows: 

1. Restrap the power supply rear barrier strip for remote resist-
ance programming, constant voltage. The strapping pattern for 
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remote resistance programming of laboratory-type power sup-
plies is illustrated in each HP Operating and Service Manual. 

2. Disconnect the output capacitor. On most HP supplies the out-
put capacitor can be disconnected by simply removing the 
appropriate straps on the rear barrier strip as illustrated in the 
Operating and Service Manual. A minimum amount of output 
capacitance is permanently wired to the output and should 
not be removed to increase the programming speed, because 
the supply could oscillate under certain load conditions. The 
programming speed increases by a factor of from 10 to 100 
when the output capacitor is removed. Further information 
concerning the effect of the output capacitor on programming 
speed is given on page 94. 

3. Select the value of the programming resistor that will produce 

maximum output voltage of the supply. This value is obtained 
by multiplying the programming coefficient ("X'« ohms/volts) 

by the maximum rated output voltage of the supply. The pro-
gramming coefficient is printed on the HP data sheet and in the 
Operating and Service Manual for each model. 

4. For supplies with programming speeds of less than 8 milli-

seconds, a mercury-wetted relay ( of the type used for checking 
transient recovery time) can be employed to switch the pro-
gramming resistance between zero and maximum at a 60 Hz 
rate. The relay is connected as shown on Figure 71. For supplies 
with slower programming speeds (above 8 milliseconds) a 
hand-operated switch must be substituted in place of the mer-
cury-wetted relay across the programming resistance. A dc 

coupled oscilloscope is connected across the output terminals 
to allow observation of the one-shot displays. 

The constant voltage programming speed of a power supply using 
a remote programming voltage is identical to the speed obtained 

when using a remote resistance provided that the remote voltage 
changes rapidly enough. 

CV Output Impedance 

The output impedance of a power supply is normally not measured, 
since the measurement of transient recovery time reveals both the 
static and dynamic output characteristics with just one measure-
ment. The output impedance is commonly measured only in those 
cases where the exact value at a particular frequency is of engineer-
ing importance; consult the Operating & Service Manual or the 
factory for further details. 
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CONSTANT CURRENT POWER SUPPLY MEASUREMENTS 

For the most part the instruments, methods, and precautions nec-
essary for the proper measurement of constant current power sup-
ply characteristics are identical to those already described for the 
measurement of constant voltage power supplies. As Figure 72 
shows, there are only two major differences which distinguish the 

constant current measurement setup from the constant voltage 
measurement setup. 

1 The load switch is connected in parallel rather than in series 

with the power supply load, since the power supply perform-
ance will be checked between short circuit and full load rather 
than open circuit and full load. 

2 A current monitoring resistor is inserted between the output 
of the power supply and the load. To simplify grounding prob-
lems, one end of this monitoring resistor should be connected 
to the same output terminal of the power supply which will be 
shorted to ground. All constant current measurements are made 
in terms of the change in voltage across this resistor; the current 

performance is calculated by dividing these voltage changes by 
the ohmic value of Rm. 

VARIABLE 

AUTO-

TRANSFORMER 

CONSTANT CURRENT 

POWER SUPPLY 
UNDER TEST 

DIFFERENTIAL 
OR DIGITAL 

DC VOLTMETER 

Figure 72. Constant Current Measurement Setup 

AUTOMATIC 
•"^ LOAD SWITCH 

Many of the precautions listed for the constant voltage measure-
ment setup (page 110) are equally applicable to a constant current 

setup. In addition, other precautions peculiar to a constant current 
measurement setup are listed on the following pages. 

126 



PERFORMANCE MEASUREMENTS 

Precautions 

Rm Must be Treated as a Four-Terminal Device. 

In the manner of a meter shunt, the load current must be fed from the 
extremes of the wire leading to this resistor, while the voltage mon-
itoring terminals connected to the three measuring instruments 
should be located as close as possible to the resistance portion it-

self, as shown in Figure 73. 

LOAD 
CURRENT 
TERMINALS 

VOLTAGE 
MONITORING 

TERMINALS 

Figure 73. Four-Terminal Current Monitoring Resistor 

Use Precision, Low T. C. Monitoring Resistor. 

Resistor Rmshould be a precision ammeter shunt or a wire-wound 
resistor (20ppm/°C or better) and should be operated at a power 
less than 1/10 (preferably 1/100) of its rating so that its surface 
temperature will not be high compared with ambient and therefore 

not subject to slow thermal fluctuations that cause similar changes 
in the resistance value. 

With typical wire-wound power resistors, operation at 10% of power 
rating will be accompanied by approximately a 50°C temperature 
rise above ambient at the surface of the resistor; the "bobble," or 
slow variation in this surface temperature, will amount to about 20% 

of the rise above ambient— in this case a " bobble" of about 10°C 
(peak-to-peak). Using a 20 ppm resistor, this 10°C variation will 

cause roughly a .02% variation in the measured current, even though 
the monitoring resistor is being operated at only 1/10 of its power 

rating! 

Keep Temperature of Rm Constant 

Resistor Rm should be protected against stray air currents (open 
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doors or windows, air conditioning vents), since these will change 
the resistance value, degrading the stability and temperature co-
efficient measurements. 

Check Voltage Control Setting. 

When measuring constant current performance specifications, the 
power supply's voltage control must be set above the maximum 
output voltage that the supply will deliver, since voltage limiting 
action will cause a drop in output current, increased ripple current, 

and other performance changes not properly ascribed to the constant 
current operation of the supply. 

Do not Connect DC Voltmeter Directly Across Power Supply 
Output Terminals. 

Note that in Figure 72 the DC voltmeter used to monitor the output 
of the power supply is connected outside the current monitoring 
resistor. Thus, the true output voltage of the supply is obtained by 
adding this voltmeter reading to the voltage across the current mon-
itoring resistor. If the voltmeter were placed on the left side of the 
current monitoring resistor a change in output voltage of the con-

stant current supply would result in a change in current through the 
voltmeter input resistance. As can be seen from Figure 74, this 
change in current through the incorrectly connected voltmeter will 
be accompanied by an equal magnitude change in current through 

the load and the current monitoring resistor, thus degrading the 
measured constant current performance. 

DIGITAL 
VOLTMETER 

OR 
DI FFRENTIAL 

VOLTMETER 

Figure 74. External Voltmeter Measurement Error on CC Power Supply 
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Of course, if a sufficiently high resistance dc voltmeter is used, 
this precaution need not be observed, provided the voltmeter input 
current is small compared to the current change being measured. 

Other precautions associated with the proper measurement of con-
stant current power supply specifications are given in the following 
paragraphs as required. 

CC Line Regulation 

Definition: The change A ' OUT in the steady state value of dc out-
put current due to a change in ac input voltage over the specified 

range from low line (e.g. 103.5 volts) to high line (e.g. 126.5 volts), 
or from high line to low line. 

Measurement is accomplished by turning the variable autotrans-
former of Figure 72 through the specified input voltage range and 
noting the change in the reading on a digital voltmeter or differential 
voltmeter connected across the current monitoring resistor; this 
change, when divided by the value of the current monitoring re-
sistor, yields the change in output current. The power supply will 

perform within its line regulation specification at any rated output 
current combined with any rated output voltage. 

CC Load Regulation 
Definition: The change A I OUT in the steady state value of dc out-
put current due to a change in load resistance from short circuit 
to a value which yields maximum rated output voltage. 

Load regulation is measured by closing or opening the switch in 
Figure 72 and noting the resulting static change on the digital volt-' 
meter or differential voltmeter connected across the current moni-
toring resistor. The power supply will perform within its load regu-

lation specifications at any rated output current combined with any 
rated line voltage. 

CC Ripple and Noise 
Definition: The residual ac current which is superimposed on the 
dc output current of a regulated supply. Ripple and noise may be 
specified and measured in terms of its rms or (preferably) peak-

to-peak value. 

The peak-to-peak voltage measured on the oscilloscope across Rm 
is divided by Rm to obtain the peak-to-peak ripple current. For the 

rms value, a true rms voltmeter reading is taken across Rm after 
first utilizing the oscilloscope to insure that the input waveform to 
the rms voltmeter has a 2f L (f L = ac input line frequency) funda-
mental component and is free of extraneous signals not coming 

from the power supply output. 
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Most of the comments pertaining to the ground loop and pickup 
problems associated with constant voltage ripple and noise meas-
urement also apply to the measurement of constant current ripple 
and noise. Figure 75 illustrates the most important precautions to 
be observed when measuring the ripple and noise of a constant 
current supply. The presence of a 2f L waveform on the oscillo-
scope is normally indicative of a correct measurement method. A 
waveshape having a fundamental component at f L is typically as-

sociated with an incorrect measurement setup. As before, the basic 
measuring instrument is an oscilloscope. The measurement of CC 

noise spikes is similar to CV noise spikes as discussed on page 119, 
except that an appropriate load resistor RL and current monitoring 
resistor Rmmust be included, as illustrated in Figure 75C. 

The peak-to-peak/rms conversion factors suggested by Figure 67 
and comments in the previous sections of this Handbook dealing with 
constant voltage pickup and ground loop effects, as well as the section 

dealing with the measurement of constant voltage ripple and noise, 
apply in full to constant current ripple and noise measurements. 

CC Load Transient Recovery Time 

Definition: The time "X" for output current recovery to within "Y" 

milliamps of the nominal output current following a "Z" amp step 
change in load voltage—where: 

"Y"is generally of the same order as the load regulation specification. 

The nominal output current is defined as the dc level half way between 
the static output current before and after the imposed load change. 

"Z" is the specified load voltage change, normally equal to the full 
load voltage rating of the supply. 

The test set-up used for measuring constant voltage transient re-
covery time should be used for measuring constant current transient 
recovery time except that the contacts of the mercury relay are con-
nected in parallel rather than in series with the load resistance ( re-
fer to Figure 72). The waveforms obtained are similar to those in-
dicated on Figure 67, but keep in mind that "Y" in millivolts must 
be converted to milliamps by dividing the value of " Y" by the ohmic 

value of the current monitoring resistor, Rm.All other comments and 
conditions mentioned previously under CV Transient Recovery Time 
apply equally to the constant current measurement. 
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POWER SUPPLY CASE 
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OSCILLOSCOPE CASE 
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A. INCORRECT METHOD - GROUND CURRENT 1G PRODUCES 
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AC 
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GND 
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BREAK GND PATH 
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TERMINAL OF POWER SUPPLY MUST BE HELD TO ABSOLUTE 

MINIMUM. 

B. A CORRECT METHOD USING A SINGLE- ENDED SCOPE. 
3-T0-2 ADAPTER BREAKS GROUND CURRENT LOOP, TWISTED 
PAIR REDUCES STRAY PICKUP ON SCOPE LEADS. 
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FLOATING INPUT. GROUND CURRENT PATH IS BROKEN; 
COMMON MODE REJECTION OF DIFFERENTIAL INPUT SCOPE 
IGNORES DIFFERENCE IN GROUND POTENTIAL OF POWER 
SUPPLY 11 SCOPE, SHIELDED TWO- WIRE FURTHER REDUCES 

STRAY PICKUP ON SCOPE LEAD. 

Figure 75. Measurement of Ripple and Noise Output of a CC Power Supply 
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CC Stability 

Definition: The change in output current for the first 8 hours follow-
ing a 30 minute warm-up period. During the interval of measurement 
all parameters such as load resistance, ambient temperature, and 
input line voltage are held constant. 

The stability of a power supply in constant current operation must 
be measured while holding the temperature of the power supply 
and the current monitoring resistor Rm as constant as possible. 
Variations of the voltage across this current monitoring resistor over 
the specified 8-hour interval are measured on the digital or differ-
ential voltmeter and may be recorded on a strip chart recorder. 
Since such voltage measurements are generally being made at a 
rather low level, it is important to check that the stability of the 
measurement instruments is adequate. 

CC Temperature Coefficient 

Definition: The change in output current per degree Centigrade 
change in the ambient temperature following a 30 minute warm-up. 
During the measurement interval the ac line voltage, output current 
setting and load resistance are held constant. 

The constant current power supply must be placed in an oven and 
operated over any temperature span within the power supply rating. 
The current monitoring resistor Rm should not be placed in the oven, 
but must be held at a constant temperature while this measurement 
is made. 

Other Constant Current Specifications 

The measurement of output impedance, programming speed, and 
other performance specifications is less often required in the case 
of constant current power supplies. Complete information on proper 
methods of measuring any other constant current specifications 
beyond those listed here can be obtained by contacting your near-
est HP field sales office. 
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AC power, input connections  57 
input wire size   58 
interchanging ac and acc leads   57 
interchanging ac and ground leads   57 

Ambient temperature, definition  1 
Amplifier, comparison (see Comparison amplifier) 
Amplifier, meter (see Meter circuits) 
Amplifier, power supply as a   50,88 
Auto-Parallel operation, connections  103 

definition  1 
Auto-Series operation, connections  105 

definition  2 
Auto-Tracking operation, connections  107 

definition  2 
Autotransformer, rating for use with regulated supply  58 

Bipolar reference supply, in power supply/amplifier   51 
Braided ground leads  73 

Common point, circuit   13, 29 
in high performance constant current supply  45 

Common point, dc, definition  67 
for individually grounded multiple loads  70, 81 
for loads floated at dc potential above ground   72 
for multiple ungrounded loads  68 
for single grounded load  69 
for single isolated load  67 

Comparison amplifier, in constant current supply  25 
in constant voltage supply   13 
in crowbar circuits   40 
in high performance constant current supply  46 
in piggy-back supply   22 
input voltage limiter  32, 39 
summing point   31 
temperature sensitivity compensation   31 
using matched transistor pairs   30 
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Conduction time, SCR (see Preregulator) 
Connections, checklist for power supply  55 
Constant current supply, applications  24 

basic feedback loop  25 
constructed from constant voltage supply   108 
definition  3 
limitations  24 
output capacitance   24 
output characteristic   3. 24 
output impedance  23 
performance measurements   126 

Constant voltage/constant current supply, crossover 
load resistance  28 

crossover operation  2A 

definition  4 
interaction of voltage and current circuitry  27 
output characteristic   4. 27 
overload protection  28 

Constant voltage/current limiting supply, current 
limiting action  28 
definition  5 
output characteristics   5 29 
relation to constant voltage/constant current supply   28 

Constant voltage supply, basic feedback loop  13 
conversion to constant current supply   108 
definition  4 
output characteristic   4 12 
output impedance   12 
series regulated  12 
shunt regulated   12 

Crossover operation (see Constant voltage/constant current supply) 

Crowbar protection circuit, definition   8. 39 
indicator light   41 
overvoltage control range  40 
overvoltage margin   42 
response time  41 
tandem operation  41 
voltage sensing method   40 

Current monitoring resistor   127 

Decoupling capacitor, load   64 
Differential amplifier, in comparison amplifiers  30 
Differential oscilloscope, in performance measurements   117 
Digitally controlled power supplies, basic structure  52 

bipolar power amplifier   53 
data feedback to computer  54 
data storage   53 
definition  52 
digital to analog converter   53 
interface circuits   52 
isolation circuits  52 
overcurrent protection   54 
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Distribution terminals, dc, definition  59 
location method  59 80 

Drift (see Stability) 
Duty cycle loading   97 
Dual output, with resistive divider  102 

Electronic power supply, definition   11 
Equivalent circuit, power supply with load  62,94, 95 
Error sensing, normal  74 

remote  74 

Feedback, in constant current supply  25 
in constant voltage supply   13 
in high performance constant current supply  46 
in operational amplifier   14 
positive, effect on output impedance   33 

Floating operation  72 

Gain, regulator loop   64 
Ground leads, braided   73 
Ground loop, definition   64 

isolation from dc distribution circuits  66 
Ground point, dc   73, 81 
Ground, power cord safety  66 
Guard amplifier, in high performance constantcurrent supply  45 

used to measure output voltage  47 
High performance constant current supply, circuit 

common point   45 
feedback control of series regulator   46 
guard amplifier  45 
ideal characteristics  43 
output impedance  48 
power transformer electrostatic shielding   49 
shunt impedances causing regulation degradation  44 
voltage limit circuit   47 

High performance constant voltage/current limited supply  42 
High performance power supply, definition  42 
High voltage power supply   22 

output voltage control methods  23 
High voltage regulator (see Piggy-Back regulator) 

Impedance, output, calculation of  62 
of constant current supply   23 
of constant voltage supply   12 
definition  7 
derived in terms of amplifier parameters  33 
effect of positive feedback on   33 
of high performance constant current supply  48 
measurement method  125, 132 
versus frequency, typical for constant voltage supply  7 
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Line regulators, used with regulated power supply  58 
Load, active  100 
Load connections, multiple supply system  80 

single supply system  59 
Load decoupling capacitor  64 
Load switch, automatic   122 
Load wire rating  61, 78 
Loop gain  64 
Loop, ground (see Ground loop) 

Magnetic amplifier, as preregulator   20 
Meter circuit, amplifiers   36 

current   36 
multiple range   rAR 

37 

voltage   37 

Nominal output voltage   7, 120 

Operational amplifier, with dc input signal   15 
as a dc power supply  16 
dc power supply terminology  17 
definition  14 
effect of high gain   15 
restrictions on power supply behavior  17 
stabilization   16 

Output capacitance, in high performance constant 
current supply   48 
removal of to increase programming speed  95 

Output impedance (see Impedance, output) 
Overload protection   28, 39 
Overvoltage protection circuit (see Crowbar protection circuit) 

Parallel operation   103 
Peak load, power supply equivalent circuit during   99 

voltage drop during   98 
Performance measurements, introduction to   110, 126 

line regulation   114, 129 
load regulation   114.129 
output impedance   125, 132 
ripple and noise   115, 129 
spikes   119, 130 
stability   123, 132 
temperature coefficient   123, 132 
transient recovery  120, 130 

Performance, precautions when measuring   111, 127 
Piggy- Back regulator, definition   21 

overload protection  23 
short circuit protection   23 
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Power supply/amplifier, as an amplifier   51 
conversion to constant current output  51 
definition  50 
operating modes   51 
as a power supply  50 

Preregulator, definition   18 
Preregulator, SCR, circuit principles   18 

reaction time   20 
suppression of RFI  20 

Preregulator, variable transformer   18 
Programming coefficient   84, 91 
Programming, elimination of switching overshoots   86 

protection against open terminals  87 
remote resistance   83 
resistor characteristics   85 
switching circuits  86 

Programming, remote voltage  88 
unity gain   88 
variable gain  89 

Programming speed, definition  8 
equivalent circuit during programming  94 
measurement method  124, 132 
method of increasing  95 
of power supply/amplifiers  96 

Protection circuits, comparison amplifier,input 
voltage limiter 32, 39 

current limit, back-up  39 
open sensing lead   39 , 77 
overvoltage crowbar  39 
overvoltage limit, preregulator  38 
rectifier damping network  38 
reverse voltage   38, 39 
short circuit and overload 23, 28, 39 
turn-on overshoot   39 

Reference supply, circuits  30 
regulators  29 
zener diode as reference element  29 

Regulation, line, definition  5, 6 
measurement  114. 129 

Regulation, load, definition   6 
measurement  114, 129 

Regulator, line  58 
piggy-back   21 
SCR  20 
series  12. 34 

Remote programming, accuracy  91 
adjustment of characteristic   92 
cables and connections  84 
definition  9 
resistance control   83, 90 
voltage control  88. 90 
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Remote sensing, connections  74 
current in leads   76 
definition  8 
effect on current limit operation  80 
with external output capacitor 80 
oscillation when using  79 
protection against open leads   39,77 

Reverse current loading  100 
Ripple and noise, definition  9 

measurement  115, 129 
Rubber-Banding  107 

Safety ground, in power cord  66 
Sampling resistor (see current monitoring resistor) 
SCRs, definition   Ic 

In prerégulator circuit   19 
in regulator circuits   20 

Sensing, remote  74 
Series operation   105 
Series regulator   12 

cascode configuration  48 
circuit principles   34 
constant voltage drop across   20 
feedback control principle   -13 

Short circuit protection   23, 28, 39 
Spike measurement   119, 130 
Stability, definition   10 

measurement  123, 132 
Summing Point, in comparison amplifiers   31 

in operational amplifiers   14 

Temperature coefficient, definition   10 
measurement  123. 132 
of remote programming resistors  85 
of sensing leads  76 

Tracking operation (see Auto-Tracking) 
Transient recovery time, definition  6 

measurement  120. 130 

Voltage divider, for dual output  102 
Voltage drop, in ac power input cable  58 

constant across series regulator   20 
in load leads   74 
in sensing leads   76 

Wire ratings, ac power input  58 
load   61.78 

Wire size, resistance per foot  74 

Zener diodes, as reference element . 16 
controlled by reference regulator   29 
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