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A. H-LAB POWER SUPPLY CIRCUIT PRINCIPLES

A1, INTRODUCTION

Since its inception nearly ten years ago Harrison Lab-
orateries has been a leader in the design of versatile,
high performance, wguhxted DC power supplies so
necessary for the proper performance of most of today's
complex load devices. A single H-Lab D( rv;_,u]a,tecl
power supplv employs engineering techuiques drawn
from the latest advances in many disciplines—low-level,
low-noise amplification, high power, wide-band am-
plifving techniques, operational amplifier and feedback
principles, pulse circuit techmigques, and the newest
developments in semiconductor devices,

The full benefits of the engineering which has gone
into a modern DC regulated power supply cannot be
realized unless the user (1) recognizes the inherent
versatility and high performance capabilities, and (2}
understands how to apply these features. These are the
two ohjectives of this Application Manual,which ineludes
an extensive coverage of power supply cireuitry, fea-
tures, specifications, measurement methaods, and apphi-
cation tips.

Electronic power supplies ean be defined as circuits
which transform eleetrical input power—either AC or
DC—into output power—either AC or DC. This defini-
tion thus excludes power supplies based on rotating
machine principles and distinguishes power supplies
from the more general ecategory of electrical power
sources which derive eleetrical power from other energy
forms (e.g. batteries, solar cells).

Electronic power supplies may be subdivided into
four classifications:

{I) ACin, AC ocut—line reguiators and variable frequency
supplies.
(2) DC in, DC out—eonverters

(3) DC in, AC out—inverters
(4) AC in, DC out

This last subeategory is by far the most common of
the four and is generally the one referred to when speak-
ing of a “power supply”’. All of the topies of this Appli-
eation Manual relate to AC Input, DC Output power
supplies.

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; most practical applications
require a reguiated power supply which interposes a con-
trol element either in shunt with or in series between
the rectifier and the load device. The shunt regulator,
which must withstand the full output voltage under
normal operating conditions and is less efficient for most

applications, is less often used than the series regulator,

A2. CONSTANT VOLTAGE POWER SUPPLY

An wdeal constant voltage power supply would have a
zero output impedance at all frequencies. Thus, as
shown in Figure 2, the voltage would remain perfectly
constant in spite of any changes in output current
demanded hy the load.
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Fraure 1. Seriea Regulator Circuit

Figure 2. Tdeal constant voltage power supply sutput
characteristic.

Figure 3 shows the basic feedback cireuit principle
used in all H-Lab constant voltage power supplies. The
AC input, alter passing through a power transformer, is
rectified and filtered. The series regulator, by feedback
action, alters its voltage drop 2o as to keep the regulated
DC output voltage constant in spite of changes In the
unregulated DC and other disturbaneces.
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Frgure 3. Conatant voltage regulated DC power supply.

The comparison amplifier continuously moniters the
difference between the voltage across the front panel
voltage control Rp and the output voltage. If these volt-
ages are not equal, the amplified error output of the
comparison amplifier is of such a magnitude and polarity
asto change the conduction of the series regulator, there-
by changing the current through the load resistor until
the output voltage equals the voltage Ep across the
voltage control.

Since the net difference between the two voltage in-
puts to the comparison amplifier is kept at zero by feed-
back action, the voltage across the resistor Rp is also
held equal to the reference voltage Er. Thus the current

I» flowing through Rg is constant and equal to %E-
:FL

The input impedance of the comparison amplifier is very




high, and esgentially all of the current Tp flowing through

- Rr also flows through Rp. Because this programming
eurrent Ip is constant, Ep (and hence the output volt-
age) is variable and directly proportional to Re. Thus
the output voltage becomes zero if Rp is reduced to
zero ohms,

A3. THE REGULATED DC POWER SUPPLY—
AN OPERATIONAL AMPLIFIER
An operational amplifier is a particular type of volt-
age feedback amplifier having its feedback path con-
nected as shown in Figure 4.* With large values of A,
the “summing point’’ 8 is essentially at zero potential or
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R

“virtual ground”, and the output signal Eopr = — R

Equr

Reo
Eoug = — R.’ Ry .

i

FiaUkE 4. An operational amplifier

Figure 5 shows the same operational amplifier util-
izing as its input signal the DC voltage developed across
a reference diode. An cutput capuacitor and load resistor
have also been added. The topology of Figure 5 is iden-
tical to Figure 3, except that in Figure 5 the series reg-
ulator has been included as the last stage nside the
amplifier block, and the B+ source and auxiliary rec-
tifiers have not been shown explicitly. A constant volt-
age power supply, therefore, can be thought of as a
particular type of operational amphfier.
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Trsvre §. Operational amplifier representation of a
canstant voltage power supply.

The fullowing chart gives examples of the correspond-
ence hetween power supply and operational amplilier
terminology:

GEMNERAL CATEGORY SPECIFIC EXAMPLE

Operational Amplifier
B+ SBource

Amplifier

Input. Signal

(ratput Bighal

Constant ¥oltage Power Supply

Rectifier
Regulator

3C Reference
Regulated DC

*An introduction to the operational amplificr concept can be found in Mill-
man, J , and H. Tanb: "'Pulse and Digital Circuits," chap. !, MeGraw-Hill
Buok Company, loe., New York, 1956,

Thus, the function of a regulator in a constant voltage
DC power supply is to reproduce the reference input as
accurstely as possible, with a voltage gain of %—P. Ona

R
percentage basis the power supply performance {tem-
perature coefficient, stability, line regulation, ripple,
ete.) can be no better than the performance of its
reference supply.

Restrictions are generally added to the design of a
regulated power supply which limit its perfarmance as
compared with the more general case of the operational
amplifier. Among the more important of these are:

1. The power supply is heavily loaded with an output

capacitance Cq in order to insure fesdback loop atability
for any phase angle load.

2. The power supply can conduct current in one direction
only, whereas an vperational amplifier will in most cases
be eapable of an AC output.

3. The output of & DC power supply 15 usually current
limited. While there is & maximum current which can be
obtained from any amplifier, a current limited or Con-
stant Voltage/Constant Current regulated power supply
differs m that there is a very sharp limif, to the maximum
output current. '

The answers to many applieation problems and ques-
tions involving power supply performance can he ohtain-
ed from a simple block diagram consideration of a power
supply as an operational amplifier which is capacitively
loaded, current iimited, and has a unidirectional DC
output.

A4. REFERENCE CIRCUITRY

In all H-Lab power supplies the reference voltage is
developed across a reference zener diode having a low
temperature coeflicient and a low ineremental resistance.
This reference zener diode is in turn fed from a reference
regulator—actually a low power, closed loop auxiliary
supply designed to keep the operating eurrent through
the reference zener diode constant, thereby assuring
reference voltage immunity against line voltage changes
and other disturbaneces.

Rather than to develop simply one output voltage, a
reference circuit is generally used in H-Lab power sup-
plies to develop several voltage levels from one auxiliary
supply for use at various points throughout the regulator
eireuitry.

Figure 6 is a simplified schematic of a typical reference
circuit, Nearly all auxiliaries in H-Lab supplies are
referred to the negative output (or negative sensing)
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Fieure 6. A simplified reference circuit




terminal as a cireuit common or ground. Consequently,
in Figure 6 the terminal of the reference circuit which is
connected to negative sensing has been designated with
a8 ground symbol, and most voltages are given with
respect to this common reference point.

This reference circuit is actually a small closed loop
regulator employing Qs as the series regulating element
and Qc as the comparison amplifier. D) and Dy are low
ternperature coefficient zener diodes with low incremen-
tal resistance; thus the voltage fluctuation across these
reference diodes is even less than any small change
which may be present across the 18 volt regulated out-
put of this reference auxiliary.

A5, COMPARISON AMPLIFIER CIRCUITRY

The comparison amplifier circuitry is second in impor-
tance 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. A
transistor has an emitter-to-base voltage which varies
approximately 2 mv per degree Centrigrade. Buch a
voltage variation in the input amplifier stage would be
accompanied by an equal change in the power supply
output voltage. By using two similar transistors in a
differential amplifier configuration and placing them in
thermal proximity, this effect is largely cancelled and
the drift performance of thesupply ismarkedly improved.
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Fraure 7. Constant voltage regulator showing simplifed
comparison circuit.

The feedback regulating action characteristic of a
constant voltage power supply can be demonstrated by
assuming that a disturbing influence has caused a mo-
mentary increase in the “Regulated DCY output volt-
age of Figure 7. If we regard the negative output ter-
minal as “common” or “ground”’, this output voltage
increase is equivalent to the positive output terminal
and the summing point “8" becoming more positive.
The collector of Q1 thus goes negative and ecauses a more
positive potential to be imptessed on the base of the
series regulator transistor, reducing its conduction. The
output voltage then decreases back to its normal value
and the error voltage between the base of Q; and Qg is
reduced to zero,

Since any change in the resistance value of Ry or Rp
will cause a change in the output voltage, wire-wound
elements having a very low temperature coefficient are
used. These resistors are operated at a level which is
considerably less than their power rating so that their
surface temperature will not be significantly higher than
ambient, and subject to thermal fluctuations.

Figure 8 shows several refinements which Harrison
Laboratories typically includes in its comparison cireuit
in order to improve performance and reliability. Capae-
itor C; is added to improve the regulator performance
with regard to ripple and other AC disturbances. Diodes
D3 and Dy are added to limit the maximum voltage
which can be impressed on the base of Q. Normally
there is zero volts across these diodes and they are not
conducting; sudden changes in the output voltage caused
by shorting the outpui terminals or rapidly altering the
value of Rp will cause Dz and Dy to conduet, thereby
preventing the burn-out of transistor Qj. Resistor Rais
added to balance the I¢q effects of the bases of Q1 and
Qs2, and is nominally equal to the base impedance of Q3.
Variable resistor R4 is one way in which positive feed-
back can be added within the regulator loop; the reason
for the addition of this positive feedback is discussed in
the next section.
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Figure 8. Constant voltage regulator with improved
comparison eircuit,

Aé. ZERO OUTPUT IMPEDAMNCE

As mentioned earlier, the ideal constant voltage
power supply would have a zero output impedance at all
frequencies; this would result in no change in output
voltage for a change in output current from no load to
full Ioad, 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, but one can
be realized which has a zero output impedance at zero
frequency (DC) using the circuit shown in Figure 8.
The output impedance of a regulated power supply
{or any negative voltage feedback amplifier) is given by
Zo *

ZOF— 1- .ﬂ& {1)

Zor = the output impedance with the feed-
back loop closed

Zo = the output impedance which would be
present if amplifier stagés within the
regulator were not activated

u = the combined veltage gain of all am-
plifier stages within the regulator feed-
back loop

g = the feedback factor from the output
terminals to the first amplifier stage.

u is actually the compodite of the several stages of gain
within the feedback loop. Therefore,

where

*For negutive fredback, ufl ina negative number, and the denaminaterof (1)
ig & positive number greater than unity.



B= g g PBgeoeoonnannns ’ where the subscripta
refer to the first, second, third stage, ete. Consequently,
a more exact description of the output impedance of a
power supply is
7 Zo (2)

OF =

L=y My My e eesnn B

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

therefore 8

where: pu,’ is the gain of the first stage without local
positive feedback
#, is the local positive feedback factor for the
first stage.

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

Z Zo
OF =
I”FI'J‘QJ"S" e nw s 8 (4)
= F'].’ Bl

It can be seen that if 8,, the local positive feedback
factor for the first stage, is adjusted so that u,’8, exactly
equals unity, then the denominator of equation (4)
increases without bound and the output impedance Zor
of the power supply becomes zero!

Figure 8 shows one way of adding positive feedback
to a power supply regulator to obtain zero output
impedance. Control R4 furnishes the local positive feed-
back from the collector of Q) to the base of Q2. Adjust-
ment of this control enhances the gain of this comparison
amplifier and permits the power supply to retain its
static output voltage perfectly constant in spite of a no
load to full load change in load current.

A7. CONSTANT CURRENT POWER SUPPLY

The ideal constant current power supply would exhibit
an infinite output impedance (zero output admittance)
at all frequencies. Thus, as Figure 9 indicates, the ideal
constant current power supply would accommodate a
load resistance change by altering its output voltage by
just the amount necessary to insure that its output
current would remain constant.
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temperature-induced changes in the resistance of the
lpad. Just as loads for constant voltage power supplies
are always connected in parallel (never in series), loads
for constant current power supplies must be connected
in series (never in parallel).

Figure 10 illustrates the elements which go into a
constant current power supply, many of which are
identical to the elements found in a constant voltage
power supply (Compare with Figure 3). The feedback
loop acts continuously to keep the two inputs to the
comparison amplifier equal; one of these inputs is the
voltage drop across the front panel current control,while
the other is the IR drop developed by the load current
I flowing through the current monitoring resistor Ry.
If the two inputs to the comparison amplifier are mo-
mentarily unequal, then the comparison amplifier out-
put changes the conduction of the series regulator, there-
by changing the load current and the voltage drop across
the current monitoring resistor, reducing the error volt-
age at the comparison amplifier input to zero. Increasing
the value of the current control Rgq results in a mo-
mentary increase in the negative value presented at the
upper input to the comparison amplifier until the reg-
ulator action increases the load current by a correspond-
ing amount so that the error voltage is reduced to zero.
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Figure 9. Ideal constant current power supply output
characteristic.

Constant current power supplies find many applica-
tions in semiconductor circuitry, and are also well suited
for supplying fixed currents to focus coils or other mag-
netic circuits, the current remaining constant despite

Fiaure 10. Constant current regulated DC power supply.

AS. CONSTANT VOLTAGE/CONSTANT CURRENT
(CV/CC) POWER SUPPLIES

The fact that so many elements are common to the
block diagram of the constant voltage power supply
(Figure 3) and the block diagram of the constant current
power supply (Figure 10) suggests the possibility of
combining these two circuit principles in one supply.
Fortunately, most of the expensive, heavy power ele-
ments are common to both the constant voltage and
constant current circuit configurations, and only low-
level circuitry need be added to a constant voltage
power supply so that it can also be used as a constant
current source. Because of its unusual versatility and
its fully adjustable output protection features, most
H-Lab supplies employ this CV/CC circuit technique.
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Fraure 11. Constant Voltage /Constant Current (CV /CC)
power supply.

Two comparison amplifiers are included in & CV/CC
supply, one for cantrolling output voltage, the other for
controlling output current. Since one of these amplifiers
tends to achieve zero output impedance and alters the
output current whenever the load resistance changes,
while the other comparizson amplifier causes the output
impedance to be infinite and changes the output voltage
in response to any load resistance change, it is obvious
that the {wo comparison amplifiers cannot operate
simultaneously. For any given value of load resistance,
the power supply must act either as a constant voltage
source or as a constant current- source—it cannot be
both; transfer between these two maodes 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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Fioune 12. Operating locue of a CV/CC power supply.

Figure 12 shows the output characteristic of a CV/CC
power supply. With no load attached (Rr. = o),
Iour = 0, and Eour = Es, the front panel voltage
control setting. When a load resistance is applied to the
output terminals of the power supply, the output cur-
rent increases, while the output voltage remaing con-
stant; point D thus represents a typical constant volt-
age operating point. Further decreases in load resistance
are accompanied by further increases in Ipyr with no
change in the output voltage until the output current
reaches s, a value equal to the front panel current con-
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 the supply out-
put voltage with no accompanying change in the output
current value, Thus, point B represents a typical con-
stant eurrent aperating point, 8till 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, Iovr = Is
and Eour =0,

By gradually changing the load resistance from a
short circuit to an open circuit the operating locus of
Figure 12 will be traversed in the opposite direction,

Full protection against any overload condition is in-
herent in the Constant Voltage/Constant Current
design principle since no load condition ecan cause an
output which lies outside the operating locus of Figure
12. Whether one is primarily concerned with constant
voltage or constant current operation, the proper choice
of Es and I3 insures optimum protection for the load
device as well as full protection for the power supply
itself,

The line connecting the origin with any operating
point of the locus of Figure 12 has a slope which is pro-
portional to the value of load resistance connected to
the output terminals of the supply. One can define a
“eritical” or “crossover” value of load resistance
Re = % ; adjustment of the front panel voltage and
current controls permits this “crossover” resistance
Re to be set to any desired value from 0 to o If Ry is
greater than Re, the supply is in constant voltage opera-
tion, while if Ry, is less than R, the supply is in constant
current operation.

A9. CONSTANT VOLTAGE/CURRENT LIMITING
(CV/CL) SUPPLIES

The difference between a CV/CC power supply and a
CV/CL power supply is one of degree rather than kind.
Because a eurrent limiting supply uses fewer stages of
gain in the current regulating loop, the regulation in the
region of current limiting operation is not as tight as in
the case of constant current operation. Thus, the current
limiting portion of the locus of Figure 13 does not come
as close to being a vertical line as the current operating
region for a CV/CC power supply (Figure 12).
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Figure 13. Operating locus of a CV/CL power supply.
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CV/CL supplies may 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 eircuit is of the order of 3%
to 5% of the current rating of the power supply.

A10. SERIES REGULATOR CIRCUITRY

Up to this point, all circuits shown have included only
a single series transistor. It is obvious, however, that a
single series transistor has an adequate power capability
only for the smallest power supply. Using several series
transistors in parallel is usually not desirable because
(1} the number of series power transistors—prohably
the least reliable component in the power supply—
becomes quite large even for medium output power
supplies, and (2} each series transistor will be subjected
to the entire series regulator voltage under all operating
conditions. Harrison Laboratories has placed consider-
able design emphasis both on reducing the power dis-
sipated in series transistors and minimizing the number
of series transistors required.
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Ficure 4. Seriea regulator cireuits.

Figure 14A illustrates the simplest type of series
transistor regulator; the maximum power dissipated in
this series transistor is the produet of its maximum volt-
age drop and the maximum current through it. Figure
14B illustrates the cireuit principle of a two transistor
series regulator employing a shunt resistor Rs around
the second series transistor. With any moderate amount
of load current the ecireuit of Figure 14B will tend to
maintain approximately 2 volts across transistor Qa.
With a proper choice of R5the maximum power which

will be dissipated in transistor Qa or Qg will be approx-,

imately one-fourth the power which would be dissipated
in the simple transistor regulator shown in Figure 14A—
the excess power being dissipated in power resistor Rs
rather than in a power transistor.

Furthermore, the operation of this circuit assures that
transistors Qa and Qg will not be at their conditions of
maximum power dissipation simultaneously; thus a heat
sink for both these transistors will have a maximum

temperature rise associated with the heat dissipated by
one, not two, power transistors.

The circuit of Figure 14B has the advantage of per-
forming a preregulating action, with the result that
ripple and other line disturbances presented to the
collectar of Qa are less than those present at terminal 1,
the rectifier DC input. This is true because the base of
transistor Qg is held practically constant, differing only
by a battery voliage from the nearly constant output
voltage present at terminal 2, the negative output
terminal of the power supply.

Figure 14C illustrates an actual circuit in which three
forward conducting silicon diodes, acting as the semi-
conductor equivalent of VR tubes, are substituted for
the battery of Figure 14B. Resistor Rg provides the
necessary path for maintaining the forward current flow
through the three diodes.

Harrison Laboratories’ supplies employ & large num-
ber of variations on the eircuit principls suggested in
Figure 14C; all such combinations of power resistors,
transistors, and diodes result in increased reliability,
because most of the series regulator dissipation oceurs
In power resistors rather than power transistors.

All. VARIABLE TRANSFORMER PREREGULATOR

In power supplies of maderate or high power cutput
the dissipation requirements of the series regulator cir-
cuit are more severe, gnd an efficient, reliable, and eco-
nomical design is not feasible without resorting to some
sort-of preregulator in the rectifier path. The purpose of
such a preregulator is to allow the rectifier output to
change in eoordination with the output vollage so that
only & small voltage drop is maintained across the series
regulator,and the power dissipation in the series reg-
ulator elements’is held to a small value. One of the
simplest techniques for accomplishing this is shown in
Figure 15. A variable transformer mechanically coupled
to the front panel voltage control insures that as the out-
put voltage is turned down, the AC input to the rectifier
(and therefore the rectifier output) is deereased by a
similar amount.

Ficure 15. Constant voltage supply with variable
transformer preregulator.

Disadvantages of this technique are that (1) remote
programming is not feasgible, and (2) under a short cir-
cuit load condition, the full rectifier voltage is impressed
across the series regulator transistors,



Al12. SCR (SILICON CONTROLLED RECTIFIER)
PREREGULATORS

The use of SCR. preregulators allows the eircuit tech-
nigues already developed for low power output supplies
to be extended readily to medium power and high
power designs, without incurring the disadvantages of
variable transformer preregulators. Figure 16 shows a
typical regulated DC power supply utilizing an SCR
preregulator.

Silicon Controlled Rectifiers, the semiconductor
equivalent of thyratrons, 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”, conducling current with a very low effec-
tive resistance; it remains conducting after the trigger
pulse has been removed until the forward anode voltage
is removed or reversed.

|Re&'!w)ce-
o ifler B
H e
e Curreni H.
Champarison §
Amplifier,
I Ra
.
Eerien ARy
Regulator
Fly -
I g&lﬁ % ]
| -L T, | T,
l! | \-‘aﬁé i
| Carsparisan f‘
| ‘ Amplifier e l
I *
1
SCH
| Cantred
\ nireuit

Fiaure 16. A CV/CC power supply with SCR preregulator.

SCR’s are included in two arms of the bridge rectifier
of Figure 16. By controlling the firing time of the SCR's
during each half ¢yele of input line frequeney, the dura-
tion of conduection of the bridge rectifier is varied and
the rectifier output is contralled in accordance with the
demands whieh the DC output voltage and eurrent of
the supply impose.

The function of the SCR control cireuit is to compute
the firing time of the SCR trigger pulse for each half cycle
of input AC so that the combined voltage drop across
the series regulator and current monitoring resistor is
held constant in spite of changes in load current, output
voltage, and input line voltage. The final burden of
providing the precise oufput voltage or current regulation
rests with a series regulator controlled by voltage and
current comparison amplifiers.

The correction action of H-Lab's SCR control circuit
is much faster than that obiained with conventional
SCR or magamp circuitry. Sudden changes in line volt-
age 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 cycle input). The use of large electrolytic capac-
itors across the rectifier output allows only a small volt-
age change to oeceur during this 8 millisecond interval.
Using this preregulator technique H-Lab can operate a
series regulator chain with less than 2 volts across it at

all times, without risk of transient drop-out and loss of
regulation due to changes in load or line. This use of an
SCR preregulator with excellent transient immunity
thus resultzs in a power supply having unusually high
efficiency and reliability, since the power which must be
dissipated in the series regulator is held to a very small
value.

The leakage inductance of the power transformer,
although it does not appear explicitly in Figure 16, plays
an important part in the cireuit performance. It acts as
a small filter choke effectively in series with the SCR's
and slows down the inrush current after firing, thus
reducing the peak ecurrent through the SCR’s and
improving their reliability. Since this inductance reduces
the high frequency content of the energy flow through
the SCR's, RF] effects are suppressed; this and other
circuit measures within H-Lab's S8CR preregulator
reduce RFI to a level below that found in many power
supplies using conventional rectifiers.

A13. SCR REGULATED POWER SUPPLIES

In many applications the highly regulated perform-
ance capability of a transistor power supply is not
required. For medium and high power requirements,
H-Lab’s basic SCR control circuit technique permits
the design of an economical power supply having high
efficiency and petformance features superior to that
obtainable from magamp supplies. More specifically,
the SCR regulator power supplies using the block dia-
gram of Figure 17 achieve excellent line transient im-
munity, 50 millisecond recovery for load current changes,
and smaller size and weight; the output voltage of these
supplies is continucusly variable down to zero, and con-
tinuously variable current limiting or constant eurrent
operation is included on all units,

@ Retvrence]

{ fliedlyi
i i
{ s

. >

Rg
ot )
e | e
m e
. L
AG L |- . e
E [ R [ [
| |
Fcl i-....(/ Coi DO
b . Oul
1 C\'n:;}“ x
T L]
i A i 4
L ‘;‘
: [‘SCEQI —_

" Con . _
) — Cueun

Ficure 17. An BCR Regulated power supply.

Figure 17 reveals that the SCR control eircuit receives
a control signal dependent upon the output of either a
voltage comparison amplifier or a current comparison
amplifier. Such supplies, therefore, have output charac-
teristics and coontrol characteristics similar to the
CV/CC and CV/CL power supplies discussed in Sec-
tions A8 and AQ0-—except that the output voltage or
current is less tightly regulated.

The SCR control cireuit, receiving its input from
either the voltage or current comparison amplifier,



computes the firing time for the SCR's, varying thisin a
manner which will result in a constant output in spite of
changes in line voltage and load resistance. As in the
case of H-Lab’s SCR preregulator supplies, the patented
SCR. control cireuit (which computes the firing time by
comparing a ramp function with each half sine-wave of
AC input) is unusually fast, with almost complete cor-
rection within the first half-cycle (8.3 msec) following
a disturbance,

Al4. "PIGGY-BACK'" REGULATOR DESIGN

The circuit technique of Figure 3 is not suitable for a
300 volt, all-semiconductor, short-cireult proof power
supply. Shorting the output terminals would place the
rectifier voltage (more than 300 volts) across the series
regulator transistors. A sufhicient number of high volt-
age transistors would be too costly and unreliable. Even
the preregulator circuit of Figure 16 is not suitable for a
300 volt supply, since, upon short cireuit, the rectifier
capacitor would discharge through the series regulator—
the energy stored in this capacitor being more than
adequate to destroy the power transistors in the reg-
ulator.

H-Lab's MVR Series utilizes a novel! cireuit technique
which extends the usefulness of series regulating transis-
tors rated for 30 or 40 volts to short circuit proof power
supplies rated for outputs over 300 volts. As shown in
Figure 18 the basic technique consists of placing a well-
regulated low voltage power supply in series with a less
well-regulated SCR supply having greater voltage
capability. Notice, however, that the amplified error
signal from the voltage comparison amplifier is depend-
ent upon the fotel 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 defi-
ciencies of the main power source and adjnsts the volt-
age across its series regulator-so that the total output
voltage remains constant despite disturbances in the
main voltage source.

The rectifier supplying the series regulator of the
piggy-back supply develops approximately 40 volts.
Twenty volts is normally dropped across the series reg-
ulator, 20 volts across the terminals of the upper supply.

10

Figure 18. “Piggy-back" power supply.

Thus, the series regulator of the piggy-back supply has
a + 20 volt range for accomplishing the dynamic changes
necessary to compensate for the variations of the lower
power source. Short circuit protection for the series
regulator in the piggy-back supply is provided by the
diode Dp which, if the output terminals are shorted,
provides a discharge path for the rectifier capacitor Cu
of the bottom supply. Since the diode Dp prevents the
output terminals of the piggy-back supply from ever
reversing polarity, the series regulator within this cir-
cuit will never be called upon to withstand a voltage
strain greater than the 40 volts from its own rectifier.

The fuse F| is included so that under short circuit or
prolonged overload conditions the path between the out-
put terminals and the rectifying elements of the main
voltage source will be opened, thus protecting the
rectifiers and transformer.

The BCR contral circuit for the bottom supply derives
its input control signal not from the total voltage across
the load resistor nor even from the voltage across the
terminals of the SCR supply itself. Instead, this SCR
cantrol cireuit monitors the voltage across the series
regulator and the current monitoring resistor and main-
tains this voltage drop at approximately 20 volts, there-
by leaving approximately 20 volts across the output
terminals of the piggy-back supply.




B. OPERATIONAL FEATURES AND OPTIONS

81. NO OVERSHOOT ON TURN-ON, TURN-OFF, OR
AC POWER REMOVAL

Extra design precautions have been taken on all
H-Lab DC power supplies to insure that there is no
transient overshoot of the output voltage when the
power supply is turned on or off or if AC power is acci-
dentally removed. To avoid turn-on overshoot the bias
and control circuits must come up more rapidly than the
rectifier voltage, whereas to avoid turn-off overshoot
the bias and control eircuits must remain operating in
order to restrain the conduction of the series regulator
until after the energy stored in the rectifier eapacitor
has largely dissipated.

82. PROTECTION CIRCUITS

Many different types of protection circuits are includ-
ed in H-Lab power supplies to protect the power supply
itself and/or the load device connected to the output
terminals of the supply.

a. Short Circuit Protection

All H-Lab semiconductor supplies are short-circuit proof
and can operate into any overload indefinitely without
risk of internal damage. In some supplies this short-
cireuit protection results from the use of a fixed current
limit eircuit. In others a front panel control permits
adjustment of the current limit or constant current set-
ting (See Application Manual Sections A8 and A9);
either of the latter methods not only provides full
protection to the power supply but also permits the
adjustment of the maximum output current of the sup-
ply to the exact value which will result in optimum load
protection.

b. Constant Current Overvoltage Protection

In constant current operation there often arises the
need to protect the load device from the increase in out-
put voltage which normally accompanies any large
increase in the resistance of the load. H-Lah's CV/CC
automatic crossover eireuitry is ideal for this purpose,
since it allows the user to set the voltage control to
exactly the maximum permissible value for the partic-
ular load device connected to the supply. If the load
resistance should increase to the point where this volt-
age ceiling is intercepted, further increases in load
resistance will result in o constant output voltage and a
decrease in the current through the load.

c. Reverse Voltage Protection

Most H-Lab supplies include a diode connected across
the output terminals with reverse polarity. This diode,
designated as Do in Figure 19, protects the output elec-
trolytie capacitors and the series regulator transistors
from the effects of a reverse voltage applied across the
output terminals. For example, in series operation of two
gupplies, if the AC is removed from one supply, diode
Do prevents damage to the unenergized supply which
would otherwise result from a reverse polarity voltage.

Although Do normally is selected to have a current
rating equal to or greater than the current rating of its
power supply, large energy sources placed across the
output terminals with reverse polarity will result in its
failure, usually leaving a short circuit across the output
terminals until Dg is replaced. SBuch a replacement,
however, brings attention to the fact that reverse energy
flow is being forced through the output terminals so that
a remedy can be accomplished,
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Fiatre 18, Protection diodes.

Since sertes regulator transistors or driver transistors
should not be caused to withstand reverse voltage, diode
s 15 included in most H-Lab supplies. This diode
protects the series transistors in parallel or Auto-Parallel
operation if one supply of the parallel combination is
turned on before the other. Normally, this would result
. the output capacitor of the unenergized supply
becoming charged while the rectifier capacitor is un-
charged, thereby placing a reverse potential across the
serles regulator. However, the inclusion of Dg allows the
rectifier capacitor of the unenergized supply to be
charged in parallel with the output capacitor—thus no
reverse voltage can he placed across the series regulator.

d. SCR Rectifier and Preregulator Protection

With some power supplies, opening the remote program-
ming path for ar extended period of time may result in
the necessity for additional protection circuits. Since
opening the programming path is equivalent to inserting
a very large value of programming resistance between
the programming terminals {see Figure 23), the power
supply responds by increasing its output voltage to the
highest voltage available from the rectifier, In the case
of power supplies without a preregulator, this will result
in no damage to the power supply, but the output volt-
age of SCR regulated and preregulated supplies could
rise to a value considerably higher than the maximum
output rating of the supply if the programming termi-
nals are accidentally opened. Consequently, all H-Lab
supplies containing SCR’s include an internal protection
gircuit which limits the maximum output voltage to &
level approximately 159 above its nominal rating.



H-Lab power supplies using SCR regulators or SCR
preregulators also include cireuit elements which control
the turn-on characteristies so that the SCR’s will not
have to withstand large current surges when AC power
is first applied. Other elements within the SCR. control
cireuit limit the maximum conduetion angle of the SCR's
after static operating levels have been reached.

RO networks or semiconductor transient suppressors
are normally included in the input power path of H-Lab
SCR regulated and preregulated supplies in order to
protect the SCR’s from line voltage transient surges or
spikes and to suppress the feedback onto the AC power
line of ey spikes or high frequency energy. Three phase
SCR supplies also include circuits which monitor all
three phases of the AC input; protection action is ini-
tiated by these cireuits if the line voltage goes above or
below acceptable limits,

e. External Overvoltage Protection

If a series regulator transistor fails, it usually becomes a
short circuit rather than an open cireuit. The output
voltage can then rise to the full rectifier value. Under
these circurnstances the normal current limit circuit
(which utilizes the series regulating transistor] is no
longer operative, and the load current is limited mainly
by the load resistance. In spite of a conservative en-
gineering approach to the rating of power transistors,
and in spite of H-Lab’s unique design techniques which
assure thal series transistors operate at unusually low
voltage and power levels, the possihility of series transis-
tor failure, while small, still remains.

No matter how small this possibility, an expensive or
irreplaceable load device may require positive protec-
tion against the statistics of power transistor failure.
H-Lab’s “Crowbar” overyoltage protector, which is
completely independent of the power supply, monitors
the output voltage of the supply. If the power supply
exceeds a preset voltage threshold, an 3CR (Crowbar)
is triggered into the conducting state across the output
terminals of the supply within 10 gseconds. An operator
can at any time verify that this overvoltage protector
is armed and ready without actually shorting the power
supply or discontinuing power flow into the load (see
Page 29 for block diagram and further details).

83. REMOTE ERROR SENSING

Normally, & power supply achieves its optimum load
and line regulation, its lowest output impedance, drift,
ripple and noise, and its fastest transient recovery
performance at the power supply output terminals. If
the load is separated from the output terminals by any
lead length, some of these performance characteristies
will be degraded at the load terminals to a degree which
depends upon the impedance of the load leads compared
with the output impedance of the power supply.

Some idea of how easily even the shortest leads can
degrade the performance of a power supply at the load
tarminals can be obtained by comparing the output
impedance of an H-Lab power supply (typically of the
order of 1 millichm or less at DC and low frequencies)
with the resistance of the various wire sizes listed in the
following chart.
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) i Annealed Copper
AWG (B & R) Resistance @ 20°C Nomingl] eurrent

WIRE SIZE milliohms /It rating (amps)*
22 16.1 5
20 10.2 7
18 6.39 10
16 402 13
14 . 2.53 20
12 1.59 25
10 0.999 40

g 0.628 55
& 0.395 80
4 0.249 105
2 0.156 140
0 0.0093 195
on 4.0779 260

*Bingle Conduetor in Free Air (@ 30°C with rubber or thermoplastic insulation.

With remote error sensing, a feature included on
nearly all H-Lab power supplies, it is possible to connect
the feedback amphfier directly to the load terminals so
that, the regulator performs its function with respect to
these load terminals rather than with respect to the out-
put 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.
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Figure 20A. Regulated power supply with local
{normal) senging.
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Froure 20B. Regulated power supply with remote
error gensing.

Figure 21 shows the voltage comparison amplifier
circuit details of a power supply having remote sensing
capability. By comparing Figure 21 with Figure 7 it can
be seen that the modifications to a standard design are
minor, since remote error sensing simply involves operat-
ing the input comparison amplifier Q1, Q2 with reference
to the load terminals instead of the output terminals of
the power supply.



Fiouge 21. Effect of load leads on remote error sensing.

Remote sensing operation of power supplies with
small and moderate output current ratings is readily
accomplished for load devices separated from the power
supply by reasonable lead lengths. With medium or
high eurrent supplies feeding loads which are removed
from the output terminals of the supply by a consider-
able length of wire, added precautions must be obgerved
in order to obtain satisfactory remote sensing operation,
The IR drop in the negative load lead must be kept to
less than 1 volt; otherwise resulting shifts in bias poten-
tials in some models will prevent the proper operation
of the voltage regulator and/or current limit cireuit.
There is also a practical limit to the voltage drop which
can be allowed in the positive load lead, sinee the volt-
age drop occurring in either the positive or negative
current carrying lead subtracts from the available out-
put voltage of the power supply. Thus, & power supply
which is normally rated for a maximum output of 36
volts can be used to deliver up to 32 volts at the load
terminals if the wire sizes chosen result in a 1 volt drop
in the negative load lead and a 3 volt drop in the positive
load lead at maximum output current.

Since the current flowing in the sensing leads amoeunts
to only several milliamperes, smaller wire sizes can be
used for connecting the sensing terminals of the power
supply to the load. However, care must he taken toshield
the sensing leads, since any voltage pickup on these leads
inereases output. ripple and noise. A shielded pair should
be used for the sensing leads, with one end of the shield
connected to the power supply ground terminal and the
other end of the shield left unconnected.

It is common in remote sensing applieations to utilize
a large filter capacitor at the load. Figure 21 indicates,
however, that the addition of this load capacitor results
in a Pi filter (in conjunction with the output capacitor
end the inductfance of the load leads), The phase shift
associated with this filter is inside the power supply feed-
back loop. Ezireme remote sensing applications can in
some cases affect the overall feedback stability of the loop
and eause oscillation. In many cases readjusting the tran-
sient recovery control Rq will restore normal operation.
In other cases it will be necessary to eliminate Co so
that the Pi filter is reduced to an L filter. It is important
for feedback stability that the load capacitor have a low
impedance at all frequencies, and considerabie care must,
be exercised in selepting a suitable capacitor Cyp, since

using an electrolytic of inferior quality compared with
the output capacitor normally present on Harrison
Laboratories power supplies will make it diffienlt to
achieve feedback stuhility. It 15 therefore recommended
in extreme remote sensing applications that the elee-
trolytic ecapacitor Uo he physically removed from the
power supply and placed at the load terminals as Oy,
the load filter capacitor. Onee this hay been aceom-
plished it will be possible to eliminate any residual tend-
ency toward oscillation by readjusting Ry,

B4. AUTOMATIC ERROR SENSING

Normally, & power supply cannot provide optimum
regulation at the front terminals when it is wired for
rear terminal sensing, nor ean it provide optimum reg-
ulation ai the rear terminals when it is wired for front
terminal sensing. In some cases, provision is made for
strapping the sensing leads for cither front. or rear ter-
minal operation.

However, H-Lab's small laboratory type power sup-
plies feature Autematic Error Sensing, whereby the
supply senses at the front terminals if the load 15 at-
tached to the front terminals, and at the rear terminals if
theload isattached there—with nonecessity for switching
or restrapping arrangements,

Figure 22 illusirates the simple cireuit technigue
which results in Automatic Error S8ensing. The reguluted
output of the series regulator is fed into the front termi-
nals, while the sensing is fed to the rear output termi-
nals, and wire of adequate current handling capability
is connected between these two terminal pairs. Thus, if
the load resistance is atiached to the rear terminals,
error sensing is accomplished at those terminals. On the
other hand, if the load is attached to the front terminals,
the heavy leads which connect the front and rear nutput
terminals become extensions of the feedback sensing
leads, and sensing is accomplished at the front terminuls.
Thus, & significant operating convenience is obtained
with no inerease in circuit complexity or cost.
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BS. REMOTE PROGRAMMING WITH RESISTANCE CONTROL

Remaote programming, a feature found on most H-Lab

power supplies, permits the output veltage to be con-
trolled in direct proportion to the resistance tonnected
between the programming terminals. 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.
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Figure 23 illustrates the essential eircuit aspects of
resistance programming of a constant voltage power
supply. Note that this differs from the normal constant
voltage cirenit (Figure T) 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 ean be substituted. The reason that the
programming coefficient of Figure 23 is a constant has
been explained in Bection A2—the current flowing
through Rp and Ry 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 Rep.
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Fioure 23, Constant Voltage supply with resistance
programming.

Programming & power supply with a 200 ohms/volt
programming coefficient to an output level of 30 volts
would require an Ry of 6K. The power supply will force
through this programming resistor a 3 ma constant cur-
rent ( +2%,) thus resulting in 30 volts acgoss it, and 30
volis across the power supply output terminals,

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 ochm/volt
programming coefficient corresponds to 5 ma program-
ming current, and for 30 volts output (and thus 30 volts
across the programming resistor), 150 milliwatts will be
dissipated in Rp. A stable programming resistor must be
used, since a percentage change in its resistance value
will result in the same percentage change in the output
voltage of the power supply being controlled.

In order to avoid short term temperature-dependent
shifts in the resistance value (and hence the power sup-
ply cutput voitage) the programming resistor used
should have a temperature coefficient of 20 ppm/°C or
less and a wattage rating in excess of ten times the actual
dissipation. Thus, in the previous example, the program-
ming resistor should have a minimum power rating of
1.5 watts.

The leads connecting the programming resistor to the
power supply should be kept short and away from stray
electric felds. Any ripple which is picked up on the
programming leads becomes part of the command volt-
age for the power supply regulator and is therefore
reproduced on the output terminals; the leads to the
programming resistor should therefore be twisted or,
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preferably, shielded two-wire cable should be used, with
the shield being connected at the power supply end to
the ground terminal—the other end of the shield being
left unconnected.

Using remote programming, several different values
of fixed output voltage can be set up 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 24 illustrates several switch-
ing schemes which can be used in conjunction with
resistance programming of power supplies. Suppose it is
desired to program a supply having a programming
coeflicient Kp of 200 ohms/volt to any of three values—
5 volts, 10 volts, and 15 volts; the circuit of Figure 24A
is probably the most natural one which comes to mind,
However, if n break-hefore-make switch is used in the
configuration of Figure 24A, there will oceur for a short
interval during the switching action a very high resist-
ance between the two programming terminals, and the
power supply during that interval will raise its output,
voltage in response to this high resistance input.
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Fiaure 24. Remote Programming switching cireuits.

To eliminate this output overshoot corresponding to
an infinite programming resistance, 8 make-before-break
switch can be employed. However, this solution has the
disadvantage that during the short interval when the
swinger of the switch is contacting two switch termi-
nals, two programming resistors will momentarily be
paralleled across the power supply programming termi-



nals, and the supply will for this short interval seek an
putput voltage which is lower than either the jinitial or
the final value being programmed. This output under-
shoot increases the time required for the supply to settle
to its new value.

The switehing circuit of Figure 24B, using a make-
hefore-hreak switch, eliminates both the overshoot and
the undershoot problems associated with Figure 24A,
since when rotated clockwise 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 cireuit of Figure
24R also has one drawbaek—namely, the output voltage
must always be switched in ascending or descending
sequence. As Figure 24C shows, however, the same volt-
age divider can have its tap points returned to the
switeh contacts in any sequence whatever, thus permit-
ting output voltage values to be programmed in any
desired order without overshoot or undershoot.

In some applications it is possible for the program-
ming switching cireuits to be opened acecidentally, 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 these loads from accidental opening of the
remote programming leads, a zener diode may he placed
directly across the power supply programming termi-
nals, this zener diode being selected to have a break-
down voltage equal to the maximum power supply volt-
age which can be tolerated by the load. Thus, if the
programming terminals epen, the programming current
will cause the zener dinde to break down, and the out-
put 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
tires the programming current ig.

B6. REMOTE PROGRAMMING WITH YOLTAGE CONTRCQL
Instead of controlling a power supply by means of a
programming resistance, it is possible to control the out-
put of any H-Lab remotely programmable supply with
an input voltage. Thus, the power supply becomes a low
frequency DC amplifier. A later section (B8) stresses
the bandwidth and speed of response aspects of this
configuration, whereas this section deals with the method

of control.
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Two distinet methods ean be employed to voltage
program an H-Lab regulated DC power supply. The
first method, shown in Figure 25, requires that the
external voltage be exactly equal to the desired output
voltage. 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 und any other
undesired imperfections, sinee within the regulator
bandwidth the power supply will attempl to reproduce
on its output terminals the programming voltage input
on a one-for-one basis.

Figure 26 illustrates the method by which the power
supply ean be programmed using an external voltage
with a voltage gain dependent upon the ratio of Rp to
Rr. Note that this method is no different from the ¢ir-
cuit normally used for constant voltage control of the
output except that an external reference {the program-
ming voltiage source) has been substituted for the inter-
nal reference.

In most H-Lab supplies terminals have been brought
out to the rear barrier strip so thiat the connections
shown in Figure 26 can be accomplished without any
internal wiring changes. In all remotely programmable
H-Lab power supplies the summing point 8 ix made
available, and the configuration of Figure 26 can always
be accomplished using the external programming volt-
age source and external precision wirewound resistors
Rp and Rg. (Kg should not exceed 10K.) As indicated
by the equation in Figure 26, Ry can be selected so that
the resulting voltage gain is less than or greater than
unity. It is possible to use the front panel control already
present in the supply as the voltage gain control, Ry,
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Ficure 25. Voltage programming with unity voltage
gain.

Fioure 26. Voltage programming with variable voltage

gain.
B7. REMOTYE PROGRAMMING ACCURACY

Figure 27 shows the relationship between program-

ming resistunce and output voltage for a power supply
with perfect remote programming. Zero ohms across the
programming terminals results in exactly zero volts out,
and all other values of programming resistance result in
the output voltage predicted by the programming
coefficient Kp.
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Figurg 27. “Ideal” remote programming characteristic,

As Figure 28 indicates, all power supplies deviate
somewhat from the ideal. The application of a short cir-
cult across the programming terminals results in an
output voltage which is shghtly different from zero
(typically between 420 millivolts and —50 millivolts).
While the lnearity of the programming characteristic
is nearly perfect, the overall slope differs from the value
predicted by the programming coefficient by from 19,
to 8%, depending on the model number, At a slight extra
charge, the factory will specially align any remote
programming supply so as to reduce the zero offset and
slope errors to smaller values. Methods of accomplishing
this alignment of the output programming characteristic
are discussed in H-Lab Tech Letter #1 and can readily
be accomplished by the user.
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F16UurE 28. Practical remote programming characteristic.

Once a power supply has its programming character-
istic aligned “perfectly” in accordance with the charac-
teristic shown in Figure 27, this alignment will retain an
absolute aeeuracy within a telerance found by adding
the power supply's specifications for load regulation,
line regulation, temperature coefficient, and stability—
any change in the load resistance, input line voltage,
ambient temperature, or warmup time can he expected
to cause slight variations in the output voltage of the
supply even though the value of the programming
resistance has not been altered. The capability for
remote programming accuracy therefore increases with
improvements in the four specifications mentioned, and
chopper stabilized power supplies are capable of greater
long-term programming accuracy thanstandard supplies.

BB, SPEED OF REMOTE PROGRAMMING

A constant voltage regulated power supply is normal-
ly ealled upon to change its output current rapidly in
response to load resistance changes. In some eases, how-
ever, notably in high speed remote programming appli-
cations and econstant current azpplications involving
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rapidly changing load resistanee, 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.
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Figure 29. Speed of response—programming up.

The equivalent cireuit and the nature of the output
voltage waveform when the supply is being programmed
upward are shown in Figure 29, When the new output
15 programmed, the power supply regulator cireuit senses
that the output is less than desired and turns on the
series regulator to its maximum value Iy, the current
limit or constant current setting. This constant current
I, charges the output eapacitor Co and load resistor Ry,
in parallel. The output therefore rises exponentially with
a time constant RiClo toward a voltage level IRy, a
value higher than the new output voltage heing pro-
grammed. When this exponential rise reaches the newly
programmed voltage level, the constant veltage am-
plifier resumnes it normal regulating action and holds
the output constant. Thus, the rise time can be deter-
mined using a universal time constant chart or the
formula shown in Figure 29,

If no load resistor is attached to the power supply
output terminals, then the output voltage will rise

linearly at a rate of '—159 when programmed upward,
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Ficure 30. Speed of response—programming down.

Figure 30 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 conduet



backwards, the output capacitor can only be discharged
through the load resistor. The ouiput voltage decays
exponentially with a time constant RyCo, and stops
falling when it reaches the new output voltage which has
been demander!.

If no load resistor is attached to the power supply out-
put terminals, the output voltage will fall slowly, the
output capacitor being discharged only by small bleed
resistors and currents 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 H-Lab power supplies therelore make
it possible to remove a major purtion of the output
capacitance simply by removing a strap on the rear
barrier strip. After this has been accomplished the out-
nut voltage can in general be programmed ten to one
hundred times more rapidly, but the regulator loop may
need to have its transient recovery control readjusted so
that the supply does not oseillate 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 other power supply cireuit
elements will eventually limit the maximum rate of
change of the output voltage. For example, C; of Figure
23 eventually limits the speed of programming, hut
reduction or elimination of this capacitor would degrade
the ripple performance. Thus, high speed programming
applications can involve special ecireuit considerations
which ultimately lead to a distinctly different power
supply design,

Supplies using SCR preregulator circults cannot in
general be expected to respond as rapidly as shown in
Figures 29 and 30, 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 volt-
age from changing rapidly.

£9. PARALLEL OPERATION

The operation of two constant voltage power supplies
in paratlel is normally not feasible because of the large
cireulating current which results from even the smallest
voltage difference which inevitably exists between the
two low impedance sources. However, if the twa power
supplies feature CV/CC or CV/CL aulomatic erossover
operation, then parallel operation is feasible, since the
supply with the higher output voltage setting will deliver
its constant eurrent or current limited output, and drop
its output voltage until it equals the ourput of the other
supply, which will remain in constant voltage operation
and only deliver that fraction of its rated output current
which is necessary to fulfill the total load demand. For
example, if two CV/CC power supplies each rated for
10 amperes were connected in parallel across a 16 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 ag o constant current source,
thus dropping its cutput voltage to 30.0 volts. The
second supply would continue to act as a constant volt-
age source delivering 5 amps at the 30.0 volt level.

B10. AUTO-PARALLEL OPERATION

Auto-Parallel, or automatic parallel operation of
power supplies permits equal current sharing by such
supplies under all load conditions, and allows complete
control of the Auto-Parallel ensemble utilizing only the
controls of the master supply.

Figure 31 illustrates the circuit principle wnvolved.
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 sup-
ply 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 monitor-
ing resistor of the slave supply, and adjusts the condue-
tion of the series regulator in the slave supply 8o that
these two IR drops are held equal. Therefore, with equal
values of current monitoring resistors in the master and
sluve supplies, the output current contribution will
always be equal regardless of the output voltage or
current requirement of the load.
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Figurg 31, Auto-parallel operation of two supplies,

Normally, only supplies having the same madel num-
her shouid be connected for Auto-Parallel eperation,
since the two supplies must have the same voltage drop
neross the current monitoring resistor at full current
rating.

As in the case of Auto-Series and Aulo-Tracking
operation, no internal wiring changes are necessary, All
that is required is w serewdriver to change the strapping
pattern on the terminals of the reur harrier strp, and
one extra lead running from the barrier styip of each
slave supply to another supply in the same muster-slave
system.

B11. SERIES OPERATION

Rertes operation of two or more H-1ab power supplies
ean be accomplished up 1o 300 volts off ground (Ree Sec-
tion BL4). Series conneeted supplics can be operated
with one load across hoth supplies or with a separate



load for each supply. All H-Lab semiconductor power
supplies have reverse polarity diodes connected across
the output terminals so that if operated in series with
other pawer supplies, reverse polarity will not oceur
across the output terminal of any supply should the load
he short-circuited or should one power supply be turned
on separately from its series partners,

812. AUTO-SERIES OPERATION

Auto-Series or automatic series operation of power
supplies permits equal or proportional voltage sharing
of such supplies under all load conditions, with romplete
control of the Auto-Series ensemble being obtained from
the master supply alone. Figure 32 illustrates the circuit
principle involved. The slave supply is connected in
series with the positive output terminal of the master
supply, and a voltage divider (R1 and R2) is placed
across the series voltage span. One input of the com-
parison amplifier of the slave supply 1s connected to the
junction of these two resistors while the other input is
conneeted to the negative output ferminal of the stave
supply. Since normal feedback action of the slave supply
ig such as to maintain a zero error between the two com-
parison amplifier inputs, the slave supply will contribute
a fraction of the total output voltage determined by the
voltage divider R1and Re.
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Ficure 32. Auto-series operation of two supplies.

For example, if these two resistors are equal, the slave
supply will contribute half the total output voltage with
the master supply contributing 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. Turning the voltage control of the master
supply will result in a continuous vartation of the output
of the series combination, with the contribution of the
master's output voltage to that of the slave’s voltage
always remaining in the ratio of Ri to Ra.

Since any variation in the resistance value of Ry and
Rz will result in & change in the voltage divider ratin and
henee the outpul of the slave supply, '{L ls important

18

that both these resistors have a low temperature coeffi-
cient (20 ppm/°C or better) and have & power rating at
least 10 times their actual dissipation. Resistors Ry and
R2 should be selected so that at the normal operating
levels the current. through them will he of the order of
1 to 5 ma.

Comparing Figure 32 with previous block diagrams
for the constant voltage power supply (e Figure 3),
one can see that there is no difference in the cireuit loeca-
tion of resistor R2 und the front panel voltage control
normally found in H-Lab 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-
Beries combination 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 cireuit aspeets of the
master supply in no way affect the Auto-Series prineiple
of operation. If the master supply is set up for constant
current operation, then the master-slave comhination
will act as 4 eomposite constant current source.

In some applications, remote programming of the
master supply is employed, thereby achieving simul-
taneous 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 ground-
ed, coordinated positive and negative voltages result.
This technique is commonly referred to as “rubber-
banding," anid an external reference 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 {eature can be of con-
siderable use 1n analogue computer and other applica-
tions, where the load requires a positive and a negative
power supply and is less susceptible to an output volt-
age change occurring simultaneously in both supplies
than to a change in either supply alone.

B13., AUTO-TRACKING OPERATION

Auto-Tracking or automatic tracking operation of
power supplies is similar to Auto-Beries operation exeept
that the master and slave supplies have the same output
polarity with respeet to a common bus or ground. Figure
33 shows two supplies connected in Auto-Tracking with
their positive output terminals connected together as a

ecommon or ground point. A fraction of the

Rz

Rt + Rz
output of the master supply is provided as one of the
inputs to the coraparison amplifier of the slave supply,
thus controlling the slave’s output. The master supply
it an Auto-TFracking system must be the negative sup-
ply having "the largest output voltage. Auto-Beries
additton of still more slaves permits the expansion of an
Auto-Tracking system to both negative and positive
power supplies.
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FioURE 33. Auto-tracking operation of two supplies.

Like Auto-Series operation, Auto-Tracking permits
simultaneous turn-on and turn-off of power supplies in
the same system, thereby preventing accidental appli-
cation or removal of main power sources without proper
bias potentials being present,

814. GROUNDED AND FLOATING OPERATION

All H-Lab power supplies are floating—that is, a
power transformer isolates the DO power supply cutput
from the AC input, and neither the positive nor negative
output terminal (nor any point within the regulator
cireait) is connected to chassis or ground. Thus, the
power supply may be used as cither a positive or a
negative DC source by grounding the negative or posi-
tive output terminal respectively.

In some applications, however, it is desirable to
““Joat’’ the powersupply (neitheroutput terminal ground-
ed). All H-Lab supplies can be operated at up to 300
volts off ground; special factory modifications in many
cases will permit operation to still higher values. Une
limiting factor is the mica washer which on most units
separates the power transistors from the heat sink.

Since the output ripple of most H-Lab power supplies
will increase somewhat when operated floating (neither
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FioURE 34. Power supply feeding two types of grounded
loads.

output terminal shorted to ground), it is desirable in
such applications to place a 1uf capacitor with short
leads between the negative outpui terminal and ground
so that the low cutput ripple performance of the supply
may be restored,

Sometimes floating operation is desired not in order to
elevate the output potential of the power supply, but to
climinate or reduce the effects of ground problems.
Figure 34 illustrates two situations in which it is not
practical to conneect a power supply output terminal to
ground either with a direct short or a by-pass capacitor,

In Figure 34A, a power supply is shown feeding a
bridge cireuit, one end of which must he grounded at a
point other than the power supply ease. This configura-
tion arizes frequently instrain gage applications. Ground-
ing either output terminal of the supply with either a
short or a capacitor would have the effect of shorting
out one arm of the measurement bridge at DC and for
signal frequencies.

Figure 348 shows a power supply feeding a remote
load which must be grounded at a point removed from
the power supply ecase. Due to unavoidable ground
potentials, connecting either output terminal of the
supply of Figure 34B to ground through a short or by-
pass capacitor will result in a cirenlating ground current
which will develop an IR drop in the lead between the
load and the grounded power supply terminal, This IR
drop, usually having the power line frequeney as its
fundamental component, is added in series with the
power supply output to the load, thus degrading the
ripple and noise presented to the load and any measuring
device connected across it.

All H-Lab power supplies employ Faraday shields in
the power transformer to reduce any undesired eoupling
effects from AC line input to DC output. In some cases,
however,stringent isolation requirements associated with
ungrounded operation (as given in Figure 34) may neces-
sitate the use of 1 power supply emplaying added design
restrictions. Model 801C strain gage power supply, for
example, has been especially designed to reduce stray
leakage eifects, and’ employs a quadruply shielded
transformer so that input-output capacitance is reduced
to less than 1 pf. Further information conecerning
methods of measuring these leakage components can
be obtained from the factory.

B15. ADJUSTABLE TRANSIENT RECOVERY

The ability of a power supply to recover quickly from
a sudden change n load current demand in constant
voltage operation is dependent upon the shape of the
gain bandwidth eurve of its feedback amplifier. It is
necessary in designing a power supply to shape this
open Joop gain vs. frequency characteristic so that the
power supply will not oscillate under any load condition
—-registive, capacitive, or inductive. Part of the solution
to this design problem usually invalves an RC equal-
1zing network (Rq, Cq of Figure 21). In many supplies
the resistance of this network is made variable and is
adjusted at the factory so that when a resistive load is

1%



suddenly applied or removed, the resulting output volt-
age transient has the fastest possible recovery with no
overshoot. (Section D5 gives further details on the
recommended method for switching the load and meas-
uring transient recovery characteristies.) This adjust-
ment of the transient recovery control achieves ample
phase margin against instability for all loads. Turning
this control away from the critically damped setting of
Figure 35A in one direction will cause the underdamped
response of Figure 338, and if the control is turned still
further in this direction the pawer supply may be caused
to oscillate. Turning the transient recovery control in
the other direction will result in the overdamped response
of Figure 35C, with a resulting increase in the transient
recovery time.
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While the factory setting of this control achieves
ample phase margin against instability for all types of
loads, this same sctting may not be the one which
achieves the fastess possible transient recovery [or large
phase angle loads. When using non-resistive loads, the
adjustment of this control permits achievement of
optimum transient recovery performance. In addition,
it may be desirable to readjust this control to com-
pensate for the effects of transistor aging, etc.

B16. ADJUSTABLE METERS

The meters used on H-Lab supplies have an accuracy
of 29 full seale. In most supplies, an adjustable resistor
in series with the meter movement is included on the
printed wiring board. This control is adjusted at factory
for the most sceurate reading at the maximum rated
output of the supply. However, the user can recalibrate

thel meter for best accuracy at any other point on the
scale,

B17. INPROVED STABILITY WITH CHOPPER STABILIZATION

The output drift of any power supply results mainly
from changes in the reference voltage, the output
monitoring resistors (Rp and Ry of Figure 364), and
the input characteristics of the comparison amplifier
(Q1and Q2). While the use of low temperature coefficient
zener diodes, low temperature coefficient wirewound
resistors, and a differential input amplifier make the
standard H-Lab power supply remarkably free from
output drift, some stringent applications require even
better performance. For this reason, Harrison Labora-
tories makes available a completely semiconductor
chopper stahilizing modification which can be factory
installed on a large number of catalog jtems. This option
results in a significant improvement in temperature
coefficient and stability specifications,
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FIeure 36A. A constant voltage power supply.
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Figure 36B. A constant vollage power supply with
chopper stabilizing medification.

Since in a standard supply the drift contribution of
Re and Ry is comparatively negligible, the chopper
stabilizing modification adds elements to (1) improve the
performance of the reference, and (2) overcome the drift
effects of transistor stages Q1 and Q2.

As shown in Figure 36B, the added printed wiring
board includes resistor Rx and a4 cascaded reference
diode having an even lower temperature coefficient than
the normally used reference diode. These two clements
provide improvements in the reference performance to




correspond with the input drift improvement. brought
about by the addition of the chopper amplifier.
Normally, transistor Q1 or Q2 has an emitter-to-base
potential difference which changes about 2 mv/°C. The
use of the differential amplifier configuration permits a
first-order cancellation of this change. Even so, it can be
anticipated that the temperature dependent change
between the base of Q1 and Q2 will be of the prder of 200
to 400 uv/°C. This change in the DC offset. potential of
the comparison amplifier results in an identical change
in the output voltage of a standard supply. In a feedback
amplifier, the effect of a noise source on the output volt-
age can be reduced by inserting noise-free gain inside the
feedback loop ahead of the noise source. Since drift is
merely “DC noise,” the effect of the emitter-base drift
of transistors Q1 and Q2 ean be reduced by inserting
between the summing point and the input of the am-
plifier an additional amount of noise-free DC gain.

The potential between X and X’ is the error signal
input to the feedback amplifier; it is the difference
between the desired output level and the existing output
level. This potential will approach zero as feedback
equilibrium is achieved. In Figure 36B 4 silicon transis-
tor chopper continuously switches between terminals
X and X’. Thus, the input to the AC amplifier is a
square wave with an amplitude proportional to the
magnitude of the error, and a phase dependent upon the

direction of the error. This error signal is amplified by
the AC amplifier, whose output signal is independent of
any small DC bias shifts. The amplified AC next passes
through a detector (or demodulator) which is synchro-
nized with the transistor chopper (or modulator) and
then through a low pass filter to the base of Q1. The
reconstructed but amplified DC error is thus presented
on the base of Q1, and since it is of larger magnitude
than the DC signal which would be presented at this
base in a standard circuit, it overrides the small DC
drift inherent in the differential amplifier.

Because the transistor chopper and detector operate
at approximately a 1 Ke rate, the signal amplification of
the chopper stabilizing amplifier is effective only over a
bandwidth from DC to somewhat less than 100 cps,
Since frequencies above 100 eps will not pass through
the chopper amplifier circuit, it is necessary to provide
a parallel signal path to preserve the normal AC reg-
ulating action so necessary for low ripple and noise, low
output impedance at mid and high frequencies, and fast
transient recovery performance. Capacitor Cy is there-
fore included so that for frequencies above 100 eps, the
signal transmission from the summing point & to the
base of Q1 will be as good in the chopper stabilized cir-
cuit (Figure 36B) as in the normal regulator ecireuit
(Figure 36A).
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C. SPECIAL APPLICATION PROBLEMS

Cl1. bC POWER DISTRIBUTION AND MULTIPLE LOADING

Figure 37A illustrates the most common error inusing
DO regulated power supplies. The effective source
impedance feeding each of the three loads is the output
impedance of the power supply plus the effect of any
lead resistance and inductance which separates each
load from the power supply terminals. Since nearly all
practical load devices draw from a constant voltage
power supply an output current which varies somewhat
with time, there will be a variation of the voltage drop
in the leads cunnecting the loads of Figure 37A to the
pawer supply.
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Since the output impedance of a well-regulated power
supply is extremely low, frequently less than a millichm,
any load wire common to two or more loads seriously
mcreases the mutual coupling. This mutual coupling
effect can be particularly serious in logle circuitry,
where improper load wiring may result in large spikes
heing developed across the impedance of the load leads,
with such spikes causing false triggering of other logic
circuits fed from the same power supply leads.

To achieve proper DC power distribution without
mulual coupling effects, one must first deeide where the
distribution terminals of the power system will be
located. If the output terminals of the power supply are
to be used as the distribution peint, then local sensing
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is employed and each of the several load devices heing
fed by the power supply must have sepurate pairs of
leads connected directly from the load to the power
supply terminals as shown in Figure 37B.

If the distribution terminals are to he located sep-
arately from the power supply output terminals, then
remote sensing should be employed between the power
supply cutput and the remate disiribution terminals by
a separade parr of leads (Figure 37C1). It will be desirable
In most cases to add a large electrolytic eapacitor across
the remote distribution terminals Lo further minimize
mutus) coupling effects at high frequencies. However,
the precautions described under Section B3 “Remote
Error Sensing”’ should be observed.

C2. DUAL QUTPUT USING RESISTIVE DIVIDER

Often it is required to use hoth a positive and negative
DC power source having roughly the same voltage and
eurrent capability. 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 38 shows, however, that sueh an arrange-
ment results in a drastic increase in the effective DC
source impedanee feeding each load; assuming that the
power supply has a zero output impedance, each load
looks back into a source impedance consisting of the two
arms of the voltage divider in parallel with each other
and the other load resistance,
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Froune 38. Center-tapping the output of a power supply.

Thus, a change in the current requirement, of either
load results not only in a change in its own DC voltage,
but also in & change of the DC voltage feeding the other
load, and extreme conditiong of unbalance can develop.
In nearly all cases, 4 simultaneous need for positive and
negative DC voltages necessitates the use of two sep-
arate regulated power supplies.

C3. DUTY CYCLE LOADING

In some applications the load current varies period-
ically from a minimum to a maximum value. At first 1t
might seem that a lransistor 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, it must be
remembered that the current limit or constant current
eircuit within a semiconductor power supply limits the
output current on an instantaneous, not an average
basis, since such protection circuits must be extremely
fast in order to provide adequate safeguard against
burn-out of the series regulating elements,
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Figure 39. Equivalent circuit and sutput voltage for
short term overload.

The first question which must be answered when
powering a DC load which would draw a large current
during some portion of its operating cyele is whether
(1) the power supply need only withstand without dam-
age or automatic turn-off the low load resistance cor-
responding to the peak load condition, or whether (2)
the power supply must continue to deliver its full value
of regulated output voltage during the peak lead
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 opening value, it is not necessary that the power
supply be able to deliver this peak current—it is neces-
sary that the supply withstand without damage this
initial peak load condition and that it continue to op-
erate through the peak load interval until normal load
conditions are established. For such loads Constant
Voltage/Constant Current or Constant Voltage/Cur-
rent Limiting 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 eondition has passed.

As for the second category, if it is desired to meet a
duty cycle requirement similar to that illustrated in
Figure 39 while retaining the full value of regulated output
voliage during peak load conditions, then a power supply
ust 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 excessive output voltage sag.

Thus for peak loads of either category (1) or (2}, it is
of interest to know how much the output voltage wilt
drop for a peak load condition in excess of the power supply
current raling, and how long it will take for the supply
to recover to its normal output voltage following the
removal of the overload. Figure 39 illustrates the
equivalent cireuit and output voltage waveform which
are characteristic of & power supply, experiencing a short
term overload., When Lhe overload condition is first
imposed, the power supply goes into the current limit
mode and is, therefore, equivalent to & constant current
generator Iy, feeding the output capacitor Co {already
charged to Exorwm) in parallel with the lowered value of
load resistance Rp, peak. Thus the capacitor (o begins
discharging exponentially toward the final output volt-
age value which would result if the overload condition
were retained, namely ILRy, peak. The amount of voltage
sag AV depends upon the output time constant and the
duration of the overload peak load condition; the equa-
tion for this voltage sag is given in Figure 39. When
the peak load eondition is removed, Ry, is restored to its
normal value and the supply continues in the current
limiting mode, charging the output eapacitor on another
exponential eurve. This time the asymptotic level
approached by the exponential curve is IRt nory. How-
ever, this charging action stops when the voltage level
has risen back up to the normal level, and the regulator
changes from the current limit mode to the normal
constant voltage mode. Figure 39 also gives the equa-
tion for.the time required for this voltage recovery
following the removal of the peak load condition,

Thus, the equations of Figure 39 enables one to
evaluate whether the voltage sag and recovery time
resulting from an overload condition lie within accept-
able limits, thus permitting the use of a power supply
having & current rating less than the peak load demand.
For short term overloads, & quick approximation can be
made to determine the amount of voltage sag:

{Ip

—IpAT
Co

AV =

where:
AY = The voltage sag

Ir = EE?E}-‘— = Peak load current demand.
RL peak

I. = The current limit or constant current
setting,.

Co = The output eapacitor (in farads)

AT = Duration of overload condition (in

seconds)
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This approximation is pessimistic since it assumes
that the discharge of the output capacitor proceeds

linearly at the rate of (—I,, instead of decaying expo-
nentially,

C4. REVERSE CURRENT LOADING

In some applications it 1s 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 eonnected to the
power supply. Buch situations can arise, for example, in
pulse and digital eireuitry and in hias supplies for class
C amplifiers.

Figure 404 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 operat-
ing cycle it delivers a current of 3 amperes, 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.

—lj——
C
+ 32
'—-—--b——-_
L
|
|
|
i

ly = Hormal Load Current
mmna |p= Heverss [osd Cornal

—

]

Figure 40A. Reverse current loading—problem.

To correet 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 Rp (Figure 40B), thus shifting the zero
bias level with respect to the load current waveform so
that the power supply is only required to defiver current.
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Figure 40B. Reverse current loading—solution,

In terms of the numerical example shown in Figure
40, 1t 1s necessary to add a resistor Rp which will draw 3
{or more) amperes at the operating voltage of the power
supply. With this resistor added, the power supply out-
put current. varies between (0 and 8 amperes rather than
between -3 and 45 amperes. During the interval when
the load device s absorbing current, current flow follows
the paths indicated by the solid lines of Figure 40B,
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
maintained continuously at the regulated level,

C5. CONVERTING A CONSTANT VOLTAGE POWER
SUPPLY TO CONSTANT CURRENT OUTPUT

Many, but not all, H-Lab power supplies are eapable
of constant current operation. Those which are not
designed for normal operation as a constant current
source can readily be converted, provided the supply
has remote programming capability.

As Figure 41 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 operation. (Also any
100 ohm resistor connected inside the supply from +3
1o +OQUT should be removed.) Because the proper
operation of H-Lab regulator circuitry requires that the
negative output and negative sensing terminals be at
nearly the same potential, the external current monitor-
ing resistor Ry must be connected to the negative out-
put terminal, while the constant eurrent load must be
connected to the positive output terminal. The front
panel control (or remote programming control) is used
to determine the voltage E across the current monitor-
ing resistor Ry Since this voltage E will be held equal to
the voltage Ep across the control resistance by feedback
action, a constant current It = B% will be caused to
flow through the current monitoring resistor Ry. The
load current It consists of the current flowing through
monitoring resistor plus the programming current Ip
{normally negligibly small compared to It). Both the
current through the monitoring resistor and the pro-
gramming current are held constant by regulator action;
thus the net load current is also constant,
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Fioune 41. Adapting a constant voltage supply to con-
gtant current operation.




Since anv 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
eoefficient and should be operated at less than 1/10 (or
even 1/100) of its power rating. This, plus the restriction
that the total Ix drop across Bm and Ry, in series eannot
exceed the voltage rating of the power supply, means
that R will be selected so that its TR drop will be of the
order of 1 volt, depending upon the eonstant current
value required.

The eonstant current performance of a supply con-
nected in the method shown in Figure 41 can be predict-
ed by dividing the constant voltage specification by the
value of Ry, and then adding on a percentage basis any
change in the value of Ra due to temperature effects.
The lowest constant current output level is limited to
the programming current Ip, typically 5 milliamps.

More details on this method of adapting constant
voltage power supplies to constant current applications,
including all design details necessary for the proper
selection of Ray, are discussed in H-Lab Tech Letter #5,
available free on request,

C6, AUTOMATIC BATTERY CHARGING

Automatic battery charging is readily accomplished
using any H-Lab CV/CC or CV/CL power supply with
automatic crossover. For such applications, current
limiting supplies differ from constant current supplies
only in the aceuracy of the charge rate setting; in both
cases, the constant voltage limit ean be set with sufficient
aceuracy to avoid overcharging or “gassing’’.

Operation is extremely simple; one need only short
the output terminals of the supply and set the current
hmit or constant current conirol to the desired charge
rate (amperes = coulombs/second), Next, the output
terminals are left open and the voltage control is set for
the final value of voltage to whieh it is desired to charge
the battery. Finally, the battery, regardless of its state
of charge,is connected directly across the output ter-
minals of the supply. Charging action is completely auto-
matie, and it 1s not necessary for an attendant to
monitor the battery during charging or to readjust any
controls on the power supply.
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Figure 42 Operating locus of a CV/CC or CV/CL
power supply used for battery charging.

A completely uncharged battery will in most cases
appear as something approximating a short cireuit being
fed by a constant current Ig, the front panel current
control setting. This is shown as operating point A in

Figure 42. As the charging aetion procecds, the voltage
across the battery'‘inereases,with the current through
the battery still remaining constant. {Point B}, When
the charging action nears completion, the voltage across
the battery achieves a level corresponding to point C,
and the power supply automatieally transfers to con-
stant volltage operation, redueing the charging current
to whatever value is necessary to maintain the battery
vollage at the value Eg, the front panel voltage eontrol
setting. The power supply proceeds through operating
point D to point E, the full eharge point. Notice that
this final operating point has associated with il =ome
small value of current which will exactly offset the leak-
age current within the battery. Thus the battery
remains in its fully charged condition, with a trickle
charge being provided until the battery is removed from
the power supply terminals and placed into serviee,

In some battery charging applications, the internal
resistance of the battery is such that itts IR drop (not the
current limit setting of the power supply) limits the
current. value of the eharging current. This has the effect
of decreasing the charge rate as the hatterv voltage is
increased, but the final voltage to which the hattery
charges remains the sume, and automatic unatiendecd
battery charging is still aceomplished in u fool-proof
fashion.

Automatic battery discharging can also be accom-
plished using H-Lab CV/CC and CV/CL power sup-
plies, Contact the factory for further information.

C7. OPERATION AT ELEVATED TEMPERATURES

Nearly all H-Lab power supplies are ruted for opera-
tion at 0°C to A0°C (32°F ta 122°F) ambient temperi-
ture without degradation of output rating or any other
specifications. Care must be taken, however, when rack
mounting power supplies closely together or in proximity
with other heat-producing units that the power supplies
are not surrounded by an aetual air temperature greater
than 50°C. An unventilated rack full of equipment
may surround a power supply with an effective amhient
of 55°C or 60°C! even though the reom temperature is
kept at or below 40°C. In such eases, ventilation must
be provided to insure that the temperature immediately
surrounding the power supply is not in excess of 50°C.

An exact measurement of the temperature of the air
separating (wo adjacent instruments mounted in a rack
can be difficult if not impossible, However, devices are
available which permit easy measurement of the heat
sink temperature of a power supply while it and adjacent
pieces of equipment are operating in the rack. Harrison
Laboratories will furnish on request an indication of the
maximum heat sink temperature which should be allowed
on any supply, and sufficient ventilation can then be
added untii the heat sink temperature is safely below
this limit.

Although rated for a maximum of 50°C ambient., most
H-Lab power supplies can he operated at somewhat
higher temperatures under certain circumstances. Fur-
ther information concerning any necessary derating can
be furnished on request and depends on the model num-
ber, the input line voltage, and the output voltage und
current.



D. POWER SUPPLY SPECIFICATIONS —DEFINITION AND MEASUREMENT

D1. CONSTANT VOLTAGE POWER SUPPLY MEASUREMENTS

a. Test Setup—General Comments.

Figure 43 illustrates a setup suitable for the measure-
ment 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.

Constant Voltage
Automatic
‘Bong Tesod Load Switch
AC 3 4 A
Power VO 4 Ry
Varisble 28N
Auto- 3
Transformer
ol
L O
Differential or
Digital DC Voltmeter
“True RMS
AC
Voltmeter

Fioure 43. Constant voltage measurement set-up

MEASURING NECESSARY SUITABLE
INSTRUMENT CHARACTERISTICS MODEL NUMBER
Oscilloscope Minimum bandwidth 100Ke, = HP140A with
vertical sensitivity 1 millivolt ~ 1400A vertical
per centimeter minimum, plug-in
100uvolts per centimeter
preferred, differential input
preferred.
Differential or Resolution—1 millivolt or HP740A
Digital DC better at voltages up to Fluke 825A
Voltmeter 300 volts Dymec 2401B
True RMS Sensitivity 100uvolts full HP3400A
Voltmeter scale. Crest factor 10:1

The automatic load switch shown in Figure 43 is used
to periodically interrupt the load when measuring tran-
sient recovery time. Full details of a suitable load switch
and the method employing it are given later, in Section
D1.e “Transient Recovery Time."”

PRECAUTIONS:

(1) Measure Performance at Front or Rear Terminals.
Before attaching the load and monitoring devices shown
in Figure 43, it is necessary to determine (in the case of
power supplies having both front and rear terminals)
whether the supply is connected for front or rear ter-
minal sensing, since both the load and monitoring devices
must be connected to the same pair of output terminals
to which the feedback amplifier within the power supply
is connected. In the case of small laboratory supplies
which 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.

(2) Connect Leads to Power Supply Terminals Properly.
Casual elip lead connections will inevitably result in
serious measurement errors—in most cases placing the
measurement results beyond the power supply's specifi-
cations even though the power supply is operating per-
fectly. The load and monitoring leads must be connected
to the power supply terminals exactly as shown in Figure
44. If performance measurements are made at the front
terminals (Figure 44A) 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 44B), the load should be connected to the
plus and minus sensing terminals; in this way the
monitoring device sees the same performa.nce as the
feedback amplifier within the power supply which is
sensing and correcting the output.

Front Panel

Output Terminal
M,Qﬁij%'
Laad

Monitor Here

Figure 44A. Proper method of connecti

monitoring
and load leads to front panel power supp!

y terminals.

+8 + -=-K

Fear Barrier Strip

Monitoring 51 ©  Instrument
Leads ™7 |/ 8cope, True RMS VTVM,
Differential or

S o Digital Vait

Figure 44B. Proper method of connecting monitoring
and load leads to rear panel power supply terminals.

The importance of proper connection of load and
monitoring leads to the power supply output terminals
cannot be overemphasized, since the most common errors
associated with the measurement of power supply
performance result from improper connection to the
output terminals. Failure to connect the monitoring
instrument to the proper points shown in Figures 44A
and 44B will result in the measurement not of the power
supply characteristics, but of the power supply plus the
resistance of the leads between its output terminals and
the point of connection. Even connecting the load by
means of clip leads to the power supply terminals and
then connecting the monitoring instrument by means
of clip leads fastened to the load clip leads can result in



a serious measurement error. Remember that Lhe_ power
supply being measured probably has an output §mped-
ance of less than 1 milliohm, and the contact resistance
between clip leads and power supply terminals will in
most cases be considerably greater than the specified
output impedance of the power supply.

(3) Use Separate Leads to All Measuring Instruments.
All measurement instruments (oscilloscope, AC volt-
meter, differential or digital voltmeter) must be con-
nected directly by separate pairs of leads to the monitor-
ing points indicated in Figure 44A and 44B. This 18
necessary in order to avoid the rather subtle mutpai
coupling effects which may occur between measuring
instruments unless all are returned to the low impedance
terminals of the power supply. Twisted pairs (in some
cases shielded two-conductor cable will be necessary)
should be used to avoid pickup on the measuring leads.

{4) Uss an Adequate Load Resisior.

The resistance and wattage rating of the load resistor
depends upon the output voltage and current of the
supply; in general, a load resistor should be selected
which permits operation of the supply at its maximum
rated output voltage and current. Continuously variable
load boxes manufactured by Rex Rheostat are excellent
for this purpose and may be bought in a large variety of
resistance and wattage ratings. When measuring the
transient recovery time of power supplies requiring low
resistance loads, it may be necessary tq use non-inductive
loads so that the L/g 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.

{5) Check Current Limit Conirol Setting.

When measuring the constant voltage performance
specifications, the constant current or current limit con-
trol must be set well above the maximum output cur-
rent which the supply will draw, since the onset of
constant current or current limiting action can cause a
drop in output voltage, increaged ripple, and other pez-
formance changes not properly ascribed to the constant
voltage operation of the supply.

{6) Check Setup for Pickup and Ground Laop Effacis.

Care must be taken that the measured performance is
not unduly influenced by the presence of pickup on the
measuring leads or by power line frequency components
introduced by ground loop paths. Two quick checks
should be made to see if the measurement setup is free of
extrangous signala:

(&) Turn off the power supply and obgerve whether any
signal is observable on tga face of the CRT (with the
scope connected between +8 and —8),

(b) Instead of connecting the vscilloscope leads meparately
to the positive and negative sensing terminals of the
supply, connect both leads to either the positive or the
negative sensing terminal, whichever ia grounded to
chassis,

Signals observable on the face of the CRT ag 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 in Section D1.d, “Ripple and Noise.”

(7} Connect AC Voltmeter Properly.

It is important that the AC voltmeter be connected as
closely as possible to the input AC terminals of the
power supply so that its indication will he a valid wea-
surement of the power supply input, without any error
introduced by the IR drop present in the leads connect-
ing the power supply input to the AC line voltage source.

(8) Use on Ayto-Trunsformer of Adequate Current Rating.
Ii this precaution is not followed, the input AC veltage
presented at the power supply may be severely distorted,
and the rectifying and regulating eircuits within the
power supply may be caused to operate improperly.
Since the largest H-Lab single phase power supply at
this writing draws a little less than 20 amperes from the
AC input, it is recommended that a general purpose
test set-up use a variable transformer having a current
rating of 20 or 25 amperes.

{9) Do Not Use an AC Input Line Regulator

Such regulators tend to increase the impedance of the AC
line in a resonant fashion, and can cause malfunctioning
of the power supply, particularly if the supply employs
an SCR or switching type regulator or preregulator.
Moreover, since the control action of line voltage reg-
ulators tends to be accompanied by a change in the
waveshape of the AC output, their advantage in keeping
the input to a power supply constant is practically nil,
since such waveshape changes are nearly as effective in
causing output voltage changes of the power supply as
the original uncorrected line voltage change.

Further precautions necessary to the proper measure-
ment of power supply specifications are given as required
in the following sections, which discuss the use of the
constant voltage measurement setup of Figure 43 in
measuring the six most important power supply specifi-
cations.

b. CV Line Regulation.
Definition: The change, AEsur, in the static value of DC
output voltage resulting from a change in AC input voltage
over the specified range from low line {usually 185 volta) to
high line {usually 125 volts), or from high line to low line.
Actual measurement is accomplished by turning the
variable autotransformer (Figure 43) through the spec-
ified range from low line to high line and noting the
change in the reading of the digital voltmeter or dif-
ferential voltmeter connecied to the output terminals
of the supply. The power supply will perform within its
line regulation specification at any rated output voltage
combined with any rated output current; the most
severe test normally involves measuring line regulation
at maximum output voltage combined with maximum
output current.
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Notice that for practically all H-Lab power supplies
the line regulation specification is not prefixed by “ 4",
nor is the line voltage input change specified “115 volts
+ 109."" Thus, H-Lab’s line regulation specification sets
a limit on the tolal excursion of the output voltage
resulting from the fotal input AC change frem low line
to high line, thereby allowing only one-half the output
deviation of a * +* specification.

¢. CV Load Regulation

Definition: The change ABour in the static value of DC
output voltage resulting from a change in load resistance
from open circuit to a value which yields maximum rated
putput current (or vice versa).

Load regulation is measured by throwing the switch §
in Figure 43 and noting the resulting static change
AEour in the output voltage on the digital voltmeter
or differential voltmeter connected to the output term-
inals. The power supply will perform within its load
regulation specification at any rated eutput voltage
combined with any rated input line voltage.

d. CV Ripple and Noise

Definition: The residual AC voltage which is superimposed
on the DC output of a regulated power supply, usually
specified and measured in terms of its RMS value,

Ripple and noise measurement of an H-Lab constant
voltage regulated DC power supply can be made at any
input AC line voltage combined with any DC output
and load current within rating.
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A. Incorrect method—Ground current Ig produces 60
cyele drop in negstive lead which adde to the power
supply ripple displayed on scope.
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B. A correct method using a single-ended scope. 3-to-2
adapter breaks ground ocurrent loop, twisted pair
reduces stray pickup on scope leads.
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C. A vorrect method using a differential scope with
floating input. Ground current path is broken; common
mode rejection of differential input scope ignores differ-
encein ground potential of power supply & scope, shielded
two wire further reduces stray pick-up on scope lead.

Figure 45, Measurement of ripple and noise output
of a CV power supply.
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_ Figure 45A shows an incorrect method of measuring
ripple and noise. Note that a continuous ground loop
exists from the third wire of the input power cord of the
power supply to the third wire of the input power cord
of the oscilloscope via the grounded power supply case,
the wire between the negative output terminal of the
power supply and the vertical input of the scope, and
the grounded scope case. Any ground current circulating
in this loop as a result of the difference in potential g
between the two ground points causes an IR drop which
is in series with the scope input. This IR drop, normally
having a 60 cycle line frequency fundamental, plus any
pickup on the untwisted or unshielded leads intercon-
necting the power supply and scope appears on the face
of the CRT. The magnitude of this resulting noise signal
can easily be much greater than the true ripple develop-
ed between the plus and minus cutput terminals of the
power supply, and can completely invalidate the
measurement,

The same ground current and pickup problems can
exist if an RMS voltmeter is substituted in place of the
oseillosecope in Figure 45A. However, the oscilloscape
display, uniike the true RMS meter reading, tells the
observer immediately whether the fundamental period of
the signal displayed is 8.3 milliseconds (1/120 cps) or
16.7 malliseconds (1/60 cps). Since the fundamental
ripple frequency present on the cutput of an H-Lah
supply i8 120 cps {(due to full-wave rectification), an
oscilloscope display showing a 720 cps fundamental
compenent is indicative of 8 “‘clean' measurement setup,
while the presence of a 60 eps fundamental usually
means that an improved setup will result in a more
accurate (and lower) value of measured ripple.

Figure 45B shows a correct method of measuring the
output ripple of a eonstant 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’s
AC line plug. Notice, however, that the power supply
case is still connected to ground via the power supply
output 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 term-
inals of the power supply to the vertical input terminals
of the scope. When using a twisted pair, care must be
taken that one of the two wires is connected both to the
grounded terminal of the power supply and the ground-
ed input terminal of the pseilloscope. When using
shielded two-wire, it is essential for the shield to be con-
nected to ground at one end only so that no ground cur-
rent will flow through this shield, thus inducing a noise
signal in the shielded leads.

In most cases, the single-ended scope method of
Figure 45B will be adequate to eliminate non-real com-
ponents of ripple and noise so that a satisfactory meas-
urement may be obtained. However, inh more stubborn
cases, or in measurement situations where it is essential
that both the power supply case and the ozcilloscope
case be connecied to ground (e.g. if both are rack-
mounted), it may be necessary to use a differential scope
with Reating input as shown in Figure 45C, Because of




its common mode rejection, such an oscilloscope displays
only the difference in signal between its two vertieal
ipput terminals, thus ignoring the effects of any com-
mon mode signal introduced because of the difference in
the AC potential between the power supply case and
scope case, Before using a differential input scope in this
manner, however, it is imperative that the common
mode rejection capability of the scope-be verified by
shorting together its 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 this trace is not a straight line,
then the scope is not rejecting the ground signal and
must be realigned in accordance with the manufacturer’s
instructions until proper common mode rejection is
attained.

In many cases a proper measurement setup will reveal
that the peak-to-pesk ripple on the output of an H-Lab
power supply will be less than the RMS value specified.
Rince the RMS value of any waveform is less than ity
peak-to-peak value, such a measurement result imme-
diately proves that the power supply is meeting its
ripple specification and eliminates any need for an
RMS megsurement.
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Figure 46. Three possible ripple wave shapes.

Figure 46 shows the relationship between the peak-
to-peak and RMS values of three common waveforms.
The output ripple of a DC power supply usually dees not
approximate the sine wave of Figure 46A;1n many cases
the output rippie has a waveshape which very closely
approximates the sawtooth of Figure 46B. In this case,

the BMS ripple is ﬁ of the peak-to-peak value

displayed on the oscilloscope. The square wave is
included in Figure 46 because this waveshape has the
highest possible ratio of RMS to peak-to-peak. Thus,
the M S ripple and noise present on the oulput terminals
of a power supply cannol be grealer than 3¢ the peak-lo-
peak value measured on the oscilloscope. In mest cases the
ripple waveshape present on the output terminals of
H-Lab power suppiies is such that the RMS value is
between s and ¥ of the peak-to-peak value.

e. Transient Recovery Time

Definition: The time X for output voltage recovery to with-
in Y millivolts of the nominal output voltage following . 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 between the static output voltage before and after the
imposed load change, and

Z i the specified load current change, normally equal to the
full Joad eurrent rating of the supply.

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

If a step change in load current 1s imposed on the out-
put of a power supply, the output voltage will exhibit a
transient of the type shown in Figure 47. The output
impedance of any power supply eventually rises at high
frequencies, giving rise to an equivalent output induct-
anee; if the load current is switched rapidly enough 50
that the high frequencies associated with the leading
edge of the step change can react with this effective
output inductance, there will occur on the output term-
inals of any power supply a spike of amplitude L di/dt,
where L is the effective output inductance of the supply
at high frequencies, and di/dt is the rise time of the load
current change imposed. For most H-Lab power sup-
plies of moderate or high output rating, L is of the order
of (.16 microhenries (1 ochm at 1 megacycle), whereas
for small power supplies, the output inductance may be
as high as 0.3 microhenries.
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Fraure 47. Trangient recovery of a constant voltage
power supply.

Thus, it is not possible to specify the amplitude of an
output voltage spike caused by & 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/usee, but the spike amplitude will be only 160
wv 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 out-
put voltage associated with the full load change.

While an oscillosecope with a bandwidth of the order
of 100 Ke is adequate to observe and measure the tran-
sient recovery time of a power supply, the spike amplitude
for load switching times of less than 1 mierosecond can-
not be accurately determined, unless a very wide band
scope is used.
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Of all power supply specifieations, transient recovery
time is subject to the widest variation in definition, and
is not defined at all by some power supply manufae-
turers. [t is important to notice that a simple statement
that a power supply has a transient recovery time of
“50 mieroseconds” is incomplete and conveys no in-
formation. Such a specification leaves to the imaginuation
whether the power supply will recover during the 30
usecond interval to within 379, (1/e) of its initial value,
or to within 10%, or “all the way.” A definition based
on 379 or I/e recovery is not useful since the trunsient
recovery waveshape, being dependent upon the nature
of a closed feedback loop, is in general not exponential.
Nor is a definition based on 909 decay of the transient
useful since as mentioned previously, the amplitude of
the transient varies with the rise time of the load cur-
rent change imposed. Finally, one cannot define recovery
“all the way" since no transient ever eompletely dies
away, and the time measured would be dependent upon
the setting of the oscilloscope vertical gain control,

Bince the falling portion of the Lransient remuins
reasonably constant in spite of wide variations in the
spike amplitude and the speed of the load change
eausing it, Harrison Laboratories 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 referenced to a nominal outpul 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 adequate, since the resulting one-
shot displaysaredifficult to observe on most ogeillosenpes,
and the arc energy occuring during switching action
completely masks the display with a noise burst. Tran-
sistor load switching devices are expensive if reasonahly
rapid load current changes are to be achieved.
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FicurE 48. Automatic load switeh for ineasuring tran-
sient recovery lime.

Harrison Laboratories employs a mercury-wetted
relay, using the load switching circuit of Figure 48, When
this load switeh is connected to a 60 cyele 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 c¥cle of the load current switching and
reduction in jitter of the oscilloscope display.

The maximum load ratings listed in Figure 48 must
be obgerved in order {o preserve the mercurv-wetted
relay contacts. Switching of larger load eurrents can be
accomplished with mercury pool relays; with this tech-
nique fast rise times can still he obtained, but the large
inertia of mercury pool reluys limits the maximum

repetition rate of load switching and makes the clear
display of the transient recovery characteristic on an
oseilloscope mare difficult.

The scope is set up for internal sync and the presenta-
tion 18 locked on either the positive or the negative load
transient spike, The vertical input of the ascilloscope
should be set for AC coupling so that small DC level
changes in the output voltage of the power supply will
not cause the display to shift. The sweep rate is first set
so that several full eyeles of no load to full load and full
load to no load operation are displayed. The vertical
centering control on the scope is adjusted so that the
tail ends of the no load and full load waveforms are
symmetrically displaced about the horizontal center line
of the oscilloscope. This center line thus represents the
nominal output voltage defined in the specification. The
horizontal positioning control is set so that the trace is
known to start at the point which is coincident with a
major graticule division; this point is then representa-
tive of time zero. The sweep rate is increased so that a
single transient spike can be examined in detail. The
syne controls are adjusted separately for the positive
and negative going transients so that not only the
recovery waveshape but also as much as possible of the
rise time of the transient is displayed. Starting from the
major graticule division representative of zero time,
count to the right ¥ microseconds (obtained from the
specification sheet for the power supply being measured)
starting from the horizontal center line, count vertically
X millivolts (again’ obtained from the specification
sheet). The intersection of the Y usec and X mv line on
the graticule corresponds to che sperification points
shaown with large arrows in Figure 47; the transient
recovery waveform must lie inside this point,

f. CV Stability

Definition: The change in output voltage for the first eight
hours following a 30 minute warm-up period. During the
interval ol measurement all parameters, such as load resist-
ance, ambicnt 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
valtmeter over the stated measurement interval; a strip
chart recorder can be used to provide a permanent
record. A thermometer should be placed near the supply
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 conditioning vents); if pos-
sible, the supply should be placed in an oven which is
held 4t 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 magni-
tude better than the stability specification of the power
supply being measured. Typically, a supply may drift
less over the eight hour measurement interval than
during the L4 hour warm-up perind,

Stability measurements can be made while the supply
is remately programmed with a fixed wire-wound resis-
tor, thus avoiding accidental changes in the front panel
setting due to mechanieal vibration or “knob-twiddling”




g. CV Temperature Coefficient

Definition: The change in output voltage per degree Centi-
grade change in the ambient temperature under conditions
of constant input AC line voltage, output voltage setting,
and load resistance.

The temperature coefficient of a power supply is meas-
ured by placing the power supply in an oven and varying
it over any temperature span within its rating. (Most
H-Lab power supplies are rated for operation from 0°C
to 50°C.) The power supply must be allowed to thermal-
ly stabilize for a sufficient period of time at each tem-
perature of measurement.

The temperature coefficient specified is the maximum
temperature-dependent output voltage change which
will result over any 5°C interval. The differential volt-
meter or digital voltmeter used to measure the output
voltage change of the supply should be placed putside
the oven and should have a long term stability adequate
to insure that its drift will not affect the overall meas-
urement. ACCUTacy.

h. Other Constant Voltage Specifications
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 charac-
teristies with just one measurement. The output imped-
ance of a power supply i1s commonly measured only in
those cazes where the exact value st a particular fre-
quency is of engineering importance. Complete informa-
tion on proper methods of measuring cutput impedance
18 available from your nearest H-Lab/HP sales office—
ask for H-Lab Tech Letter 4, ¢ Measurement of Output
Impedance of a Constant Voltage Power Supply.”
Proper methods of measuring any of the other operat-
ing specifications for constant voltage power supplies
can also be obtained by contacting your local H-Lab/HP
sales office or the factory,

D2. CONSTANT CURRENT POWER SUPPLY MEASUREMENTS

a. Test Setup—General Comments

For the most part the instruments, methods, and pre-
cautions necessary for the proper measurement of con-
stant current power supply characteristics are identical
to those already deseribed for the measurement of con-
stant voltage power supplies. As Figure 49 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, gince the power supply
performance will be checked between short circuit and
full load rather than open cireuit, and full load.

2. A current monitoring resstor is inserted between the
output of the power supply and the load. T'o simplify
grounding problems, 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 con-
stant current measurementa are made in terms of the
change in voltage across this resistor; the current per-
formance is caiculated by dividing these voltage changes
by the ohmic value of Ri.
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Freure 49, Constant current measurement setup

Many of the precautions listed in Section D1 with
reference to a constant voltage measurement setup are
equally applicable to a constant current setup. However,
a list is provided below of other precautions peculiar to &
constant measurement setup. Many of these precautions
concern the series monitoring resistor; since all constant
current performance spees will be checked by measuring
the voltage drop across Ry, particular care must be given
to the proper selection and connection of this element.

PRECAUTIONS:

{1} Ry Must be Treated as o 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
registor, while the voltage monitoring terminals econ-
nected to the three measuring instruments should be
located as close as possible to the resistance portion
itself, as shown in Figure 50.

Voltage
én-Monil»aring
Termnals

Frauee 50. Four terminal nature of current monitoring
resistar.

(2) Use Precision, Low T.C, Monitoring Rasistor.
Resistor Ry should be g precision ammeter shunt or &
wire wound resistor (20ppm/°C or better) and should be
operated at & 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 subject to slow
thermal fluctuations which eause similar changes in the
resistance value itself.

A crude “thumb rule” will suggest the order of mag-
nitude of the measurement problems which ean be
encountered if adequate power derating is not applied
to the current monitoring resistor. With typieal wire-
wound power resistors, operation at 1097 of power rating
will be accompanied by approximately a 50°C termpera-
ture rise above ambient at the surface of the resistor; the
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“bobble,” or slow variation in this surface temperature,
will amount to about 2097 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 & .02%, variation in the measured current, even
though the monitoring resistor is being operated at only
1/10 of its power rating!

{3) Keap Temperature of Ri Constant.
The resistor Ry should be located and protected so that
it will not be subjected to stray air currents (open doors
or windows, air conditioning vents), since these will
introduce 2 change in resistance value which may mar
the measurements, particularly stability and tempera-
ture coefficient.

(4) Check Yohage Control Selting.

When measuring the constant current performance
specifications, the power supply’s voltage control must
be set above the maximum output voltage which 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.

(5) Do Not Connect DC YVolimelter Directly Across Power
Supply Output Terminals.

Note that in Figure 49 the DC voltmeter used to mon-
itor the output of the power supply is connected outside
the cutrent monitoring resistor. Thus, the true output
voltage of the supply is obtained by adding this volt-
meter reading to the voltage across the current mon-
itoring resistor, 1f the voltmeter were placed on the left
side of the current monitoring resistor of Figure 49, &
change in output voltage of the constant current supply
would result in a change in current through the volt-
meter input resistance. As can be seen from Figure 31,
il we assume a power supply with a perfectly constant
current output, this change in current through the in-
correctly connected voltmeter will necessarily be
accompanied by an equal magnitude change in current
through the load and the current monitoring resistor,
thus degrading the measured constant current perform-
ance. Of course, if a sufficiently high resistance DC
voltmeter is used, this precaution need not be observed,
since the voltmeter input current will be small compared
to the current change being measured.
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Fieure 51. Measurement error due to voltmeter across
output terminals of conatant current power supply.
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Other precautions associated with the proper meas-
urement of constant current power supply specifications
are given in the following sections as required ; these sec-
tions diseuss the use of the constant current measure-
ment setup of Figure 49 for measuring the most impor-
tant constant current power supply specifications.

b. CC Line Regulation

Definition: The change, Alocr in the static value of DC
output, eurrent resulting from a change in AC input voltage
over the specified range from low line (usually 105 volta)
to high line (usually 125 volts), or from high line to low lins.

Measurement, is accomplished by turning the variable
autotransformer of Figure 49 through the specified input
voliage 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
resistor,yields the change in output current. The power
supply will perform within its line regulation specifica-
tion at any rated output current combined with any
rated output voltage.

c. CC Load Regulation
Definition: The change, Alour in the static value of the
DC puiput current resulting from a change in load resist-
ance from short circuit to a value which yvields maximum
rated output voltage.

Load regulation is measured by throwing the switch
S in Figure 49 and noting the resulting static change on
the digital voltmeter or differential voltmeter connected
across the current monitoring resistor. The power supply
will perform within its load regulation specifications at
any rated output current combined with any rated line
voltage.

d. CC Ripple and Noise

Definition: The residual AC current which is superimposed
on the DC output current of a regulated supply, usually
specified and messured in terme of ite RMS vahie.

The peak-to-peak voltage measured on the oscillo-
scope across R, is divided by Ry to obtain the peak-to-
peak ripple current. This value iz then divided by &

suitable conversion factor to obtain RMS ripple. In

cases where the oscilloseope measurement yields a mar-
ginal result, resort should be made to a true RMS volt-
meter reading across R after first utilizing the oscillo-
scope to insure that the input waveform to the RMS
voltmeter has a 120 c¢ycle fundamental component and
is free of extraneous signals not coming from the power
supply output.

Most of the comments pertaining to the ground loop
and pick-up problems associated with constant voltage
ripple and noise measurement also apply to the meas-
urement of constant current ripple and noise. Figure 52
illustrates the most important precautions to be observed
when measuring the ripple of a constant current supply.
The presence of a 120 cycle waveform on the oscilloscope
is normally indicative of a correct measurement method.
A waveshape having 60 cycles as its fundamental compo-
nent is tvpically associated with an incorrect measure-
ment setup. As before, the basic measuring instrument
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*Length of lead between Ry and grounded output terminal of
power supply must beheld to abeolute minimum.

B. A correct method using a single-ended scope, 3-to-2
adapter breaks ground current loop, twisted pair
reduces stray pickup on scope leads.

Fawer Supply Case

Uhalloncope Case

*Length of lead between Ky and grounded output terminal of
power supply must be held to abaclute minimum.

C. A correct method using a differential scope with
floating input. Ground eurrent path is broken; common
mode rejection of differential input scope ignores differ-
encein ground potential of power supply & scope, shielded
two wire further reduces stray pick-up on scope lead.

Froure 52. Measurement of ripple and noise output
of a CC power supply.

is an oscilloscope. The peak-to-peak/RMS conversion
factors suggested vy Figure 46, and comments in the
previous sections of this Application Manual dealing
with constant voltage pick-up and ground loop effects,

constant voltage ripple and noise, apply in full.

e. CC Stability

Definition: The change in output current for the first 8
hours following a 30 minute warm-up period. During the
interval of measurement all parameters such as lnad resist-
ance, 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 tempera-
ture of the power supply arnd the current moniloring
resistor R1 as constant as possible. Variations of the valt-
age across this current monitoring resistor over the
specified 8-hour interval are measured on the digital or
differential 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 impor-
tant to check that the stability of the measuring instru-
ments 18 adequate to insure an accurate check on the
power supply performance,

f. CC Temperature Coefficient
Definition: The change in output current per degree Centi-
grade change in the ambient temperature under conditions
of constant input AC line voltage, output current setting,
and load resistance.
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
Ri should not be placed in the oven, but must be held at
a constant temperature while this measurement js made.

g. Other Constant Current Specifications

The measurement of transient recovery time, output
impedance, and other performance specifications is Jess
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 above can be obtained from the
factory.

H-LAB TECH LETTERS

The followring publications conlain more detatled information on selected power supply topics.

Tech. Letter No.
Tech, Letter No.
Tech. Letter No.
Tech. Letter Ko.
Tech. Letter Na.
Tech. Letter No.

Remote Programming

SN

Conetant Valtage /Constant Current Regulated Power Bupplies

Measurement of Line and Load Regulation of DC Power Supplies

Measurement of Output Impedance of a Constant Voltage Power Supply

Method of Achieving Constant Current Operation Utilizing a Constant Voltage Power Supply
Measurement of Transient Recovery Time of Constant Voltage Regulated DC Power Supplies

Copies of any of the above Tech Leiters are available at no charge either from your local
H-Lab/HF sales office” or by writing directly to the factary. Feel free to contact cither the
Jaclory or your nearest sales office with regard to any power supply questions.

*See pags 54,
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0% (003 | emon | 10mv [10my o1 [soC [50 [Z2020 | 50 fvaa|v |V [V |R[as [ssHezmOx1W v/ butons. i commant Tonit Thich wogute oamit| 14500
X nel.
P S 105.125 NO Front ond rear oulpuf ferminals, holf rack widih
0-0. > e, dual range output selected by front 1]_134.00
0-36 3 w"“ o%llu:h ﬁlﬂ. 0.2 | 50°C | 50 150 | H9 Raal vV V[V %] | ® Hx254Dx210W V| Bush buitons. Other run’g:‘_ 018 V, 0-0.6 A. Vori- [ 154 00
. s able current limit.
03 005 | 6M7A or | or |10]s0°c]|so or | 4883 |NO |V |v R|32 | 76Hx2mDx17W v | Plug-in module — all input, output, and control | ;g g5
0.02 % [0.02 % 210250 connections via 11-pin plug. Variable current limit. %
3&mv | 3.6 mv
DUAL Two sides con be seriesed for 072V ot 0-1.5 A,
0ot M ors | W | ort) Cor 102 soc |0 | 105125 | sod0 |vaa| v | |v[126 | s Hxam Dxamw Fixed current timit. g 580.00
Zmv | 2mv 105125
015 Front ond rear output lerminals, one-third rack
034 Q2A O.Iﬁrlh 0‘6'“ 05| 50°C | 50 2:6'-'2:0 50-70 |VIA [V [V |V [R|68 |172Hx280Dx130W VI V| width pockage. Voriable voltoge and curu:t li'r:it. 325.00
Imv | 3mv 1 . 3
01 Plug-in module — gll input , and control
0-36 o el P P L el e P e RSB R R[59 [1WHx29Dx15PW V| tions vis Thiim o Yot comess Ran | ™
5 mv !IIW
03 03 0w o v 05| s0°C |50 | or 5070 (VEA |V [V [V [V[IL3 [0 HxasOxaW [ V| V Variabia voltege and current fimif. . 460.00
Tmv [ Tmv 105125
0-36 03 E265A1 " ar* a ar* 05| 50°C | 50 7 d'-'zso 5060 |[VBA |V |V V(162 |B9Hx A D x 483 W V| V| Variable valtoge and current limit, 360.00
7 105125 e e
0% (03 | ausa mﬁ""; aﬁ"":. 05 [0 |50 | o |50 [NO |V [V | |v[153 |e9HxasDxamwW v | Walkragvicted, *siripped-down” version of Madel | 9.9
; ]
0% o5 | emsa | OISO los|seoc |50 |z 2% | 50 [VaA |V |V |V [V[135 | @Hxa6DxMIW | V| V[ Voricble voltage and current limit 45,00
1 Tmv 1 R 3 2
03 o5 | caeA ”ﬁ o |08]3c |2 | e [S0@ [Nofv |V |v[is3 |eHxasDxamw v | Sakreonkind, “sipped-dows” version of Modsl| ' 5




POWER SUPPLY LISTING

&
Ly
SIZE (mm) SPECIAL FEATURES <&
0.3 o0 | sosen | D0 lamion [ oodsoec | 50 [hahn [ s [vea| v |v]v]v|e [ 1mHcosoxew | v| v | voiabie vorr d limit 535.00
A ol e e | © x| 0t v x X grigble voltage end cerrent limit. 2
1 1 185125 P ” .
0-3 010 | &as7A or | or |os5]s0ec| s | or | stee [NOY v v v[234] 183 Hxd7 D x 483 W v | Well-regulated. Tatrigped-down’_varsioniof Model | 4455
.00 % 0.0 % 210-250 5
040 005 | 73R 7 | w Jeas|ssec| — | J3ER {so000] wia | v viR|54 [ 172Hx305Dx130 W v | Vorieble current kmit. 240.00
116115/
0.015% [0.0254% , i Dual range output selected by front ponel h
D-40 0075 1A | S8l ioshay | 02| 0°C| 50| 22 l,ga;g 50 |[VEA| V| V|V IR|B | BHXIODNAOW | V| V| i o oltage and current Lt T | 199.00
TI0/175; : =
00152 | 0.025 % B . 3 Front and rear output termincls, half rack width
a0 | oors| emsa | OPSI00KM) 02| s0oc| s | 20238 | s |viAl v vy v R| 8| sHx3000W | V| V| EE A e e e rant Tt 169 00
0-60 02 | 7%AR 5 | 25 [o03s] s5°cC 3  svs0 | vaal vl v v[nal 1msHxasDxamw Fronti and: raor caipul Inemiitals Mariokls-cumont | coe
I my 3 my " 105-125 . R
0-80 0-3 I7T1A1 Dacir il Oqlr ; Bp5| s0°C| 50 2153550 5060 | WEA| v v V162 89 H x 476 D 4B3 W V| V| Yarioble voitoge and current imit. 445.00
UL % RHR] B
1 3 105-125 Y = .
0-60 03 | ena ar | “or | 0s|soc| s | e |sos0 | Noi v|v v[153] 89 H x476 D x 483 W v| Yaellregulated, “stripped-down” version of Medel | 545 oy
0.01 % | 0.01 % 210-250 -
dmv | 4mv 105-125 NO Fm;‘ dndd fET‘ll‘ output ;er;nin[als. Lmblf fruck width
L2056 A . : " . rockage, dusl range output selecte y frant panel T74.00
064 005 plus | pivs | 02f sooc] 50 | or | 4840 viv] v|r|81| sHxBODRTOW w| POSARN, dumi ratn, Reteciad by It pure] |, THA0
82D6AM 0.0 e | Q.00 0% 210-250 V& mﬁe cuurre:}siimif_er range i A Vari 194.00
Imv| S5mv 105-12% Plug-in printed circuit cord selects dual aulput
0-64 01 S242A L er ar 0.2] s0°C| 50 ar 50-400 | VEAl v v| v v 13| 87 Hx476D x4B3'W V| V| ronge, other range — 0-32V, 0-2 A. Varioble vol. | 43500
0.02 U | 3,03 o 210-250 tage and current limit.
Zmv g 2 mv G 105K Front and rear ouput termincls, half rack width
0160 ooz | ewA | el § bl | 0] sec| 50| er | ske3 | VAl v| V] VI R|81| e HxmoDxW | V] v| SR A I BB B P ek wi 204.00
IA+ 1000 | 1002 115-290 9 | 2 H X380 x 8T W Two ronges on vollmeter and ammefer — 12.6 VAC | 775 g
0-500 T Bl et ar 1| s6°C| — 50-1000| V&A v oW CT cuxibiary 3A output. Overload protection in- f————
TUARY  gsa ﬂ.gr% L 10 % 10,8] 178 H x 324 D x 483 W cludes AC line fuse and DC protection refa';n il 280.00
Klystran supply. Direct reading calioroted voliage
—25010—-800| 0-01 0.05 %[ 0.05 0| 1 N5 st SIE i, e seadi
- TIeB+ — | 0g5e| 05 seec| — | sne0 [ A | v 203 191 Hx477 D x 428 W sonleals, Khoies, of lnteinal ‘and extorng)l miod:
6?3'{% tﬁl] 0-2.0 —_ 'lcif,! 02 = 10 % ; T x ::fgl?;\ Sync output for scope. Diode protection 875.00
All Supplies: 1t Chooper Stabilized Unils olso availoble at § 125.00 extro.

protection — &

Flooting oultput iggrnurld either side], continucusly variobie autput, low output

impedance at all

requencies, J-wire input, computer-quality electralytics, 1 year

warranty, Mo turn-on, furn-off avershoot; short circuit proct, oll semi-conductor
except as noted by +

Transistar Sugnl’ws: Glass-spoxy printed circuid boord construction, fully automatic everload

ort circuit proof.

* Time required for output voltage recovery to within "Y* millivolts of the nominal sutput vol-
tage, where *Y* is the lood regulation and the nominal output voltoge is defined as the mean

between the no lood and full lood voltages.

** Units with “¥* in this column feature outomatic crossover between cansfont voltage and
constant current gperafion; whereas units with "% ore converted from constant voltage fo
constant current or from constant current o constent vollage operaticn by means of substitut-
ing plug-in printed wiring card ond reartanging strops on rear barrier skrip.

*== |nits with “R* in Rack Model Column con be rack mounted utilizing optional panels,



