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An Experimental Model of a 2KW, 2500 Volt Power Converter
for Ion Thrustors Using Gate Controlled Switches
in Two Phase-~Shifted Parallel Inverters

by

F. A. Elder
L. E. Staley

ABSTRACT

28450

The development of an ion thrustor power supply utilizing gate controlled
switches (GCS) is described. A GCS inverter is used to convert 160 V.D.C.
to 2500 V.D.C. Output voltege regulation is accomplished by varying the
phese angle between two inverter stages. Overall efficiency at the rated
output of 2 KW is 82.6%. Control circuitsare incorporated in the system
to prevent faiiure due to overloads and to provide automatic recycling.
The tctal weight of the system components is 44.5 pounds. Recommenda-
tions for achieving a system weight of 24 pounds and an efficiency
approaching 90% a2 made. The results of this program show that the GCS
is a useful switching device for power conversion applications.
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An Experimental Model of a 2KW, 2500 Volt Power Converter
for Ton Thrustors Using Gate Controlled Switches
in Two Phase-Shified Parallel Inverters

by

F. A. Elder
L. E. Staley

Westinghouse Electric Corporation

SUMMARY

This document is the Summary Report of the work performed during Phase 1
of Contract NAS 7-5917. The purpose of this work was to evaluate the
merits of the new Gate Controlled Switch (GCS) in a low weight high
efficiency power converter for Ion Thrustors. Phase I included the design,
fabrication, and extensive tests of two models of the converter. The Breud-
board Model proved feasibility of the proposed concepts, and the Experi-
mental Model incorporated the final design iato a suitable package for
delivery to the customer. The criteria for the final design included high
efficiency and low weight compatible with the overall system performance.
Extensive tests were performed on the Experimental Model to determine its
compliance with the work statement requirements on safety factors and
reliability, both at full rated load and during transient short circuit
loads.

In the Experimental Model a full load efficiency of 82.6% was obtained
with a total circuit component weight of 4l4.5 pounds. The effiency is
lower and the weight is somewhat higher than expected; however further
development could yield an efficiency of about 90% and a total weight of
2Lk pounds, using the present work statement. Further reductions in weight
to approximate 12 pounds with a slight decrease in efficiency could bve
achieved by eliminating the input filter, the overcurrent time delay, and
increasing the frequency.

The Experimental Model proved its reliability by successfully surviving
the application of approximately 2000 short circuit applications, and
over 200,000 "Blink-Off" "Soft-On" cycles Auring complete testing.
Component temperatures during any testing did not exceed safe limits nor
did any degradation of the system occur.
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I. INTRODUCTION

A 2KW, 2500 volt power converter erploying gate controlled switches
(6CS) in two parallel inverters was developed to fulfill tre objectives
of the contract work statement. These objectives were o employ the use
of new techunology, where practical, to achieve minimum system weight,
high efficiency, and high reliability by applying appropriate safety
factors. The purpose of this work was to advance the technology of
power conditioning for Ion Thrustors. This inc’udes providing a range
of adjustments of operating characteristics to achieve optimum matching
of the power converter to the Ion Thrustor. The Ion Turuster is
characterized oy frequont and severe electrical breakdowns throughout,
which must be controlled and extinguished. The power converter:
provides current regulation into the electrical breakdown; provides
"Blink-0ff" for an adjustable length of wime to allow the breakdown
to extinguish if the breakdown persists; and provides automatic restart
in a "Soft-Cn" manner to reestablish operation without causing furthor
electrical breakdown. Although operaticn with an Ion Thrustor was not
part of this contract, the ability of the power converter to provide the
above functions was demonstrated with 2 load simulator having electriecsal

breakdown devices.
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IT. PRELIMINARY CONVERTER DESIGN CCGNSIDERATIONS

The preliminary converter design considerations were the cnoice of the
power switching device; the choice of input voltage; the choice of the
operating frequency; and the choice of the basic circuits. All decisions
were based on two prime objectives. First, the overall objective was to
accomplish the conversion of low voltage D.C. power to regulated high
voltage D.C. power with a system having low weignt and high efficiency.
The otner objective was to provide high reliability by applying adequate
derating factors. For the experimental model a minimum safety factor of
two for current and voltage and a minimum safesty factor of four in allowable
power dissipation for semiconductors was to be a design objective. With
the=e two cbjectives in mind the four areas of choice were resolved as

fol _ows:

A. CHOICE OF GCS

Jt was decided in respcnding to NASA RFP-~STD-213 that a GCS inverter
system was capable of fulfilling the specified performance require-
ments. This decision was based on the generally superior character-
istics of tae GCS, when compared to other power switching devices,
The comparison in Table II-1 shows the fast switching times of the
GCS, which could be used to achieve gnod efficiency at high frequency
and thereby yield a small system weight. The comparison also shows
that because the voltage rating of the GCS is relatively high, a
safety factor of 2 to 1 could be obtained without using devices
connected in series. The high forward voltage drop of the GCS was
known to be a disadvantage, but this could be compensated for by
using the GCS at higher vcltages and lower currents for a given power

output. Table II-1 compares the numerical values of GCS character-

istics in other power switching devices, and is part of the informetion

on wnich the decision to use GCS's is based.

Table II-2 lists the parameters of Table II-1 in terms of advantages

and disadvantages of the GCS and other power switching devices when

II-1
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TABLE II-1

Forward Voltage Drop
in Volts

Forward Blocking Voltage
in Volts

Reverse Blocking Voltage
in Volts

Switching Speeds
in Microseconds

Ratéu Junction Tempera-
ture in Degrees Centi-
grade

Leakage Currents
in Milliamperes Except
*in Microamperes

Degree of Control

CHARACTERISTICS OF FOUR POWER SWITCHING DEVICES

Germanium Silicon Silicon Gate
Power Power Controlled Controlled
Transistsrs Transistors  Rectifiers Switches
0.1 to 0.2 0.5 to 1 1 tol.5 3 to i
50 120 1600 koo
5 to 10 10 to 20 1600 Loo
1l to2 1l to?2 0.5t 1 0.1 to 0.5
90 150 to 200 125 125
80 to 100 5 to 15 *#0.5 to 2 0.5 to 2
Full Control Full Control Turn-on Full Con-
with the with the Control trol with
Base Lead Base Lead with the the Gate
Gate Lead
112
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TABLE II-2

1. Germanium
Transistors

2. Silicon

ransistors

3. Silicon
Controliled
Rectifier

k, Gate
Controlled
Switch

ADVANTAGES AND DISADVANTAGES OF FOUR POWER SWITCHING

DEVICES FOR ION THRUSTOR POWER CONVERTER APPLICATION

o

3
VAT TR ) . -
Bt S B it o T o

a.

Advantages

Low Forward Voltage
Drop

Low Forward Voltage
Drop

Relatively High For-
ward Blocking Voltage

High Reted Junction
Temperature

Good Swicching Speeds

Jominal Forward
Voltage Drop

Pulse Turn-On with
Gate Lead

Good Switching Speeds

High Forward Blocking
Voltage

Pulse Turn-On and Pulse
Turn-0ff with Gate Lead

High Rated Junction
Temperature

Fast Switching Speeds

II-3

Disadvantages

Low Forward
Blocking Voltage

Low Rated Junction
Temperature

High Leakage Currents

Requires Continuous
Drive through the
Base lead to Main-
tain the On State

Moderate lLeakage
Current

Required Continuous
Drive throgh the Base
Lead to Maintain the
On State

Forced or Natural
Commutation Required
for Turn-0ff

High Forwa:d Voltage
Drop when Applied to
Low Voltage Circuits
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tnese devices are applied to the proposed power supply. The
final decision to use the GCS was based on the information contained

in both tables.

It was exvected that an experimental 25 ampere GCS would be available
for thi. program; however, this device did not become available by the
time the contract was awarded. It was then decided that the
Westinghouse 242ZP, 10 amp rms, TOO volt, GCS should be used for the
inverter system. A second alternative was the Motorols MGCS 821-6

or ‘MGCS 925-56 devices,which are both 5 amp rms, 400 volt GCS's.

The disadvantages in using these devices are apparent since they can
handle only S00 watts of power compared to 1750 watts for the 242ZP

device.

B. CHOICE OF INPUT VOLTAGE

After the GCS was decided upon, the input voltage was selected which
would be compatible with the GCS. Because of the 2 Kw pover
requirement, the input current had to be balanced with the choice of
input voltage, and both quantities had to have a 2 to 1 safety factor
applied to them when compared with the current and voltage ratings
of the GCS's. The proposed concept of two square-wave inverters,
phase shifted with respect to each other and series addition of their
output transformer secondary voltages, requires that each inverter
handle 1 Kw of power. (See Figure II-1.) Taking into account the
safety factor, the GCS is allowed 5 amps rms of current on a 100% duty
cycle or T amps rms for a 50% duty cycle. Each half of an inverter
carries the load current on alternate half-cycles so the D.C. input
éurrent to an inverter could be 7 amps. The voltuge into each inverter
would then be 1000/7 = 143 volts. To allow for the 3 to 4 volts GCS
forward drop and other circuit losses an input voltage of 150 volts
was selected. The two proposed bridge inverters could then use
10 amp rms, 300 volt, GCS's carrying 7 amps and blocking 150 volts
on alternate hélf-cycles. The highest voltage input compatible
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with the bridge circuit and available GCS is 350 volts for a TOO

volt device. The inverter current for this case need only be 3 amps
to achieve 1 Kw per inverter of output pover. Assuming 4 volts
forward voltage drop in each GCS, the power lost due to GCS conduction
dissipation in two bridges at 150 volts is 112 watts and in two
bridges at 300 volts is 56 watts. This shows that for the bridge
inverter the input voltage should be high and the current low to

minimize losses.

The final choice cf input voltage was determined after considerat.on
of the basic inverter circuits and their relative advantages. The
input voltage was finally chosen to be approximetely 150 volts and

the reasons *for this are explained in a later section.

CHOICE OF FREQUENCY

The optimum operating frequency of the inverter depends on the
switching times of the GCS. The switching times for the GCS had not
been completely deterpined; therefore, it was not possible to make a
meaningful frequency calculation eariy in the project. The swiiching
times listed in Teble I1-1 were those observed in other types of
circuits. Switching times of the GCS are very much dependent on a
magnitude of current and voltage, and especiaslly on the circuit
impedance (i.e.,amount of circuit inductance). Final frequency
gelection would have to be done with actual circuit hardwere and the
measurement of actual GCS switching times in the circuit. Choosing
of the operating frequency was done tentatively on the basis of past
experience with semiconductors and similar circuits. An operating
frequency of 1000 cps was chosen to take advantage of the

megnetic component weight reduction due to high frequency and to
minimizing the loss in efficiency due to the expected switching
losses of the GCS.

The early circuit tests indicated that the GCS switching times

varied from about 0.1 microsecond to several microseconds. Because
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of the variance and because of other difficulties encountered

in applying the GCS, the calculation of optimum operating frequency
was delayed. It wes felt that more information about the GCS and

its operation in the circuit was needed before accurate frequency
calculations could be made. The experimental work to gather operating
data on t*e GCS was conducted in an inverter system operating at

1000 cps.

CHOICE OF BASIC CIRCUITS

1. Inverter Circuit

The proposed circuit of two square-wave bridge inverters, phase-
shifted with respect to one another for voltage regulation, was
further analyzed in terms of the GCS actually availale for use.
This disclosed that two bridge inverters employing 8 GCS's would
have higher losses at a given input voltage, would be more complex
due to the greater number of devices and would require more compli-
cated gate circuits. (The actual importance of the GCS gate circuits
and their complication becime apparent after some experience with
them had been acquired.) An alternate to the bridge inverter is the
center-tapped inverter which employs only two GCS's per inverter.
The basic concept of two inverters with phase-shift is nol changed
by the center-tapped inverter; the output transformer secondary
vo.tages are still square-waves which are phase-shifted for voltage
regulation. In the center-tapped inverter only 4 GCS's are needed for
the two inverters to provide 2 Kw of output; thereby reducing the
complexity of the system. A center-tapped inverter handling 1 Kw
and using 10 amp rms, 700 volt, GCS's would operate with a 15C volt
input at 7 amps. The safety factor on voltage would be slightly
greater than 2 to 1 since the maximmun blocking voltage applied to
the GCS would be 2 (150) or 300 volts. The current safety factor
would also be 2 to 1 because the G(GS conducts 7 amps for only cune-
half cycle, which is equivalent to 5 amps rms. Thus the maximum
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capabilities of the GCS (700 volts and 10 amps rms) are fully
utilized and the 2 to 1 safety factcr is provided.

The total losses for two center-tapped inverters empioying 4 GCS's
would be 56 watts campared to 112 watt: for two bridge iuverters

(at 150 volts input and 4 volts forward drog per GCS). The savings
of 56 watts amounts to 2.8% of the rated output pcwer and is »

step towards achieving maximum efficiency. Further saviigs are
accampl ished by the reduction of 8 separate gate circuits for 8 GCS's
in twc bridge converters, to 2 separate gete circuits for 4 GCS's in
two center-tapped inverters. In the bridge circuit.separate and
isolated drive circuits are required for the GCS. Because of the
difference between turn-on and turn-off times of the GCS, the turn-
on drive signal must be delsyed in the bridge circuit to prevent a
momentary short cii.uit during the switching period. In the two
center-tapped :hiverters the common cathode connection of two GCS's
permits simplification of the gate circuits. It is no longer
necessary to delay the firing of the GCS to account for differences
between turn-on and turn-off times. The transformer rrimary winding
in series with the GCS cffers sufficient inductance to prevent build
up of current during the switching period overlap. Therefore, the
~drive circuits of the center-tapped inverter are fewer and simpler
than those of the bridge inverter.

There is alsc a savings in the power requirements from the low
voltage -control; first because only b GCS's are driven, and second
because the number of gate circuits are fewer and more simplified
making them more efficient. The estimated eavings in power is kil
watts or 2.2% of the rated output power.

A further advantage of 4 GCS"s in two center-iapped inverters and
their attendant simpler drive circuits, is that the system becomes
more reliable. The fewer paris establish a longer probable system
1ife.

11-8
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The overall advantages of two center-tapped inverters over two
ridge inverters in this application are: the fewer number of

GCS's required; the lower circuit losses at a given input voltage,

fewer, simpler, and more efficient gate circuits; and increased

system reiiability. For these reasons the use of the center-tapped

inverter was 2mployed in this application. Evaluation of the inverter

system was based on application of the presently available Westinghouse

2Lh27, GC3. Any improvements, changes, or use of different devices
that become available may offer sufficient reason Tor reconsidering
the bridge circuit or any other means of converting low voltage
D.C. to regulated nigh voltage D.C. prver.

2. Chopper

The proposed method of obtaining low voltage D.C. for the control
circuits (See Figure II-1.) appeared cbviously inadequate when
the available GCS's required raising the input voltage to 150 volts
D.C. The inadequacy was further compounded by the larger than
expected power consumption of the control circuits. To obtain
aporoximataly 50 watts of control pover at 20 volts would require
325 watts to be dissipated in the class A type transistor voltage
regulator origin:.lly proposed. A chopper was selected as a more
efficient means of obiaining the low voltage D.C. The chopper
circuit selected is t at shown in Figures IV-1 ard App. B-1l. This
circ. it produces a2 well-regulated, low-ripple output voltage of a
value determined by the voltage of Zener diode CR15.

3. Master Oscillator

The original form of the master oscillator in the proposed circuit
uses a saturating core to determine the frequency. This concept

was r.tained in the final system. Other choices of basic circuits
and the particular need for many forms of isoleted power to supply
them, prompted an increase in the power handling capability of the
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master oscillator. Since most of the circuits requirzd isolation
from each other and from the input terminals, it was decided to

put all control power through the master oscillator and use isolated
secondary windings to supply control circuits. ‘(be chopper then
would not have to step down as far in voltag® and the master oscil-
lator could work at higker innmut voltages.

k. Schmitt Trigger

The main reason for choosing the Schmitt trigger for the phase
shifting circuit was its speed of response. The original work
statement called for regulation of the output current into a short
circuit to a value which would not cause demage to any circuit
components. In order to maintain safe limits on component currents

it would be necessary to phase-shift fram full in-phase to full out-

of-phase as rapidly as possible. The Schmitt trigger was considered

to offer an effective meaus of providing rapid phase-shift control.

5. Voltage Regulator and Overcurrent Regulator

Circuits for accomplishing regulation were to be investigated during
the development program. The discussion of the di'vclopment of
these circuits points out some of the methods tried.

6. GCS Drive Circuit

The proposed GCS drive circuits were modified after the perticular
requirements and characteristics of the 242Z GCS were better under-
stood. Reference is made to Section III of this report, where all
GCS gate circuits examined during the development of this system
are described.
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III. CIRCUIT DEVELOPMENT

After tae initial cuoice of basic circaits, tne development of these circuits

began.

Work was directed towards perfecting tae basic circuits or finding

specific faults and substituting otner circuits. Tne following discussions

point out tne hignlights of tae development of specific circuits.

A,

INVERTER DEVELOPMENT

The major reason for investigating the use of GCS's in an inverter

is that *:is new device coffers a coxtination of tihe desirable features
of bot. transistors and silicon controlled rectifiers. T:e GCS can
be switcned on and off and does not regquire & continuous drive current
to maintain conduction. Unlike an SCR, tae 4T3 does not require
forced commutation, thus permitting elimination of commutating capa-
citors and inductors from the inverter circuit. During the early
developnent for this project very successful operation of the GCS

was being achieved. iHowever, as more circuitry was added to the
breadtoard and as more severe operating conc’tions were tried, GCS
failures began occvrring. A thorough check of the power dissipation
in tne wevice and its operating currents and voltages as compared to
its ratings s.ioved reasonable mergins. Furthier investigation
disclosed a severe unbalance of inverter transformer magnetizing
current in eacn half-cycle of operation. This unbalance was due

to a D.C. component of voltage applied to the transformer which was
causing it to operate near saturation. As the D.C. input voltage

was increased, the transformer magnetizing current increased and
finally caused failure of the GCS. The possible causes of the D.C.
compone:it of voltage were; unequal duration of half-cycles, unequal
forward voltage drop of the GCS's, or unequal switching times of

the GCS's. Similar problems had been recognized in previous transis-
tor and 3CR inverier circuits. The solutions used in earlier inverters

were then tried in the GCS inverter

First a larger air gap was placed in the inverter transformer. This

rounds the saturation knee of tne hysteresis loop and increases the

III-1




magnetizing current. Exhaustive inverter tests showed that the air
gap had to be increased to the point where the magnetizirg current

plus full loed current exceeded the rating of the GCS. The increased
magnetizing current was also severely increasing the size of the output
transformer because of the larger wire required. Different megnetic
materials were also considered; especially those with a rounded
megnetization curve. However, these materials would probably have
failed to sclve the problem for the same reason the increased air

gap failed to work.

Another method of forcing a balance of the inverter half-cycle
currents was to connect a low value resistor in series with the D.C.
input to the inverter. By introducing a greater impedance in series
with the transformer, the unbalance in current would be reduced and
saturation would be avoided. This resistor helps to balance the
volt-seconds applied to the core each-half-cycle by producing a
larger voltage drop when the current is increased during a half-
cycle. Experimental tests of this method proved that it worked,
but the value of resistance and “he resulting power loss prohibited
use of this method.

Consideration was given to the possibility of sensing half-cycle
currents and controlling GCS half-cycle conduction times to maintain
balance. This method was not tried because of the expected complexity

of the necessary control circuits.

A solution was finally found and it is shown in the inverter circuit

of Figure III-1. The added componrents are Cl, Ll, Rl, R2, and CR3.

The balancing of inverter currents by the addition of Cl and Ll is

as follows: Assume that current Il is greater than current Iz at

the end of thelr respective half-cycles. When GCS1 is being turned

o°f, the larger I1 flows through Cl and reverses the voltage of (1

in a relatively short time. This is explained by the following equation:

1
e'cf 1 dt
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If e and C are fixed, then the larger the value of i1 the smaller

dt becomes. The voltage across the transformer Tl reaches its

peak magnitude sooner and maintains it longer in this half-cycle
because the large Il reversed the voltage of Cl relatively fast.

The volt-seconds of the present polarity applied to the transformer
will therefore be larger and tend to increase the current I2. If,
however, I2 remains small when it is time to turn-off CGS2, then

the small current will take longer to reverse the charge on Cl

(cee equation above). It will take longer to reach the peak voltage
of the opposite polafity in this new half-cycle. Therefore, at the
end of this new half-cycle, the transformer will have a smaller
magnetizing current. The current I1 is then smaller than the cycle
before. The effect of Cl tends to equalize the two currents Il and
I2 by changing the half-cycle volt-seconds applied tc the transformer
T1l. The inductor L1l is provided to present an impedance between the
inverter and the source while switching is taking place, so that Cl
can successfully perform its function. In addition, the impedance added
by L1 also aids in balancing the half-cycle currents. The original
experimental vailue of capacitance chosen was 0.5 microfarads and the
original line choke was 5.0 millihenries. After further investiga-~
tion the capacitance was reduced 0.05 microfarads. Because this
capacitor was an important factor in determining transient conditioms
during GCS switching, considerable attention was given to the selection
of an optimum value. Because the line inductor was less critical and
time for further investigation was limited, equal effart was not
devoted to optimizing the inductor. Further dev:lopment may permit
this inductor to be significantly reduced in s..:

Use of the capacitor and line choke required the addition of other
components to the iaverter. The line choke stores energy and if the
current is interrupted it generates large voltage spikes. Resistor Rl
and diode CR3 were added to the circuit (see Figure III-1) to provide
a8 low impedance path for line choke current to flow during the GCS

111-k
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switching perind when both GCS's may be off. This prevents

excessive voltage spikes across the GCS's when they are turning off.
The charging of the capacitor through the line choke causes a build up
of current which is undesirable. A method of preventing this build up
is to dissipate the stored energy in resistor. This is accomplished
by resistor R2 in Figure III-1. The dissipation cf this resistor in
this application s relatively high because when the two inverters

are phase-shifted there is an interval when current is not supplied
to the load. During this interval the current is maintained through
the line choke and flows in the alternate peth provided by R2,

In the first breadboard circuits the rate-of-rise of voltage

(dv/dt) across the GCS was cortrolled by an RC circuit. This RC
network also increased the turn-off capability of GCS circuit by
momentarily shunting the current from the GCS as turn-off was
occurring. The Westinghouse Semiconductor Division recommends that
the diode-resistor-capacitor shunt path sllow approximately 5 micro-
seconds for the full blocking voltage of the device to be reached.
Therefore C3 (See Figure III-2) must pass current for 5 microseconds
and the voltage of C3 must not exceed 350 volts at the end of that
interval. With a load current of 8 amps, then:

1.
e = E:j i dt
and
C3 = 0.114 microfarads

Allowing a safety factor of 2, the current would bte 16 amps and C3
becomes approximately 0.25 microfarads. The voltage rating of this
capacitor should be at least 600 WVDC. The resistor R6 limits the
discharge current of C3 through GC31 when GCS1l turns on. For a
charging voltage of 350 volts on C3, the power rating of R6 should be

| P = % C V2 x f

or
P« 15 watts
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GCS dv/dt Circuit
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Figure III-2.

;
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The diode CRL must handle pcak repetitive currents of 8 amps for

S5 to 10 microseconds once every cycle of the Inverter frequency. It
must have a blocking voltage of about 700 volts to allow a 2 to 1
safety factor. Since standard power diodes normally have long
recovery times, the use of fast recovery diode is recommended to
previde more reliable service. A 6-amp, 600-volt, 200 nanosecond

maximum recovery time, Type 478M diode was criginally used.

Later tests with this RC circuit showed that it introduced a serious
problem in inverter operation. The capacitor C3 does nct always charge
to the full voltage as GCS1l turns off; then when GCS2 turns on,
transformer action forces a rapid increase of the voltage cn C3 which
causes a large curreni spike to flow through GCS2. Because of the
resonant charging effect produced by the leakage inductance of the
transformer, the voltage on C3 builds up excessive voltage across

GCS1. These circuits were removed and capacitor Cl in Figure III-1
was used to provide a controlled dV/dt for the GCS. The elimination
of these circuits removed 60 watts of power dissipation from the two

inverter circuvits.

Capacitor Cl, hcowever produced a large reverse recovery current in
the GCS. TFigure III-3 illustrates that when GCS1_turns-off

and GCS2 turns-on, the voltage on Cl is applied across GCS1l. This
causes a spike of current to flow through GCS2 to recover GCS1 to

the blocking stavz. The first attempted solution was the addition

of small saturating inductors in the anode of each GCS. These did
not perform adequately and so were replaced with an inductor in series
with the capacitor. The circuit used is that shown in Figure III-k.
The inductor limits the rate of current build up (dI/dt) and two

resistors prevent ringing to excessive voltages.

The installation of the final dI/thcircuits prompted the re-addition
of the dV/dt circuits. The dV/dt protection afforded by the

capacitor only, from anode to anode of the GCS's was no longer available.
The component values of the new dv/dt circuits were experimentally
deterimined to provide adequate protectlon for worst case operation.

The final components are smaller in value ard size than previously

III-7
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used and their losses are lower.

As poiuted out in the above discussion, a number of problems were
encountered during the development of the GCS inverter. The major
problems were unbalanced transformer magnetizing currents ard large
dv/dt and aI/dt conditions. Solutions were found after careful
investigation of operating conditions in the breadboard. The resulting
breadboard circuit was capable of providing 1 Kw per inverter at a

1000 cps operating frequency.

CHOPPER DEVELOPMENT

The initial choice of the chopper circuitry proved entirely practical
for this application. The only work required in this area was the
final design of circuit components-to cover the range of input voltage
and to design the output filter components. The addition of one
capacitor ClO to improve the response and the regulation of the chopper
is shown in Figure App. B-l.

®

MASTER OSCILLATOR DEVELOPMENT

Development work on the master oscillator, after the initial choice
of the basic circuit, is described in the experimental model
electrical design under master oscillator imprcvements.

SCHMITT TRIGGER DEVELOPMENT

Various ciicuits were considered for providing the phase-shifted drive
signals tc the inverters. A Schmitt trigger circuit was selected
because 1t could provide very rapid phase control. Fast response was
consg’liered necessary to maintain relisble inverter operation during

the short circuit condition. If the output were shorted the inductor
and capacitor of tke high voltage filter would feed the load for a few
milliseconds but to limit the inverter current it would be necessary

4o shift the inverters 180° out of phase within a one or two half-
cycles. The Schmitt triggers operated this fast, but it was difficult
to maintain stebility. A longer time constant in the sensing network —

III-8
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elowed vais response to 3 to 5 half-cycles and prevented instability.
The output inductor would necessarily have to 1imit the build up
of current to the load so the inductor was increased to its presert

size.

Consideration was given to have a single Schmitt trigger cunning at
double the oscillator rrequency and driving a binary count-down
circuit to feed the phase-shifted pair of inverters. However, this
was discarded as difficulties were foreseen when the system attemptad

to phase-shift rapidly.

OVERCURRENT CIRCUITRY DEVELOPMENT

The first proposed current sensing circuit used two ring cores fed
with a2 square wave and having their ocutput windings connected in
opposition. One core had a square loop characteristic and had a
winding which was fed with the output current. Under normal conditions
both cores were unsaturated so the net result was practically zero
output. In the event the ocutput increases to 1 ampere (25% overload)
the square loop core saturates and a D.C. output is obtained. This
signal trips an 'AND' gate which interrupts the Schmitt trigger
operation and drives inverter 2 out of phase with inverter 1.
Removing the ocutput short circuit restores operation of the Jchmitt
triggers and the 'AND' gates are released. Wher it was decided to
have the pc- supply work witho:t a proporticnal output current

control, this system was discarded.

Other methods were tried for overcurrent sensing and one wuich proved
to be extremely successful was to use & pair of transistors in
push~pull with their bases driven with a square wave. The D.C.
voltage applied to the collectors is developed across a resistor
placed in series with the output of the high voltage supply. As

the output current increased a large output was produced. This

output was rectified and fed baclk to the Schmitt triggers to provide
proportional phase control. When the series input transistors were
added to the inverter circuit, it was no longer desirable or necessary
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to sense and control the current with this type of cirecuit.

VOLTAGE REGULATOR DEVELOPMENT

Vcliage rexgulation of the inverters is accomplished by phesing
back one pair of inverters with respect to the others. The output
voltage needed to be sensed proportiocnally and a D.C. signal fed
back to the phase shift.ers. Several circuits were tried before
arriving at the present system. One clrcuit which was tried wes
to sense the high voltage A.C. being fed into the bridge rectifier.
This was not highly successful because the peaks of A.C. voltage
always remained the same and spikes of voltage at narrow conduction
angles produced errors. Tie present system consists of a bleeder
network acrcss the high voltege D.C. output, feeding & Shockley
diode pulse transformer network and & reference Zener dlode, which
produced successful results.

GCS DRIVE CIRCUIT DEVELOPMENT

Tre progressive steps in the development of the GCS gate circuitry lis

shown by Figures III-5 &, b, ¢3 1II-5d,e,f; end I13-& These figures
display ~‘he various forms of GCS gate circuits considered. For
simplicity, ocly the dieadvantages of each circuit are given. In
Figure III-5a an early drive circuit is shown in which delay of the
turn-on gate current was provided by a saturating core. A problem

with this methed was that magnetizing current flowing into the gate
would turn the GCS on. The circuit of Figure III-5b was not satis-
facvory becauée the high reverse voltage drop of the GCS gate caused the
Shockley diode to fire on the turn-off pulse, thus shunting the

current avay from the GCS gate. The circuit of Figure III-5c solved
the protlem of the above circuit, but the turn-on waveform is slow in
rising due to the inductance of the transformer winding. Figure III- 5d
shows one proposed drive circuil that wus considered hut dismissed
because of ites complexity. Likewicre, were the circuits of Figure III-S5e
and £ dismissed.
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The final drive circuit chosen is shown in Figure III-§. Once

the need for delay of one GCS turning on after the turn-cff of the
other GCS was removed, a common gate pulse ~ould be used. The

pulse is produced by breakover of the Shockley diode in the full
wave diode bridge. The two capacitors provide a low impedance

so that the pulse magnitude can be high. The shunt capacitor
by-passes the inductance of the transformer secondary and the series
capacitor forms the pulse. The center-tapped secondary winding and
the resistor-diode networks provide bies to the GCS; cu: -nt bias

to keep it on during its conducting half-eycle and voltage bias to

keep it off during its biocking half-cycle.

"SCFT-ON" CIRCUIT DEVELOPMENT

The "Scft-01" circuit acquired the form shown in Figure IV-1 as soon

as the necessary input criteria to the Schmitt trigger were established.
The breadboard model "Zort-On" circuit was not capable of being reset

in the minimum "Blink~Off" time period of 2 milliseconds. 1In order

tc remedy this situstion the "Soft-On" circuit was changed to that

shown in Figure App. B-1 This change provided the required rapid

reset feature, and was the only major development performed oa this

circuit.

"BLINK-OFF" CIRCUIT DEVELOPMENT

The original method of initiating "Blink-Off" was by the timing out
of the overcurvent time delay circuit. After a predetermired time

of nperating in a2 currernt limiting mode into an overload condition
the circuit would "Blink-Off". The addition of the series power
transistors ¢26 and @29 eliminated the overcurrent regulator circuit
and provided a new form of current regulation. The method of sensing
overcurrent was then changed to that shown in Figure App. B~-l. When
the input current to an inverter reaches a certain point, the series
power transistor pulls out of saturation and limits the maximum input
current to that velue. The voltage eppearing on the collector of the

series transistor is then fed into an RC integrating circuit. When

II1-13
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the voltage on the capacitor reaches the voltage of the four layer
breakover device, a pulse is formed which is delivered to SCR 37
to initiate "Blink-Off". The input circuit to the gate of @37 is the
only major developmental change; the rest of the "Biink-Off" circuit

which provides the timing function has not been greatly changed.
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IV. BREADBOARD MODEL EVALUATION

The results of the Breadboard Model testing are segregated into five cate~

gories: performance of control and protect on functions, static load tests,

component electrical stress tests, gate contiolled switch failures, and

conclusions and recommendations.

A.

PERFORMANCE OF CONTROL AND PROTECTZON FUNCTIONS.

1. Start-up Time Delay
With the on-off switch (SW1) (see Figure IV-1) in the on positicn, after

power is applied to the input terminals of the unit, there is 200
milliseconds of delay before the system comes "soft-~on' and starts
supplying output voltage. The major portion of this delay is in the
chopper circuit, where 160 milliseconds are required to charge the
filter capacitor. Further delay is in the Shockley diode and SCR
start circuit on the input to the master oscillator. Added delay in
the master oscillator results due to charging of the rectifier
supply filter capacitors, Thus the master osciliator is started
and stabilized, all d-c supplies are on, control circuits are
energized and prepared, and timing circuits are ready to initiate
proper sequential operation of the system. The start-up time delay
only operates when input power is first applied or whenever the input
power is removed and then reapplied. In the experimental model the
start-up time delay remains at about 200 milliseconds because of the
addition of CR 102 and Q27 (See Figure App. B-1).

2, "Soft-On' Time Delay

The '"soft-on'' time delay, determined in part by resistors R75, R76

and capacitors C45, C46, is adjustable between 2,0 milliseconds and
2.0 seconds in accordance with the work statement requirement. The
"gsoft-on" circuit controls the rate at which the two power inverters
are brought in phase, The two inverters are in phase within 10

degrees at the end of the timing interval chosen. Measurements of
"gsoft-on" time coastant range in the eiperimental model were determined

by the length of time the output took to reach 2500 volts.
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3. Overcurrent Time Delay

When the output exceeds the trip point of che overcurrent regulator
circuit, the Shockley diode relaxation oscillator begins supplying
a signal; part of which is conducted to the overcurrent sensing
circuit, This signal initiates the overcurrent time delay. After
this delay it is possible to ''blink-off" the system, The actual
"blink-off" is inhibited by a synchronizing circuit, The synchronizing
circuit allows the main power inverter's switching transients to be
over before "blink-off" occurs, Thus the synchronizing circuit
imposes discrete steps of ahout 0.6 milliseconds in the overcurrent
time delay. The overcurrent time delay is adjustable from 2 to 50
milliseconds in accordance with the work statement requirement.
Later this circuitry was eliminated because of requested changes in

the work statement requirements.

4, "Blink-Off" Time Delay
The "blink-off" time delay is adjustable from 1 to 50 milliseconds.

This is the time between "blink-off" of the system, due to the over-
current time delay circuit, and the start of "soft-on”. An important
point to note here is that the output current may or may not fall to
zero during the off time of the system (i.e., 2 to 50 milliseconds).
In the experimental model "blink-off'" was extended to a range of 25
to 500 milliseconds.

5. On-Off Switch _

The on-off switch and control terminals A and C are provided for
external control of the system. With the switch in the on position,
or control point A shorted to the minus input terminal, the operation
of the system is as described in Section IV.A,l1, When the switch

is moved to the off position or when control point C is shorted to
the minus input terminal, the operation is as described below., With
SW1l in the off position, the: base of Q38 is shorted to ground simulati..g
an overcurreni in the output to the overcurrent time delay circuit,
The operation then proceeds as described in Section IV.A.3 until the
system is automatically shut down by '"blink-off'". The controls then
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lock up the operation to the cff mode, Moving the switch back to the
on position brings the control immediately to the '"soft-on" condition.

SYTATIC LOAD TESTS.

ie Input Current Ripple
The input ripple from the source was measurea using a T and M Research

Products current viewing resistor (model number SBNC-2-01). The
current ripple wave form is shown in Figure IV-2. The allowable
ripple i{s 2% rms and 5% peak. For a nominal input current of 14 amps
at full load, the rms ripple allowable is 0.28 amps and peak is 0.70
amps. The waveform of Figure IV-2 shows a peak-to-peak ripple of
0.25 amps, Thus the system meets the requirement of the work state-
ment, The input filter may be reduced to conserve weight and still
meet the 27 rms and 5% peak input ripple current requirement,

2. The Output Voltage Ripple
The output voltage ripple was observed under full-load and no-load.

The input voltage was maintained at 155 voltas D.C. Figure V-3

(a) and (b) show the full-locad voltage ripple and mno-load voltage
ripple, respectively. The full-load output voltage ripple was
measured vsing a thermocouple voltmeter connected in series with a
hizh voltage capacitor. The high voltage capacitor was approximately
ten times the capacitunce of the output filter capacitor., The measured
ripple was 4.5 volts rms, or 0.18%, The 5% maximum ripple voltage in
the work statement was thus satisfied,

3. Efficiency .
The efficiency of the breadboard wodel wes measured and is graphically

shown in Figure IV-4, The full-load efficiency for 155 volts ».C.
input and rated output is 90%.

4. Regulation
The abiiity of the system to regulate the output voltage to 2500 volts

D.Cet 5% from 30% load to 100% load and to regulate to 2500 volts D.C.
+ 10% at ao~load in accordance with the work statemesnt was measured.
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Amplitude Scale: 0.1 amps/cm.

Time Scale: 0.5 milliseconds/cm.

Figure Iv-2. Input Direct Current Ripple at Full Load
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Amplitude Scale: 20 volts/cni.
For Both Pictures

Time Scale: 0.2 milliseconds/cm.

(a) Full Load
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(b) No Load

ri IV-3. Full Load and No Load Gutput Voltage Ripple
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Breadboard Model Power Converter
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The results are shown in Figure IV-5 for three conditions of input
voltage; 140 volts D,C., 115 volts D.C, ard 170 volts D.C., The
results show that the system meets the regularion requirements of

tke work statement.

e Safety Factor Applied to Inverter GCS's

The work statement goal of 3 2 to 1 safety factor on current and voltage
for sermiconductors was chacked in the breadboard model for the criticai
comporent, the GCS. The test results showed rhat with the present rating
GCS devices a2 safety factor of about 1.75 to 1 could be achieved. The
voltage and current for one GCS in each of the two power inverters

was observed on an oscilloscope and photographed. The oscillograms are
shown in Figures IV-6 (a) and (b), and IV-7 (a) and (b). The peak
voltage across a GCS is 400 volts and the rms current through a &CS is
5.35 amps (see Figure IV-8)., Tha voltage safety factor was 1.75 to 1,
The rms current safety factor was 1.87 to 1. The resulting D.C, voltage
across the high volitage rectifier bridge is shown in Figure IV-9, To
achieve a higher safety factor with available GCS's would require

usin;, a greater number of devices. It is felt that the added c'mplexity
associated with additional devices is not warranted in the present
development program, particularly since higher power devices which

would provide greater safety factors are under development and will

be avaiiable in the future.

COMPONENT ELECTRICAL STRESS TESTS.

The componént electrical stress tests on the breadboard model were
limited by the inability of the GCS's to take large overload curreats ‘
‘during short circuit transieants. Components have since been added

to reduce the surge current through the GCS. One change involved
making the output choke L4 larger in inductance. Obviously, this
increased system weight. A second change, considered during bread-
board tests was the addition of a tramsistor in series with the input
to the inverters, This transistor would be fully on or saturated
during normal operarion, but would regulate tiie current by pulling
out of saturation during overloads. Later in the breadboard develop-

1v-8
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Figure IV-5.

Voltage Regulation Curves for 2 KW, 2500 Volt D.C.
Breadboard Model Power Converter
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(a) GCS Voltage Vg

Amplitude Scale: 100 volts/cm.

(b) GCS Current Ig
Amplitude Scale: 5.0 amps/cm.
Both Pictures at 0.2 milliseconds/cm.
Figure Iv-4. GSC Voltage and Current in Inverter No. 1
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(b) GCS Current Iy
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Both Pictures at 0.2 milliseconds/cm.
5 Fizure IV-7. GCS Voltage and Current in Inverter No. 2 - "
TV.11

.L....q.-.n—-———--.. ————— - —_— . e r




(a)9-A1 San3rg jJO JUSIIND SWY JO UONBUTWIIBQ .
|
G-AL SanBig g
(81040-Jrey | = sInum 0g) FWLL ,ﬁ

0s ot o1
0 b
~ m
02 o
_. K
“ ¢ evaxy i
; or +

I N _ 9 s
y - = S 1 = : N
BaIY = . \bad BaIY i
_ 09 SRS
-

= i

sﬁm.so SWY) . 1°LS — 08 .
. . = . . . . p

(o040 1yny) *sdure gg‘c = LOL" X VOG 'L Ty1LT Jos , _
(3uaxand SAY) wmm = mw ” M“ M L - _
91040 Jey) ‘sdure = = :
( ey 95°L =1 LA 0927 = SZ2X0% ¢ : - 001 )
$81 = 2TXZ6 T l 2

BOIY




Amplitude Scale: 1000 volts/cm.

Time Scale: 0.2 milliseconds/cm.

Figure IV-9. High Voltage Rectifier Output Voltage
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ment a transistor was added in series with each inverter to permit
operation of the system during transient short circuit conditions.
In the first breadboard the system was able to handle a suddenly
applied load of 500 ohms, which is equal to about ome-sixth the
rated load resistance of 3125 obms., Under this condition the system
was able to phase back and regulate the output D.C. current to 0.85

amps or about 5% overload. It was also possible to short the output
terminals with the system de-energized and then slowly raise the in-
put voltage from zero to nominal input voltage. The convertex, however,

would not withstand the sudden application of a short circuit.

D. GATE CONTROLLED SWITCH FAILURES

During the. course. of breadboard development several GCS failures
occured, Sémeﬁfailqreg were due to external causes such as accidental
1 grounding Gf.éir;uitg Ehrough osciiloscopes or shorted connections,

% while others resulted from a malfunction of the inverter circuit. Of
the total 'lssféilures, five were accidentally caused and the remaining
ten were céﬁéed:byicircuit malfunction, When the iiverter GCS failed
to turn-ofgfatithe end of its half—cycle and the cpposite GCS turned
on, the curqut-chrough the devices would rise to a large value and
would failjﬁﬁeAaévice. Likewise, if the output transformer saturated,
a large currént would flow through the GCS.

Fast-acting current limiting fuses were used to protect the device;
however, it was found that these fuses would not clear rapidly enough

to prevent device failure. To provide better protection for the devices,
a solid state circuit breaker, which could interrupt within a few
microseconds, was added to the breadboard system, After the addition

of a static circuit breaker, no further device failures were

encountered,

The majority of the circuit malfunctions which caused GCS failures
were the result of output transformer saturation. When slightly

different volt-seconds were applied to output transformer primary

e - |
i IBLAPRTRCAT TR0 ¢ whes Sarenr
K




e W i it T e S

winding during successive half-cycles, the ccre would eventually
become saturated and require more excitation current, than the

GCS could turn-off. The curr:nts through each GCS were balanced
by the addition of C2, C3, L2 and L3. (%ee Figure IV-l). Assume
that the current Il through Ql exceeds the current I2 through Q2
at the end of their half-cycles. When Q1 is being turned off, the
larger current I1 flows through C2 and reverses its charge in a

relatively chort time.

Q-
\/*\

e = idt

If e and C are fixed, then the larger the value of i the smaller 4t
becomes. The voltage across the transformer T] reaches peak magnitude
sooner and meintains it longer in this half-cycle because the large
11 reversed the charge on C2 relatively fast. The volt-seconds of
the present polarity applied to the transformer will therefore be
larger and tend to increase the current I2. If, however, I2 remains
small when it is time to commutate G2, then the small current will
take longer to reach peak voltage of the opposite polarity in the
new half-cycle. Therefore, at the end of this new half-cycle the
transformer will have a smaller mecgnetizing current. The current

Il is then smaller than the cycle vefore. The total effect of C2

is to equalize the two currents I1 and I2 by changing the half-c,cle
volt-seconds apvlied to the transformer Tl. The inductor L2 is
provided to present an impedance between the inverter and the source

while switching is taking place, so that C2 can successfully perform its
function.

CONCLUSIONS AND RECOMMENDATIONS

The breadboard circuitry development indicated that the performance
cf the GUS power conditioning system could approach the goals
specified in the work statement. Use of the GCS in the type of
inverter system originaily selected and proposed for the application
presented rather difficult problems. The major problems with the GCS
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was that unless circuit operation was restricted to those values

of current and voltage which the device can reliably turn off,

failure of the circuit would occur. To maintain operation within
these restrictions, additional circuitry was required to control

the transient conditions which are beyond the GCS turn-off capability.
During the breadboard development solutions to many of the

problems associated with the application of the relatively new

gate controlled switches were found, Further effort after the
breadboard evaluation was required to achieve satisfactory inverter

operation with suddenly applied output short circuitas,
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V. CAITZ CONTROLLED SWITCH EVALUATION

Thn Gatc Controlled Switch was considered a 'critical commonent™ during

the program and therefore warranted further detailed examination:

The following are the results of that examination.

A.

B.

GATE CURRENT TO FIRE

The gate current to fire was measured for eleven GU5°s and the results
are shown in Table V-1, The method of measurement was to apply a

long time duration low amplitude positive gate pulse., The pulse
magnitude was then slowly increased until the GCS would continually
fire, This current was noted and is the gate current to fire. The
pulse time duration was then shortened until the device began to

fail to fire and then increased just enough to ensure continued
firing., This is reported as the pulse width to fire.' The conditions
for this test are 25°C, a 2C0 volt input and a 20 ohm load,

The actual gate current pulses used in the ion engine power supply
are typically those shown in Figure V-1 (a) and (b). The comparison
of these actual waveforms with the results of Table V-1 indicates that
the positive gate current pulses supplied to the 73 by the system
drive are more than adequate to fire any GCS of the type used.

GATE CURRENT TO TURN-OFF

The scme test set-up used above was used to test the eleven GCS°s for

the magnitude and duration of the negative gate current pulse required
to turn the device off, The negative gate current pulse amplitude was
set at 4 amps and slowly reduced until the GCS failed to turn-off. The

magnitude was then increased enough to ensure turn-off and the

duration shortened to the point where the GCS still managed to turn-off,

These two quantities are listed as the gate current to turrn-off and
the pulse width to turn-off, respectively in Table V-1. The conditions
of the test are 25°C, 200 volt input and a 20 ohm load.
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‘ Gate Current (amps)

As measured with 2 model No. SBNC-2-01 T and M
Research Produpts Current Viewing-Resistor
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Figure V-1. Typical Turn On Gate Current Pulse
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C.

D.

The inverter drive circuits produce negative gete current pulses to
turn off as shown in Figure V-2 (a) ‘and (b). The recomrended pulse
waveform and a magnitude is shown in the-Westihghouse~Semiconductor
Division's.specification sheet for the 242 ZP gate current requirements
for turn off of 8 amps. (See Figure V-9). Thte waveforms of Figure
V-2 compared to this waveform show more than adequate turn-off

ability at 3 amps,
FORWARD VOLTAGE DROP

The GCS forward Veltage drop versus the fbréard current was displayed
eh’a scope and photograptied. The-picture shown in Figure V-3 if for
device No. 3 of Table V-1 and it shows the general shape of this _
Vf versus I plot for all devicee. Forward voltage drop was measured
for all eleven GCS's at current” levels of -5 and 10 amps. The forward
vultage drop at 5 amps can be compared to the 3.0 volt figure given
"in the GCS specxflcatlonbsheet. The forward voltage drop at 10
amps can be used in GCS power loss calculations for actual system
operatioﬁ: Measurement is done with the circuit shown in F1gure

V-4, The 1easurement at 5 arps shaw that some devices exceed the
-specified value of 3.0 volts.. These measurements were performed at
25°C. T “«

SWITCHING TIMES

The switching times of the eleven GCS's were measured and the results
are reported in Table V-1, One of the GCS's (GCS No. 4) was further
checked by taking pictures of its turn-or and turn-off swicching

time in both the test circuit and the inverter.

In the test circuit the GCS turns.on and turns off 10 amps into a
20 .ohm load, The drive conditions are 0.5 amps drive for turn-on
and 4,0 aups for turn-off. In the inverter circuit, the current

that the device must turn-on and turn-off is shown in Figure V-5.
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As measured with a model No. SBNC-2-01 T and M
Research Products Current Viewing Resistor
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Figure V-3. Typical GCS Vf Versus If, Inverter GCS No. 4

(As measured in circuit of Figure v-4)
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Figure V-5. GCS No. 4 Inverter Anode Current at Full Load

(As measured with a model No. SBNC-2-01 T and M
Research Products Current Viewing Resistor)
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Figure V-6 (a) shows the turn-on switching time of GCS No. 4 in

the test circuit and Figure V-6 (b) shows the turn-off switch'ng
time, Figure V-7 shows switching in the inverter circuit under

full load. The switching time in the inverter circuit can be seen
to be faster on turn-on and comparable at turn-off to those measured
in the test circuit.

POWER DISSIPATION

The power dissipation, in the four GC3's used in the inverter at
full load, was measured by measuring each GCS stud temperature and
comparing it to a known stud temperature versus power dissipation
plot. A typical plot for GCS No., 4 is shown in Figure V-8, [rhe
full load power dissipation for the four inverter GCS's are 11,
12, 20, and 16 watts,

SPECIAL TESTS

1. Additional Static and Dynamic GCS Operating Characteristics

Further evaluation of the Westinghouse type 242 gate controlled
switch was conducted by our Device Evaluation and Application Group,
This evaluation is included to provide supplementary information

on the characteristics of the GCS.

The following static and dymamic characteristics of four different

GCS's were measured:
a, Forward and Reverse Blocking Voltages (Table V-2)

Tne blocking voltages are considered to be those voltages
at which the device's leakage current reaches 1 ma. Blocking

voltages were measured at two temperatures (25 and 100°C).
b, Forward Voltage Drop (Table V-2)

The forward anode to cathode voltage drops of the devices were

measured with a 10 amp current at 25°C.

V-9
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Time Scale: 1.0 microseconds/division

Amplitude Scale: Voltage at 50 volts/cm
Current at 2 amps,/cm
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Turn Off

Figure V-6, T.0O.'T. Tester Switching Times of GCS No. 4
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Time Scale: 1.0 microseconds/division

Amplitude Scale: Voltage 100 volts/division
Current 5 amps/division

Current as measured with a model No. SBNC-2-01 T and M
Research Products Current Viewing Resistor

Turn Off

Figure V-7 Inverter Switching Times of GCS No. 4
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Table V-2, GCS Staric Charac.cristics
T
| ; Forward
| Forward Reverse i Voltage
. Blocking Blocking ! Drop at | Holding Thermai
" Voltage Voltage ! 10 Amp | Current | Impedance
GCs i (volts) (volts) ¢ (volts) {amp) °C/W
Unit No. f 25°C} 100°C | 25°C}1G0°C @ 25°C 25°C
: !
7 i 900 | >1000 ! 900 {>1000 | 2.7 0.24 0.7
21 160 150 | 400 2 2.8 0.16 0.5
{
97 250 ; 380 : 300 | 45C ; 4.0 0.76 0.8
98 360 350 | 300 355 i 3.0 0,18 0.9
Table V-3. GCS Dynamic Characteristics
] ]' Turn On Time Turn Off Time
: (nsec) (usec)
100 volts, 10 amp 160 volts, 10 amp
Load ’ Load
GCS
Unit No. 25°C 10G°C
7 3.0 5.5
!
21 ! 2.0 6.5
97 2.5 1.0
98 1.9 5.8
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c. Holding Current (Table V-2)

The holding current is defined to be the minimum value of
anode current which is required to keep the device in an
on state following the removal of the turn-on pulse., As
with SCR's, if tbe anode -iarrent is reduced below this
value, the internal regeneration ceases and the device will

turn off. This was measured at a 25°C tem,eiature.
d, Thermal Impedance (Table V-2)

The thermal impedance from juncZion to case was measured.
This is determined dynamically by measuring the junction
and casa temperatures as well as the powers dissipation

of the device while it is carrying a large aerage forward

current,
e, Turr On Time (Table V-3)

This was measured with a 100 volt, 10 amp anode load and
a 1/2 amp gate turn on pulse. The measurements were made

for a 25°C temperature.
f. Turn Off Time (Table V-3)

This was measured with a 100 volt, 10 amp anode load and &
4 amp gate drive, The measurements were made for a 100°C
temperature. It was found that if the turn-off pulse were
reduced to 2 amp the turn-off time increased about 50 per-

cent,

2. Turning Off 50 Amps to 50 Volts
The last test performed was to measure the maximum current which

can be turned off by the device. For this test a power supply
capable of providing 100 volts, 100 amp pulses having a duration
of 250 microseconds and a repetition rate of 60 cps was used,
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All four units tested were ahle to turn off 50 amperes being supplied
to a 1 ohm load. Two units tested at higher currents failed when
turning off 70 amperes to a 1 ohm load. These tests indicate that
the devices are capable of turning off currents considerably higher

than the forward current rating of the devices.

3. Turning Off 15 Amps to 300 Volts

As was reported in the Second Monthly Progress Report, a test was
performed to prove the ability of the GCS to turn off more than rated
current cf 8 amperes peak in the inverter circuit. The results of this
test con four units showed that the GCS could turn off 15 amps to 300
volts. The conclusion was that a nearly 2 to 1 safety factor was built

into the inverters for this GCS characteristic,

FOSSIBIE GCS FAILURE MODES

The conditions which may induce failure of the Type 242 device have not
yet been well defined, While it is known that exceeding the published
steady state ratings of the device can lead to failure, the eifects of
specific voltage and current conditicns in causing degradation or total
failure of the device have not been determined. In particular, the
effect of high gate turn-off currents, the effect of reverse anode
voltage with forward or reverse gate current, and the limitations on
dv/dt and di/dt are not well defined. In the breadboard, varving
effects were observed, depending on the GCS being used, and an attempt
was made to obtain further da“a on the characteristics of the devices

to determine if these effects would explain the failures,

1. Excessive Negative Gate Current

The device anode current in the inverter dispiayed the expected half-
cycle current waveshape. However, 30 to 40 microseconds after turn-
off it again conducted forward anode current. This current lasted
about 20 microseconds at 6 to 7 amps and then disappeared for the
rest of that half-cycle. The high turn-off current, the presence

of reverse anode voltage, and high dv/dt were suspected to be causes

of this condition,

V-15
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This device was removed from the inverter and checked in a separate
test circuit to determire if the effact could be reproduced. The
device displayed the following characteristics: as the turn-off gate
current was increased, the anode current changed from the normal and
expected turn-off conditiorn to cne similar to that observed in the
inverter, This test indicated that increasing the gate current to
obtain improved turn-off performance may pronduce unfavorable effects

during the turn-oif transients,

2. Negative Anode Vcltage and Negative Anode Current

Effects of forward and reverse gate current with reverse anode volt-
age were observed and it was found that the reverse ieakage current
of the device increased significantly when gate current of either
polarity was flowing. This increased anode current may flow only

in localized regions of the device junctions and as a result cause
excessive heating wnich leads to degradation of characteristics or
failure., The increased leakage caused by forward gate current is
expected and occurs not only in the GCS but also in SCR's. The
higher leakage produced by reverse gate current was not expected and

did not occur with all devices which were checked.,

Since the uneXpected effects described above were observed in only a
few devices, they can probably he eliminated by improved control of

the fabrication process and b - appropriate acceptance tests, When

t:..5 device is im volumz produccion, it is very likely that the quality

and characteristics of the device will be more consistent.

3, DV/DT and DI/DT

Limits for dv/dt and di/dt have not been srecified for the type 242

device; however, limits of 200 volts/microseconds and 15 amps/micro-
s2conds have been supgested oy the Westinghouse Semiconductor Division,
No failures have been directly traced to excessive dv/dt and di/dt,

but under certain circuit conditions, high values of these transients
have been observed. The large value of dv/dt and di/dt (1000 volts/
microsecond and 40 amps/microsecond) observed were a direct consequence

of the fast switching speed of these devices,
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To prevent further failure of devices due to the above possible

T us

W
N

wodifizaticons were made in the inverter circuit to eliminate
reverse anc:de veitage, gad to limit dv/dt and di/dt. The majior
chanze was a reducticn in th2 canacitance ccnnacted acerss the
transfocmer primary to reduce and practically eliminate the rev:rse
anode voltaga condirion. High dv/dt caused by rapid switching of
the GCS was reduced by connecting a capacitive circuit ir. parallel
with the devic: to contrci the rate 5€ application of forward voltage.
Yigh di/dt has been reduced by aporopriate additions of inductance
to the civcuit, liore sclective screening tests are also being
employed to detect devices displaying unusual characteristics., The
above chanzec apsear tc have improved the reliability of the circuit

an L - Tee 3 .y £ay
and tc have raduced device failures,

SOECLUSTIONS AT RECOMITEIDATIONS

Ta2 rosules of the Gate Controlled Switceh Ivaluation led to the

following conclusions:

1. The current pulses suprlied by the ion engine power supply to

the Gi3's for turn-on and turn~off are more than adequate as

compared to tne GCS specifications,

2. The forward voltage drop of the GCS's are generally below the
snecified value but a f{ew exceed that value. Higher forward drop does
not harm zirruit coeraticn but does increase circuit losses, and

puts a lower limit on masimunm syscam temperature,

3. Tee switching times (on and off) of the GCS are very rapid as
operated in the ion engine power supply. This is due to the good

gate driva current pulses provided.

4, The power dissipation within the GCS's when operated at rated
full load arc not 2xcessive. The heat sink size must be selected

tc ensure adequate safety factor on the GCS junction temperature,
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5. The special tests of this report indicate that the present GCS
is capable of turning off much more than the specified maximum
eight amperes. One test showed the GCS could turn off 50 amps and
this would more than satisfy a 2 to 1 safety factor on this device
specification for normal GCS operation in the ion engine power

supply.

z

6. GCS failure modes investigated in this rcrort show that the GCS
can display unusual characteristics whicn could lead to destructive
failure of the GCS in this application. It is believed that good
acceptance tests and tighter quality control could eliminate the

GCS's that displayed the failure modes described in this report.
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WIESTINGHOUSE ELECTRIC CORPORATION

ADVANCED ENGINEERING DATA

Youngwood, Pernsylvania

MAXIMUM RATINGS & CHARACTERISTICS FOR THE TYPE 242ZB-P GATE CON-

TFOLLED RECTIFIER

0. 25" Stud Package (9/16' Hex)

Forward RMS current, amperes
Fwd. Blocking Voltage, Volts, Vpp
Reverse Blocking Voltage, Volts, Vgp

Peak anode Gate Turn-Off Current, Amperes

Symbol
Iy

Value
10

B D F H KMDP
100 200 300 400 500 600 700

100 200 300 400 500 600 700

IpTo(max)

Tease = 100°C: 5 ohms; toff = 5 ssec; Ig(peak) = 1.0 amps

+ & _ _ _20 usec (RC time constant)
L Turn-off pulse
— = — Iq(peak)

Peak 1/2 cycle, A current amps

Forward blocking and reverse leakage current at
Tg = 125°C, mAdc

Forward voltage drop at Iy = 5. 0Adc at Tj=25°C, Vdc
Thermal resistance, junction to case, °C/W
Operating temperature, °C

Storage temperature, °C

Turn-off energy, watt-sec

Peak forward gate power watts

Average reverse gate power, watts

Peak forward gate current, amperes

Peak reverse gate current, amperes

: Ai/erage reverse gate current, ma

Gate current to trigger at Ty = 25°C, ma
Gate voltage to trigger at Ty = 25°C, voits
Stud Torque, Dry, In-Lbs.

A at 60 cycles per second

Irm(surge)

IrB, IRB
VF
21C
'Tu
Tstg
EsTO
PgMm

PGR(AV)
igr
igr
Igr
Igr
Vgt

Figure V-9, Published GCS Characteristics
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VI. EXPERIMENTAL MODEL EVALUATION

EXPERIMENTAL MODEL DESIGN DETAIL

1. Mecnanical Construction

The overall mechanical construction criteria include isolation

of the high voltage components for personal safety, accessible
circuit components for measurement, aid isolation of power cir:@uit
components form control circuit compcnents for reasons of heat

and electromagnetic radiation. A picture of the experimental
model is shown in Figure VI-1. The high voltage cage is behind

the front panel. On the right and left sides are mounted the boerds
which contain the control circuitry. Behind the high voltage cage
are the series transistors and heat sinks. The larger components
such as inverter output transformers and input filter capacitors
are also between the high voltage cage and the rear wall. The gate
control switches are at the rear on separate insulated beat sinks
vhich form the rear wall of the cabinet.

2. Electrical Des}gn Modifications

a. Series Transistor Current Regulation

The breadboard model tests showed the inability of the original
circuit to withstand the application of a short circuit to its
output. Considerable time was spent solving this problem, both
prior to and following the breadbourd evaluation tests. At
first effort was mainly directed towards altering the control
circuits to achieve the desired operation during the short cir-
cuit. Modification and improvement of control circuits did not
provide a solution and the search for a solution was shifte’ to
simpler, but less efficient, power circuit alterations.

The solution finally accepted was the use of a power transistor
in series with the D C. input to each inverter. The transistors
are operated in a current regulation mode and thus, during the

application of a short circuit to the inverter, GCS currents do
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Experimental Model Picture

Figure VI-l.
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not.exasd reasonable levels. Each inverter has its own

series transistor for two reasons: 1) the power transistor
available can only handle the current and voltage requirements
of one inverter with adequate safety margin, and 2) the regula-
tion of the total input D.C. current would allow excessive

current in a single GCS if an unbalance should occur.

The results of tests after the circuit additions showed that

the transistor current regulation was not compatible with the
overcurrent reguluator circuit operation. A request was then
mede for permission to eliminate current regulaticn into a short
circuit and to allow the unit to "blink-off" imm-diately under

overcurrent conditions.

b. Blink-Off" Modification

One advantage of the series transistor current regulator is
that it provides a simple wetnod of accomplishing "Blink-Off".
It is much easier to turn-off two transistors than to furnish
two pairs of GCS's with their turn-off drive requirements at

a relatively high repetition rate. Also, when the transistors
go into the current regulation mode upon overload, they provide
a convenient signal indicating the overloal condition. In the
new circuit the voltage across the series transistors is sensed,
and when it exceds a predetermined level for a certain length
of time, "Blink-Off" is initiated.

c. Start-Up Time Delay Improvement

The Start-Up Tine Delay circuitry of the breadboard model was
com; 1icated and s tests revealed, was not necessary; so it

was removed. Two other components, Q27 and CR102, were added
to prevent the two series transistors (Q26 and Q29) from turning
on during the initial application of input D.C. power. After
start-up, these components only function when input D.C. power




is removed and reapplied.

d. "Bli-k-0ff" and "Soft-On" Circuit Cnenges

A request was made for & chenge in the work statemert of the
contract te lengthen tne minimum "Soft-On” time constant from
2 miliiseconds tc SO milliseconds and the minimum "Blink-Off"
time delay from 2 wmilliseconds to 25 milliseconds. The reacsons
for these requests were: 1) to allow adequate safety margin on
the power dissipated in.Q26 and G259, 2) to prevent system
instability vhich might occur when the time constants were

adjusted to values near the operating frequency of the system.

e. Master Osciliatcr Improvement

An important improvement was made in the mester oscillator
civcuitry to reduce the numter of components and improve the
operation. It was found that the full voltage starting feature
was not needed for successful start of the low voltage control
circuits. The components were remcved and a simple, master
oscillator start circuit weas added. The removel of the previous
waste: oscillator starting circuit and its replacement with the
simpler circuit resulted in a sevings of weight, and increased

efficiency and reliabiiity.

f. 1Inverter Drive Interaction Frchlem

Because of the nature of the inverter GCS gate drive require-
ments there appeared an interaction problex between the two

drive circuits. This problem developed as the secondary circuit
components of %transformers T5 and T4 were altered tc produce
higher peak current pulses to the GCS gates. These pulses are
suppli=d by each primary circuit and in turn come from the

commonr D C. supply of the pvrimary circuits. The rroblem resulted
i tne inability to phase shift the drive signals 1o inverter

Nc. 2. The large current pulses drawn by the drive of inverter
No. 1 from the commou D.C. Supply caused the driver of inverter No. 2
. switch at those times, independent of No. 2's own drive signal
fron the Schmitt trigger and flip-flop. The signels from the
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fiip-flop were increzsed in an attempt to overcome the inter-
actior, but this 4id not solve the problem. The final solution
was the additicua of twc RC filter networks. The two RC filters
isolated the drive circuits from .cach other on high speed

ftransients, thus preventing the interaction problem.

Z. Improved Drive +O Inverter No. 2

later efforts to improve the magnitude and wave shape of the GC2Z
gate current pulses in inverter No. 2 resulted in a modificatiox
of the flin-flop output circuitry. As 2 result of tnece modifi -
cations, tne magnitude and wave shape of the GCS gate current

pulses can be adjusted tc the desired form.

h. Improved GCS Gate Current Pulse Wave Shaping

Final achievement cf the required GCS gate current pulse magnitude
and wave shape required the addition of a resistor in each inverter
drive circuit. Bach resistor limits the magnitude of current that
can flow in the transformer secondary and damps out ringing of the

transformer.

i. GCS dI/dt circuit Additions

Detailed observaticns of the inverter operation revealed the need
for limiting the rate of rise of current (dI/dt) in the GCS's.
Consultation with Westinghouse Semiconductor Division personnel
disclosed the practical 1limit of 15 amps/usec. rating of the GCS.
Component additions were made to the circuit to achieve the

necessary dl/dt limiting.

j. Reinstalling GCS dV/dt Circuits

The same detailzd observations of the inverter cperation
mentioned above and the modifications made there necessitated
reinstalling the dv/dt circuits used very early in this project.

There is one important differcnce however; the capacitance value
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and therefore the diode and resiztor are very much smaller.

This reduction is possible as a result of turning the blocking
GCS on &t the same time the conducting GCS is being turned off.
The reduced component sizes and reduced power losses are a great
savings over the original design. Reinstalling the GCS dv/dt
gircuits protects the GCS's by holding dV/dt below the value

given ir the Critical Compcnents Test Report (200 volts/psec.).

k. Inverter Lire Choke Energy Dissipation

The method of removing "trapped-energy" in the inverter line
chokes L2 and L3 is by dissipation. This method is an alternate
to the method used in the breadboard where a tap on the output
transformer vas used to reclaim the energy. This method is less
efficient but is more reliable than tne transformer tap. The
inverter line choke energy dissipation is a simple reliable method

of eliminating trapped energy.

1. Output 3hort Circuit Surge Current Limiting

The work statement of this contract did not specify any output
short circuit surge current limits. Since the overcurrent
regulator sensing resistor was no longer used, there were no
internal components to provide surge current limiting. To
provide a 1imit, a resistor was inserted in series with high
voltage fiiter capacitor to 1imit surge current into a short

circuit.

STATIC LOAD TEST DATA

Experimental model tests were performed in the laboratory with the set
up &8s shown in Figure VI-2. This shows the experimental model in the
lower center of the picture. At the upper right is the three-phase,
230-volt, 60 cps variable autotransfromer used to supply adjustable
~nput voltage. Slightly to the lert is the three~-phase, six«diode
rectifier bridge used to obtain D.C. from the 60 cps source. Below
the rectifier is the capacitor of a single L-section LC filter (the

inductor is not snown) which was used to smooth the D.C. so that very
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little ripple would appear at the input to the experimeatal model. Thus,
the input current ripple measurements and. circuit operation is not affected
by the 60 cps power. To the left of the rectifier is the load simulator.
The load simulator was assembled as part of Contract NAS 3-5918 and
consists of a vacuum triode (RCA Type 7C2L/5762) for variable resistive
loads and a hydrogen thyratron (Amperex Type 6268) and & vacuum relay
(Eimac Type VS-2) for application of short circuit transients. The
fcllowing is a description cf test data taken under static loading of

the experimental model.

1. Soft-On Time Constant

Measurements of the limits of adjustment of the "Soft-On" time

constant were made on the experimental model in the following

manner. It was first set up and operated with full rated load at
rated inp:t voltuge, and then shut down by the switch on the unit.
Next, the "Soft-On" controls were set to the limit desired for the
test. With a high voltage probe and oscilloscope the output voltages
were measured. The oscilloscope was then set for internal D.C.

level triggering of a single sweep and the sweep time adjusted for the
"Soft-On" time constant under consideration. Single sweep oscilio-
grams were then taken. The results of the "Soft-On" measurements

are shown in Figures VI-3 and VI-4. The limits of the "Soft-On"

time constant are 24 milliseconds mirimum and 5000 milliseconds
maximum. The "Soft-On" time constant is defined as the length

of tine it takes the output voltage to reach 2500 volts starting

from zero volts.

Two things affect the minimum "Soft-On" time constant. Output filter
components L4, R108, and Ch establish a certain minimum time constant
of delay even to a step function of output voltage from the inverters.
Furthermore, there is a slight time constant built into the applica-
tion of drive current to the 2N181L4 power transistors Q26 and Q29.
This time constant was provided to prevent any starting malfunction
of the inverters due to the relatively instantaneous switching of
these transistors from the blocking state to the conducting state,

and to prevent destructive voltage transients on the transistors

themselves caused b instantaneously stopping the current in an
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a. Output Voltage Rise (R75 = 100 K Ohms)

ko 80 120 160 200 milliseconds

b. Output Voltage Rise (R75 = O Ohms)

Figure VI-3. Soft-On Time Constant Range with
54 Microfarasd Capacitor CU6 + Cu5

(Full Load on Experimental Model)
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0 Lo 80 120 160 200 milliseconds

a. Output Voltage Rise (R75 = 100 K Ohms)

0 N 8 16 20 2l milliseconds

b. Output Voltage Rise (R75 = O Ohms)

Figure VI-4. Soft-On Time Constant Range
with U Microfarad Capacitor Ch5

(Full Load on Experimental Model)
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inductive circuit. This was a precauiionary measure and adequate
test data has not been obtained to prove its worth. In summary, the
minimum "Soft-On" time constant is affected by the ontput filter
component values, which are fixed by other criteria, and the time
constant built into the drive circuits of Q26 and Q29.

2. Qutput Voltage Regulation and Efficiency

For the minimum, the rated, and the maximum input voltage, the load
was varied from no load to tull load in appropriate increments to
obtain voltage regulation and efficiency curves. The results of the
efficiency data, Figure VI-5, shows & maximum full load efficiency of
8L.5% (corrected for meter calibration error) at minimum input voltage.
This valve is lower than the value obtained with the breadboard,
meinly because of the addition of the current limiting transistors

Q26 and Q29, and uegative feedback resistors R42 and R68. These
components combined account for about 100 watts of losses or 49

reduction in efficiency.

The regulation curves for the various input voltages are shown in
Figure VI-6. With minimum input voltage and full loed (0.8 ampc)
the output voltage is 2490 volts. This value is sbove the minimum
specified by the work statement. The regulation is within the
specified limits for both load and input voltage variations with a
no load upper limit of 2640 volts.

3. Input Current Ripple

The measurement of the input current ripple was carried out at full
load (0.8 amps) and rated input voltage. The precision non-inductive
current measuring resistor (made by T and M Research Products) was
inserted in series with the input D.C. source to the experimental
model. The resulting photographs appear as Figure VI-T7. The peak-
to-peak value of ripple current is 0.16 amps or 0.08 amps peak. This
is well within the work statement limit of 5% peak or 0.77 amps peak.
The rms value of input ripple current is only about 0.04 amps which
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b. Full Load Input Current Ripple

Figure VI-7. Input Current Ripple with Full
Load on the Experimental Model
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is also within the specified limit of 2% rms or 0.31 amps. The
very low value of input ripple current is tne result of using
commercial grade aluminum electrolytic capacitors having a
two-to-one safety factor on the ripple current through each
capacitor. This resulted in more capacitance than is necessary
to make an adequate filter. Commercial grade capacitors were
used because of their considerably lower cost and the desire to
conserve funds for exploring the more important technica”
problems.

L, Output Voltage Ripple

Output voltage ripple was measured at rated input voltage, for two
load conditions. The results of these tests are displayed as
Figure VI-8. The method was an oscilloscope connected across

the terminals of a VI'VM which was connected to read output

ripple voltage. The D.C. -omponent of output voltage was blocked
by capacitors in series with the VIVM. The VIVM readings at no
load and full load show a maximum rms ripple voitage of 10 volts
at no load. This ripple amounts to 0.4% of the nominal output
D.C.voltage and is very much below the 5% or 125 volts rms

ripple allowed in the work statement. The ripple is very low
becai.se the output filter had been designed primarily to limit
the rate of current build up in a short circuit load. These
large values of filter components are no longer needed and

could be considerably reduced to achieve a size and weight

reduction.

COMPONENTS SLECTRICAL STRESS TEST DATA

The date and tables presented in this section show the safety factors
applied to the elect.ical stresses of the components. The stresses
of only the major semiconductor components are given. Other components
stresses such as ressistors, capacitors, and semiconductors in
circuits not affected by the power load transients have been cmitted.
The stress levels of these components have been designed to be less
than one-half of their rating.
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1. Component Safety Factors for 2 Kw Rated Load

For these measurements the experimental modeli was set up for full
load (0.8 amps) operetion at rated input voltage. f1:e stresses of
one component of each set of similarly stressed components were
then measured. All current measureuents were made with the T and M
Researcnh Products current viewing resistor. Voltages were measured
with a standard oscillosccope probe, except for the hign voltage
rectifier where a high-voltage oscilloscope probe was used. The
waveforms were displayed on a Tektronix Type 533 oscilloscope and the Type
53/5&D preanp was used for all single trace voltage and current
waveforms. Table VI-1 is a summery of the componentc examined for
stress; the electrical ratings of the -omponents to which the 2 tc 1
safety factor was applied; and tre measured maximum stross of that

component .

The "eritical components"” of this system show a minimum safety factor
of 1.67 to 1 for this electrical stress at rated load ir. the experi-
mental model. The low safety factor of 1.25 to 1 for the pesk gzate
pover of GCS Q3 has been discussed with our Semiconductor Division
perscnnel and it has been determined that the GCS gate power can be
considerably nigher than the published value without havirg any
destructive effects. The high voltage rectifier is considere?
adequate for this application with & minimum safety factor of z.5.
The current regulating transisiors {2N181k's) have s minimum safety
factor of 1.6, but they perform their function with little trouble

as evidenced by the endurance tests.

2. Component Safety Factors with Hydrogen Thyratron and Vacuum
Relay Transient Breakdown Devices

The experimental model was operated in a simiiar manner and with the
same equipment as that described above. The oscilloscope iraccs
were obscerved during the interval of application of the hydrogen
thyratron chort circuit and again for the vacuum relay short circuit.
The oscilloscope was set for a single sweep, triggered just prior

to the closing of the short, so that an expanded view of the few

cycles of inverter operation during the short might te obtained.

VI-17

.
XY



Vi-1.

COMPONENT SAFETY FACTORS WITH RATED LCAD

Electricel Safety
Component Rating Stress Factor
Gs Q@ I, Max-10 A 6 A RMS 1.67
(x2h2zp) Vgp Max=T00 ¥ 400 V Pk 1.75
T, Max=125°C 75% 50°C
,:l ’ 3
L Pk=k A 2 APk 2.0
Ion Pk=4 A 1.25 Pk 3.2
Poy = 10 W 6.0 W 1.67
PGR Av=5 W bW 8.3
Ion Av=0.4 A .03 A 13.3
GCS Q3 I Max = 10 A 6 A RMS 1.67
(x2k2ze) Vi Max= 790 390 Pk 1.8
T Max=125°C 77°C 18°
Iop Pk=k A 2 A Pk 2
IGR Pk=L A 1.1 Pk 3.6
PGM= 10 W 8.0W 1.25
Pog Av=5 W S W 10
IeR Av=0.k A .03 A 13.3
Rectifier CR8 PIV 8000 V 2500 v 2.9
(PSPFBOW) Iy 2.0 A 0.8 A 2.5
Diode CR1 PIV €20 V hiov 1.5
(L78M) I, 6.0 0.35 A 17
v
Dioda CR3 PIV 602 V 360 V 1.7
Ty 6.0 A 0.3 A 20
Transistor Q26 Vg Max 300 V 20 V on 1.6
190 V off
Ic Max=30 A 8 A 3.8
Pa Watts 250 W 25 W 10
Transistor Q29 vCE Max 300 V 26 V on 1.6
(2N181k) 190 V off
Ieg Max=%0 A 8 A 3.8
22 W 11.k

PC Watts 250 W
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TABLE VI-I.

COMPONSNT SAFETY FACTORS WITH RATED LOAD

(Continued)
Zlectrical Safety
Component Rating Stress Factor

Transistor @8 Vo Max 300 v 190 V off 1.6
oy hl ot
(2N1015¥) IC Max 7.5 A 0.9 A 15
Transistor Q30 v,,E Max 300 Vv 190 V off 1.6
1 2N1015F) v - . .

I, Max 7.5 A 0.5 A i5
Diode CP67 PIV 600 v 140 v L.,3
(478M) Iy 6-0 0.2 A 30
Diode CR68 PIV 600 V 210 V 2.9
(L73M) I, £.0 1.0 A £.0

AV
SCR Q6 Vg Max Loo 160V 2.5

7
(2m777) I AV 4.7 3 A 16
Transistor &9 V.. 250 v 100 v 2.5
(2N1016E) I, 7.5 A .5 15
Transistor Q18 vmg 100 V ho v 2.5
- L
(2N1.016B) Ic 7.5 & .25 A 30
Transistor Q32 Vog 60 V 23y 2.6
!/
(2N10168) I, 7.5 A 1.0 A .
Transistor G23 VCE 90 V 29 V 3.1
(2N3054) I.24A .05 A Lo
Transistor Q24 VCE Lo v 34 v 1.3
Q
(281039) I, 1 .02 A 50
VI-19




The results results are summarized in Table VI-2. Data for only

camponents directly ‘affected by the short circuit are given. Worst
case for all was uz2d for the stress levels induced by the hydrogen
thyratron or vacuum reliay. !ovever, the differences between the two

types of short circuit are very slighnt.

The safety factor on GCS forward rms current had dropped to 1.5 from
1.67 at rated load. However, under the conditions of the short
circuit same allowance should be made for the higher surge current
rating of the GCS when determining this safety factor. The other

camponent safety factors remein at permissible levels for these tests.

The camponents used in the experimental model were readily available
maaufacturer's catalog parts. It is quite possiblie that the manu-
facturer could supply higher voltage components by special request.
This would improve the safety factors of the camponents showing a
voltage stress in excess of the objective 2 to 1 derating.

ENDURANCE TEST DATA

Tne fulfillment of the work statement requirement of 10 hours of opera-
tion into a dummy load was accomplished by two endurance tssts of the
experimental model. Continuous full-load was applied to the experi-
mental model for 7 hours and component temperature rises recorded.
Cycled full-load operation and vacuum relay short circult operation
wvas performed for an additional 7 hours and again component tempera-
tures were recorded. The combination of the coutinucus full-load

and cycled short circuit load for a total of 14 hours was congidered
adequate to comply with the 1C hour reguirement.

The maximum component temperature recorded was 121°C tor the output
filter inductor L4. This is a relatively low temperature compared
to the permissible operating temperature for this component. The
possible weight reductions in Table VI-3 incliude this consideration
in determining the values stated. Semiconductor components main-
tained an adequate mergin of safety, with the hottest of these
components being the two power transistors (2N181k's) at 61°C and
63°C. The GCS's ran cool with a maximum recorded stud temperature

of 529 for 3.
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TABLE VI-2. COMPONENT SAFETY FACTORS WITH HYDROGEN THYRATRON
AND VACJM RELAY TRANSIENT EREAKDOWN DEVICES

Electrical Safety
“omponent Rating Dtress Factor
5Cs €l Ve Mex 700 V Ls0 v 1.6
Lozp) : .

(Wx2kaze) I Max 10 A 5.5 A 1.5
GC3s g3 VFB 700 V Lz0 v 1.6
(wx2hazp) I Max 10 A 6.5 A 1.5
Diode CRB PIV 8000 V 3000 V 2.7
(FSPF8OW) Ty 2-0A .95 A 2.1
Diode CR1 PIV 600 V Lo v 1.k
(h7eMm) I, 5 A 2.C A 3.0
Diode £R3 PiV 600 V Loo v 1.5
(478M) I, & A 3.0 A 2.0
Transistor Q26 Ven Max 300 V 150 v 1.6
(2M1814) .

I, Max 30 A 8.5 A 2.5
Transistor Q8 Vg Max 300 v 190 V 1.6
(2n1015F) I, Max 7.5 A 0.5 A 15
Transistor G2% Vg Max 300 V 150 v 1.6
(2N181h; e e oz A A

I, Max 30 A 2 A 3.3
Transistor 30 Vog Max 300 Vv 150 v 1.5
(2N1015F) IC Max 7.5 A 0.k A 1.9
Diode CR67 FIV 600 V 1Lo v .3
(L78M) Iy 6.0 1.2 A .0
Diode CR68 PIV 600 ¥ 250 V 2.k
(L78M) Iy 5.0 1.h A 4.3
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Although the transient loading during the cycled tests is severe, the
resuiting low duty cycle causes fewer average watts of dissipation

in each device. The "Blink-Off" and "Soft-On" controls were adjusted
for approximately 10 "Soft-On's” per second resulting in about
137,000 complete "Blink-Off" and "Soft-On" cycles during this test.
There were also 310 short cir~uit transients in this 7 hours of
testing. The actual total nmumber of short circuit transients during
the life of the experimental model is about 2000, including all tests
performed on the inverter. The "Blink-Off" and "Soft-On" cycles exceed
200,000 feor all inverter tests, There is no apparent degradation of
components or circuit operation from any of these tests. The only
noticeable change in operation during the full luad endurance test
was an increase in the noise level of the magnetic devices. This

can be remedied in future power inverters by using epoxy cement

to firmly bond the C-cores.

WEIGHT AND EFFICIENCY

A tabulation of the weight of all major components or groups of
simiiar cowponents in the experinental model is given in Table VI-3.
The total component weight of the experimental‘model is 4L.48 1bs.; this
includes an estimated weight of 1.0 1lb. for the small miscellaneous
components not specifically listed in the table. Because of other
problems, sufficient time was not available to optimize these
caomponents for the final circuit configur~.’on {especially L&

which remains at the design used when the : . vut current was
regulated by the overcurrent regulator control circuit). The last
column of the table points out estimated weight reductions in circuit
components that might be achieved considering the new method of
current regulating; the low temperature rise of components during
the endurance tests; and other circuit changes pointed out in the

conclusions and recommendations.

The distribution of total power loss of 420.2 watts among the
various components is given in Table VI-4. At full load and rated
input voltage the efficiency is 82.6% (corrected for meter errors).
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TABLE VI-k.

COMPORERT LOSS ANALYSIS

Total Loss
Loss/Item | of Components|% of all
. Component or or Circuit| or Circuits |Component
Line Ttenm Clrcuit Description Gty. | (wvetts) (watts) Losses
1 CR35,97,98,9% {G.C.8. + Diodes s 17.0 68.0 16.2
Q,2,3,6
2 1k Output Choke 1 60.0 60.0 4.3
3 11,7 Output Transformer 2 21.0 k2.0 10.0
b R57,58,59, Voltage Feed Back 1 13.6 13.0 3.1
61,62 Resistance Bleed,
5 CRS,6,7,8 High Voltage Rectifier | 1 15.0 13.0 3.1
R108 High Voltage Capacitor 2.0 2.0 0.5
Resistor
6 M2 Meter Resistor 1 2.0 2.0 0.5
7 226’22: Energy Absorbing 8 9.2 T72.6 17.5
R11,12, Resistors
| ,67
8 11 Input Choke 1 5.0 5.0 1.2
9 L5 Chopper Iaductor 1 0.5 0.5 0.1
10 16 Chopper Inductor 1 7.5 7.5 1.7
1 6 Oscillatsr Transformer | 1 12.0 12,0 2.9
|12 All Others Coatrol Circuits and 20.0 20.9 4.8
Miscellaneous other
Components
13 @8,26,29,30 Series Transistors 2 34,0 68.0 16.2
Paire
1h RL2, R68 Current Sensing 2 16.8 33,6 8.0
Resistors Pairs
k20.2 100.0
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Since the GCS's for the experimental model are mounted on heatsinks
different from those of the treadboared, a typical temperature

rise versus power dissipation was measured again. The results of
this measurement is shown in Figure VI-3. From thie data it wes
determined that the GCS loss is zoout 17 watts per device. The other
component losses wer: measvred or calculated as required. The series
transistors (Q26 and Q29) and their resistors (R42 and R68) account
for a total of 101.6 watts or 24.2% of all circuit losses.
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VII, CONCLUSIONS AND RECOMMENDATIONS

Final test and evaluation of the ion engine thrustor pcwer supply employing
gate controlled switches shows that the originally specified performance
requirements can be very closely matched. The techniques of using two
inverters operated with a variable phase shift has proven to be an effective
means of converting power from low-voltage D,C, to high voltage, regulated

D.C.

For the experimental model a saiety factor of 2 to 1 was a design goal,
With currently available GCS's a min’mum safety factor of about 1.5 on
current and 1.€ on vcltage was obtained. The power transistors have a
safety factor cf about 1,5, Since these components were obtained in the
highest ratings available any improvement in safety factor would require
use of parallel or series devices or changes in the input voltage and the

number of inverter stages used,

The ability of the inverter to operate continuously at full load and through
a large number of short circuit "Blinl:-0ff" cycles proves tne reliability
of components and circuit operation. There were ro component failures or

malfunctic . .. the inverter during the experimental model tests,

The experimental model does not fulfill original expectations with regard

to weight and efficiency, The weight (44 pounds) may be reduced to about

24 pounds and the efficiency of 82,67 may be raised as high as 907%. By
eliminating the input filter and the overcurrent time delay and increasing

the frequency it is estimated that the component weight could be further reduced

to about 12 pounds with the efficiency still near 90%.

During the program a number of problems were encountered in utilizing the
gate controlled switch. These problems arose because this was a new
device being applied in a new application and because the device characteristics

were subject to change as improved device fabrication techniques were being

VII-1
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employed. To cope with these problems various circuits were added to the
system during development and a very conservative design approach was
taken, Due tc lack of time it was not possible to evaluate the need for
these added circuits or to redesign components which were excessively
large. Consequently the experimental wodel does not represent the ultimate

canabilities of a GCS inverter system for this application.
In the present system the following potential improvements exist:

a. blimination of tranmsistors Q26 and Q29; this would remove
approximately 20% of cthe losses,

b. Reduction of output filter inductor to value needed to
meet only the ripple requirement {this assumes that no
ovexc:rrent time delay is required); this would reduce
the weight by about 10 pounds,

¢. Reduce or possibly eliminate the inverter input induccors.

d., Simplification and reduction of complexity of low power

control circuits,

To fully exploit the capabilities of the GCS, further circuitry development
should be conduc-ed, The high speed switching capabilities of the devices
as observed during this program indicate that new circuits which use the
devices acr high frequency should be investigated, Circuits employing
inductive discharge, for example, offer a simple and effective means of
converting low voltage D.C, to high voltage D.C. This technique and other
new techniques can offer smaller and more ~fficient conversion systems for

space application.
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APPENDIX A. DPESCRIIION OF EXPERIMENTAL MODEL OPERATION

The 2 kw high voltage power supply utilizes two GCS inverters to provide

a regulated output voltage of 2500 volts D.C. + 5 percent when connected
to a supply voltage of 160 volts D,C, + 10 percent, (See Figure App. B-1).
The input voltage is converted by one pair of GC3's Q1 and Q2 to approxi-
mately 140G volts square wave output at 1000 cycles per second. The

secend pair cf GCU's Q3 and Q4 also provide a 1400 volt square wave output;
however, they are driven slightly out of phase with the first pair. The
secondaries of the output transformers T1 and T2 are connected in series

to produce a 2500 volt square wave A,C., This wvoltage is then rectified by a
high vcltage bridge rectifier (CR5, 6, 7, and 8) and filtered by am LC
filter consisting of L4 and C4 to produce the desired D.C. output voltage.
Voltage regulation is achieved by phasing back GCS's Q3 and Q4.

1, Low Level Control Voltage

A low level D.C, vecltage for control and protection iunctions is
obtained by using an SCR Q6 in a D.C, chopper circuit, The drive
for the SCR is produced by a Shockley diode CR12 discharging a
capacitor C5 through a transformer T5; diode ~&1ll1 dissipates the
reverse energy and allows the circuit to recover. The secondary
of T5 feeds the gate of SCR Q6 which turns on at a rate dependent
on tne Shockley diode circuit oscillation frequency. The SCR

is turned off again by the voltage reversal across C7 due to the
oscillation of C7 and L5. Smoothing of the chopped pulses is
accomplished by L6 and C8., A voltage reference is provided by
Zener diode CR15, and an error signal is fed through R6 into the
base of trvansistor Q7, which shunts R3. The amplified error
signal varies the voltage at the junction of Rl and R2 to control
the oscillation rate of the Shockley diode circuit, The output
D.C. voltage is thereby regulated to about 50 volts by Zener diode
CR15,

Appc A- 1
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Upon application of voltage to the input terminais, the free-running
Sheckley diode oscillator provides 50 volts D.C. to the master oscillator,
which oscillates at approximately 1000 cycles per second. The frequency
is controlled by a s&turable reactor L7 which reverses tre drive to the
transistor bases when it saturates. Taps are provided on L7 to change the
frequency. The oscillater consists in part of transistors Q9 and Q10,

and transformer T6. Transformer T¢ provides various output voltages for
drive and control purposes. SCR Q27 allows all the D.C. voltages to rise
to full value end establish the corrsct drive to the inverters beforé
tarnincg on the series transistors Q26 and Q29. Shockley diode CRLO2 turus
onl SCR Q27 when the positive D.C. supply reaches a sufficient level to

operate the circuits.

2. Main Power stages and Output Circuit

Power transformers Tl and T2, gate controlled switches QlL, Q2, Q% and Q4.
are the main power stage components. L4 and C4 serve as output filter.

In the power stages @ nd Q2 ave driven ¢on &nd off by transformer T3 and
silicon transistors Q17 and Gi8. Drive is provided for these transistors
direcily from the master osciilator. The other pair of GCS's Q3 and QU are
driven by transformer T4 and silicon transistors Q19 and Q21. Drwive is
provided for these transistors from a phase shiftirg circuit consisting of
a double Schmitt trigger and a flip-rlop ciréuif. When both inverters are
cperating into a normal full load {i.e. 800 mA), the bridge consisting of
Q3 and Q4 is being switched vn and off almost in phase with bridge Ql and
Q2 s¢ the outputs of transformers T1 and T2 are added thus giving au ocutput
of 2500 volts. Output voltage regulation is achieved by varying the phase
ghift between the two inverters. This is discussed in the section on
Voltage Regulation.

The secondaries of the power transformers are fed into a full wave rectifier
bridge CR5-8. The rectified output is filtered by the filter bonsisting of
Lk and Ch. Resistor RIOB is in series with Ch to limit the discharge :ate

of Ch when s short circuit occurs at the output terminals,

To help commutation, capacitcrs C2 and C3 have been added across the primary

of each transformer; however, to prevent the current from rising at an
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excessive rate through the GCS's. inductors L8 and L9 have been added.
Also resistors R8, R9, R1l and R12 are added to damp the oscillations
which tend to occur. A network across each GCS. as shown by CR4, R100
and CR96, reduces the rate of vcliage rise across the GCS and aids the
turn-off. When Q1 has been conducting and is being turned off so that
it starts to block voltage, CUl starts to charge tnrough diode CR96, and
the anode voltage slowly rises to the blocking voltage. The current Iis

thus diverted from the GCS to the capacitor during the switcaing tresnsient.

Inductcrs 12 and 1R were used to provide a limiting impedance between the
source and inverters to prevent excessive current in the GCS’s during
switching. Their use required the addition of components to dissipate
their stored energy. Stcred energy is dissipated in RGO, R65, R66, and
R67. Diodes CR67, CR68, and CR1 through CR4 provide the path for dis-
charging the energy of the inductors. After the series transistors Q26
and Q29 were added, the need for the inductors and *he added components
became questionable. Series transistors G26 and §29 protect the power
supply by series regulation of inverter D,C., current. They are normally
in a saturated condition by application of a positive bias on their bases.
The absolute maximum potentials of the bases of Q8 and Q30 above ground
are held fixed by CR72-CR71 and CR86-CR85, respectively. When excessive
inverter current increases the voltage drop across R42 or R68, the emitter
voltege of Q256 or 429 approaches the limit imposed on the base potential
and thereby removes drive from these transistcrs, pulling them out of

saturation and regulating the inverter curient.

3. Phase Control Netwcrk

The magnitude of the output voltage is determined by the phase angle between

the two inverters. For maximum output GCS's Q3 and Q4 are running prac-
tically in mhase with QL and Q2. For zero output GCS's Q3 and Q4 are
running 180° of phase with GCS's Ql and Q2 so the ocutputs of the trans-
formers are in opposition. The phase difference between inverters is
ccutrolled by the :,C. voltase applied to the input of the double Schmitt
trigger circuit. A square wave output is fed from the master oscillator

via a winding on the cscillator transformer to an integrating network
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consisting of R16 and Cl6; or its counterpart Ri9 and Cl7, which operates
on the negative half-cycle. Capacitor Cl6é charges throug.. R16 to form

the ramp voltage wn:2n Is fed iz T2 hese oI transister QiL. When this

voltuge exceeds oy U.T vi.T, The viltags developed wocrczz mi-, due 10
current flowing thrcugh 2.0, 11 ziarts to oonfuct, 2ltwgs zzzllied ™o
the tase of Q12 I, reduced T 1ne current Tlowin: througr RZL oand 911

wnich reduces tae vol.tage Zropped arcross R22. Qll tnerercre rapidly
turns on and iz rapidly carns Sff. As long as the voltage srrlied o
the base of Qll remains above this triggering voltage, Qll stays on and
Ql2 remains off. The voltage from the osciliator must reverse to allow
this potential to fall and reset the trizger. When the voltage reverses,
Cl7 crarges torcegn RL: =2 2ztue*es the cther Schmitr trigger consistiag

of Q13 and Gl4.

The D.C. veltage fed inTo th= center tap of the transformer T winding
modified tre rats et wrich 713 or TL7 charges. Therefors, the trigger

can be esither delayed or udvanced deperding upon whether tne input D.C.
voltege is positive or negative. A positive voltage is normally fed into
this point which keeps the Schmitt triggers almost at the point of triggering.
A smal)] voituge from the positive going square wave is all that is necessary
to activate the trigger. The Schmitt triggers therefore are running
practically in phase with the master oscillator. This control voltage

is supplied at the emitter of the transistors Q23 and Q24. A negative
voltage teing fed into the bases of Q23 and Q24 turns off Q23 and turns

on Q24 to make the voltage at the center tap of the transformer more
negative, This delays the rise of the voltage ramp being fed to the Schmitt
triggers and, therefore, phase shifts the square wave, This is the normal
action when an over-voltage signal is being detected. Negative going
signals are fed from the voltage regulator control or from the "Soft-On"
control. BS8ignals from either of these sources are negative and increase

the phase difference. The ramp then has to stert at this large negative
voltage ord build up to the triggering voltage of the Schmitt trigger.

The ramp starts steeply but as capacitor Cl6 charges, the slope decreases
and the ramp voltage may fail tc rcach the triggering level. To prevent

this, a spike was added at tne exireme end of the ramp to insure that

App. A-4
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the trigger did operate and produce a 180° phase shift. The spike is
formed by taking a signal from the copposite side of the drive winding
and differentiating it with Cl15 and R18, or C13 and R17. This feature
insures that botn Schmitt triggers operate correctly and that they cannot

be driven past the 180° phase shift position.

i, Phase Control “lin-Flon Circuis

When Q11 or Ql3 are driven on, as prev.cusly described, a negative going
signal is fed through capacitor C20 or C2l to the flip-flop circuit com-
prised of transistors QL5 and Ql6. The positive going signal which is
evident when Qli or 413 are off is suppressed by diode CRhL and CRULS.
Assume Qi6 in the flip-flop is conducting. A negative going signal fed
to its base through €22 would <urn it off and as @l5°'s base is fed from
the collector of Gl16, it would turn on. A negative going signal being
fed through C25 reverses the atvove. The flip-flop is therefore being
driven on and off in accordance with signals from the Schmitt triggers.
Note that only the leading edge of the original oscillator waveform is
being used for control. The phase shifting network is therefore inde-
pendent of any noise or spurious signals as the leadirg edges cf the
square waves arec the only signal which will activate the network.

5. Isolation and Driver Circuit (Phase Shifted Pai;l

Transistors Q36 and 238 are driven by the voltage devz=loped across R32

and R35. Four diodes CR90-94 and two resistors R52 and 53 provide isolation
and prevent any feedback from the fcllowing power stages from causing mal-
function of the flip-flop circuit. Q36 and Q38 drive a pair of power
transistors Q19 and Q21 through an impedance matching transformer T10.

6. Inverter Drive Circuits

Inverter 1 is driven by a pair of power transistors Q17 and Q18 through
transformer T3. Drive for these transistors is supplied by & winding on
the oscillator transformer. Tran:iormer T3 has two secondary windings;
one winding supplies a full ha’ "
400 milliamperes to the gata2s of tha (£S's through the networks consisting

of R4l, CR35, R4S, CR36, R46 and R47. The other winding supplies a sharp

cycle positive gate bias current of about
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spike current of about 2 or 3 amps at the beginning of each half-cycle

to both GCS gates to ensure fast turn-on and turn-off of the GCS's. This
current is supplied through C28, R38, C27, a bridge rectifier consisting
of 4 diodes CR30-33; and a Shockley diode CR34, Voltage across the bridge
builds up when the trensformer square wave of voltage switches until the
breakover wvoltage oI he Shockley diode CR34 is reached; then C27 and C28
rapidly discharge into the gates of Q1 and Q2, turning one on and the
other off. Similar action taskes place in inverter 2 with T4 supplying
the drive through identical circuits,

7. Voltage Regulator

To obtain a feedback signal for voltage regulation the output voltage is
measured across resistors RS57, R58, R59, R61, R62. A portion of this
voltage is tapped off and fed to a Shockley diode relaxation oscillator
conaisting of R63, C37 and CRS8. Capacitor C37 charges until the break-
down voltage of the Shockley diode is reachéd ari then it discharges )
through the primary winding of pulse transforme: T7. Diode CR5Q dissipates
the inductive energy from the transformer. ™  ulse repetition rate

of the Shockley diode oscillator is dependent u,»n the sagnitude of the
voltage and the RC time constant. Potentiometer R62 zetz .  .uerating

voltage of the osciliator ard thus sets the point at which ouiput voltage
regulation begins. The output of transformer T7 is rectified by CRS57
and smcothed by €35, and then fed to the base of transistor Q25 through
a resistor R55 and Zener diode CRS6. As the output voltage rises the
repetition rate of the Shockley relaxation oscillator increases causing
the voltage applied to the base of Q25 to increase. Current from Q25
charges capacitor C34 and causes a larger voltage drop across R15, which
drives the bases of Q23 and Q2 more negative. The phase angle is thus
increased and consequently reduces the output voltage. C35 and C3b
provide apyropriate filtering to prevent oscillation. Resistor R6h is
get at full CCW which allows the control transistor Q23 and Q24 to operate
the Schmitt triggers almost in phase with the input square wave,

8. "Blink-Off" and "Soft-On" Corntrol
When any condition exists whish would cause excessive current to flow in
either inverter the vircuit will automatically "blink-off." The
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"blink-off" action is initiated by the voltage drop appearing across
transistors Q26 and Q29. If the volteze from collector to emitter of
either transistor exceeds the breakove. voltage of Shockley diode CR89,

a pulse is fed through transformer T8 to trigger the "blink-off" time
delay circuit, to turn-off transistors Q26 and Q29, and to prepare the
"soft-on" circuit for the next cycle. (See Figure App. A-1). Transistors
Q26 and Q29 are turned off by SCR Q37 firing and turning off Q4 which
then turns on transistor Q32. When Q32 is on, the drive voltage to tran-
sistors Q26 and Q29 is reversed because of the path created through CR87, .
Q32, RB86 and R87, and the emitter-bsse junctions of Q26 and Q29. Also
when SCR Q37 js on Q34 turns off and C50 charges at a rate determined by
R91, R92, ande109. When the firing point of unijunction transistor Q33
is reached, it fires and turns on Q35, allowing SCR Q37 to recover to its
blocking state. This action ends the "blink-off" period.

Returning to tre noint when Q32 was conducting it should be noted that

Q32 also allows the oscillator voltage to be applied to transformer T9,
(See Figure App. B-1). Tne output of T9 charges capacitors CU5 or Ché

to establish the voltages required for the "soft-on" period. As soon as
vcltage appears across C45 or Cl6, transistor Q28 begins to conduct. This
causes the control transistors Q23 and Q24 to change the D.C. level of
Schmitt trigger and thereby increase the phase angle between inverters,

The phase angle is held at 180° until the end of the "blink-off" period.
When Q32 turns off transformer T9 is no longer energized and the voltage
of Ck5 or Ch6 begins to decay through R75 and R76. As this voltage decreases
trensistor Q28 begins to turn-off thus changing the centrol signal which
sets the phase angle. The setting of R75 and selection of either Ck5 or
Ch6 determines “he rate at which the phase angle changes and thereby

sets the rate at which the system output voltage increases. This completes
the "soft-on" cycle. If an overcurrent condition exists during or
immediately after the "soft-on" period the unit will again "blink-off"

and the cycle will be repeated.
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PARTS LIST FOR 2 XKW 2500 VOLT DC POWER SUPPLY

Component  Capacitance Vults
Quantity Number (HLd) (w.v,i.e,) Material Manufacturer

2 Ccl 1000 350 Alum, Elec, Sangamo
" c2 0,05 1000 Paper Aerovox
1 c3 0.05 1006 Paper Aerovox
1 c4 0.25 5000 Paper Dearborn
1 c5 0.15 200 Paper Sprague
1 cé 50 50 Alum, Elec, Cornell-
Dubilier
2 c? 1.0 600 Paper Electron
(2 reqd.) Products

1 c8 1500 100 Alum, Elec. Sangamo
1 c9 4 150 Alum, Elec, Cornell-
Dubilier

1 cl0 0.1 2090 Paper Aerovox
1 Ccl1 0.25 200 Paper Aerovox
1 Ccl2 50 50 Alum, Elec, Cornell-
Dubilier

1 cl3 0.1 200 Paper Aerovox
1 cl4 2,0 100 Paper Electron
Products

Cls 0.1 200 Paper ABrovox
Ccle 1.0 200 Paper Electron

Products
2 Cc1l7 1.0 200 Paper Electron
Products

1 cl8 G.25 200 Paper Aexovox
1 cl9 0.25 200 Paper Aerovox
1 €20 0,003 600 Paper Aerovox
1 c21 0.005 600 Paper Aerovox
1 c22 0.0C1 600 Paper Aerovox
1 c23 0.05 200 Paper Aerovox
1 024 0.05 200 Paper Aerovox

App. B-3
g -

.!!i




PARTS LIST FOR 2 KW 2500 VOLT DC POWER SUPPLY

(Continued)
Component  Capacitance Voits
Quantity Number g fd) A.v.d.c,) Material Mc-nfacturer
1 Cc25 0.001 6C0 Paper Aerovox
i c26 0.01 230 Paper Aerovox
1 cz7 0.47 200 Paper West,-Cap.
1 c28 0.47 200 Paper West.-Cap.
1 c29 0,47 200 Paper West. -Cap.
1 €30 0.47 200 Pape West, -Cap.
1 c31 10 50 Alum‘. Elec. Cornell-
Dubilier
1 c32 50 50 Alum, Elec, Cornell-
Dubilier
1 c33 100 25 Alum, Elec, Cornell-
. Dubilier
1 c34 1500 35 Elec. Sangamo
1 C35 50 50 Alum, Elec. Cornell-
) Dubilier
1 c3¢ 2.0 200 Paper Aerovox
1 €37 0,1 200 Paper Acrovox
1 c38 8000 50 Elec. Sangamo
1 c3% 8000 50 Elec. Sangamo
1 c40 2 100 Paper Electron Prod.
1 Cc41 0.05 600 Paper Aerovox
1 c42 0.05 . 600 - Paper Aerovox
1 C43 0,05 600 Paper Aerovox
1 C4b 0.05 600 Paper Aerovox
1 C45 4.0 150 Paper Cornell~
Dubilier
1 C46 50 50 Alum, Elec. Cornell-
. Dubilier
2 Ci.7 2,0 100 Paper Eiectron
(K Not Used
C49 Mot Used
1 cs0 4 150 Alum, Elec, Cornell~
Dubiliex
App. B-4
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PARTS LIST FOR 2 0 2500 VCOLT DC POWER SUPPLY

catfinued)

. Comnonent
Quantity Number Resictancz Ttz
1 Ri 10 K Trw
i R2 1.5 K 1/2 =
1 R3 15 K FERY)
i R4 100 11
i RS 9.1 /2w
1 R6 2 K 1/2 W
1 R7 5.1 K 1w
1 R8 10 20 W
1 R9 100 54
1 10 20 2w
1 R11 160 5W
1 R12 10 20 W
1 R13 20 9
1 R14 51 19
1 K15 1K 1w
1 R16 500 10w
1 R17 1 X /29
1 R18 1X 1/2
1 R19 500 FROIR
1 R20 10 2u
i R21 820 FR2)
1 R22 2K 1
1 R23 iI5 K /2w
1 R24 50 1w
i R25 3K /2w
1 R26 50 1w
1 n27 3K /2 u
1 R28 15 K 1/2 9
1 R29 820 2 W
1 R30 2K 1w

Aup, B=S

Material

carbon composition
carbon composition
carboa compositicn
carbon composition
carbon composition
carbon composition
carbon composition
wire wound
wire wound
carbon composition
wire wound
wire wound
carbon composition
carbon compositicn
carbon composition
wire wound
carbon composition
carbon composition
wire wound
carbon composition
carbon composition
carboa composition
carbon composition
wits wound
carbon composition
wicre wound
carbon composition
carbon composition
carbon composition

carbon compositisn

Manufacturer

Ohmite
Dalechm

Daleohm

Ohmite

Daleohm

Daleohm

Daleohm




2ARTS LIST FCR 2 7 LI.3 VOLT

(Concaneea)
Cowoenent
Cuancityv Nunber Resistence cLrs
X }3% 10 K MY PAR2
1 K32 240 i
1 33 10 K 2y
i R34 10 /2
1 235 240 1w
H e 10 K /24
1 R37 10 X /2w
1 38 10 0w
1 R39 820 1y
1 R40 820 1w
1 R41 10 iow
2 R42 .1 25 W
1 R43 100 14
1 RG4 20 1w
1 R&S 1K /2w
1 R46 1K 1/2 W
l 47 20 14
X =48 20 1v
i 249 1K /2 v
i R50 1K 1/2 v
1 51 20 1w
1 R32 240 1w
1 R53 240 149
1 R34 10 X /2w
1 R55 1K 1w
1 R56 22 K 1y
1 R57 160 K 10w
1 R58 160 K 10w
b R59 160 K 0w
4 RS0 5 25 W
Ap>., 3-6

C 20WaR SU22LY

Material

carbon

© caxbon

carbon
cacrbon
carbon
carbon

carbon

composition
composition
composition
composition
composition
composition

composition

wire wound

carbon

carbon

composition

composition

wire wound

wire wound

carbon
carbon
carbon
carbon
carbon
carbon
carbon
carbon
carbon
carbon
carbon
carbon
carbon

carbon

composition
composition
composition
composition
composition
composition
composition
composition
composition
composition
composition
composition
composition

composition

wire wound
wire wound
wire wound

wire wound

Manufacturer

Dalcom

Daleohm

Daleohm {(series)

Daleohm
Daleohm
Daleohm

Daleohm

(series»parallel’
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PARTS LIST FOR 2 X¥ 2509 VOLT DC POWER SUPPLY

(Continued)
Compornent
Quantity Sumber Recirtence Yauts Material
1 R61 4.3 X 1/2 W carbon composition
1 R6Z 10 K 2 Y carbon composition
porentiometer
1 R63 10 X /2 %W  carbon composition
1 R64 1.5K 2 d carbon composition
potentiometer
2 R65 3 25 W wire wound
2 R66 5 25 W wire wound
4 67 5 25 W wire wound
2 R68 .1 25w wire wound
1 R&9 2K :/2 W carbon composition
1 R70 10 K 1/2 4
1 R71 1,3 K 1/2 W carbon composition
1 R72 5.1K 1/2 W carbon composition
i R73 33 2 W carbon composition
1 R74 100 K 2 W cerbon composition
potentiometer
1 R75 0.1 meg 2 7 carbon composition
potentio~eter
i R76 1X -/2 W carbon composition
1 R77 10 K 1/2 W carbon compositicn
1 R78 510 2 W carbon composition
1 R79 1.5K 1/2 W carbon composition
1 R80 33 2 W carbon composition
2 n81 10 2 W carbon composition
1 R82 K 1 W carbon composition
1 R83 3K 1/2 W carbon composition
1 R84 10 2 ¥ carbon composition
1 R85 10 2 W carbon composition
1 RE6 51 2 W carbon composition
1 R87 51 2 W carbon composition
App. B~7
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“ARTS LIST FCR 2 YW 2500 VOLT DC POWEZR SUPFLY

(Continued)
Quantity bu?igggz: Resisgtance Jlattso Material ¥anufacturer
1 233 470 J2uw carbon composition
A RE9 270 1/2 W  carbon composition
1 250 47 1/2 W  carbon composition
1 R91 25 K 2 1 carbon composition
pocentiocnater
1 R:2 3.0 K 1/2 W  carbon composition
1 RS2 51 KR 1/2 W carbon composition
1 R94 0K 1/2 W  carbon composition
1 R95 WK 10w wire wound Daleohn
1 R96 1090 ¥ 1/2 W  carbon composition
2 R97 pre 25 W wire wound Daleohm (se.ies)
1 R93 1X 1/2 W carbon composition
2 RY9 10 1 W carbon composition (parallel)
1 R100 1K 10w wire wound Daleohm
1 R101 1K 0w wire wound Daleohm
1 R202 1K 10w wire wound Daleohm
1 R103 1K 10w wire wound Daleohm
1 R104 10 2 W carbon composition
1 R1iG5 10 2 W carbon composition
: Q106 .100 1/2 W carbon composition
I R107 750 1 ¥ carben composition
1 R108 1K 25 W wire wound Daleohm
1 109 2 K 1/2 W carbon composition
1 R110 1K 1/2 W carbon composition

App. B-8




2273 LIST FOK 2 U0 Z 20 W 2LT” BT 2CWZR SUPPLY

{Ccmcizucd)

A

S S Y T

N e i o

[

[

-

[

e

)

Slcde No, e
4785 VR
478M €S0 V
4784 &GS v
4784 &CO
FSPT80OW 8000 Vv
FSFF80W 8000 V
FSPT8OW 8630 V
FS2rF30W 8cco v
1N64S 225 v
1N645 225
1ING45 225 Vv
4E20-28 2o v
1N3671A 800 v
(404 S)
1N12044 460 v
1N978B 51 ¥
1N645 225V
IN747 3.6V
1NG45 225 Vv
IN1124A 200 Vv
1IN1124A 233V
1IN1124A 200V
IN1124A 200 v
1N645 225V
1N645 225 V
Not Uaed
Not Used
INELS 5y
1ING4S 225V
INE6S 225 v
1NE4S 225 Vv

App, B-9
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1.6
1.6
1,6
1.6 A
400 MA
400 MA
400 MA
Shockley
12 A

12 A
400 MW Zener
400 MA
400 MW
400

Zener

400
400

EEg>»>»> > g

400
400
400
400

BEEE

“inufacturer

Westinzhouse
Westinghouse
Westinghouse
Westingnouse
Solitron
Solitron
Sclitron
Solitron
Clevite
Clevite
Clevite
Clevite

Westinghouse

Westinghouse
Motorola
Clevite
Motorola
Clevite
I.R,
I.R,
L.R,
L.R,
Clevite
Clevite

Clevite
Clevite
Clevite
Clevite
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PARTS LIST FOR 2 KWW 2500 VOLT DC POWER SUPPLY

(Continued)
cezeaent
Quantity i'umbder Diode Yo, ToLts Anps Ycaufacturer
i Cl3l 1N645 225 v 400 MA Clevite
1 CR32 1IN645 225 v 400 MA Clevite
X €333 1N645 223 v 400 MA Clevite
l CR34 4E20-28 26V Shockley Clevite
1 CR35 1N645 225V 400 MA Clevite
i CR36 1N645 225 v 400 MA Clevite
i CR37 1N645 225 v 400 MA Clevire
b CR38 1N645 225V 40C MA Clevite
1 CR39 1N645 225 v 400 MA Clevite
1 CR40 IN645 225 v 400 MA Clevize
i CR41 1N645 225 Vv 400 MA Clevite
1 CR42 IN645 225 Vv 400 MA Clevite
i CR43 4E20-28 20V Shockley Clevite
1 CR44 1IN645 225 v 400 MA Clevite
i CR45 1N645 225 v 400 MA Clevite
1 CR46 1N645 225 v 400 MA Clevite
1 CR47 1IN645 223 v 400 MA Clevite
1 CR48 1IN645 225 v 400 MA Clevite
1 CR49 1N645 225 v 400 MA Clevite
1 CR50 1N645 225 v 400 MA Clevite
i CR51 1N64S 2z25 v 400 MA Clevite
1 CR52 1N645 225V 400 MA Clevite
1 CR53 1N643 225 v 400 Ma Clevite
1 CR54 1N645 225 v 400 MA Clevite
1 CR55 1N64S 225 Vv 400 MA Clevite
1 CR56 1N3016 6.8V 1 W Zener Motorola
1 CR57 14645 225 V¢ 400 MA Clevite
1 CR58 4E2C-28 20V Shockley Clevite
1 CR59 1N645 225 Vv 400 MA Clevite
1 CR60 1N645 225 v 400 MA Clevite

APP' 3-10
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PARTS LIST FOR 2 KW 2500 VOLT DC

POWER SUPPLY

(Continued)
Corzcnant
Quantity Yunber Diode No, Veles DS Yanufacturer
1 CRe1 1N645 223 v 400 MA Clevite
1 CR62 1N645 225 v 400 MA Clevite
1 63 IN747 3,6V £00 MW Zener Mctorola
1 CR6& 1N645 225 v 400 MA Clevite
1 CR65 1IN645 225 400 MA Clevite
1 CR66 IN64S 223 400 A Clevite
1 CR67 478 M €00 6 A Westinghouse
1 CR68 478 M GSO ¥V & A Westinghouse
1 CR69 IN645 225 ¥ 400 MA Clevite
1 CR70 1NG64S 225 v 400 MA Clevite
1 CR71 1N3993A 2.0V 10 W Zener Motorola
1 CR72 1N645 225 v 400 YA Clevite
1 CR73 1N649 600 Vv 400 MA G.E.
1 CR74 181220 200 v 750 MA Westingt.ouse
1 CR75 N1220 260 v 750 MA Westinghouse
1 CR76 1N1220 200 v 750 MA Wastinghouse
; CR77 1N1220 200 v 750 MA Westinghouse
1 CR78 1IN2611 260 v 750 MA Motorola
X CR79 1IN2611 2060 v 750 MA Motorola
M CR30 1N2813B 5V 50 W Zener Motorola
1 Ccx81 1NG645 223 v 400 MA Clevite
1 CR82 1N649 600 Vv 400 MA G.E.
1 CR83 1N645 225 v 400 MA Clevite
1 CR84 IN645 225 v 400 MA Clevite
1 CR85 IN3993A 3.9V 10w Motorola
1 CR86 IN645 225 Vv 400 MA Clevite
1 CR87 1IN1124A 200 v 34 I.R.
1 CR88 1N645 225 v 400 MA Clevite
1 CR89 4E20-28 20v Shockley Clevite
1 CR90 1N645 225V 400 MA Clevite
App. B-1li
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PARTS LIST FOR 2 I3 2500 VOLT DC POWER SUPPLY

(Coaziaucd)
Quzcacity Diode XNo. Voits Aros Marafacturer
Z RO iN645 259 £30 ML Slovies
1 Cio2 ING45 225 v £CC A Clovnts
X ClS3 11845 225 v 400 A Cluvice
p Cx94 iNiz15 00V 1.6 4 Westinsnouse
i CR%5 1N1218 100 vV 1.6 A Westinghouse
1 CR96 IN1443 1000 v 1.6 A Westinghouse
1 CR97 1N1443 1060 v 1.6 A Westinghouse
1 Cass IN1443 16C0 Vv 1.6 A Westinghouse
1 CRS9 1N1443 1660 v 1.6 A Westinghouse
C100 Not Used
CR101 Not Used
i 1 CR1C02 4E20-28 20V Shockley Clevite
|
1
|
|
i
1
i
|
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PARTS LIST FOR 2 KW 2500 VOLT DC POWER SUPPLY
(Countinued)

Component

Quanticv Jusher Transistos Volts Amps sanufacrurer
1 0l 242 2P 700 V 16 A GCs vViestinghouse
L G2 242 Zp 706 vV 10 A& GCS Westiughouse
1 Q3 262 Zp 766 v 10 A GCS Westinghouse
1 Q4 242 2P 700 v 10 A GCS Westinghouse
1 Qs 2N2102 80V 1A R.C.A.

1 Q6 2N1777 400 v 4.7 A SCR G.E,
i Q7 2N2201 16C VCE 500 MA G.E.
1 (8 2N1015F 300 v 7.5 A Westinghouse
1 Q9 ZN1O1l6E 250 v 7.5 A Westinghouse
1 Q10 2N1016E 250 v 7.5 A, Westinghouse
1 Q11 2N2270 SVIAY 1A R.C.A,
i Q12 2132270 oo v 1A R.C.A,
1 Q13 2N2270 60 v 14A R.C.A,
1 R1& 2N2279 60 v 1A R.C.A.
1 Q15 2N2270 60 V 1A R.C.A,
1 Q16 2N2270 60 V 1A R.C,A.
1 Ql7 2N101638 160 v 7.5 A Westinghouse
1 Qi8 2N10163 130 v 7.5 A Westinghouse
1 Q19 2N1016B 100 v 7.5 A Westinghouse
G20 Not Used
1 Q21 2N1016B 100 v 7.5 A Westingnouse
Q22 Not Used
1 Q23 2N3054 60 v L R.C.A.
1 Q24 2N1039 60 V .5 A Texas Instruments
1 Q25 2N2102 80V 1A R.C.A.
1 Q26 2N1814 300 v 30 A Westinghouse
1 Q27 2N1771 60 Vv 4,7 A Westinghouse
1 Q28 2N2102 80 v 1A R.C.A.
1 Q2Y9 2N1814 300 v 30 A Westinghouse
1 Q30 2N1015F 300 v 7.5 A Westinghouse
App. B-13
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Quantity

PARTS L1ST FOR 2 KW 2500 VOLT DC POWER SUPPLY

Compcnent
Numbex

1
1

N S ™

O e = e e NN R R e e bt N e N e b et e e

Q31
Q32
Q33
Q34
Q35
Q3¢
Q37
Q38

Swl
sw2
Ml

Ll
L2

L5
L6
L7

and L3

L8 and L9

Tl
T3
TS5
T6
17
T8
T9
T10

and T2
and T4

(Continued)
Tmnsistor Volts Amps
2N2102 80 v 1A
2N1016A 60 V 7.5 A
2N491 B DUnijunction
2N2102 80 vV 1A
282102 80 Vv 1A
2N3054 60 V 4 A
2N2324A 100 v 1A
2N3054 60 Vv 4 A

Miscellaneous

SPST Switch
SPST Switch
Voltmeter 0 - 150 V,D.C, Triplett 327T
Voltmeter 0 - 3000 V,D.C. Triplett 327T

Manufacturer

R'

C. A,

Westinghouse

G

R.
R.
R.

G. E
R. C

Input Receptacle Amphenol MS/AN 3102A-20-24P
Output Peceptacle Amphenol UG-560/U #82-805

Input Filter Inducter
Inverter Line Inductors
Jutput Filter Inductor
Chopper Ringing Inductox
Chopper Smoothing Inductor
Satuvrating Core Inductox
Inverter dI/dt Inductors
Output Transformers
Driver Transformers
Pulse Transtormers
Oscillator Transformer
Pulse Transformer

Pulse Transformer
Soft-Mm Transformer

Impecance Matching Transformer

Appl. B~14&






