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ABSTRACT

This report covers activities performed from January through June, 1970
under JPL Contract No 952536 This contract pertains to the design and
development of the electrical system and the Power Conditioning Equipment

(PCE) for the Thermoelectric Outer Planet Spacecraft (TOPS) program

During th1s reporting period, the system design was further developed taking
the fellowing 1nto account

1 Potent1al on-pad Radioisotope Thermoelectric Generator (RTG) 1imitations
2  Shunt dissipation alternatives

3  The configuration of the distribution and switching of power

4 The 1mpact of test and checkout on the system design

Breadboard designs of various conditioning and switching elements are proceeding
on schedule As described 1n the body of this report, satisfactory test

demonstrations have been completed on a number of these units
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SECTION 1 INTRODUCTION AND SUMMARY

This report covers activities performed under JPL Contract No 952536 for

the pertod 1 January 1970 through 30 June 1970

The effort of this contract 1s directed at designing and developing the PCE
for the TOPS concept The function of this equipment 15 to receive power
from RTG power sources and to condition, distribute and control this power
for the spacecraft loads The TOPS mission, aimed at a tour of the outer
planets, w11l operate for an estimated 12 year period Unique design
characteristics required for the power conditioning equipment result from the
long mission time and the need for autonomous on-board operations due to

large communications distances and the associated time delays of ground

1nitiated actions

The TOPS program was specifically 1nitiated as a means for evaluating the
status of various subsystem technologies for extended cuter planet missions
This particular power conditioning equipment contract 1s being conducted
within this context Near term objectives are to develop subsystem concepts,
conduct trade studies, and 1dentify and proceed with necessary technology
developments  Specific trade studies are concerned with the use of AC or DC
distributed power, the need for batteries, znd the selection of bus configurations
which y1eld a high probability of mission success Technology developments
pertain principaily to techniques for increasing the Tife of power equipment
and devices These include examinations of such i1tems as circunt redundancy
and the possibie replacement of 11fe Timited mechanical relays by solid state

switching circuits
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Long-term goals w11l be aimed at designing, building and testing power
conditioning equipment against detailed design requirements resulting from

the near-term studies and integration with the overall TOPS concept

The principal accomplishments during this period are as follows
o A distribution concept has been developed which assures that power
will be available to the Central Computer System 1n the event of a

Toad or source fault

¢ Evaluation of alternative shunt regulation schemes has resulted 1n the
selection of a two-step sequenced shunt for each RTG  Each shunt
regulator operates independently, avoiding 1nterface complexity

@ Launch batteries to augment Timited on-pad RTG capability were
evaluated As a result of the complexity introduced, their use 1s

di1scouraged :

e Emphasis has been placed on AC distribution as a result of a JPL

project decision

u

o Present weight estimates for the power conditioning equipment are as
follows
PCE within power system - 40 1bs
PCE 1n other subsystems - 81 5 lbs

-

o A converter for the TWT was completed and successfully tested

H
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Three DC to DC converters used for representative spacecraft loads
(Tracking Receiver, DC Magnetometer, and Science Data Subsystem)
were built and tested to demonstrate synchronous operation from a

central clock signal with backup free-run capabi1iity
Gyro and wheel two-phase inverters were redesigned and tested
A current monitor and low voltage cutoff circuits were developed

A breadboard subsystem consisting of the following was successfully
tested and delivered

1 - 270 watt shunt regulator

1 - 400 Hz momentum wheel inverter

1 - 1600 Hz gyro inverter

1 - Quad redundant sol1d state switch

1 - Ouad redundant relay switch

3 - DC to DC converters

1 - TWT converter

1 - Low voltage cut-off circuit

1 - Current monitor

A separate report will be 1ssued covering the breadboard subsystem tests

1-3
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SECTION 3 PROGRAM STATUS

Th1s section reports on each of the task i1tems listed 1n Table 2-1

31 Power System Requirements (Task 1 0)

Des1gn guidelines for the TOPS Power Conditioning Equipment have been developing
1n congunction with overall system design guidelines for the TOPS mission
The gutidelines noted below are general 1n nature and are 1dentical to those
presented 1n the previous quarterly report

e Power source - 4 RTG's, each rated at 156 watts at beginning of

mission and 118 watts at end of mission

@ Life - 12 years

o No battertes to be used unless higher reliabi11ty and/or mission

advantages can be demonstrated

e Reliabiii1ty shall be a strong factor in the PCE design, and
shall be achieved through judicious part seiection, use of
redundancy, etc No single component failure shall cause
catastrophic failure of the PCE No failure in the power
source shall 1mpair operation of the PCE Additionally,
redundant power supplies shail be used for all mission

critical subsystems

e On/off switching shall be provided for all non-mission critical

subsystems

3-1



1J86-TOPS-555
1 August 1970

A1l power on/off switches and all primary/standby unit switches
shall be commandable by both a primary source in the Central Computer
Subsystem {CCS) and a backup source by ground command through the

flight command subsystem

Telemetry points shall be incorporated in the PCE to provide the
CCS with information on the performance of the PCE, so that in the
event of PCE failures the CCS can take corrective action (switch

to a standby unit, remove a faulted load from the bus, etc }

Some capability wi1ll exist 1n the PCE to detect faulted loads or
PCE failures, and to remove faulted Toads or switch to standby PCE

units 1n the event that the CCS 1s unable to perform these functions

Short circurt protection in the form of circuit breakers that may be
reset by CCS or ground command shall be provided for bus protection
at the front end of PCE power supplies
a2 As a series element for all subsystems which are not mission
critical,
b Where necessary to insure that a secondary mode of operation
1s obtainable by either on-board logic or ground command 1n

the event of a failure 1in an element of the primary mode

Circuitry shall be provided to minimize power switching transients

and to Timt current 1n the event of a Toad or power supply fault
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Non-toggle switching shall be used so that knowledge of switch
status 1s not required and so that multiple commands can be sent

Main 1nverters and DC to DC converters shall be capable of free-

running should the sync signal be lost
Werght and volume of the PCE shall be minimized

Power efficiency of the PCE, including inverters, converters,

switches, etc , shall be maximized

Power consumption by the power switching control circuitry shall

be minimized

Immunity to spurious switch operation shall be provided

The type approval temperature range shall be -20°C to +80°C as

measured at the shear plate of the power bay

The regulation of the shunt reguilator shall be traded off against
the reguired reguiation of the power supplies, and an optimzation

1n terms of efficiency shall be reached

The nominal freguency of the two phase gyro inverter shall be between
1584 Hz and 1616 Hz The frequency tolerance of this inverter shall be
+0 01% The frequency of the two phase momentum wheel inverter shall be

400 +5% Hz
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¢ If an AC distribution system 1s used, the frequency tolerance shall be
+5%

® Load requirements as a function of mission phase are summarized on

Figure 3-T  This 1s based on the detailed load information shown on

Table 3-1 which was suppiied by JPL

3 2 Subsystem Design (Task 2 0)

A decision has been reached by JPL that the principal form of distributed

power will be AC  Accordingly the power system concept has been modified to
incorporate th1s requirement. Baseline selections for the system are summarized
1n Table 3-2  Overall electrical, physical, and 1nterface characteristics of
the present concept are described below The justification for particular

system selections 1s provided under paragraph 3 3, Trade Studies

321 Electrical Configuration

A symplified block diagram of the system 1s shown on Figure 3-2  Four

RTG's are used, estimated to provide an 1nit1al output of 624 watts (156 watts
each) and a conservative end of Tife power (after about 12 years) of 472 watts
(118 watts each) The RTG outputs are combined through 1solation diodes to
provide a regulated 30 VDC bus Regulation 1s accomplished by separate

shunt regulators at each RTG  Each shunt regulator dissipates excess power

by a two-stage sequence operation of transistor-resistor sections As.described
1n paragraph 3 3 2 th1s type of shunt regulator was selected because of low

dissipation of the transistor elements and minimum interface compiexity
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TABLE 3-1 RTG POWER REQUIREMENTS BY MISSION PHASE 1 August 1970
{each Toad ncludes T/R and Mawn Inverter losses)

Attitude Data Dump

Stabil1za- Roll TCH CH Approach Far Enter and
Load Launch tion Cruise Calibrate Manauver Burn Guidance Encounter Encounter Occultation Ocsultatfon Playback
Command Receiver 77 77 15 4 77 77 77 77 77 77 77 17 77
Tracking Receiver - ——— e - - - - 12 2 12 2 12 2 - 122
RFS Preamp 26 25 50 25 25 25 25 25 25 25 25 25
RFS Control Unit 31 21 31 31 31 31 31 31 31 31 31 31
$-Band Exciter 28 ?8 28 - -— -— 28 “—— -— 28 28 -
¥~Band Exciter ——— -—- e 68 68 58 = 68 68 68 ——n 68
S-Band Power Amplifier 51 1 511 511 - - m—— 511 -—- o 511 511 —
¥-Band Power Amplifier -— m—— -— 62 2 62 2 62 2 -—- 62 2 62 2 62 2 -— 62 2
RFS Telemetry 10 10 10 10 10 149 10 10 10 10 10 10
Control Computer 50 0 500 800 50 0 50 0 500 50 0 50 0 50 0 500 500 50 O
Measurement Processor 12 0 120 12 ¢ 120 120 120 24 3 24 3 243 12 0 120 120
Data Storage 44 ¢ 49 44 9 44 9 4 9 44 9 49 44 9 44 9 a4 9 4 9 a4 9
Timing Synchronizer 05 05 05 05 05 05 05 05 05 05 [ 05§
Flight Command 64 64 64 64 64 6 4 64 64 64 64 64 64
Attitude Control Electronics — naz 112 nz 112 1M 112 11 2 112 11 2 n?2 17 2
Attitude Propulsion Thrusters - B4 19 2 --- anem —— 19 2 19 2 - 19 2 i6 2 -—
Gyro Heaters 72 72 o 72 72 72 72 72 72 72 12 _—
Gyro Electronics 98 98 —-—- 98 98 g8 98 98 98 338 g8 ——
Gyro Spin Motor 12 3 12 3 - 24 0 240 12 3 24 0 12 2 12 3 12 3 12 3 —
Reaction Wheels -— 12 ¢ 129 129 258 — 129 129 129 129 129 12 9
Accelerameter - s - — B 20 --- — ——— — —— -—
Cruise Sun Sensors - 30 30 30 30 30 30 30 30 30 30 30
Acquisition Sun Sensors/Sun Gate  ww- ] 05 05 05 05 a5 05 05 05 05 05
Canopus Sensor e 56 55 565 55 55 55 55 55 55 55 55
Sun Shutter “— 72 72 72 72 72 72 72 72 72 T2 72
Autopilot Electronics 26 --- nnn —=- - 26 -—- — - ——— -— -
Motor Gimbal Agtuators 201 ——- m— 55 8 - -— —— — -— -—
Science Scan Electronics ——— 25 —_— -—- 25 25 25 25 25 -
Science Scan Actuators -— 24 - nun 24 24 24 24 24 -—
AGSS Platform Electronics - -—- - e 25 25 —- ——— s _—
AGSS Platform Actuators -—- - -— ——— e - 24 24 . — - _—
M G A Pointing Electronics ——— na- 13 13 13 - [~ e - a——— —
¥ GA Pointing Actuators ——— —— 12 12 12 e - —— —— -
Pyrotechnic Control Unit n—- 00 - —— 100 —— -—- -— s - -
Engine Solenoids -— e —-—- _—— —— 21 4 wm— _— wam [ - —
Temperature Control -— 255 255 25 5 25 5 255 25 5 255 25 5 11 3 255 255
Approach Buidance Sensor e - e -— -— - 176 17 7 _— o, e —
vector Helium Magnetometer - 46 46 46 46 46 46 g g 6 46 46 46
Plasma Wave Detector e 22 22 22 22 z22 22 2 22 22 22
Trapped Radiation Detector - 13 13 13 13 13 13 l g 13 13 13 13
Trapped Radiation Instrument e &1') 115 ? (13 _!li ? ? ? ? ? ? 113 56 5 & 56 56
M crome 1¢ Detector _— 11 11 11 11 11
Meteoro*geﬁgteruid Detedtor e 22 22 22 22 22 22 22 2 22 22 22
Plasma Probe e 14 0 140 140 14 0 14 0 14 0 1 14 6 146 140 14 0
Charged Particle Telescope - 45 45 45 45 45 45 ﬁ 8 45 45 15 45
Radio Emission Detector - 33 13 33 33 33 33 33 33 33 313 33
Ntraviolet Photometer -— 22 22 22 22 22 22 22 22 22 22 22
Infrared Multiple Radiometer - - —— --- -=- == === mnn 89 -— - -—-
IMR Cooler 22 2 22 2 2 22 22 22 22 22 22 22
Television A (Wide Angle) -— - - —— —-— -— =n= wan 28 4 L] mea -—
Television B (Narrow Angle) - = -— -— -—= -— 380 360 360 ——- - -—
Power Telemetry 10 10 10 10 10 10 10 10 10 10 10 10
Power Switching & Logic 48 48 48 48 43 48 48 48 48 48 48 48
TOTAL 242 0 3730 328 7 360 3 378 3 a9 1 432 8 448 4 443 9 416 9 350 2 3241
DIODE LOSS (0 8V) 65 100 88 91 10 1 no 115 12 0 11 8 11 98 387
RTG TOTAL 248 5 383 6 337 5 369 4 388 4 421 1 444 3 460 4 455 7 428 ¢ 360 0 332 8
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Table 3-2
BASELINE SELECTIONS

T ST o T
FUNCTION SELECTION REASON
Power Source RTG's Sun distance
Regulation Shunt reguiators Maintain Toad on RTG's
to T1mt temperatures
Distribution a) 30 VYDC to 1nverters, a) Voltage established by RTG

TWT converter & heater
Toads

b} 50 VAC, 4096 Hz, square b) Frequency 1s within
wave for distribu- | mnimum weight range

tion to load T/R's

Protection a) Redundant busses to a) Assure fault removal
CCS and power control capabiTity
circuitry
b) Low voltage cutoff b) Backup to CCS corrective
circuit procedures
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The 30 VDC power 15 supplied to a main inverter with standby redundancy
for generating AC power This 1s the power used for general distribution
The 30 VDC power 1s also supplied directly to the attitude control two-phase

1nverters, TWT converters, and heater Toads

An additional AC bus distributes power from RTG No 1  This protected bus
serves as a redundant source of power to the CCS and assoctated power control
functions  Should power on the main AC bus fai11 due to load or power system
equipment faults, the AC protected bus would provide the power required for
dragnosis and corrective action by the CCS  The Current Throttle shown 1n
the output Tine of RTG No 1 has the function of maintaining required voltage
levels on the AC protected bus If a fault occurs on the main bus with a
consequent drop 1n voltage,the Current Throttle would respond by 1ncreasing
1ts series mpedance such that 1ts 1nput voltage would be held constant

In this way the protected bus voltage would be maintained

Control of power switches 1s accomplished through circuits which receive
actuation signals from the CCS, the Flight Command Subsystem (FCS) or the
Low Voltage Cutoff (LVCO) The CCS and FCS relay their signals in digital
form through data bus channels and the modulation-demodulation (modem) units

shown

Two 1ndependent methods are used to rectify fault conditions
1 CCS Fault Correction - the state of the power system 1s determined
by CCS 1n response to diagnostic 1nformation (currents, voltages,

switch states, etc ) Through interpretive subroutines CCS determines

3-8
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the existence and location of faults, overload conditions or other
abnormalities and determines where and how corrective measures should

be applied  Such corrective actions wi1ll generally 1nvolve switch actuations
for load removal or the transfer from main to standby units as shown 1n

the case of the main DC/AC inversion chain It 1s estimated that 30
m1111seconds maximum would elapse from the onset of a fault condition

unt1l total corrective action took place

2 LVCO Fault Correction - This method serves as a backup to the CCS method
by 1nitiating preprogrammed corrective actions The existence of a
voltage less than 27 VDC at the output of the RTG diodes for 100

m111l1seconds or greater 1s used as the criterion for 1nmitiating the
corrective actions Tentatively these actions would be

a  Interrupt power to all non-essential loads

b Transfer power from main to standby elements within critical Toad

categories.
¢ Transfer from main to standby power conditioning elements

The above actions may be carried out concurrently or sequentially, a factor

which may be more appropriately resolved during system development tests

3-10
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Figure 3-4 shows the physical breakdown of assemblies comprising the power system
Size, weight and heat burden estimates for the PCE, SRP and other conditioning

elements are shown 1n Table 3-3

3 2 3 Performance

Power margin status 1s summarized on Figure 3-5 The load profile shown
contains allowances for conditioning and diode Tosses and therefore represents
the power demand at the RTG terminals The RTG characteristic curve 1s

based on data supplied by GE's Isotope Power System Operation 1n connection with
the Mult1-Hundred Watt (MHW) RTG program  The resulting RTG margins for

di1fferent planetary encounters are expressed 1n absolute power and percent

Analysis of steady state ripple 1n Appendix A indicates that filter designs
which provide mnimum system weight result 1n currents which may be 4 per-

cent higher than that indicated by steady state loads

Thus the RTG power should be at Teast 4 percent higher than the 1ndicated
demand As shown on Figure 3-5 the presently defined loads and RTG performance
estimates indicate less than 4 percent margin for the last encounter  Since
the RTG performance is of a preliminary nature this margin deficiency cannot

be fully evaluated at this time other than to bring attention to this potential
probiem Solutions Mmay 11e in increasing the RTG capability or poss1bly in
accepting degraded mission performance by removing certain less essential

1oads

3-13
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POWER CONDITIONING EQUIPMENT BAY

@ Shunt regulator assembly

® Power distribution assembly
power control switches
overload protection devices
Tow voltage cut off

@ Power source and logic assembly
RTG diodes and §Eort1ng circuits
telemetry monitors

® Main inverter assembly

@ Protected bus inverter assembly
current throttle
overvoltage trip

e Gyro inverter assembly

e Modem

Shunt Resistor Panel

Transformer-Rectifiers
Wheel Inverters
TWT Converters

FIGURE 3-4 COMPONENT DESIGNATIONS
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Table 3-3
HARACTERISTICS

SIZE, WEIGHT, HEAT
B rooms o,
SHUNT REGULATOR ASSEMBLY 220 35 500
POWER DISTRIBUTION ASSEMBLY
SOLID STATE (80) 320 12 0 300
RELAY (80) (320) (12 0) (00 0)
POWER SOURCE AND LOGIC ASSEMBLY 170 35 17 0
MAIN INVERTER ASSEMBLY {2) 220 10.0 40 0
PROTECTED BUS INVERTER ASSEMBLY 40 20 100
GYRO INVERTER ASSEMBLY (2) 140 35 10
MODEM —— — -_—
CHASSIS, WIRING 220 b.5b—— —~——
PCE SUBTOTAL 1310 40 0 148
(1310) (40 0) {118)
SHUNT RESISTOR PANEL 650 4 5 310 0
WHEEL INVERTERS (6) 360 90 05
TWT CONVERTERS (5) 500 18 0 26 0
TRANSFORMER-RECTIFIERS (40) 2000 50 0 80 0
EXTERNAL SUBTOTAL 3510 81 5 416 &
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In general the notijon of degraded mission modes must be considered for

the case where one or more RTG's fail to produce power The RTG's

are arranged to permit such failures without endangering the remaining

RTG's through the use of 1solation diodes and modularized shunt regulators

The mission worth under such degraded power conditions has not been evaluated

as part of this study since such an evaluation can be more suitably performed

as an aspect of overall system performance As an aid in considering

degraded power operations, Table 3-4 1ndicates power margin at various encounter

phases considering the loss of up to two of the four RTG's

TABLE 3-4 RTG POWER MARGIN, WATTS

Number of Encounter Phase
Operable RTG's
[ Jupiter  Saturn Uranus ! Neptune
4 out of 4 125 90 38 10
3 out of 4 =20 -48 -86 -108
2 out of 4 -168 -185 =211 ~225

A cursory review of the loads shown in Table 3-1 provides a measure of the
practicality of degraded power operation With the failure of one RTG at
the Jupiter encounter, for example, the 20 watt deficiency indicated on

Table 3-4 could possibly be compensated by reducing heater power or removing
several of the less significant science loads for the "Far Encounter” phase
Time sharing of certain loads may provide alternative solutions For later

encounters or larger RTG Tosses, severe changes in operation would appear necessary
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Another factor affected by power margin concerns the system response to
step load changes A section of Appendix E considers response to the turn-
on of the traveling wave tube (TWT) which probably represents the largest
load 1ncrement 1n the spacecraft system As presently designed the TWT
could 1ncur significant voltage transients (to 50% of nominal regulation)
for periods lasting 20 to 30 milliseconds Avoidance of this transient by
1ncreased margin does not appear practical since the inrush current is on
the order of 4 to 5 times larger than steady state values It 1s believed
that this transient could adversely affect the overall system,possibly to
the extent of causing false i1ndication of failure which could initiate certain
corrective sequences within the CCS or Low Voltage Cutoff (LVCO)  Further
study of this problem 1s necessary which may 1nvolve changes 1n the TWT
circurtry, revisions 1n the general approach for sensing faults and

1mtiating corrective action, or combinations of such changes

Electrical performance of the system 1s summarized on Table 3-5

324 Interfaces

PreTiminary interface definition 1s defined below

A Telemetry
The general concept for handling measurement data for telemetry
purposes will be to condition all signals to a 0 to 5 volt
analog signal corresponding to the measurement range Signal source
tmpedance will be 5000 ohms or Tess Depending on the number of

measurements, 1t 1s possible that they will be multiplexed and



1J86-TOPS-555
1 August 197Q

TABLE 3-5 PERFORMANCE CHARACTERISTICS
AC MAIN BUS DC MAIN BUS
e 50 VAC, RMS, +3%, e 30 VDC +1%

Square wave, singie phase

@ Ripple 300 MV Peak to Peak
¢ Rise Time 1 mcrosecond nominal

@ Transient Respohse to 100 watt
¢ Frequency 4096 Hz +1%, (Synchronized) step load

4096 Hz +0, -10% (Free run) 30 MV excursion,

100 Lisec duration
AC PROTECTED BUS

¢ Dynamic impedance less than
o 50 VAC, RMS, +8%, 100 m11710hms
Square wave, single phase

e Rise Time 1 microsecond nominal DC PROTECTED BUS

o Freguency 4096 Hz + 01%, (Synchronized), e 30 to 32 8 VDC

4096 Hz +0, -10% (Free Run ® Ripple 300 MY peak to peak

© Rated Power 100 watts ¢ Power 110 watts end of 11fe
¢ Dynamic impedance less than 500
m11110hms
SWITCHING CHARACTERISTICS

1 ON/OFF TIME, MILLISECONDS 5%1%5_%%292 ?E%%E%T
2  BOUNCE TIME, MILLISECONDS 0 2 to 10
3  FORWARD DROP 18Y%V 050V
4  LEAKAGE CURRENT 100 MICROAMPERES 0
5 RAMP TIME 20 /S to 100[(S NOT AVAILABLE
6 OVERLOAD TRIP 120% 120%
7 TRIP TIME | MILLISECONDS 03th25 03to25b
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transmitted from the subsystem through a single coax cabie as shown

1n Figure 3-6  Th1s approach would also be used to route signals

to and from the CCS and FCS  If this concept 15 adopted, the required
multiplexing and modulation/demodulation equipment would be supplied
for inclusion 1n the PCE equipment bay Table 3-6 1s a preliminary

breakdown of telemetry measurements

B Command

A preliminary breakdown of command requirements is shown en Table 3-7

c CCS
Generally the CCS interaction with the power system w11l be to
control the power applied to the various Toads This control will
depend on the particular mission sequence and the power margin
status As long as sufficieni margin 1s available, operations can
proceed according to planned sequences If margins are insufficient,
the CCS, through stored 1nstructions, withholds power according
to some priority criterion  As presently visualized, status 1nformation
for margin determnation w11l be multiplexed and distributed 1n a manner

stmitar to the telemetry information

3 2 5 Component Characteristics

Preliminary characteristics for the components designated 1n Figure 3-4

are described 1n Figure 3.7
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TABLE 3-6

MEASUREMENT

PCE INPUT VOLTAGE

PCE INPUT CURRENT

SHUNT REGULATOR CURRENT
DC MAIN BUS VOLTAGE

DC MAIN BUS CURRENT

AC MAIN BUS VOLTAGE

AC MAIN BUS CURRENT

DC PROTECTED BUS VOLTAGE
DC PROTECTED BUS CURRENT
AC PROTECTED BUS VOLTAGE
AC PROTECTED BUS CURRENT
RTG TEMPERATURE

TELEMETRY DATA POINTS

RANGE
0-60 VDC
0-10 AMP
0-5 AMP
25-35 VDC
0-40 AMP
40-60 VAC
0-24 AMP
25-35 VDC
0-5 AMP
40-60 VAC
0-3 AMP

—— - —

TOTAL

3-22
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QUANTITY
4

4
4
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326 Test and Operations Procedures

The TOPS Power Conditioning Equipment must be designed such that it can
be tested at all levels of spacecraft assembly The prime object of this
effort 15 to 1dentify design requirements peculiar to testing which effect

the PCE design

3261 PCE Interfaces

In order to formulate test procedures, 1t was helpful to first identify

all the interface functions of the PCE, and to assign these functions to

specific connectors In so doing, 1t was possible to configure cabling

dragrams and 1dentify functions which must be simulated by Operational

Support Equipment (OSE) at the different test Tevels  The assumptions

used 1n defining the PCE connectors were

A Miniature, lightweight, high density, rectangular connectors would be
used

B AWG #28 gauge wire would be used except for the connections from the
RTG's to the PCE

C The operating current in the #28 wire would be 112 m1liamperes 1in order

to maximize the power subsystem from a weight standpoint

A total of twelve (12) comnectors are required to handle all the PCE functions

They are as follows
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J1
J2
d3
Jé
J5
Jé
J7
J8
J9
J10
J11
J12

The detailed description

RTG #1 & #2 input power
RTG #3 & #4 input power
Fl1ght/Test plug
Test/Umb1tical

RTG temperature sensors
FCS coaxial cable

CCS coax1al cable

User subsystem loads
User subsystem 1oads
User subsystem loads
User subsystem loads

User subsystem loads

3262 Test Configurations

1J86-TOPS-5b5
1 August 1970

of each connector 1s shown 1n Table 3-8

Three Tevels of testing were studied to determine test ability

The first 1s the PCE subsystem test where all the major circuits of the PCE

are assembled and 1nterconnected for the first time

The next level 1s the spacecraft system integration and test

first time the PCE is 1nterfaced to the TOPS flight hardware

Last, the pad test/launch support phase was analyzed

This 15 the



TABLE 3-8

RTG #1
RTG #1
RTG #2
RTG #2

RTG #3
RTG #3
RTG #4
RTG #4

1J86-TOPS~555
1 August 1970

P C E. CONNECTOR IDENTIFICATION

J1_INPUT POWER CONNECTOR (AWG #20)

Number of Wires

SUPPLY (5 amps) 7
RETURN 7
SUPPLY (5 amps) 7
RETURN e

TOTAL 28

J2 INPUT POWER CONNECTOR (AWG #20)

Number of Wires

SUPPLY {5 amps) 7
RETURN 7
SUPPLY (5 amps) 7
RETURN A

TOTAL 28

J3 FLIGHT PLUG INTERFACE (AWG #28)

Number of Wires

Main Bus Out 8
Power to X-Band Exciter (227 ma) 2
Power to S-Band Exciter (93 ma) 1
Power to Sun Sensor (100 ma) 1
Power to A/C Electronics (374 ma) 4
TOTAL 16
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TABLE 3-8 (Continued)

External Ground Loads (6 amp)

External Power for Sensors

RTG #1 V, I,
RTG #2 V, I,
RTG #3 V, I,
RTG #4 V, I,
Shunt Reg #1
Shunt Reg #2
Shunt Reg #3
Shunt Reg #4

DC Main Bus V, I
AC Main Bus V, I
DC Protected Bus V, I,
AC Protected Bus V, I,

T
T
T
T
I
I

I
I

Monitor Return

RTG Shunting Switch Command
Manual Initialize

Common Return

J4 TEST CONNECTOR (AWG #28)

TOTAL

3-28
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Number of Wires

Ww W W W Mo
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TABLE 3-8

RTG #1
RTG #1
RTG #2
RTG #2
RTG #3
RTG #3
RTG #4
RTG #4

(Continued)

1J86-TOPS-555
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J5 RTG TEMPERATURE SENSORS (AWG #28)

Sensor Power and Return
Temperature Sensor Signal
Sensor Power and Return
Temperature Sensor Signal
Sensor Power and Return
Temperature Sensor Signal
Sensor Power and Return
Temperature Sensor Signal

TOTAL

Number of Wires

J6 FCS INTERFACE CONNECTOR (COAX)

J7 CCS INTERFACE CONNECTOR (COAX)

=
[a)

Qutput Powar Connector

Cu

9  Output Power Connector

[}
janny
o

Output Power Connector

|

[l
—_
—_

Output Power Connector

|

[l
—
nN

Qutput Power Connector

3-29

(AWG #28)
(AWG #28)
(ANG #28)
(AWG #28)
(AWG #28)

2
1

12

~

>

466 WIRES
TOTAL
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326.21 Subsystem Test

At this point, the PCE must be tested to verify operability of each shunt
regulator, the current throttle, overvoltage trip, each inverter, the
power distribution switches, and the low voltage cut off circuits Figure

3-8 defines the equipment configuration required for this test

A ground power unit consisting of four separately controlied RTG simulators

will enable 1ndividual testing of each shunt regulator

A test module provides the capability to switch "hard wired" loads during

all test phases prior to final fairing 1nstallation

The Toad simulator has programmable loads controlled by the OSE test set
Also this umit has sensors to detect the presence/absence of output power
from each PCE distribution switch Inverter frequency wi1ll be measured

and transmitted to the OSE test set by the Toad simulator

An 1nterface simulator will provide command 1nformation to the CCS and FCS
modems 1nternal to the PCE  Verification of telemetry output thru the

modems w11l be accompiished 1n this simulator

The OSE test set will control the operations of all OSE equipment The PCE
1nternal sensors will be monitored thru connector J4 This data wi1ll be

displayed and recorded at the test set
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3 2.6 22 System Integration and Test

A1l flight hardware w111 be electrically i1nterconnected for the first
time at this test Figure 3-9 shows that the only simulated interface

15 the RTG's

Before applying power to the system, the PCE must once more be checked to

verify proper operation

Fach shunt regulator, the current throttle, and the 1nverters will be checked
first, then the CCS w11l be powered to operate the PCE distribution switches

Final testing of the Low Voltage Cut Off w111 be done at this point

32623 Pad Test/Launch Support

Figure 3-71qdefines the PCE configuration for this phase A1l OSE 1nterfacing

15 thru the vehicle umbiTlical

At this point, the primary PCE functions (shunt regulators, current throttle and
the 1nverters) w11l be checked prior to application of power to the loads

Proper power switching w11l be determined as each load 1s operated thru a
mission profile sequence  Secondary PCE functions such as the overvoltage

trip and the Tow voltage cut off circuits would not be operated during a

normal pad sequence

327 Reliability

Figure 3- 171 shows a summary of calculated reliabilities for the system based

on a ten year mission  The values shown in the table pertain to the reliability
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Based on 10 year mission

DC Protected Bus
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AC Protected Bus

AC Main Bus

Inverter
.940
Overvoltage
Trip
.988 .817
Current
RTG i Throttle | .996 ka3
908 .968
Shunt
.988 L _,;§§§_______
RTG T 996 ka 3
,908 -T-”z‘ Inverter —
Shunt ) S| I B L
-988 "= Inverter -
M__g {
RTG .996 ‘ea - T
T.Sos -653
Shunt
.988
RTG OC Matn Bus ﬁ"
.99 -
T.goa e
Shunt
Main Bus Relirability Protected
B
100% Power | 75% Power us
AC System .7296 .8193 .8708
DC System .8292 L9311 8740
FIGURE 3-11 RELIABILITY SUMMARY
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of providing power on the main and protected busses. The values for the
DC system are simply those calculated ighoring the presence of the main

and protected bus 1nverters

Total power system reliability would have to take account of power control and
power conditioning elements 1n order to make a valid reliabitity comparison
of AC and DC systems With DC to DC converters used for the DC system and
less complicated transformer rectifiers used for the AC system the reliabiTity

difference in the two systems shown in the figure will tend to be reduced

The rel1ab111ty values for 100 and 75 percent power cases refer to the avail-

ab1T1ty of power from four and three RTG's respectively

The reliability numbers indicated at each of the blocks 1s based on the

number and type of parts considered for the particular block

3-36



1386~TOPS-555
1 August 1970

3 3 OPTIONS AND TRADE STUDIES

The features of the system described in Section 3.2 were selected through
continuous evaluation of alternatives during the course of the study This
section summarizes the principal trade study and evaluation effcrts and,
where appropriate, describes design options which appear practical and might

be employed where warranted by particular conditions

The trade studies are grouped according to their relationship with the
following power system functional areas

1 Power Source
Regulation

Distribution

W N

Power Switching

3371 Power Source Studies

Studies of the RTG power source for TOPS are being conducted under a separate
contract and have been considered 1n this TOPS-PCE program only 1nsofar as
proposed RTG concepts influence the power system configuration  The principal
factors considered thus far are

(a) The need for long term flight batteries, and (b) the use of Taunch batteries

to augment Timited cn-pad RTG capability

3311 Long-Term Fl1ght Batterages

The purpose 1n considering a long-term flight battery revolves around the

high degree of operational flexibili1ty provided by batteries Principally
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they permit the application of loads greatly 1n excess of those capable of

being satisfied by the prime power source Additionally, through power
averaging, they potentially permit a reduction 1n the capacity of the prime

power source In the case of RTG's thi1s can represent large cost savings because
of the high costs of 1sotopic fuels Evaluation of these and other factors 1s
provided below

EVALUATION FACTORS

A Power Averaging

The load profile chart, Figure 3-1, indicates a maximum power requirement
of 460 watts during the Far Encounter phase of any particular planetary
pass Thi1s phase may last as long as twenty hours For each watt supplied
by nickel cadmum batterties {the only reasonable contender for the 1life
requirements 1nvolved) the weight penalty 1s 2 pounds considering an
energy density of 10 watt-hours/per pound and operation for 20 hours

For the contempiated RTG's, the weight penalty 1s about 0 5 pounds per
watt Thus the weight penalty of battery averaging 1s at Teast four
times as great as increasing the RTG s1ze to provide direct power With
depths of discharge less than 100 percent {decreasing the effective energy
dens1ty) and taking the losses of discharge conditioning into account the
weight penalty difference 1s even more pronounced For these reasons the
use of batteries for power averaging does not appear to be justified for

the TOPS mission
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High Current Pulse Loads

Particular pyro Toads will 1ncur power demands significantly over and above
those listed on the power profile, Figure 3-1  Suitable methods for
supplying such loads are through the use of (1) capacitor - bank systems of
the type used on previous Mariner - Class spacecraft, (2) thermal batteries
which have been used for many high current short pulse duration applications
These systems are reliable and would be su1tab1é for the 12 year TOPS

mission

Turn~-0On Transients

Many continuous Toads whose steady-state demands would be satisfied by the
RTG have high starting current characteristics  The TWT mentioned earlier
provides a case 1n point Batteries would seem to minimize the turn-on
transient disturbances However, a variety of suppression technigues can
also be employed to minimize transients and these should be thoroughly

mnvestigated before a battery 1s used for transient suppression purposes

Fault Clearing Capabiiity

The high current possible with batteries make them 1deal for fault clearing
purposes  The RTG's may also have sufficient fault clearing capab1lity An
estimate of thi1s capability is provided below to determine 1f the battery

1s necessary for this purpose

In this estimate 1t 1s assumed that all loads are fused and that any fault

may be cleared with a current at 3 times the normally rated load value by

btowing the fuse The figure below shows the relationship of the RTG voltage-
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current characteristic to the load characteristics This relationship as
shown assumes a nominal load of 460 watts with the RTG just capable of
supplying this power. This represents a situation which might exist at the

Far Encounter phase of the last planetary encounter.

60 N .
~ Normal f
—_— e . Normal System
50 TWT Current ] Load
|
40 F !
VOLTS B I A
30 e e o —
\\‘-
.
o0 + e I
‘\\\\ RTG
" 3 times normal —— ~--" Characteristic
10 F ! TWT Current RN
= 1 ; 1 I i 3 l L \

3 6 9 12 15 18 21 24 27 30

Current, amperes
Point A represents the normal operating point with the system drawing 15 3
amps at 30 volts from the RT& The TWT 1s the largest load and is rated at
about 60 watts Point B 1ndicates the current drawn by all Toads except the
TWT The load 1ine through the origin and point B represents the impedance
of these Toads assuming they are purely resistive in nature Assuming a

complete short 1n the TWT, the system voltage would be depressed 1ncreasing
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the RTG current output At 20 volts or Tower the current through the TWT
fuse would be Targer than 3 times the normal rating and the fault would be

cleared

In the above example the largest load of the system was used The clearing
capability for smaliler Toads would be that much better The conclusion 1s
that sufficient fault clearing capability exists with the RTG's and the use

of batteries for that purpose 1s unnecessary

Relrability

Any present commitment on the use of a Tong-11fe battery for TOPS would be
made without the benefit of a demonstrated 12 year 11fe capability This 1s
probably the most tmportant single fact against the use of a long-11fe battery
Aside from this, the possible Teakage of electroiyte may endanger other
spacecraft equipment and possibly interfere with certain science measurements
ReTrab1T1ty 1s also compromised as a result of the additional 1ntegration
complexity involving such functions .as charge regulation, discharge regulation,

battery temperature control, eic

CONCLUSIONS

The use of long-term flight batteries for TOPS appears neither necessary nor

desireable  The principal benefit of batteries would be to reduce turn-on

voltage transients It 1s considered that other less complex techniques can be

used to relieve such transients These would include a variety of suppression

circuit techniques and the judicious application of filters to the more sensitive
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3 312 Launch Batteries

Launch batteries may be required 1f the RTG's are not capable of generating
power because of environmental restrictions during the launch phase The
proposed RTG's are designed for vacuum operation and may be damaged 1f certain
tnterior elements are exposed to air Since the RTG's cannot be vacuum sealed
reltably, 1t may be necessary to cool the fuel capsule before launch or
pressurize the RTG interior with an inert gas which would be released after
space flight 15 achieved With fuel capsule cooling no power 1s generated,
requiring the use of a Taunch battery (full RTG power would be developed
several hours after Taunch), while with nert gas protection, partial power

1S generated

The study reported here was to determine the complexity involved 1n using

a launch battery and thereby indicate, from a power system standpoint, which

of the proposed RTG schemes, fuel capsule cooling or inert gas pressurization,

was preferred No attempt was made to justify the preference from an RTG

point of view considering comparative RTG weight penalties, manufacturing complexity

or cost

A subsystem configuration was developed which used batteries specifically for
the case where pre-Taunch cooling of the RTG's 1s used, 7 e , no power 1s
generated prior to Taunch In accordance with the load profile a Taunch and
ascent load of 250 watts 1s used A rough calculation indicated that full
RTG power would be developed after 2 hours This was the value assumed 1n

determining battery size
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Evaluation of this system 1s provided below

A Weight - The launch phase requires 500 watt-hours of enerqy (250 watts
for 2 hours) With allowances for prelaunch and contingencies, a 750
watt-hour capab1lity seems reasonable Using silver-zinc batteries rated
at 50 watt-hours per pound, the battery weight 1s 15 pounds It 1s
estimated that 5 to 10 pounds of other equipment would be required (series
regulators, protective circuits, etc) for a total of 20 to 25 pounds
Th1s would be the difference 1n a battery versus no-battery system
discounting any difference in RTG weight In s1zing the battery, no
allowance was made for partial RTG power generation during the 2-hour
buildup period If the possibility of a battery failure 1s hypothesized
during this 2 hour period the gradual buildup of RTG power to the loads
could be 1njurious In the 1mplementation described in the following
paragraph the RTG's are actually shorted out to prevent the gradual
buildup possibiility Thus the disallowance for partial RTG power is

Justified

B Battery Electrical Integration - Figure 3- 12shows a particular arrangement

for integrating launch batteries into the power source end of the subsystem
Various other schemes were considered - the one shown appeared to be

Teast complex and survives a variety of failure mode

conditions Comparing this schematic with one not using a battery

(Figure 3-3) the following differences are noted

1 Two series regulators are required for feeding battery power to the

protected and main busses
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Isolation diodes are introduced on the protected bus to prevent
the battery from discharging through the shunt reguiator of RTG
No 1

A switch circurt 15 1ntroduced to permit battery charging through

0SE

RTG output diodes are used to permit on-pad testing of the subsystem
Since the RTG's are cold the diodes prevent them from loading down
RTG test simulators Once space flight 15 achieved and the RTG's
produce full power these blocking diodes are bypassed through a

switching circuit

Separation switches are used to short the RTG's  This 1s a backup
feature used 1n the event of a failure of the launch battery As long

as the spacecraft 1s attached to the kickstage the switches are closed,
shorting the RTG's and thus preventing partial power from being

applied to the loads If a battery failure 1s detected 1t would be
necessary to delay separation until proper RTG temperatures are
established Since separation occurs after interplanetary 1njection

the delay may be acceptable No power would be available but the mission
could proceed normally after separation An additional switch circuit 1s
shown which can override the RTG shorting nnce 1t 1s established that

RTG temperatures are at a level permitting sufficient power generation
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In general 1t 1s seen that the batteries introduce a variety of
electrical complexities Not all of these have been covered in detail
For example each new switching element w11l require command & CCS
circultry not to mention the additional test procedures that would be

requtred

C Battery Physical Integration - The principal problem regarding

physieal i1ntegration concerns potential Teakage of the battery
Opinions regarding this question were solicited from several battery
experts They all felt that the active silver-zinc system would in
time exhibit electrolyte leakage Ways of getting around this problem
might be as follows

1 Jettison the battery

2  Mount the battery on the kick stage

3 Develop an hermetic case and/or improved seal

The first two options introduce significant interface complexity The
third method would reguire additional weight and would be difficult to

prove for the T1fe times involved

CONCLUSION
The above evaluations 1ndicate a preference for on-pad RTG capability  However,
thi1s must be weighed against the complexities 1n RTG design that might be

1nvoTved
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3 32 Regulation Studies

Shunt regulation was selected early 1n the study as the appropriate method for
regulating the RTG voltage The principal reasons for this selection are

(1) maximum possible efficiency ~ 1n-T1ne loss elements are avoided, (2) shunt
regulation presents constant 1oad conditions for the PTG's which both 11mit RTG

internal temperatures and avoid abrupt temperature-time conditions

A variety of shunt regulation methods are possible As described below several
types were considered and a particular approach adopted as being most

suitable

SHUNT ALTERNATIVES

T Full, Tinear dissipative

|

RTG

+
;

Operation A1l excess RTG power 1s dissipated within the shunt regulator

N

To Ttmit environmental temperature variations the transistor elements would
be Tocated in the PCE bay The less c¢critical resistor elements may be
Tocated externally Maximum dissipation occurs when the transistors are

saturated with almost full bus voltage applied to the resistive elements

The maximum transistor dissipation 1s about 1/4 this value when the transistor

and resistor drops are equal
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Evaluation* For a shunt designed to dissipate the full RTG output

(600 watts at beginning of 11fe) the transistors must be designed to
dissipate 150 watts It 1s estimated that the PCE bay could handle about
100 watts of total dissipation with an allocation of 40 to 50 watts

for the shunt transistor elements Thus the full dissipative shunt

approach exceeds this constraint

2 Partial Shunt

b | ke RTG
Upper
Sec. |,

%_____

Lower | |
Sec.

-Ll

pmy - S—— o  ————

‘Operation The RTG's are electrically divided 1nto upper and lower
sections  Shunt regulation 1s applied to one of the sections which results
1n a total dissipation 1/4 that of a full shunt The need for resistive
shunt elements 1s eliminated, however the transistor dissipation 1s

1dentical to that for a full shunt

Evaluation No decrease 1n transistor dissipation is provided by this
approach  Therefore no relief 1s provided for the PCE dissipation problem
Resistive elements are elimnated but at the expense of requiring a more
complicated RTG design whose upper and lower sections must be physically
1ntegrated to average out the di1fferent temperature operating points of both

sections

3-48



1486-TOPS-555
1 August 1970

3  Switching Shunt

3 Filter—
PWM
Switch

RTG

[

Operation The shunt switch ( a transistor switch would be used) operates

in a rapid pulse width modulated mode permitting the transfer of only that
amount of energy required to sustain the load The filter smooths the
chopped nature of this energy flow Except for switching, control and

filter losses, there 1s no large component of dissipated power

Evaluation The filter Tncurs a direct Toss of 3 percent of the transferred
power  With the switch 1n a closed position the RTG current 15 twice that
at rated power This could result 1n excessive EMI generation  QOther
analys1s shown 1n previous reports indicates sigmificant rises ( AT & 60°C)

1 hot Junction temperatures at no-Toad conditions

4 Full, Tinear dissipative, auxiliary loads

RTG Blo—

l
I
|
; ces
l
l

RTG ~ =1 | [ "Contro1]
Shunt ?uxé
oads
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Operation  This approach uses a full dissipative shunt with 1ts range
reduced through the use of auxiiiary loads To lTimit the transistor
dissipation to around 40 watts (the 1imit of the PCE-bay dissipation)

the shunt resistive elements are si1zed to dissipate 160 watts  Sufficient
auxiliary loads are then required to absorb the full RTG capab1lity

(440 watts for a 600 watt RTG output) The auxiliary loads are 1n

discrete increments permitting load adjustments such that the active

shunt regulator 1s always at midrange (around 80 watts of dissipation)

The sw1tgh1ng n or out of any load (none of which 1s greater than 80 watts)
then occurs within the dynamic range of the shunt regulator  Subsequently
the auxiliary loads must be adjusted to again bring the active shunt to
midrange 1n preparation for the next application of loads In this way, all
switching (including the switching of the auxiliary loads themselves) occurs
within the dynamic range of the active shunt, resulting in fast system
response To maintain the midrange adjustment 1t 1s necessary to sense

the active shunt current and through appropriate logic circuitry add or
remove the necessary auxiTiary loads until the proper shunt current vaiue 1s

reached

Evaluation: This approach satisfies the PCE bay dissipation constraint
but at the expense of added complexity - current sensing in an active

controi loop, Togic circurtry, auxiliary loads, switching elements
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5 Full, sequence RTG o bi—o
dissipative l -- -——
Sequence |
Shunt I X
SRy R
I £ .- .

RTG T Bl

—

SHUNT

Operation Thi1s method uses two or more transistor/resistor legs per

shunt which operate sequentially As the transistor in the first leg 1s
varied from full-off to full-on, the transistor passes through a region

of maximum dissipation as shown 1n the sketch below When the first
transistor 1s saturated the second Teg operates from full-off to full-on

For the resistance values 1ndicated the sketch shows the range of transistor
dissipation as a function of total shunt dissipation With a 2-step
sequence 1t 1s possible to Timt transistor dissipation to a maximum value
of 57 watts assuming a mnmimum load of 249 watts Additional steps could

further reduce this maximum level

N

N BOL RTG Power 624 W
/ ' Minimum Load 249 W
\
| i ® Shunt Req't 375 W
sy; "
375 W Dissipation profile for
Ry =395 ohms
R2 = 5 25 ohms
1 1 VU PR | R
100 200 300 400

Total Shunt Dissipation, watts
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The resistor values are applicable 1f a single shunt 1s used for
all 4 RTG's Since 4 separate shunts would be used the appropriate
resistance values are quadrupled 4 X 395 = 1 58 ohms for the first

leg of each shunt and 4 x 5 25 = 21 chms for the second Tleg

Evaluation The sequence shunt appears attractive from a thermal standpoint
Preliminary circuit concepts are not complex and 1nterface requirements are
minimized It appears feasible that each RTG could use a separate sequence

shunt without any regquirements for using common control circuitry

Conclusion Based on the above evaluattons the sequence shunt appears to
offer the most suitable characteristics Detailed circuit and reliability

analyses are required to further substantiate thi1s choice

3 3 3 Distribution Studies
These studies have concerned bussing arrangements, RTG diode 1solation, fault
protection concepts, and comparisons of AC and DC power distribution The

results of these studies are presented below

3331 Bussing Arrangements

The purpose of this study was to identify several practical bussing alternatives

and through an elimination process select a baseline bussing arrangement

Certain basic criteria were used 1n considering bussing alternatives

1 Power 1s to be provided from 3 to 4 separate RTG's
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2 The output from any single RTG or group of RTG's will be regulated at
30 VDC  This constraint Fésu]ts from the basic selection of shunt

regulation described earlier and the voltage defined for the RTG's

under study

3 Consideration 15 to be given to establishing power priority to loads 1in

accordance with their mission criticality

4  Means are to be wncorporated for 1imiting the effect of source or

Toad faults

The principal bussing concepts considered and their evaluation are described

below

1 Separate bus concept

Ry L
R2 L2
R3 L3

Bescription The loads are divided 1nto separate groups and supplied
by separate RTG's

Evaluation This method provides the best 1solation against load or
source faults but 1s severely Timted in 1ts flexibility Critical loads
contained in any of the load groups (Ly, L, or L3) are dependent on power

from a single source Failure of any single source could thereby constitute
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a total loss of the mission  Another severe flexibility restriction concerns
the power demand Timitation 1mposed by any single source - no load 1s permitted

to exceed the single source capability

2 Priority bus concept

R1

R2

R3

Description  This concept 1s representative of a class of arrangements 1in
which certain priority load groups can recelve power from multiple sources
while Tess critical groups are restricted to power from fewer sources In the
particuiar concept shown, L3 receives power from R1, R2 and R3, L2 receives

power from R1 & R2, and L1 receives power only from R1

Evaluation It would appear that this method passively accomplishes power
priority to critical Toads However this capability 1s conditional on the
critical Toads also being those demanding the greatest power From the
arrangement shown, L3 would be the critical Toad group since power 1s available
from all three sources If components of L3 demand peak power 1n excess of
the output of one RTG the arrangement 1s fine If, however, peak demands are
associated with non-critical loads, more generally the case, the advantages

of this system are somewhat compromised If non-mixing of critical and
non-critical loads 15 to be r1gidly adhered to the system 1s probably no

more flexible than the "Separate Bus Concept" described earlier Since the
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TOPS requirements are of a preliminary nature, the adoption of such

priortty bussing arrangements 1s not considered to be appropriate at this

time

3 Single Bus Concept

1P
R —Bo—— L
RS —Pi-

Description  All sources supply power to a common bus, all loads draw power

from th1s common bus

Evaluation This method provides the greatest source/load flexibility  Source
fault protection 1s easily provided with the use of the 1solation diodes shown

Active means for 1solating Toad faults or limiting their effects 1s required

Conclusion  The single bus concept provides the flexibility required for the
sources and loads as presently defined The greatest deficiency of this
concept pertains to the need for active means for load fault detection and
corrective action ATthough the alternative bussing concepts may provide some
relief 1n this regard for certain loads 1t 1s not clear that all load
combinations could avoid the need for active load fault detection methods

This further substantiates the singie bus concept as the preferred choice
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3332 RTG Diode Isplation

The previous section 1ndicates that source fault protection 1s easily achieved

by RTG diode 1solation This section shows the evaluation of such 1soTation

The figure below shows three arrangements for the RTG's which were considered,

with associated diode power loss and weight penaities

METHOD A B c
RTG RTG RTG -
: . .
PONER L0SS,4 O 25 25
WEIGHT PENALTY, 1bs 0 05 08

For a system which uses four RTG's, the 10 year reliabi1lity of providing partial
or full power (T, 2, 3 or 4 RTG's) 15 shown on the sketch below for the three
arrangements considered This calculation takes the possibiTity of RTG and diode

farlures 1nto account 1n both short and open circuit failure modes

.9999 _ c
B
.999 _
RELIABILITY *
.99 -
.9 —

q 3 . é 1
NUMBER OF USEFUL RTG's
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The reliability of having power from all RTG's 1s highest for Case A in which
no 1solation diodes are used This 1s consistent since the diodes are
entirely unnecessary when power from all! RTG's 1s reguired The diodes
introduce failure modes accounting for the lower reliability of Cases B & C

Where fewer RTG's are acceptable the diodes piay a significant role as indicated

As 1ndicated 1n Section 3 2 3, a s1gnificant mission capability can still be
provided with the loss of one or more RTG's For this reason, the diode
protection option 1s preferred A nominhal weight increase of 0 3 pounds also
indicates the desireability of using 2 paraliel diodes at the output of each

RTG

3333 Fault Protection Study

The study of bussing arrangements (paragraph 3 3 3 1) indicated a preference
for having the RTG outputs fed to a common bus The principal benefit 1s 1n
Toad operational flexibility because of higher peaking capabiiity Since all
loads would operate from this bus some means for removing faulty loads 1s

necessary 1n order to maintain power service to the remaining Toads

Several preliminary fault removal concepts were evaluated as a start 1n

evolving a protection system design

CONCEPT NO 1 - This concept depends on using separate fault protection devices

for each load as 1ndicated 1n the sketch below
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1 ' Limiter ~ 1
" — 77
¢— 1 Sense ~ > LOADS
/
Fuse ¥

The Timiter and fuse devices can detect and at best 1imit or 1solate the

faulty Toads

corrective action which, besides removing the faulty load through a switching

The sensor/relay device has the added abil1ty of providing

action, might 1nvolve transferring power to a substitute load

that the TOPS system could 1nvolve eighty separate loads

devices of the above type might be required

CONCEPT NO

It 15 estimated

Hence eighty

2 - This concept depends on a centralized source (CCS) for

detecting and 1solating the fault and transferring to standby loads The

sketch below 1ndicates the approach,

Protected Bus

RTG

\ m
|_throttle

CCS

RTGs ;-

Main Bus l i
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Fault information 1s fed to the CCS  Such fault information may be

derived from general system sensors or load dedicated sensors  Through

the diagnostic capability of the CCS the faulty load 15 detected and

removed upon actuation of 1ts power control switch In order for CCS

to perform the detection and 1solation functions 1t requires a source

of power Since a particular load fault could conceivably short out tha main
bus with a resultant loss of power to the CCS, a redundant source of power 1s
used to preclude this possibility This so called “protected bus" takes
power from one of the RTG's ahead of an i1n-Tine “current throttle” impedance
device Th1s device responds tc a main bus voltage depression (due to a
fault) by increasing 1ts series impedance such as to maintain 1ts 1nput
voltage at a minimum vaiue In this way the power of the associated RTG

1s available for CCS operation  The current throttle 15 1n essence a series
dissipative voltage regulator which responds to voltage sensing at 1ts input

rather than 1ts output

Both of the above concepts were considered to incorporate a backup means for
m1tiating corrective action 1n response to a fault The Tevel of the
main bus voltage was used as the criterion for initiating this action

through a Low Voltage Cut Off (LVCO) circuit

To keep the LVCO as simple and reliable as possible it would be designed to
1n1tiate certain predetermined actions  Nominally these actions might be
the removal of power from all non-critical Toads and the transfer from

main to standby elements of critical loads These actions may be carried out
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sequentially with the 1dea that fewer switching actuations might be
necessary If the fault 1s removed early in such a sequence, further

actuations would be unnecessary

EVALUATION The prancipal evaluation of the concept described above
concerned reliability For this purpose nomnal circuirt complexities were

assumed for the principal functions 1dentified

The switch designs described in Appendix D provided a basis for estimating the
fa1lure rate of the various power control elements considered Reliability
estimates of the current throttle and LVCO were based on considering circuits

of simiiar complexity

The principal results of this reliabi1l1ty estimate are shown below

1.0] Throttie method

;g/éz// plus LVCO

Individual 1imiters

Reliability .6 plus LVCO

3 T T T
1000 2000 3000 4000

Mission Time-Days

3-60



1J86-TOPS-555
1 August 1970

The results broadly i1ndicate a preference for the second concept The

higher reliability is the direct result of reducing the complexity of the
1n-T1ne switching elements It may be recalled that Concept No 1 depended on
individual sensors for actuating switches at each Toad while Concept No 2
depended on CCS as a central sensing element It may be arqued that CCS would
have to depend on local sensors for 1ts information and there would therefore
be no real reduction in complexity This may be true to some extent but

1n general CCS w111 respond to power margin conditions (indicated by the shunt
regutator current) and load priorities established by the particular mission
phase A reduction 1n localized sensing therefore seems feasible The
complexity of the CCS would not be effected since 1ts control of power margin
and Toad priorities would be required for either of the concepts Concept

No 2 therefore 1s the preferred concept TIts selection does not eliminate
the possible use of 1ndividual sensor/relay devices They may st111 be used
as particular conditions dictate In this sense Concept No 2 1s more

encompassing as a basis for evolving a final fault protection system
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3.3.3 4 Distributed Form of Power

This trade study concerned the question of whether AC or DC 15 the preferred
form of distributed power This question pertains only to that class of
loads which require power conditioned to multi1-DC Tevels within a range

of about +100 volts

Certain Toads requiring specific AC conditioning (e g 400 Hz motor Toads) or
very high voltage DC conditioning (e g , TWT Toads) would utilize special
conversion units operating directly from the 30 VDC regulated RTG output

The consideration of AC vs DC specifically excludes these special loads

The DC and AC methods for conditioning to multi1-DC levels are 11lustrated

below
Mult1-DC
1 DC Method Levels
Regulated . DC DC/DC —&— ! oad
DC Source Distribution Converter :‘”‘“*f
DC/DC ! Load
1 Converter L
LT L. ]
\
2 AC Method
AC Distribution
,‘—_""_’_——_“"' 1 t 1'"""——‘—-‘"""""“'""“'“"“‘“! %
‘Regulated | DC/AC $ | Transformer —— ]
DC Source i Inverter i Rectifiers — 7 Loa
| I t e
“Transformer - - E
“— Rectifter —~ Load !
|
. —— A i ——— o i

1
{
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The DC method distributes the regulated RTG power at 30 VDC to separate
DC to DC converters at the Toads The converters are specifically designed
to provide the mult1-DC levels required Within each converter the power 1s

chopped, transformed and rectified to the required levels

The AC method 1nverts the RTG requlated power at some selected frequency and 1t
1s this AC power which 1s distributed to the various Toads Transformer-

rectifiers at each Toad condition the AC power to the required DC levels

Study results to date have not clearly favored one method over the other

As a general summary the DC method appears to have a slight edge regarding

weight and efficiency This 1s due to the fact that the AC method requires

double transformation (one transformer in the 1nverter and one in each transformer
rect1fier) while the DC method requires only one transformer 1n each converter
Compensating somewhat for these differences 1s the greater user flexibility of
the AC system It 1s generally an easier task to modify a transformer-rectifier
to adjust output voltages than 1t would be to modify a DC to DC converter,

simply because fewer parts are involved and the complexity 1s proportionately
reduced All 1n all, the comparative studies of AC and DC have not resulted

1n a clearcut preference

Although no specific recommendations were developed concerning the form of
distribution, there 15 at least no contradiction with the JPL decision to

¥

consider AC as the preferred method at this time
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In order to provide further insight into this general question the 1mplementation
of both AC and DC distribution was considered with power control functions

taken 1nto account. Figures 3-13 and 3-14 show simplified diagrams of the
functions required for both the DC and AC distribution methods In eilther

case the use of a data bus is assumed The data bus transmits control signals
from the CCS or the flight command subsystem These signals are demodulated

by the modem and routed to the appropriate switch control circuit  This

circurt, which operates on DC from the main or protected busses, then

provides the power to 1ts associated switching element for controlling either

the DC or AC power supplied to the loads

The above simplified 1mplementation can take many forms depending on the
relative locations of the various elements Figures 3-15 and 3-16 1ndicate
some basic variations that were considered They are described 1n greater
deta1l below

1 DC Distribution Variations (Figure 3-15)

Four power control configurations are shown relating to critical and non-
critical Toads and whether power control 1s exercised within the PCE

or at the load A f1fth configuration pertains to power for the CCS

Configuration A* Critical redundant load, power switching at PCE

The power switching functions utilize the protected bus concept described
earlier 1n paragraph 3 3 3 3 Besides the CCS, 1t 15 necessary to

supply power from both busses to the CCS modems and the switch control
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circuits, both of which can be considered as remote extensions

of CCS (Note It would be pointless to guarantee power to CCS with the
use of the protected bus concept unless CCS could perform meaningful
actions  Switch actuations represent these meaningfuil actions and
therefore protected bus power must be made available for the switch
elements as well as all other 1ntermediate processing functions ) As
shown 1n the figure the switches themselves are contained 1n the PCE

They control main bus power to the main and standby loads The

fault detection function for transferring from the main to the

standby load are not shown These would presumably 1nvolve status monitors
which measure the performance of the particular load 1n question and
retay their information to CCS CCS then acts on this 1nformation and
produces switching signals as required The extent to which protected
bus power might be required by such status monitors has not been
determined This 1s considered to be an aspect of overall system
integration requiring a detailed knowledge of the various spacecraft
loads, their failure modes,and the particular techniques used for

fault detection

Configuration B Critical redundant load, power switching at Toad

Functionally this system 1s 1dentical to that described above with the
modems, switch control circuits,and switches located at each load
{or subsystem grouping of loads) Protected bus power must now generally

be distributed to the various loads The routing of this bus through
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the spacecraft harness decreases 1ts reliabil1ty In addition,
separate modems would be required for each load. These could also
serve to relay the outputs of status monitors that might be located

at the loads

Configuration ¢  Non-Critical load, switching at PCE

Th1s 1mpiementation is the same as Configuration A except that no

redundant element 15 used

Configuration D Non-Critical load, switching at load

Same as Configuration B without a standby load

Configuration E  This arrangement pertains specifically to the CCS

and suggests a possible distribution of main and protected bus power to
the redundant elements within CCS It 1s contemplated that no switching

elements would be used since CCS must be utilized at all times

Fuse protection 15 indicated for some of the configurations These are
not 1ntended to represent firm recommendations and are only shown as
being potential applications for this relatively uncomplicated form of
fault protection The fuses are principally intended for protection
against harness faults and are used only vhere the location of switches
prevent their use for clearing harness faults Thus, 1n general, fuses
are not applied where power control occurs within the PCE A further

restriction on fuses was to consider their use with only those critical
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loads having standby replacement capability The same general rules
might also apply to non-critical Toads with switch control at the
PCE no fuses would be used, whereas they might with Toads not having
control switches or where the switches are remotely located from the PCE

bay

AC Distribution Variations (Figure 3-16)

As shown 1n the figure, inverters are required for the main and protected
busses. Standby redundancy 1s applied for the main bus 1nverter since a
single fa1lure could result in a total mission loss No redundancy 1s

used on the protected bus inverter since the bus 1tself 15 a redundant source
of power for the CCS and 1ts associated functions (modems and switch control
circuits) The modem and switch control circuits contained within the

PCE are smmilar to that described for the DC case They operate from

the regulated DC bus Besides controlliing load switching functions they
also transfer the main 1nverter to 1ts standby unit 1n the event of

a fa1lure. This would occur through the normal diagnostic capability

of the CCS rather than through an 1nverter dedicated fault sensor The
power control configurations are similar to those described for the

DC case

Configuration A Critical redundant load, power switching at PCE

Same as for DC case except transformer-rectifiers are substituted for

DC to DC converters
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Configuration B Critical redundant Toad, power switching at load

Besides the substitution of transformer-rectifiers for DC to DC
converters, additional transformer-rectifiers are required to operate
the CCS modem and switch control circuits  This i1mplementation thus

appears to result 1n additional complexity

Configuration C  Non-critical load power switching at load

Same as DC case

Configuration D  Non-critical Toad power switching at load

Same as configuration B above without redundancy

CONCLUSIONS
Erther AC or DC distribution appears suitable for TOPS From the standpoint

of weight and efficiency DC distribution has a siight edge since fewer
transformation stages are required The AC method on the other hand provides
flexab1l1ty which permits changes 1n loads and voitage levels with relative
ease All 1n all no domnant factor was 1dentified which would 1ndicate a

strong preference of one method over the other

An examination of power control implementation for the two methods indicated a
preference for locating switching elements within the PCE bay which results 1n

the following advantages
e Fewer modem units are required since a single modem 1n the PCE can

accomodate all of the power control switches
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@ Fuses for harness protection can be eliminated since the switch elements

in the PCE can provide the necessary protection
8 General distribution of the protected bus 15 minimized

The disadvantage of centrally Tocated switches results from additional harnessing
(separate 11nes are required from each switch to 1ts assoctated load) and the
possibil1ty of 1ncreased interface complexity The switching logic of certain
loads, for example, may be so intimately associated with the 1nternal circuitry

of the load that central Tocation of power control switches is impractical

Comparing AC and DBC with respect to the power control 1mplementation, complexity
15 about equivalent for the two cases 1f the switching elements are centrally
Tocated If the switches are distributed throughout the system, the AC system
appears to be more complex since additional transformer-rectifiers are required

to operate the switching elements besides those required for the Toads

3 34 Power Switching Studies

The development of switching devices 1s discussed under Technology Development,
paragraph 3 4 Table 3-9 summarizes the principal comparisen factors for
(1) saturable reactor switches, {2) transistor switches, (3) mechanical relay

switches

CONCLUSIGNS

No particular recommendations are forthcoming from this switching study The results
are mainly a "catalog" of switching circuit configurations from which appropriate

selections may be made
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TABLE 3-9

COMPARISON OF SWITCHING DEVICES

FACTOR EVALUATION
T SATURABLE REACTOR|  TRANSISTOR SWITCH RELAY SWITCH
SINGLE SINGLE qQuap| STNGLE QUAD
POWER EFFICIENCY, % 955% 97 94 4 99 9 99 9
WETGAT, POUNDS el S A =5 s T T 25
RELIABILITY (10 VEARS) T g9 7% 9762 | " TO9gET|  “ees9 |77 9268
POWER TYPE A ne oc AC/DC " AC/DC
COMMAND RETURN YES NO “NO Tl TYESTT 7] TYES
ISOLATION . I A

WAGNETIC EFFECTS SLIGHT Ko NG YES YES
R AMP CAPABILITY POSSIBLE YES YES | POSSIBLE|™ POSSIBLE

* DOES NOT INCLUDE COMMAND CIRCUITRY
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3 4 Technology Development

The following sections report on the status of technology developments
undertaken thus far in the program For the most part these development:
concern circult designs for the various power conditioning elements, and
tests of functional performance both singly and 1n a subsystem configura’ion
These designs have been perfected to a breadboard demonstratzon stage and
were delivered Together with the system definition activity, these results
of the technology development effort will serve to define realistic PCE hard-

ware requirements and capabilities 1n a later phase of the TOPS program

To provide some perspective, the technology developments are discussed as
they relate to each functional block of the PCE  Thus, switch developments
are discussed as part of the Power Distribution Assembly since the majority
of these switches wi1ll be contained 1n that assembly A summary of the
presentiy defined function and design approach for each functional block

precedes the technology status discussion

341 Power Distribution Assembly

Function

e Houses power control switching devices
e Number of switching circuits 80

s Type power

(typical) 30 vVDC
50 VAC, 4096 Hz

¢ Switch ratings up to 5 amperes
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e Control signal 5 VDC, Transistor-Transistor Logic (TTL}
30 M11l1second pulse

® Protective features Current trip
Redundant make and break

e Transient suppression  Ramp-on and

Ramp-off features
No1se 1mmunity

Approach

¢ Analyze AC and DC switching circuitry features
Redundancy
Ramp turn-on
Ramp turn-off
Overcurrent T1mit

Overcurrent trip

Activity
- A guad relay switch, appliicable to AC and DC distribution,

with an overcurrent trip was built, tested and delivered

- A quad semiconductor switch, applicabie to DC only, with an
overcurrent trip was built, tested and delivered

- An ACstatic switch foldback current 1imited, with a saturable
reactor control was built and tested, and a s1licon controlled
rectifier circuit was designed These circuits did not demonstrate

desirable characteristics and were abandoned

Status

e Recuirements for toggie command have been deleted.

3-76



1J86-TOPS-555
1 August 1970

Requirement for overcurrent 1imit has been deleted

Quad relay and semiconductor switches with overcurrent trip protection
for use with AC and DC power were built, successfully tested and
delivered Results are discussed 1n Appendix D

A saturable reactor AC static switch with current Timiting was

breadboarded and tested

3 4 2 Shunt Regqulator Assembly

Function
® Maintains constant RTG operating conditions by regulating voltage and
absorbing excess power
@ Regulation 30 VDC +1%
@ Excess power 270 watt capability has been built, tested, and delivered
Most recent requirement 1s 310 watts——
@ Losses {with no shunting) 0 5 watts
o Dynamic impedance 0 1 ohms (0 to 1 MHz)
o Transient response Recover to within regulation in one mitlisecond
for a step toad change of 270 watts
Approach
e Develop and test a breadboard shunt regulator with emphasis on quad

redundancy features 1 e , a design that can accept either a short or

open of any single part
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¢ The quad shunt regulator built and tested in the previous quarter
was delivered The results of recent interaction testing with the

TWT converter 1s discussed 1n Appendix E

3 4 3 THT Converter Assembly

Function
@ Provides BC to DC conversion of electrical power to satisfy
traveling wave tube reguirements
e Input voltage 30 VDC +1%
@ Output voltage
HeT1x 3400 to 3500 VDC, settable within 0 2%, regulation
+0 5%, ripple 1 0 volt peak to peak
Collector 1425 to 1525 VDC, settable within 0 5%, regulation +1 0%,
ripple 2 0 voits peak to peak
Anode 100 to 400 VDC, settable within 5 0 volts, regulation
+1 0%, ripple 1 O volt peak to peak
Filament, 50 to 55 volts rins, settable within 0 1 volts, regulation
+3 0%
e Current
Helix 2 to 5 milTiamperes
Collector 43 to 48 m1171amperes
Anode 0 2 milliamperes

Filament 220 m1111amperes with a 400 mi1itampere T1mit
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8 Operation required through decrease from atmospheric pressure to

deep space vacuum

Approach

@ Develop and test a breadboard unit with emphasis on transformer
design and fabrication techniques, and the hiah voltage series

regulators

¢ Demonstrate abili1ty of critical electronic piece parts to survive the

expected radiation environment

Status
@ Circuit designs were developed for the TWT converter and reported

previously

@ FEight transformer configurations have been built and tested with
varying degrees of success Latest version shows satisfactory
operation and high efficiency Overall supply efficiency of near
90% was obtained through use of a supermalloy material cut core for

the output transformer 1n place of the originaliy used silectron

material

& Three series regulator circurts have been built and tested Improvements
1n converter filter characteristics were 1mplemented to attenuate the

1nput ripple to the series regulators
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© Complete functional performance has been demonstrated

¢ The breadboard circuitry was tested with the breadboard shunt
regulator

& Circuits have been delivered

¢ The series pass transistor of the high voltage regulator has been
exposed to a radiation dose greater than expected for the TOPS mission,
and degradation was within acceptabie Timits Test results and

discussion 1s 1nciuded 1n Appendix B

3 4 4 Two-Phase Inverter Assemblies

Function

® Provides conversion from DC to two Phase AC for gyros and momentum

wheels

® Requirements GYROS _ WHEELS
Power rating, continuous 12 watts 12 watts
Power rating, peak 20 watts 12 watts
Frequency 1600 Hz 400 Hz
Electrical configuration 3 wire 4 wire
Command logic 5v TTL 5v TiL
Phase reversal No Yes
Inhibit override None 200 ms pulses
Free run Yes Yes
Qutput 1solation Yes Not required
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GYROS ~ WHEELS
Qutput voltage 25 VAC +5% 26 VAC +5%
Free run frequency 1590 Hz+0, -4% 396 Hz +0 -4%
Frequency stability +0 5% Not required

Approach
o Develop, test and deliver breadboard inverters (1 each for gyros

and momentum wheels)

_Status

¢ A breadboard umt was built and tested to the requirements defined
early 1n the program No unique technology problems were
1dentified Two designs have been developed, built, and tested to

the requirements described above, and were delivered

345 AC Power Conditioners

Function

@ Two steps are involved

(1) Invert power from regulated DC to AC for general distribution
to the loads

(2) At each load, transform and rectify to multiple voltage levels

® Inverter input voltage 30 VDC +1%

e Inverter output voltage tentatively at 50 volts rms, square wave,
4096 Hz

o Inverter to free run with loss of timing signal
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Approach

Bu1ld and test one inverter and three transformer-rectifiers for
purposes of comparing weight, efficiency, and electrical performance
with the DC to DC converters The inverter and the transformer-
rectifiers are to be built at JPL and are to furnish the loads 11sted

in Table 3-10

Status

e

No activity to report
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QUTPUT PERCENT POWER
INVERTER TRANSFORMER-RECTIFIER VOLTAGE [REGULATION |WATTS
Input Voltage No 1 Science +5 +10 15 75
Data Subsystem +15 +5 T5
30 VDC +1% ~15 +5 15
Output Voltage No 2 DC +25 +0 5 12
Magnetometer +5 +5 625
50 VAC RMS +2% Experiment +5 +0 1 025
-5 +0 1 025
square wave +12 +5 600
~12 +5 600
Qutput Power No 3 Tracking +6 +2 20
Recetver -6 +2 20
& watts minimum +15 +2 2 0
~15 +2 20

60 watts maximum

Qutput Frequency
4096 Hertz 5%
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346 DC Power Conditioner Assemblies

Function

o Convert from regulated 30 VDC to user voltage levels
¢ Separate converters to be used at each Toad or functional load group
e A1l switching frequencies to be synchronized by single clock signal

® Converters to free run with Toss of timing signai

Approach

© Build and test three converters for comparison of weight, efficiency,
and electrical performance with inverters and transformer-rectifiers

Loads are to be as shown for Task 3 4 5

Status

@ The electronic portion of the converter has been packaged using
thick f11m microcircuitry techniques  Three such "flat pack” units
have been bu11t and functional tests were performed demonstrating
feasibi1l1ty No further effort w11l be expended on the flat-pack
technology

@ The three converters for comparison with inverters and transformer-
rectifiers were built and tested using discrete pirece part packaging

methods  These breadboards were delivered at the conclusion of subsystem

testing
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3 4 7 Power Source and Logic Assembly

Function
@ Houses RTG 1solation diodes, telemetry conditioning circuitry, and
fault detection circuitry
Approach
@ Design and build breadboards of unique circuit elements, such as

current monitors and fault detection circuits

Status
o Low Voltage Cut Off and current sensor circuits have been built,

tested, and delivered

3 4 8 Subsystem Tests

These tests were conducted to demonstrate the power system design concept
and interaction between equipments using the breadboard assemblies of
specific components Electrical testing 1s complete and the breadboards

have been delivered

3 4 9 Bench Test Equipment

The reguirement for design, fabrication, and delivery of bench test

equipment has been deleted
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SECTION 4  CONCLUSTIONS

The early phases of this program have been concerned mostly with analysis

of system requirements, configuration studies to determine the optimum
arrangement of equipment, and the development of circuits and devices

to meet the extended 11fe requirement of the TOPS mission Concerning this
aspect of the program, the principal conclusions are that no severe technological
probiems associated with extended 11fe capability have been encountered, and
circult redundancy techniques are practical and have been applied successfully

to solid-state and relay switching devices, and to the shunt regulator

Emphasis has been placed on AC distribution as a result of a JPL project
decision A main and protected bus concept has been developed which assures
that power w11l be available to the Central Computer Subsystem 1n the event

of any load or source fault

Alternative shunt regulator concepts were examined 1n consideration of the
dissipation that can be accepted by the PCE bay, and based on this
thermal burden limitation a sequence shunt appears to offer the most

suitablie characteristics

4-1



1J86-TOPS-555
1 August 1970

Long-term f11ght batteries for TOPS appear neither necessary nor desireable

The principal benefi1t of batteries would be to reduce turn-on voltage transients
It 1s considered that other less complex techniques can be used to relieve

such transients Additionally, the weight penalty of battery averaging

1s at least four times as great as 1ncreasing the RTG size to provide

direct power, thus the use of batteries for power averaging does hot appear

to be justified

Launch batteries to augment Timited on-pad RTG capability were evaluated

As a result of the complexity i1ntroduced, their use 1s discouraged, and a
preference for on-pad RTG capability has been indicated A converter for
the TWT was completed and successfully tested, demonstrating capability to

meet the functional requirements

The most radiation sensitive transistor 1n the circuits under consideration

1s the High Voltage Series requlator pass transistor in the traveling wave
tube converter This selection was made on the premse that the results

of 1ncreased Teakage current could not be compensatédd for easily by device
selection or device change The results of radiation testing, however,
demonstrated that the open emitter leakage current did not 1ncrease
significantly and that gain degradation actually caused a decrease 1n the open
base Teakage current The conclusion 1s that radiation sensitivity of all
electrical piece parts must be considered carefully, but that adequate

designs can survive the expected radiation
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SECTION 5 NEW TECHNOLOGY

No 1tems of new technology have been identified during the period covered

by this report
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ARPENDIX A TURN-ON TRANSIENT ANALYSIS

Tests on the shunt regulator demonstrated that the rate of Toad change

that could be furnished within the allowable bus deviation of plus or minus 300
millivolts was in the order of 60,000 amperes per second as shown 1n

Figures A-1 and A-2 To control the load to this rate of change of current,
passive filters consisting of single LC sections are adequate by inspection

of nomnal values, but must be closely 1nvestigated 1n the appiication

The value of 1nductance required to control the rate of rise of current to

the Toad under a suddenly applied voltage step can be determined from the ex-

pression
= dv
L = di/dt
where
dv = the step voltage applied to the load, 30 volts

- value of inductance 1n henries -

d1/dt = maximum allowable rate of change of current, 60,000

amperes per second

Wi1th these Tmmiting values, the minimum value of inductance required 1s

L 2 - 330 = 0 0005 Henry

Figure A-3 shows the relative tmoedance of LC combinations, and allows

selection of filter parameters to
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1 Control the rate of rise of current
2 Provide low source 1mpedance of DC current
3 Provide low shunt 1mpedance of AC current

4  Mintmze transient overshoot

A lower 1im1t on inductance has been established as shown on Figure A-3
at 0 5 m111henries to control the rate of rise of current under a step Toad
change The shaded area above 5000 hertz 1s to preclude filter resonance 1n

the region of high 1mpedance of the shunt regulator shown on Figure A-4

The 1mpedance at DC 1s the sum of the effects of the shunt regulator static
regulation, distribution harness losses, and series resistance of the inductor
The shunt regulator impedance at low frequency 1s less than one mil10ohm, as

shown on Figure A-4

The optimum current density in the distribution harness on a minimum weight
spacecraft can be determined by a trade-off of wire weight to reduce losses
against RTG weight to make up the watts that would be Tost 1n a lighter weight

distribution system

The resistance of a conductor can be expressed as

Cj)ﬂ/A where
resistance i1n ohms 9
resistivity of the material, ohm-inches™/inch
Tength of the conductor o

cross-sectional area, 1nches

J:}‘._,_‘qxl:o
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The electrical losses 1n a Tength of conductor at a current level I are
then 5 0

Watts = I“R = cy;ﬂ I7/A
and the weight of this same piece of conductor can be expressed as

Wetght = p,ﬂA where

¥

A

specific weight, pounds per cubic inch
length, 1nches 5
cross-sectional area, inches

Howou

Obviously the Toss 1n watts can be reduced by adding cross-sectional
area, and consequently weight The optimum current density for the
minimum weight spacecraft can be determined when the watts saved by

adding one pound of conductor are equal to the watts per pound trade-off

figure for the vehicle

New watts = cﬁ;ﬂlz/(A + dA)

delta watts = of12(A + dA - A) = o=f 1%dA
A(A + dA) A(A + dR)
new weight = fjfé(A + dA)
deltawerght = O f(A + cA-A) = pfda
delta watts = Cjii FdA = O 12 and rearranging,
deTta weight FléAdA(A + dA) ;)AEA + dA)
- 12 = delta watts and 1n the T1mt as dA approaches
[j(A‘ + AdA ) deita weight zero,
I = /3 deita watts = optimum operating current
- delta weight density,
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1n amperes per square inch of cross sectional area of conductor, where
delta watts/delta weight 1s the available watts per pound of RTG for
the TOPS vehicle, presently 1 7 watts per pound, the resistivity of
copper 1s approximately O 68 X 10"6 ohm-1nchesz/1nch, and the specific

weight of copper 1s 0 32 pounds per cubic 1nch

Operating current density = ,\/ 03 X 17 ' - 2
0 €8 ¥ 15-6 894 amps/1inch

Tha AWG wire contemplated for TOPS with a cross-sectional area of 125 X
10-6 square 1nches should be operated at 894 amps/mch2 multipiied by
125 X 10-6 inches?, or approximately 112 mi1l1amperes In those excep-
tional cases where AWG 24 wire 15 allowed, the optimum current density
of 894 amperes per square inch provides an operating current of 284

m1111amperes

The result of the distribution design analysis 1s a safe, reliable,
mintmum weight, minimum power loss distribution system within the

principal design constraint of minimum weight or minimum voltage drop
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The distribution harness resistance per foot of round trip wire length
can be obtained from Figure A-5 This was calculated based on wire data

per MIL-W-81044/3, reproduced 1n Table A-1

TABLE A-1
HOOK-UP WIRE DATA
AMERICAN AREA, OHMS PER POUNDS PER ALLOWABLE
WIRE SQUARE THOUSAND FOOT THOUSAND FOOT | CURRENT
GAUGE MILS RESISTANCE WEIGHT MILLIAMPERES
24 317 23 2 21 284
28 125 62 9 0 95 112

The distribution cable 1s composed of the minimum weight, single size
number of strands that can carry the load current without exceeding the
optimum current density A somewhat Tighter weight cable could be
constructed at some intermediate load current Tevels by mixing both
wire s1zes in the same cable, but this refinement was not considered

1n detail

The upper 1imt of operating current 1s the current that would cause the
wire to melt and go to open circuit These current-time relationships
are shown on Figure A-6 which neglects radiation, but using copper
resistivity of 1 583 micro-ohms per centimeter cube and a temperature
coefficient of resistance of 1/234, determines when the copper will melt

at 1083°C 1n a 40°C ambient
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The nomnal percent harness loss from Table A-2 s 0 024 per foot

of round trip length For power distribution within the electronics
bay, runs will average about ten feet, and the total wire resistance
will range from twenty to one hundred and twenty miiliohms, neglecting

connector drops

The resistance of the inductor will cause a 150 mi11Tivolt drop at rated
current  This represents a 0 5 percent loss, equivalent to the nominal
distribution penalty, and compatible with the requlation of plus or

minus one percent

Under actual use conditions during turn-on transients, 1t was observed
that typical inductors did not perform as expected from their AC
characteristics In fact, after a very short interval (approximately
200 mcroseconds) the inductor saturated from DC magnetization, and the

current increased exponentially

Figure A-7 1s an oscilloscope reproduction of the current through the
f1lter inductor at turn-on, with a time base of 200 microseconds per
centimeter It can be seen that the inductor 1s holding the current to

a l1near ramp during only the first few hundred microseconds

The magnetic core of the inductor 1s made from a pulverized 2%
molybdenum, 81% nickel, 17% 1ron alloy that 1s annealed, insulated, and
pressed into a r1gid toroid The core used for this application has a
nominal permeabili1ty of 125 The toroid 1s wound with approximately 14

feet of AWG 20 magnet wire fo 108 turns to give a nominal 1nductance of
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TABLE A-2
MINIMUM WEIGHT CABLE
NUMBER OF WIRES PER THOUSAND FEET ALLOWABLE
AWG 28 | AWG 24 Pounds Chms AMPERES
1 095 62 9 0 112
2 190 31 45 0.224
1 2.10 23.2 0 283
3 2 85 20 97 0 336
4 3 80 15 72 0 448
2 4 20 116 0 566
6 5 70 10 5 0.672
3 6 30 7.73 0 845
8 7 60 7 86 0.8%6
4 8 40 58 1 132
11 10 45 b 72 1 232
5 10 50 4 64 1 415
13 12 35 4.84 1 456
6 12 60 3 87 1 698
7 14 70 3 31 1 981
8 16 80 29 2 264
9 18 90 2.58 2.547
10 21 00 2 32 2.83
11 23 10 2 11 3113
12 25 20 1 93 3 396

FIGURE A-7
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1 83 mi1l1henries, with minimum and maximum limits of 1 680 and 1 983
mi1lthenries at very low flux densities Nominal copper resistance of
the winding of 0 0103 ohms per foot at 25°C and 0 0133 ohms per foot
at 100°C results in a total resistance of 0 1442 to 0 1862 ohms

The temperature coefficient of i1nductance 1s controlled by the addition

of small percentages of special alloys, and the maximum expected variation
of i1nductance over the temperature range of 25°C to 100°C 1s plus or

minus 0 1% The behavior of the temperature characteristic of stabilized
cores at high flux density 1s somewhat different from at low flux density,

but any difference 1s not considered to be significant 1n this analysis

At initial turn-on, the bus voltage of 30 VDC 1s applied as a step
function to the wnput of the filter, and the current will 1ncrease from
zero with a rate controlled by the applied voltage and the physical and

electromagnetic properties of the inductor

E = o & @ b gy

—— = -

dt d1 dt at

The applied step voitage to the 1nput of the filter results in an
opposing time rate of change of flux In this case, the rate of change
of flux with current 1s non-linear, and the current 1s time varient
Furthermore, the time rate of change of current 15 non-linearly dependent

on the 1nstantaneous inductance and the rate of change of flux
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A piecewise linear approximation can be made by simplifying to

d dI dL  dI

E = -dt (LI)= -Ldt -1dI dt
Ex= -[L+db| dl
dil dt

In most analyses, the rate change of inductance with current 1s

negligible, but 1n the case of the turn-on transient, the instantaneous
current can go to ten times rated A nominally one mil1lihenry choke at
two amperes has a rate of change of inductance of 0 4 mil1lihenries per

ampere, and both terms are significant

Since the 1nductance decreases with increasing current, the slope will
be approximately that shown on Figure A-8, which was determined by
shorting an 1nductor across the terminals of a constant voltage power

supply, and measuring the rate of current rise with a current probe and

an oscilloscope
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It can be seen that after about 150 microseconds the current exceeds
five amperes and the rate of current rise 1s beyond the control of the
inductor 1f 1t started from zero The in1tial rate of current rise

1s about fifteen thousand amperes per second

To determine the inductive reactance, a resistive load was controlled

by an AC current modulated transistor The resulting alternating

current voltage across the inductor under test was divided by the peak-
to-peak current swing at the same frequency, allowing a determination

of the dynamic impedance of the inductor The DC current Tevel was varied
during the test to determine the effects of DC magnetization, and the
results are shown on Figure A-9  This same 1nformation 1s available

from Figure A-8 by computing the 1nductance from the time rate of change

of current at each value of current

20

18 = o [— - - -

0 1 2 3 4 5

DC MAGNETIZING CURRENT, AMPERES

FIGURE A-9 APPARENT INDUCTANCE
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The maximum unsaturated inductance 1s nominaily 1 83 millihenries,
but may fall to a minimum value of 1 83/125 = 14 64 microhenries, where
the relative permeability of the core material was allowed to degrade

to 1, and the device operates effectively as an air core solenoid

On any electrically excited electromagnetic device there 1s a voltage
nduced 1n each turn  These turns are conductors insulated with a
dielectric f1lm, and a turn-to-turn capacity exists There 1s a build-up
of total voltage from one end of a winding to the other A maximum
voltage exi1sts between these end turns, and 1f these turns can be kept

far apart, the intrawinding capacitance can be reduced

Low capacitance 15 obtained by winding 1n one direction around a

fraction of the available core, allowing a uniform build-up of turns but
with minimum voltage between adjacent turns  This progressive or bank
winding 1n sectors results 1n a group of windings 1in which adjacent turns
represent parts of the coil that are close together 1n voltage, and end

turns that are far apart

The comparative results of a random layer wound inductor and a sector
wound 1nductor are shown on Figure A-10 The total effect of the distrm-
buted 1ntrawinding capacity can be considered as a single capacitor
shunted across the co1l terminals This parallel circuit will exhibit

a maximum 1mpedance at some high frequency defined as the self-resonant
frequency  However, the distributed capacitance does not appear to affect

over-all circu1t performance
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A novel approach to reducing the effects of DC magnetization was

developed This consisted of placing a second winding on the magnetic
core, and terminating this winding across a resistor as shown 1n the
schematic of Figure A-11  The value of this resistance was selected to
minimize the peak current at turn-on  The 1nduced voltage from the primary
winding causes a current flow 1n the current limited secondary that
effectively 1inks the core 1n a direction to attempt to cancel the
ampere-turns that caused 1t  This results 1n lower net ampere-turns of

DC magnetization, and a higher apparent inductance

Some typical data on resistor selection 1s plotted on Figure A-12, and

1t can be shown that the surge 1mpedance of the series inductor-capacitor
combination can be made to approach the theoretical i1mpedance at resonance
The let-through current waveform from an appTlied step-function of voltage
has a pseudo-sinusoidal shape at the filter resonant frequency To a

first order approximation then, the minimum size and weight filter can be
determined by entering the graph of Figure A-3 at the left at the impedance
required to hold the peak transient current to a desired value, and

proceeding horizontally to the i1ntersection with the shaded area

The Toads of 1nterest to be protected by these filters range from ten ohms
(three amperes) to one thousand ohms (thirty m11iamperes) If these Toads
have any AC components, then the AC component must be supplied from the
capacttor 1n shunt with the load Furthermore, the capacitor must be

sufficiently large to allow successful operation of the load
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Fo11 tantalum capacitors are usually selected for low pass filter appli-
cations on DC systems For the nominally 60 VBC rating required on the
30 VDC bus, the capacitance-equivalent series resistance product 1s a
constant at approximately 180 microfarad-ohms A value of nominal
equivalent series resistance of the filter capacitor can thus be estab-

l1ished 1n terms of capacitance in farads as

R.= 1 (180 x 1078 onms
C

Some typical foil tantalum characteristics 1n the values of 1nterest are

11sted for information 1n Table A-3

TABLE A-3
CAPACITOR CHARACTERISTICS

VOLTAGE ;| MICROFARADS CASE SIZE RESISTANCE, WEIGHT,
OHMS GRAMS
50 12 C 15 6 25
50 30 D1 518 73
50 70 D2 2 46 11 2
50 100 D3 178 14 5
60 8 C 23 3 25
60 25 D1 777 73
60 50 D2 3 69 11 2
60 70 D3 2 59 145
60 4 C 60 0 25
100 2 C 119 0 25
100 1 C 168 0 25

The characteristic weight of tantajym 011 capacitors of type CL-55
and CL-65 of MIL-C-3965, covering the capacitance range from 10
microfarads to 1000 microfarads, 1s fairly uniform Typical weights

per microfarad are shown on Figure A-13
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Inductor weights vary more nearly as the product of inductance and the
square of the rated current, and per unit weights vary almost ten to one
as a function of core material, losses, and the style of packaging. A
typical range of weight values is shown between the two nominal limits

of Figure A-14. A meaningful tradeoff exists then between the amount of
filtering provided to 1imit ripple current, and the extra weight of RTG
capacity to provide the peak over average current that is permitted on the
bus. If the output capacitance of the shunt regulator is neglected,

each component should 1imit its peak current with a filter whose weight is
optimized to minimize the combined weight of the filter and the RTG.

The results of this trade-off is shown on Figure A-15, where the two
nominal 1imits on inductor weight were used. data is presented for sixty

typical Joads rated at 0.5 amperes each, and the results show that

permissible ripple current should be in the range of two to four percent.

The only additional requirement on the filter piece part values is the surge
impedance. The series combination of the inductor and the capacitor at
initial application of voltage should not present such a low impedance to
the vehicle bus that it is pulled out of regulation. The composite DC

load on the bus occurs in the far encounter mode, and results in 440

watts of power, or nominally 2 ohms.
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This equivalent impedance is shown on Figure A-3 as a low impedance
boundry, and represents the total capability of the RTG system at end
of mission. Obviously the transient load must be limited to some small

percentage of this value for a balanced spacecraft design.

Usual practice for all expendables in a launch vehicle configuration

is to allocate a ten percent margin. If this guideline is imposed, then the
design margin of the power source could be utilized to furnish transient
energy. The requirement on the filter now is that the surge impedance

be at least twenty ohms to limit the peak current to ten percent of the

end of mission RTG capability. This is also shown as a low impedance limit
on Figure A-3, and now the filter inductance and capacitance values are
realistically limited to a few decades of values for each piece part.

The ideal and minimum size and weight would be a one millihenry, two

microfarad "L" section, with a self-resonant frequency of 3500 Hertz, and

a surge impedance of 22 ohms.

However, this value of capacitance may be inadequate to supply a low impedance
path for switching loads such as converters and inverters. A more realistic
value here is nominally twenty microfarads, lowering the surge impedance to

6.5 ohms at a resonant frequency of one kilohertz. Charging such a filter
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from a current limited source results in an out-of-regulation condition for
less than one millisecond, and is tolerable if the fault detection circuits

are suitably delayed to prevent nuisance trips during turn-on transients.

Filters with these nominal characteristics have been included in the three
DC to DC converters to demonstrate the performance parameters when operating

from the shunt regulator.

The TWT Converter provides a more stringent requirement on the bus. The
initial turn-on transient peaks at about ten amperes after about one milli-
second as shown on Figure A- 16 . At this time, the heater supply is loaded,
but the main high voltage converter is delayed until the tube has had time

to warm uﬁ. After the delay, the main converter has to start up and charge
the output filter capacitors. During this transient interval, an auxiliary
oscillator drives the switching transistors with a higher than normal base
drive. The current transient during this interval is as shown on Figure
A-17 with the converter free running, and on Figure A-18 with vehicle clock.
This overcurrent transient peaks at about twelve amperes and persists for

about forty milliseconds.

Figure A-19 graphically portrays the conditions on the main bus if this
condition is allowed to occur when the RTG has sufficient power for the

steady state .load only. Bus voltage will remain constant until the RTG

capacity at 30 volts is exceeded. This occurs at about thirteen milliseconds.
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At this time the current starts to decay., and the bus recovers 1in an
additional two mil1liseconds It should be noted that an out-of-specifica-
tion condition existed for 26 milliiseconds, and faillure detectors must be

delayed to permit this expected transient condition
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APPENDIX B  SELECTED RADIATION EFFECTS

Introduction Considerable thought has been applied to select piece parts,

materials, and components that will adequately withstand the expected radia-
tion environment Existing hardware that has been qualified for the space
radiation environment will be used 1n many cases, and the choice of passi-
vated semiconductor piece parts for general use significantly increases the
reliab111ty of the system 1n the radiation environment In addition, the
circuit design 1n many applications can be made to tolerate the predicted
1rradiation without affecting functional performance In general, judicious
piece part derating for gain and leakage will contribute significantly to
the stability of the system  Furthermore, the detrimental effects of radia-
tion on electronics can be reduced to tolerable Timits through component
packaging to util1ze to the fullest extent possible the shielding afforded
sensi1tive components by Tess sensitive devices Shielding obviously gives
protection 1n the case of electron and proton radiation, but 1s 1neffective

in preventing neutron and gamma damage
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Radiation Sources Neutron and gamma 1rradiation from a radioisotope

thermoelectric generator util1zing plutonium 238 as a fuel are potential
problems for the power conditioning equipment semiconductor devices The
gamma and neutron environments of concern have been specified as an absorbed
dose equivalent to 300 rads 1n silicon, and 3 x 1017 neutrons 1ncident upon

a square centimeter of surface area (NVT)

The geomagnetically trapped radiation environment that the spacecraft will
encounter during the earth parking orbit, early transition, and planetary
encounters will consist of electrons and protons  For the most part, the

electrons wi1ll constitute the primary penetrating component of the trapped
particles since the magnetic field at Tow altitudes 1s not capable of trap-
ping protons of energy greater than about five mitl1on electron volts (Mev)
However, large quantities of low energy protons, less than about 5 Mev, can
be expected. These Tow energy protons are readily absorbed in the external
spacecraft surface and are of concern only to exterior surface mounted equip-
ment, such as the shunt resistor panel This high flux, although not very

penetrating, delivers a significant surface dose

Additional dose rates will accrue from outer planet Van Allen belt particle
fluxes as functions of energy. tragectory, and fiyby times Jupiter's Van
Allen belts are formidabie, having caiculated peak fluxes equal to or great-
er than 101 electrons per centimeter squared second and approximately 109
particles per centimeter squared second, yielding equivalent dose rates 1in

s111con of greater than 10° rads per hour at altitudes of 1 5 Jovian radii
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Saturn's belts are at least two orders of magnitude less 1ntense, and their
existence 1s highly problematical The intensity and existence probabilities

of beTts around Uranus and Neptune are even Tess.

Sporadic, intense solar flare activity occurs which may result 1n the space-
craft receiving a signi1ficant radiation dose due to solar flare protons In
addition to the energetic particles of periodic solar flares, the sun re-
leases a continual flux of very low energy particles 1nto the solar system
Thts flux 1s referred to as the “solar wind", consists primarily of low en-
ergy protons and electrons, and has a mean velocity near earth of 500 k1lo-
meters per second In the vicinity of the earth, the protons have energies
of several thousand electron volts, and a density of approximately five pro-
tons per cubic centimeter Similarly, the electron density 1s approximately
one thousand electrons per cubic centimeter with energies of the order of
several electron voits The near earth proton flux 1s approximately

2 x 108 particles per centimeter squared second, and although not very pene-
trating, will constitute a significant 1onization dose on the spacecraft
surface It 1s of interest to note that for shield thicknesses greater

than about one gram per square centimeter, the solar flare proton environ-
ment 1s the major contributor to the 1nternal dose The 1nternal dose due
to the Bremsstrahiung created by the impinging electrons will be less than
100 rads  Th1s Bremsstrahlung dose, while being very penetrating, will not
contribute significantly to the 1onization expected from the other compo-

nents of the radiation environment
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Primary galactic cosmic rays consist primarily of various atoms stripped

of thetr electrons, with high energy electrons amounting to a few percent
of the primary flux The majority, however, are hydrogen atoms The aver-
age energy of these particles 1s four billion electron voits, with the ener-
gy varying from less than 102 Mev to 1013 Mev  The average free space 150-
tropic flux 1s two particles per centimeter squared second This 1ntensity
1s modulated somewhat by the eleven year solar cycle, being about a factor
of two more at solar minimum than at solar maximum This 1s apparently due
to the injection of iarge magnetic clouds into the entire solar system by
the sun during maximum sunspot years, which 1n turn deflect away some of
the galactic particles This component of the radiation environment, al-
though very penetrating, will not constitute a significant radiation dose
to the spacecraft systems As a worst case, the flux will be approximately
four particles per centimeter squared second throughout almost the entire
mission, yielding a typical total of approximately 109 per centimeter

squared

Based on these calculations, almost all the entire mission dose will be due
to the Jupiter flyby To obtain the requisite velocity increment to contin-
ue the Grand Tour Mission, the spacecraft must approach to within approxi-
mately ten Jovian radii, yielding doses of equal to or greater than an ab-
sorbed dose equivalent to 1000 rads 1n si1licon for O 1 grams per centimeter

squared shielding
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Effects on Semiconductor Electronics The main effects of 1onizing radiation

on semiconductor electronics, particularly transistors, are the bulk damage
effects and the so-called radiation-induced surface effects The bulk dam-
age effect 1s the disruption of the crystal lattice of the semiconductor
material In transistors, this causes a decrease 1n carrier 11fetime 1n the
base region of the device This effect takes place whether the device 1s
electrically active or not The surface effects phenomenon, on the other
hand, 1s more predominant when the devices are simultaneously under electri-
cal stress and exposed to tonizing radiation This effect 1s due mainly to
the 1nteraction of the 1onized gas (1n the hermetically sealed transistor)

and 1oni1zed surface 1mpurities with the semiconductor surface

Both of these effects (bulk and surface) can affect the transistor gains
guite drastically In addition, the surface effects can also alter junction
leakage currents considerably The extent to which device parameters are
altered for a given radiation dose can depend to a large degree on device

caonstruction and initi1al electrical characteristics

The change 1n the Teakage current for gas fi11led mesa and planar devices 1s
caused essentially by the total accumulated 1onization dose The effect 1s
apparently strongly dependent upon surface contamination, thickness of the
passivation layer and other process variables, resulting in a rather random
behavior Two of the transistor parameters most sensitive to surface effects
1n both passivated and non-passivated devices are the collector-base leakage

current (Ippg) and the current gain

B-5



1J86-TOPS-555

In general, passivated devices are much less sensitive to Ipgg variations than
non-passivated devices. It 1s difficult to make generalizations about Igpp
increases on passivated devices  Some devices have thresholds equivalent

to an absorbed dose of 10% to 10° rads n air On the otherhand, the Space
Systems Organization of the General Electric Company has tested hundreds of
passivated 2N708, 2N914, 2N930, and 2N2453 devices which showed no signifi-
cant I.pg Increases up to doses of approximately 108 rads in air Also,

large variations from one device manufacturer to another have been seen

Thus, 1t appears that the quality of the passivation on the collector-base

junction 1s a controliling factor

Considering the previous environment estimates, 1t 1s seen that the 1internal
1on1zation doses to the electronic components for the twelve year mission de-
pend on parameters totally beyond the control of the circui1t designer Gen-
erator fuel and shielding, parking orbit inclination and duration, Jupiter
fly-by distance, and solar activity all contribute to the expected environ-

ment

The expected 1rradiation range for the mission 1s a minimum absorbed dose
equivalent to 300 rads 1n silicon as specified in "Design Requirements and
Constraints for Thermoelectric OQuter Planet Spacecraft (TOPS) Pcwer Subsystem”
dated 24 April 1969, or a maximum of perhaps iwo decades greater than this
for a close Jupiter fly-by A 300 to 3000 rad gamma dose 1s far below the
1on1zing radiation damage threshold of passivated minority carrier devices
A neutron exposure of 3 x 1011 NVT, however, 1s about the damage threshoid

for certain types of transistors
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The most sensitive transistor in the circurts under consideration 1s the
high voltage series regulator pass transistor 1n the Traveling Wave Tube
Converter, which operates at very high collector to emtter voltage and

at very low current Any increase in leakage current above the minimum
current required by the Toad would result 1n Toss of regulation and an 1in-
crease 1n output voltage Additionally, there 1s no source of negative
voltage to back bias the emitter to base junction This would permit the
collector to base Teakage current to be removed before 1t 1s ampiified by

transistor gain

The same type transistor 1s used 1n other applications at lower voitage and
higher current, but the low current application 1s most sensitive to 1n-
creased Teakage current 1f surface effect damage 1s severe at the radiation
doses of interest Furthermore, this phenomenon 1s 1nfluenced by the test
conditions of temperature, time, and bi1as The 1tnvestigation of the tran-
s1stor design 1ndicates that very little degradation i1n leakage current and

current gain should be expected below 10° rads exposure dose

Test Procedure  An experiment was performed on a sample of four Westinghouse

silicon power transistors, type 1763-1820, to determine the effect of a high
dose of radiation The test schematic of Figure B-1 was used The test
method involved simultaneous exposure of the four devices One hundred

volts of collector to emitter bias was continuously applied, except for

one dose increment This was to determine 1f healing might occur with radia-
tion and no bias The device cases were grounded, and Teads were shielded

to facilitate handling, reduce spurious radiation induced signals, and allow

B-7
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monitoring of case temperature on one device A Keithley 602 electrometer
was used to measure collector current, and base current was monitored by a
Ke1thley 155 microvoltmeter across a precision one kilohm resistor Power
supplies were used to bias the collector to emitter junction and the base

to emitter junction, and a one hundred kilchm series base resistor was used

during the test

Radiation was supplied from a Cobalt 60 source at the Franklin Institute,

Philadelphia, Pennsylvania, with a total dose obtained of 5 x 10° rads + 10%
The spec1fic measurements made were

a Pre- and post-test curve tracer measurements of gain over a range of
collector currents from 0 5 to 35 mi11ramperes for collector to emtter

voltages up to one hundred voltis

b Pre- and post-test measurements of open emitter, collector to base

leakage current with a one hundred volt bias

¢ Pre-, during, and post-test measurements of coliector to emitter leak-
age current with open base, and required base current at 0 5 mi1l1amperes

of coTlector current to establish current gain
d Radiation exposure dose during the test phase

e The degree of post-test recovery of leakage current and gain for one

device at an elevated annealing temperature of 200°C

B-9
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The electrical characteristics specified by Westinghouse Electric Corporation
Semiconductor Division, Youngwood, Pennsylvania, are as tabulated in Table
B-1 The 1763-1820 1s an NPN double epitaxial silicon power transistor de-
s1gned expressly for high reliability operation 1n military, space, and 1n-

dustrial applications

A veproduction of curve tracer measurements on sample #2 are shown 1n Figures
B-2 and B-3 as typical of the four devices tested Operation 1s shown from
zero to one hundred volts collector tc emitter bias, and from zero to forty
mi111amperes collector current The post irradiation measurements are also
post annealing, and portray the gain recovery to seventy percent of initial

value

B-10
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TABLE B-1. 1763-1820 Electrical Characteristics

Collector to Emitter Voltage

Collector to Base Voltage

Emitter to Base Voltage

Peak Collector Current

Peak Base Current

Open Base Collector Current at 135 Volts Bias
Minimum Current Gain at 20 Amperes

Minimum Gain-Bandwidth Product at 10 Megahertz
Minimum Operating Junction Temperature

Maximum Operating Junction Temperature

180 Volts

180 Volts

7 Volts

40 Amperes

10 Amperes

0.5 Milliamperes

20

30 Megahertz

0°C

200°C
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Vertical: 5 Milliamperes Per Division

Horizontal: 20 Volts Per Division

Base Current Steps: 0.2 Milliamperes

FIGURE B-2. TYPICAL PRETEST DATA, SAMPLE #2

Vertical: 5 Milliamperes Per Division

Horizontal: 20 Volts Per Division

Base Current Steps: 0.3 Milliamperes

FIGURE B-3. TYPICAL POSTTEST DATA, SAMPLE #2
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The change in open base collector to emitter leakage current as a result of
radiation can be determined from Figures B-4 thru B-7. Data taken both un-
der radiation and at ambient conditions is presented. The results on Sample
#1 show a reduction in leakage current with irradiation under both conditions.
This indicates the lack of any mechanism to increase true collector to base
leakage current, shows the effect of gain degradation reducing total col-
lector to emitter leakage current, and shows higher leakage under radia-
tion exposure which is attributed to energetic particle activity. Data

on Sample #2 shown on Figure B-5 is similar to that of Sample #1, with the
added post annealing test point for reference. Figures B-6 and B-7 show
fairly constant leakage current with radiation dose at ambient, although
Sample #3 demonstrated at least one decade higher leakage in the radiation
environment. The apparent good performance of leakage current variation

is more probably due to low gain, and consequently low amplification of

energetic particles.
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Table B-2 shows the increase in Post-irradiation current gain as a result
of an exposure to a temperature of 200° Centigrade. Measurements were made
at room temperature immediately after the exposure, and the exposure time
was in increments of 1 hour, 1 hour, and 14 hours. Healing by annealing
indicates that the degradation in current gain during irradiation was due
to surface effects phenomena. The gain was reduced to 20 percent of its
pre-test value as a result of the radiation dose administered, but recovered
to approximately seventy percent of its initial value as a result of anneal-

ing.

The results of collector to base leakage current measurements indicate that
this characteristic is exceptionally stable, demonstrating a high quality
surface passivation and an extremely Tow level of surface impurities. The
collector to emitter leakage current shows a decrease from initial to post
radiation, but this is an apparent decrease only, and is actually the result
of gain degradation operating on the relatively stable collector to base
leakage current. There is no absolute correlation between gain at collector
to base leakage current and measured gain at 0.5 milliamperes, but the trends

are in the same direction.
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TABLE B-2, SAMPLE #2 ANNEALING STUDY

In1t1al Post ANNEALING TIME AT 200°C

Reading |Radiation 1 Hour |2 Hours 16 Hours
Collector to Emitter VYoltage, Volts 100 100 100 100 100
Collector Current, Mill1amperes 05 05 0.5 05 05
Base Drive, Microamperes 18 0 90 0 31.0 24 0 26 b
DC Current Gain 27 8 5 55 16 1 20 8 18 9
Collector to Base Leakage, Microamperes 0.27 0 23 0.28 0 42 0 26
Collector to Emitter Leakage, Microamperes 2.8 0 22 12 26 14

895~-Sd01-980C1L
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Conclusions Based on the expected total accumulated radiation dose and

the performance of the fransistor selected as the worst device from a radia-
tion environment and application standpoint, 1t 1s assumed that selection of
devices and design of circuits can overcome the degradation expected from

radiation from all causes

The high voltage regulator was 1dentified as being especially susceptible
to damage that would cause poor performance. This selection was made on
the premise that the results of i1ncreased leakage current could not be com-
pensated for easily by device selection or design change Gain degradation

1s more eas1ly corrected, for example

The results of the radiation testing, however, demonstrated that the open
emitter leakage current did not increase significantly, and that gain deg-
radation actually caused a decrease 1n the open base leakage current This
indicates that, 1n the application, performance as to leakage current will

be enhanced by the radiation environment

B-20
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APPENDIX C POWER CONTROL OF REDUNDANT |.OADS

One aspect of power distribution 1s power conditioning redundancy and 1ts
mptementation., Generally,each load requires multiple voltages that are
developed at the load by either a transformer-rectifier or a DC to DC con-
verter Some of these loads are classified as critical, and according to
TOPS-3-~250 "Power Profile and Allocation" they require redundant power
conditioning equipment Parallel and standby redundancy configurations are
suggested 1n TOPS-3-250 This analysis reviews these redundancy methods 1in
terms of circuit implementation, failure criteria, and failure detector

requirements

A review of loads to 1denti1fy redundancy was performed The type of redundancy
1f not defined 1n TOPS-3-250 was selected based on power level and system
function Generally, where power Tevel was Tow or where the load function
could not be 1nterrupted, parallel redundancy was selected Where power level
was high or where functional redundancy 1s used, standby redundancy 1s selected
An example 1s the CC5 Table C-1 1s a summary of the redundant loads and

type of redundancy Briefly,four loads have parallel redundancy, three Toads
{poss1bly six) have standby redundancy, and ten loads (possibly seven) have

standby power conditioning and load redundancy

C-1
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TABLE C-1 LOAD REDUNDANCY
SUBSYSTEM REDUNDANCY REASON
1 Central Timing ;;Para]le] ! Power level 0 5 watts, system critical
s
2  Central Computer Standby Load redundancy 50/63 3 watts, (multiple
. channels}
3 Central Processor Standby Load redundancy 12/24 3 watts, (multiple
channels}
4 Data Storage Standby Power level 44 9 watts, (multiple functions})
5 Flight Command - Parallel Power level 6 4 watts, time critical
Subsystem
6 Pyrotechmic Control [, Parallel Power level 1 2 watts, time cmtical
Unit %
7  S-Band Power Amp standby Both PCE & Load (PCE & Load matching}
8  X-Band Pawer Amp Standby Both PCE & Load (PCE & Toad matching}
g S-Band Exciter Standby Both PCE & Load per TOPS-3-250
10 ¥-Band Exciter Standby° Both PCE & Load per TOPS-3-250
11 Command Receiver Standby Both PCE & Load Requires Paraliel
Operation
12 RFS Pre Amp Standby Both PCE & Lead Requires Parallel
Operation
13 Tracking Receiver Standby Both PCE & Load per TOPS-3-250
[:3
14 Attitude Control Standby Power Level 11 2 watts, {not time 7]
Electronics . critical)
15  Canopus Sensor (" Parallel ~ Power Level 5 5 watts {time critical}
V4
16  Gyros Standby Both PCE & Load 12 3 watts (minimize
* failure detector switching)
17  Gyro Electronics Standby Power Level 9 8 watis (not time
* critical}

KEY

STANDBY LOAD CONFIGURATION TYPE II B, EXCEPT
v TYPEII A

o POSSIBLY II A
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Parallel and standby configurations referenced 1n TOPS-3-250 are shown 1n

Figure C-1 Possible circuit connections to implement the redundancy configue-

attons are shown 1n Figure C-2 and C-3

The power conditioning referenced 1n Figure C-2 and C-3 have the characteristics
shown 1n Figure C~-4 and failures result 1n deviations from these characteristics
For example, Curve A shown the relationship between 1nput and output voltage
The ratio of output to 1nput voltage 1s a constant and a power conditioning
far1lure 1s a change 1n this ratio For the defined source the 1nput voltage
w11l not increase, but due to load faults may decrease resulting 1n an output
voitage decrease as shown 1n Curves A and C A failure criteria therefore

15 a decrease 1n output voltage 1f the input voltage 1s constant From Curve B

the ratio of output current to input current 1s constant and a power conditioning

failure 1s a change 1n this ratio Increases 1in 1nput_EaF;ent without
corresponding output current change 15 a power conditioning failure For the
loads considered, the normal load 1s generally a maximum load and corresponds
to a maximum 1nput current Loads above the normal (load faults) result 1n
higher 1nput current Therefore, a second failure criteria 1s I4 > Lpax

1f I, < Igax A further observation 1s that the load current will only
increase to a fault level as a result of load degradation  Since the power
cond1tioning provides power to a single Toad, differentiating between Toad
and power conditioning faults 1s not essential  Therefore, the second

failure criteria reduces to I, > Tax

C-3
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The characteristics of Figure C-4 are for a power conditioning unit without
current Timiting Effects of current Timiting on the failure criteria are

now discussed Figure C-5 shows the possible current Timiting concepts

Case I 1s the reference without current Ttmting (also shown 1n Figure C-4)
Case II places a current limiter between the source and the redundant power
conditioning units In Case III each power conditioning unit has 1ts own
current Timiter Below each configuration 1s a voltage-current characteristic
to show the effects of faults on the source or load current Basic

differences are the amounts of source current required to satisfy all possible
faults Source current for Case I 1s Timited only by the source The current
Timit for Case II 15 slightly above the current allocation Case III, however,
requires twice the normal current for the parallel redundancy and only one

times the normal current for standby redundancy

Since parallel redundancy 1s selected only for subsystems reguiring continuous
operation, Case II does not apply because 1n the current 1imit mode the 1nput
voltage to both power conditioning units decreases, thereby reducing output
voltage Case II does not apply for standby redundancy because the current

Timit failure would result in disabling both power conditioning units

The failure criteria defined 1s for a power conditioning unit without current
Timiting This criteria results in failure detector requirements to disconnect
or transfer the failed power conditiomer in the event of V0<<'Vm1n 1f

Vi = Kor I; > Iyax As observed from the current Timiting characteristics

C-6
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of Figure C-5, both 1nput and output current 1s Timited and V, decreases under
fault conditions., With current Timiting and 1f a current l1imiter failure
does not result in an increase 1n I,, the faiTure criteria reduces to Vo <

Vup 1F Y, = K

By definition the source voltage will be constant except for periods where
faults occur  Faults on the source will be removed so that the bus wiil return
to 1ts normal level 1n a finite time period With appropriate time delays 1n
the failure detector, the source may be considered constant On this premise
the failure criteria further reduces to Vo<< Vign  Table C-2 1s a summary of
fatlure criteria based on these discussions The output voltage for parallel
redundancy 1s by definition constant even with a power conditicner failure,

¢
therefore, a voltage, Vo’

that 15 representative of V5 1s monitored For
completeness Table C-2 shows failure criteria for possible source and current
Timit failures If 1nput voltage and load faults are considered unlikely,

the failure criteria reduces to Vg, <:Vm1n

The required action after failure of a power conditioner 1s to disconnect for
parallel redundancy and to transfer for standby redundancy This action 1s to
reduce the possible source current Without current 1imting this 1s essential
With current 11miting the actual current levels compared with the total

source current margin could modify this rule
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TABLE C-2
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FAILURE CRITERIA

PARALLEL REDUNDANCY

Case I Vd & Vip Y, = K
I, > Ipax 1 1y £ Ipax
Case II1 V) & V.. e 1fV, = K

71

11 max

Current Timter Timts I,, I,
Ip» I; are always less than Imax

with current Timt failure

Load 1nhbit 15 not necessary with a single Toad

STANDBY REDUNDANCY

Case I V, & Vop 1f V¥V, = K
Case IIT V5 € VYmn 1TV, = K
Current Timter Timits I, I,
I, I, are always less than Imax
with CL failure
L 7 Tnax

load 1nhibit 1s not necessary with a single load




1J86-TOPS-~555
1 August 1970

For parallel redundancy as shown 1n Figure C-2 the outputs are diode 1solated
to assure a continuous load voltage regardiess of power conditioning failure
Diode 1solation does not reguire that the outputs be switched as 15 the case
for standby redundancy When both the input and the output are switched,

the switch should be located with the redundant power conditioning units
Failure detector requirements also suggest that the switch be located with the

redundant power conditioner

Parallel redundancy without current 11mting and with a conditioner failure
could draw current 1n excess of the source capabil1ty which would result n a
load voltage decrease In cases where the load voltage decrease 15 not
acceptable, current Timiting 1s essential A general rule may be applied --
when parallel redundancy 1s used, current limiting of each power conditioner

158 recommended

Current 1imiting for standby redundancy is not as critical 1n terms of 1is
respective load since the load operation i1s interrupted when a transfer occurs
However, power conditioning faults may reduce the system distributed

voltage, which could result 1n a power system requirement for current Timiting
It was previously stated that a current lTimiter eliminates a detection
requirement (11:> Imax) for a failure detector Since tmplementing the failure
detector current sensor has the same relative complexity as a current Timter,
a current Timiter 1s recommended for the standby redundancy case, becasue a
current jimiter provides greater system utility 1n that source current 1s also

controlied

c-11



1J86-T0PS-555
1 August 1970

Figure C-6 shows block diagram modifications of the basic redundancy configura-

tions shown in TOPS-3-250 TOPS-3-250 should be revised to show these details
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CONCLUSIONS AND RECOMMENDATIONS

The faulted power conditioner should be removed to reduce source current

Switches should be Tocated at the ioad when both the input and output

Tines are switched to minimize relay contacts and harness

Fai1lure Detector Conditions
Source faults will not occur (system design obzective)
Single loads so not require load fault 1nhibits (false transfer 1s

acceptable)

Failure Detector Requirements
Parallel redundancy
Disconnect the failed power conditioner when

/
i
° Vo < min

o I. > Imax (without current Timt)
Standby redundancy
Transfer failed power conditioner when

Yo < Vm'm

11 > Imax {without current 1imt)

Both redundancy methods require command access, fault verification, and

a time delay to reduce faise trips due to transient conditions

C-14
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] Recommendation
Use current limiting for configurations with redundant power con-
d1tioners
Application of current 1imting reduces failure sensor requirements,
and a current Timiter failure 1s assumed not to result in high 1nput

current uniess the Toad has also failed

c-15
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Generally the CCS 1nteraction with the power system willbe to control the
power applied to the various Toads This control will depend on the
particular mission sequence, the using subsystem health status, and

the power margin As Tong as the using subsystem 1s functioning normally
and sufficient margin 1s available, operations can proceed according to

planned sequences

Under an 1mminent fault condition, the using subsystem monitors will
detect the 1mpending malfunction and route this 1nformation to CCS to
enable corrective action in accordance with a stored program as a normal
subsystem function and 1ndependent of the power status An example of
this 15 a saturated or shorted momentum wheel that does nct respond to
pulsed power This 1s the first and normal corrective action 1mplemented

by CCS

The second tier of using subsystem corrective action 1s impiemented

with power status monitors within the using subsystem as a part of their
failure detection and corrective action requirements, and completely
1ndependent of all power subsystem functions except the principal one of

providing power
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The third tier of corrective action is a power subsystem function implemented
by CCS using a shunted current status monitor to determine power margin

If margins are nsufficient, the CCS, through stored instructions, with-
holds power according to some priority criterion As presently visualized,
status 1nformation for margin determination will be multiplexed and

distributed 1n a manner similar to the telemetry information

The first three fault detection technigques do not result in an out-of-
specification of any equipment except that responsible for the fault

There 1s no time criticality or race condition  However, the fourth

tier of corrective action depends on an undervoltage condition on the

main bus for detection, and the total processing time of the CCS to

sample the fauit, determine the corrective action, and 1ssue the
appropriate commands, including switch actuation time Added to this must

be a delay to prevent nuisance trips on short transients

These first four tier corrective measures depend on CCS to detect the
exi1stence and location of faults, overload conditions or other abnormalities
and to determine where and how corrective measures should be applied Such
corrective actions will generally involve switch actuations for Toad removal
or the transfer from main to standby units as shown in the case of the matn
DC/AC 1nversion chain It 1s estimated that 30 mi111seconds maximum would
elapse from the onset of a fault condition until total corrective action

took place

D-8
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The Low Voltage Cut Off function serves as a back-up to the four CCS
methods described above, and accomplished a powered-down mode by tnitiating
simple, preprogrammed corrective actions The existence of a voltage less
than 27 VDC at the output of the RTG diodes for 100 milliseconds or
greater 15 used as the criterion for initiating the corrective actions
Tentatively these actions would be
a. Send a priority signal to CCS to backup the CCS power system
undervoltage detector described under tier four above This
si1gnal could preceed any actions at the end of the 100 mil1li-

second delay

b Transfer power from main to standby elements within critical

load categories

¢ Transfer from main to standby power conditioning elements at

the main bus and at each load with power conditioning redundancy.

d Interrupt power to ali non-essential loads thru a single command

to a muitipiicity of load switches

e Interrupt power to a single non-essential bus thru a single

relay actuation

The above actions may be carried out concurrently or sequentially, a
factor which may be resolved more appropriately during system development

tests
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APPENDIX E ENERGY STORAGE STUDY

The concept of electrochemical energy storage was investigated to
determine advantages, operational flexibility, and increased capacity to
sustain farlures that would accrue with the addition of a battery to the

TOPS misston

The most 1mportant constderation with a long-term flight battery revolves
around the high degree of operational flexibility provided Principally
batteries permit the application of loads greatly in excess of those
capable of being satisfied by the prime power Timited RTG source
Additionally, through power averaging, they potentially permit a reduction
1n the capacity of the prime power source This can represent large

cost savings because of the high expense of 1sotopic fuels Evaluation of

these and other factors 15 provided 1n this analysis

A Power Averaging

The load profile chart 1ndicates a maximum power requirement of 460
watts during the Far Encounter phase of any particular planetary pass
Th1s phase may last as long as twenty hours For each wati supplied

by nickel cadmium batteries (the only reasonable contender for the 11fe
requirements involved) the weight penalty 1s 2 pounds considering an
energy density of 10 watt-hours/per pound and operation for 20 hours.
For the contemplated RTG's, the weight penalty 1s about 0 5 pounds per
watt  Thus the weight penalty of battery averaging 1s at least four
times as great as 1ncreasing the RTG size to provide direct power

With depths of discharge less than 100 percent {(decreasing the effective

E-1
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energy density) and taking the Tosses of discharge conditioning into
account the weight penalty difference 1s even more pronounced For
these reasons the use of batteries for power averaging cannot be justified

for the TOPS mission

Operational Procedures

Maximum power 1s required 1n the Far Encounter Mode The loads switched
on or off i1mmediately before or after this mode were analyzed to define
the minimum power and power margin for transient conditions These Toads
are presented 1n the bar chart of Figure E-1 Prior to the Far Encounter
Mode, the only applied load sequence 1s the tracking receiver, X-band
exciter, and X-band power amplifier This sequence 1s fixed by equipment
characteristics, and requires that the last load applied 1s the largest,
the power amplifier at 62 2 watts The only alternative 1s to turn off
other equipment that had been on to reduce the power demand during the
power amplifier transient These other Toads must then be reapplied

after the power amplifier has stabilized

There 15 an 1nherent risk 1n needlessly disturbing a quiescent state,
and the TOPS project decision on this question has been to reject any
attempt to add artificial Toad sequencing 1n T1eu of adequate power
margin  In any event, the twenty hour duration would preclude any
weight advantage with a battery, but would aid 1n reducing the effects

of turn-on transients
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High Current Pulse Loads

Particuiar pyro loads cause short duration power demands significantly
over and above those 11sted on the power profile Suitable methods for
supplying such loads are through the use of (1) capacitor - bank systems
of the type used on previous Mariner - Class spacecraft, and (2) thermal
batterties which have been used for many high current short pulse duration
applications These systems are reliable and are suitable for the 12

year TOPS mission, and eliminate batteries from Ffurther consideration.

The attitude control system uses si1x i1ndividual momentum wheels, two 1n
each ax1s, with power to only one wheel at any 1nstantexcept during a
commanded turn  Power for the wheels 1s provided by a chain of pulses,
each of two hundred mi111seconds duration, that are time shared by the
wheels as required The logic samples each axis 1n turn and delivers,

at most, one puise to each axis 1n sequence If no error signal exists
in a specific axis when 1ts turn comes up, the 1ogic steps on to the next
axis without delay Additionally, the logic routes the pulse to only

one wheel 1n each axis, maintaining the second wheel in stand-by When a
wheel nears saturation, 1t 1s dumped by the gas valves, and 1t takes

two minutes to dump one wheel

A single wheel 1s allowed to saturate during data transmission when the
gas valves are 1nhibited At this time the stand-by wheel 1s activated

and the logic routes the power pulses to this wheel

E-4-
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The spacecraft can do a commanded turn on wheels alone, and for this
maneuver, both wheels of one axis are on continuously unti1l the turn 1s

complete

This indicates that wheel power may be considered Tow energy pulses,
with a maximum full wheel power pulse of two minutes The battery
could be considered capable of furnishing two-minute pulses, or a chain

of two hundred mi1l1second pulses with a total chain time of two minutes

The battery energy reguired 1s 11 watts for two minutes, or for fifty
per cent depth of discharge a battery capacity of nominally 0 75 watt
hours  Some additional capacity would be required 1f turns could occur
back-to-back, and complexity would be required 1n terms of battery

charging and discharging electronics

The solenotds for the gas valves consist of two in series, and are driven
by a minimum pulse width of twenty seconds, but could be fired continuously
until errors are brought to within the coarse rate roofs The worst case
1s three axes firing continuously and simultaneously, as for example,

after midcourse correction or in the event of impact with another body.
During any of these periods, the momentum wheels are i1nhibited unt1] the

errors are brought to within the fine dead bands

E-5
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The worst case solenoild power 1s thus three axes, two solenoids 1n
series 1n each axis, two watts per solenoid, for a total of 24 watts
Since 1mpact by a foreign body can occur at any time, such as during
encounter, the power system margin must include sufficient watts to
permit firing all three axes Since momentum wheels would be i1nhibited,
the net power margin for this mode 1is

24 watts required - 11 watts allocated for wheels -

4 8 watts allocated for one axis solengids = 8 2

additional watts over the TOPS 3-250 allocation

The available specific impulse from the gas tanks 1s 180 seconds, and
the total expendable gas 1s 120 pounds To expell all this gas thru a
set of two valves rated at sixty m1Tipounds each would require fifty
hours  For a nominally 100,000 hour Grand Tour Mission, this results

1n a duty cycle of 0 05% on the total gas valve system

These valve pulses may be considered low energy pulses also, with a
maximum probable duration Tess than two minutes However, no upper

11mt on duration has been applied to valve firing In any event, momentum
wheel power and -solenoid firing are logical candidate Toads to be drawn

from a battery 1f one 1s provided

If energy storage is provided for these pulse loads, a back-up capability

must exist to operate these pulse Toads 1n a powvered down mode 1f the

E-6
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energy storage system fails The nature of the radioisoiope decay

and thermoelectric generator degradation 1s such that a system sized

to be adequate at last planetary encounter will have excess power at all
other misston phases It seems more realistic to consider that power
demand w11l have diminished also thru loss of some experiments during the
mission, rather than provide long-term energy storage for a ten year

mission to satisfy the last twenty hours

Rippie Current

Analys1s of steady state ripple in Appendix A 1indicates that filter
des1igns which provide minimum system weight result in currents which may

be 4 per cent higher than that indicated by steady state Toads

Thus the RTG power should he at Teast 4 percent higher than the 1ndicated
demand The presently defined Toads and RTG performance estimates

indicate less than 4 percent margin for the Tast encounter Since

the RTG performance 1s of a preliminary nature this margin deficiency
cannot be fully evaluated at this time other than to bring attention to
this potential problem Solutions may Ti1e 1n increasing the RTG capability
or possibly 1n accepting degraded mission performance by removing certain

Tess essential loads

Degraded Mode

In general the notton of degraded mission modes must be considered for

the case where one or more RTG's fa1l to produce power The RTG's
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are arranged to permit such failures without endangering the remaining
RTG's through the use of 1solation diodes and modularized shunt regulators
The mission worth under such degraded power conditions has not been
evaluated as part of this study since such an evaluation can be more
suttably performed as an aspect of overall system performance As an
aid 1n considering degraded power operations, Table E-T indicates power

margin at various encounter phases considering the loss of up to two of

the four RTG's

TABLE E-1 RTG POWER MARGIN, WATTS
Number of
Operable RTG's ENCOUNTER PHASE
Jupiter Saturn Uranus Neptune
4 out of 4 125 90 38 10
3 out of 4 -20 -48 -86 -108
2 out of 4 -168 -185 -211 -225

A cursory review of the power profile loads provides a measure of the
practicality of degraded power operation With the failure of one RTG at
the Jupiter encounter, for example, the 20 watt deficiency indicated on
Table E-1 could possibly be compensated by reducing heater power or removing
several of the less significant science Toads for the "Far Encounter" phase
Ttme sharing of certain Toads may provide alternative solutions For later
encounters or larger RTG losses, severe changes 1n operation wouid appear

necessary

E-8
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Fault Clearing Capability

Analys1s of each wire run 1s made to insure that there 1s a positive
means of protecting the bus from a load fault, either by an 1n-line
throttle to Timt the current, or by opening the circuit by one-time
fusing, circurt breaker or relay action, or by actually supplying
sufficient energy 1nto the fault to burn open the feeder supplying the
fault, This last imposes a requirement that loads be separated 1nto
essential and non-essential feeders, and suggests that the power Timited
RTG be augmented with energy storage to provide the short duration power

pulse required to fuse the wire

The high current possible with batteries make them 1deal for fault
clearing purposes However, the RTG's may also have sufficient fault
clearing capability An estimate of this capabiiity 1s provided below

to determine 1f the battery 1s necessary for this purpose

In this estimate 1t 1s assumed that all Toads are fused and that any

fauit may be cleared with a current at 3 times the normally rated Toad
value by blowing the fuse The figure below shows the relationship of

the RTG voltage-current characteristic to the Toad characteristics This
relationship as shown assumes a nominal Toad of 460 watts with the RTG just
capable of supplying this power This represents a situation which

might exist at the Far Encounter phase of the last planetary encounter
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Point A represents the normal operating point with the system drawing 15 3
amps at 30 volts from the RTG The TWT 1s the Tlargest load and 1s rated
at about 60 watts Point B indicates the current drawn by all loads except
the TWT  The load line through the origin and point B represents the
1mpedance of these loads assuming they are purely resistive 1n nature
Assuming a complete short in the TWT, the system voltage would be depressed
thcreasing the RTG current output At 20 volts or Tower the current
through the TWT fuse would be larger than 3 times the normal rating and

the fault would be cleared
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In the above example the Targest load of the system was used The
clearing capabili1ty for smaller loads would be that much better

The conclusion 1s that sufficient fault clearing capability exists with
the RTG's, and the use of batteries for that purpose 1s unnecessary
However, a transient undervoltage would be 1mpressed on the vehicle,
and all loads would have to be specified to withstand the undervoltage

and recover to normal operation

Reliability

Rel1ab111ty data for aerospace battery systems for a time period of 12
years 1s not availabie, but a preliminary assessment has been made based
on published cell failure rates for one to six years, and extrapolated
to 12 years (see Figure E-2)  The resulting reliability numbers may be
optimistic, but provide a basis for further study and point out the
advantages of reducing the number of series cells in a battery The "high
voltage divergence"” failure mode shown on Figure E-2 was not considered
1n the analysis since 1t was assumed that the low rate battery charging
used 1n this type of application would not lead to this problem The
other three failure modes shown on Figure E-2 were summed up to produce
Figure E-3 In this analysis 1t 1s assumed that the failure of any one

cell by any of the fai1lure modes 1s a failure of the battery

Figures E-4, E-5 and E-6 are the calculated results using only the failure

rates from Figure E-3 For a 12 year requirement, i1t 1s of 1nterest to see
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the great wmpact of the number of cells 1n series  The curves tndicating
2, 4 and 8 batteries were calculated on the basis that one battery 1s
required and all additional batteries are redundant The 9 year and

6 year reliability calculations were made primarily to derive the curves
1n Figure E-~7 to show the decreasing reliability with 1ife requirement
The curves of Figure E-7 for two 4-cell batteries and two 20-cell
batteries are cross plots from Figures E-4, E-5 and E-6, and any other
combination of series cells and redundant batteries can be plotted

s1m larly

Any present commitment on the use of a long-11fe battery for TOPS would be
made without the benefi1t of a demonstrated 12 year 11fe capabi1lity This
1s probably the most 1mportant single fact against the use of & long-

11fe battery Aside from this, the possibie leakage of electrolyte

may endanger other spacecraft equipment and possibly interfere with certain
science measurements Reliabili1ty 1s also compromised as a result of

the additional 1ntegration complexity 1nvolving such functions as charge

regulation, discharge regulation, battery temperature control, etc

Turn-0n Transients

Another factor affected by power margin concerns the system response to
step load changes The traveling wave tube (TWT) represents the largest
load 1ncrement in the spacecraft system As presently designed the TUT

could 1ncur significant voltage transients {to 50% of neminal regulation)
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for periods lasting 20 to 30 m1l1seconds Avoidance of this transient by
ncreased margin does not appear practical since the inrush current 1s on
the order of 4 to 5 times larger than steady state values It 1s believed
that this transient could adversely affect the overall system, possibly

to the extent of causing false indication of failure which could

in1tiate certain corrective sequences within the CCS or Low Voltage

Cutoff (LVCO) Further study of this problem 1s necessary which may
involve changes 1n the TWT circurtry, revisions in the general approach
for sensing faults and initiating corrective action, or combinations of

such changes.

Many continucus Toads whose steady-state demands would be satisfied

by the RTG have high starting current characteristics The TWT mentioned
earlier provides a case 1n point Batteries would seem to minimize

the turn-on transient disturbances However, & variety of suppression
techniques can also be employed to minimize transients and these should

be thoroughly 1nvestigated before a battery 15 used for transient suppression

purposes.

CONCLUSIONS

The use of long-term flight batteries for TOPS appears neither necessary nor
desireable The principal benefit of batteries would be to reduce turn-on
voltage transients It 1s considered that other Tess complex techniques

can be used to relieve such transients  These would i1nclude a variety of
suppression circult technigues and the judicious application of filters to

the more sensitive loads.
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APPENDIX F TRANSFORMER OPTIMIZATION STUDY

A computerized study was made to locate the optimum frequency-flux-
material combination for transformers in the TOPS power subsystem

The optimum transformer occurs when an ncremental decrease 1n weight
would cause an incremental 1ncrease 1n Tost power at a rate of 1 7 watts

per pound

Analysis Technique

A computer program was written to study five transformer types Orthonol,
48 Alloy, and Supermalloy toroids, and Silectron and Supermalioy cut C Cores
48 Aliloy was subsequently deleted because 1t did not differ significantly
from Orthonol  Figure F-1 presents the physical construction of the transformers.
Core dimension D was slowly 1ncreased and the window area completely fi1lled
w1§h wire using the same amperes per square inch (ASI) for all windings and
allowing very high ratings (24000 ASI) to start with small cores As the 1ron
area 1ncreased, the turns decreased and the window area increased, aliowing
the ASI to decrease rapidly The program thus calculated sets of curves for

different fluxes and frequency as 11lustrated 1n Figure F-2

Two frequencies, for which there were core loss curves available, close to
the 4 and 8 kilohertz sync frequencies were selected for close study The effect
of switching Tlosses 1n the transistors was included to get a better tradeoff

versus frequency Specific formulas used are listed 1n Table F-1

F-1
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TABLE F-1 FORMULAE

GENERAL
Usable Window = window x % Usable (WF) x Copper Stacking Factor (SF)
Area Current = N _windings i
EE Ki Ni Ai K = 2 for Center Tap
=1 N = Number of turns
A = Current
i = Winding Index
ASI = Current Area / Usable Window
NW y 2
Copper Power Dissipation = <i§§f sigma x Mean length x (A; Nj)
N Aj  ast
i=1
Winding Build = Area Current - 1epgth for the winding (L)

Al X WE X 3F °

Toroid:

Winding Length (L)

10 p 03

n

Core Volume

P [(ht jpner + M x R{) (RD2 -R;2)
M3 (R,3 - R%) 1-10 1P 03

Winding Volume

radius to outside of winding

Where R0

=
1]

radius to inside of winding

C-Core!
Core Volume = 24 03
Winding Volume = h x w x 4.5D -6.75D°

F-4

2 TP x Radius from center for that winding
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To get results most applicable to the expected requirements, a 1imit of
200 mi1livolts per turn (maximum) was imposed since five volt outputs are often

required, and this granularity is required to adjust the output voltage level.

The computer program then calculated transformers by incrementally increasing
the iron area (at a given flux and frequency) and filling the resulting window
area with turns. The first transformer design accepted is when the ampere turns
divided by the window area results in an acceptable ASI. The wire, core, and
switching losses are then calculated along with weight, and "remembered".
Additional designs are then calculated (by increasing the iron) until the

total power loss exceeds that of the first acceptable design or until the

volts per turn limit is reached. The program then calculates and prints a
number of designs in the interval between the first acceptable design and the
terminating design. Table F-2 is a copy of one printout, and Table F-3 is a

copy of the program.

Conclusions

The results of the previously described computer runs generate curves like

those of Figures F-3, F-4, F-5, and F-6. The cutoff which determines the bottom
"horizontal" line was the 200 millivolt per turn maximum. Figures F-7, F-8,
F-9, and F-10 show the resulting "bottom line" for each core material. Smaller
(lighter) transformers could be made with Orthonol and Silectron, for example,
by using higher flux densities, but the 200 millivolt per turn limit forces

high ASI, hence high copper loss. In general the volt per turn limit stops

the designs to the left of the bottom of the convex curves shown in Figure F-2

which corresponds to higher copper loss than core loss. The minimum "bottem 1line"
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FIGURE F-2 TRANSFORMER ANALYSIS PRINTQUT

TRANSFORMER ANALYSI S-WEIGHT, POWER,EFFICIENCY MATRIX
RUN I.D.=HI WT ORTH & SUPMLY TOROIDS & SUPCIL C CORE
DO YOU WANT DETAILED PRINTOUT?=YES

PUT IN UP TO 6 WINDINGS»IN ORDER FROM CORE OUTWARD
NUMBER OF WINDINGS, WHICH WINDING IS PRIMARY?= 3, 2

VOLTS» AMPS,KIND(2=CT) OF ALL WINDINGS
= 6eds 3155 25 29.56, 0, 2» 32. 645 Be1, 1

PUT IN 4 FLUXES FOR EACH CORE TYPE,©® MUST BE USED IF REAL FLUX NOT
C1)ORTHANOL», (2) 48 ALLOY,(3) SUPERMALLOY-,(4) C CORE
FLUXES=2000, 1000, 0,90, 0,0,0,0, 2000, 1000, 500, 0> 15008, 1000, 5008, 0,
FREQUENCIES NOT DESIRED(1,2,3,&/0R 4)=1,2,0,4
MINIMUM CORE DIMENSION=.12
% WINDOW AREA USABLE FOR EACH MATERIAL= 70, 70, 70, 99

COPPER-STACKING FACTOR, RESISTIVITY(MICRO-OHM INZ2/IN), WEI GHTC(LBS/IN3)»
AND MAX CURRENT DENSI TYCAMPS/IN2)= 0.6, @. 68, 0.32, 3000

SwlI TCH DATA-VSAT,RI SE» &FALL TIME(MICRO SECONDS)= €.25, 1, 1

WATTS/POUND FACTOR(® FOR MATRIX)>MAX VOLTS/TURN= @, 0.2

Rkkkkkkdokkkkkdekkokdkk 2 MIL ORTHONOL %k ok ok sk sk i sk 3 i de o o o ok o o ok ok %
WINDOW AREA USED 7@0. 2%

GAUSS= 2000. FREQUENCY= 6000, CORE LOSS= 7.658 WATTS/LB
FINAL D= B.2280 IN. Di= ©.174 IN. AD= B.8231
WT POW EFF CORWT CUWT CPOW CUPOW ASI D

9.122 1.334 P.946 D-044 P.078 ©.335 B. 765 2998. B. 174 B. 187
De131 14256 B949 D.P47 D084 0« 360 0. 665 2700. B.178 B. 196
De 140 1227 0.950 0.050 B.090 0.385 0. 60T 2493. B. 182 0. 205
Be 150 14203 0951 DeB54 0096 Do 413 Do 554 2300. B« 187 B.215
Be161 14149 B+.953 B.058 0. 103 B« 443 B. 475 2056. B.191 B. 225
Pe173 14138 0954 D062 0Ds 111 Do 474 0. 430 1890. P. 196 P. 236
2. 185 1.133 0954 B 066 B 119 B.509 0.388 1736. D. 200 D.247
P+ 198 1+133 0954 B.071 0. 127 B« 545 0351 1593. Be 205 P. 259
0.213 1.137 0.954 B.076 0.136 B.584 V.315 1459. B.210 P.271
0228 1.148 B0.953 0.082 0. 146 B. 626 V.283 1335, B 215 D.28 4
Be244 14134 0954 V088 B+ 157 V671 V233 1169 B. 220 0.2917
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TABLE F-2 (Continued)

1J86-TOPS-555
1 August 1970

SRR R kR Rk R RRkokkk 2 MIL SUPERMALLOY %ok ook ok ok %

WINDOW AREA USED 7@. 2

GAUSS= 2000. FREQUENCY= 6000, CORE L0OSS= @.822
FINAL D= ©.220 IN. Di= @+174 INe XD= @.0231
WT POW EFF CORWT CUWT CPOW CUFPOW ASI D
0125 1.037 9958 P.046 P.078 P.038 P. 765 2998+ P.174
P.134 0.938 0.962 P.050 P.084 B.041 0. 665 2700. Be 178
Pe 143 D.886 B.964 0053 B. 090 P.044 D. 607 2493, ?. 182
0.154 D838 D.965 B«057 B.096 D047 B. 554 2300. 0. 187
B. 165 0. 757 0.969 B.061 0. 103 B. 050 B. 4TS 2056. B.191
Pe176 B« 718 0970 0.066 B- 111 B. B854 P. 430 1890. B.196
P.189 P. 682 0.972 B.070 B.119 P.058 ©V.388 1736. 2.200
D203 e 650 B973 0.076 P. 127 0. 062 B« 351 1593. . 205
Pe217 Be 619 Pe974 PeP81 Be 136 BeB67 B=315 1459, 2.210
Pe233 0e593 V975 PeB8T Bs 146 D071 0283 1335. B.215
. De250 P¢539 BP97T7 P+093 Ve 157 B 076 D233 1169 B. 220
GAUSS= 1000. FREQUENCY= 60060, CORE LOSS= @.219
FINAL D= ©.261 IN. Di= ©.207 IN. XD= @.0231
WT POW EFF CORWT CUWT CPOW CUPOW ASI D
.21 1.535 9.939 P.078 BP.131 R.017 1.285 2998, P.207
0e225 1. 404 D943 D084 B« 141 B.018 1.152 2743. B.212
Pe241 1.283 0.948 0.090 P.151 @.020 1.029 2504. B.217
P.258 1.172 0.952 B.096 0+ 162 0.021 P.916 2282, @. 222
Pe276 1069 @956 D 103 B 173 0 023 D812 2076s B.227
0296 Pe974 B.960 0110 0186 0e 024 B. 718 188 4. Be. 232
Be318 D925 De962 Do 118 Do 199 00826 0. 662 1749, @+ 238
Be 340 PeB43 D965 0. 127 D214 0. 028 P. 580 1581, P. 243
Pe 365 BeT6T7 B968 0. 136 B.229 B.030 B« 505 1425. B. 249
Pe391 DeT29 B.970 Po 146 0.245 0.032 B 462 1317, . 255
De 419 P. 666 Be972 Do 156 0263 P.034 V. 399 1181, D. 261
GAUSS= S508. FREQUENCY= 6000 CORE LOSS= @.@58
FINAL D= ©.360 IN. Dl= ©@.246 IN. XD= ©.0379
WT POW EFF CORWT CUWT CPOW CUPOW ASI D
Pe 353 2.407 D907 @ 132 0.222 0.008 2. 165 2997+ . 246
Be396 2:.031 0920 B« 148 P.2438 D.009 1.789 2574. . 256
Pe 444 1.752 0.930 0. 165 P.278 B. 010 1. 507 2232. . 266
0e 497 1463 0941 P« 185 0.312 B.011 1.219 1896 0. 276
Be 557 1.251 0.949 B.208 0.350 0.012 1.006 1627, 0.287
Pe 624 1.102 0955 0.233 0. 392 0. 014 P.852 1415, . 298
De 699 P.938 B.961 B.261 D« 439 B.015 0. 690 1203, B. 309
0.78 4 P.825 Be966 B.292 B. 492 B.017 B.574 1036 . 321
BeBTB Do 726 D970 Be 327 Bs 551 B. 019 P. 473 889 P. 334
Pe98 4 Be 639 0973 0367 B.617 B.021 P.386 758. @. 347
1103 0586 0.976 0411 0. 692 0.024 @.327 660. B.360
F-7

WATTS/LB

B.137
B.196
B. 205
B.215
B.225
B.236
B.247
B.259
R.271
B.284
B.297

WATTS/LB

P. 132
B. 139
B. 145
@. 152
2. 159
B. 167
B, 175
B.183
B. 191
B.200
B.210

WATTS/LB

B.094
0. 101
D. 109
0. 118
9.127
0. 137
P. 148
B. 159
B. 172
0. 185
B. 200




TABLE F-2

EERRRENER Rk AR KRR RR® | MIL SELECTRONIC C CORE *kkkkkkkk*

(Continued)

WINDOW AREA USED

GAUSS=
FINAL

WT
B.217
B. 232
BDe 249
b.267
D286
Be 367
B. 329
B. 352
Be378
Qe 405
B. 434

GAUSS=
FINAL

WT
Be297
P. 318
0. 341
@.366
0. 392
0. 420
0. 450
Be 483
P. 517
Be 554
Be 59 4

GAUSS=
FINAL

WT
B. 497
@. 561
P. 633
B« 715
B.807
B.911
1. 028
1. 160
1. 309
1. 478
1. 668

1508.

D= B.291

PO W
1.920
1.828
1« 684
1. 554
1« 440
1. 386
1.292
1. 254
1.224
1.158
1. 141

EFF
B.924
P.928
P.933
P.9 38
B.9 42
0.9 44
B.9 48
D.9 49
B.950
Y953
P.954

1000,
D= B.323 IN.

POW
2. 336
2. 146
1.972
1.814
1e 669
1. 538
1. 419
1.313
1. 262
1.174
1. 136

EFF
B.209
P.916
B.922
B.928
@.933
0.9 38
B.9 43
B.947
Be9 49
B.952
B.954

S00.
D= Be 456 IN.

POW
3. 644
3:.074
2577
2. 151
1.8 42
1575
1. 347
1. 195
1. 829
B.9 58
B.8 69

EFF
P.8 65
D884
B.201
P.916
B.927
P.937
P9 46
B.951
B.9 58
B.961
Be9 64

90. %

CORWT
B. D68
Be BT72
P. 078
@. 28 3
B. B89
D096
P. 103
P.1180
B« 118
V. 126
P« 135

CORWT
2.093
0. 0899
0. 106
@.114
0. 122
. 131
D« 140
@. 151
0. 161
B« 173
2. 185

CORWT
B. 155
B« 175
B 198
B. 223
B. 252
0. 28 4
B. 321
B. 362
B. 408
B. 461
Be 520

FREQUENCY=
IN.

Di=

CUWT
e 149
B« 1608
B. 171
Be 18 4
Be. 197
B.211
B.226
B. 242
B 260
P.278
B 298

FREQUENCY=

Dl1=

CUWT
D. 204
B.219
B. 235
B. 252
B.270
B.289
B« 310
Be. 332
P. 356
Be. 382
B. 409

FREQUENCY=

D1=

CUWT
B. 342
P. 386
P 436
B. 492
P« 555
B. 627
B. 707
B. 798
P.901
1.017
1s 148

G
i
oo

S5000.

CPOW
@.235
@. 252
0.270
€.290
0.316
@. 333
0. 357
0. 382
0e 410
@. 439
B 471

SBBB.

CPOW
Be 147
Be 157
Ve 169
B. 181
B. 194
B. 208
Be 223
B. 239
Be 256
Be 274
B 29 4

5000.

CFOW
V. D64
P. 072
B. 082
V. 092
Be 104
Be 117
Be. 132
B. 149
V. 169
Be 190
Mh.215

CORE LOSS= 3.480 WATTS/LE

0. 231 IN. XD= B.0231

CUPO W
1. 490
1« 379
1217
1.8070
b936

0.858.

0. 742
0.676
0. 616
6. 525
G. 475

CORE LOSS= 1.585 WATTS/LB
B. 256 IN.

CUPO W
1995
1. 793
1. 608
1. 438
1. 279
1. 135
1. 001
2.881
2.810
B 705
e 645

CORE LOSS= @.413 WATTS/LB

Be 304 INe XD= 0.0403

CUPO W
3. 386
2.807
2. 300
1864
1. 542
1. 262
1.019
B8 49
B. 667
B. 570
B. 458

1J86-TOPS-555
1 August 1970

ASI D
2776 B. 236 B.161
2518. D. 242 D. 169
228 1. Be.247 B2.177
2059. Be 253 0,185
1985 Be 259 P 194
1711. Be 265 @. 203
1578, B.271 0.213
1456. B.278 B.223
129 7. . 284 V. 234
1192. Ve 291 B. 245

XD= ©@.0231

ASI D
2951. B. 256 B. 127
2703, B. 262 B 133
2473. B. 269 Be 139
2259. B.275 P. 146
2058 . B. 281 BPe 152
18 72. 2. 288 B« 160
1699. B. 295 0. 167
1538. Ve 301 B« 175
1426, 0. 208 e 183
128 4. B. 316 B. 192
118 7. Pe 323 P.201

ASI D
29 72. B. 304 0. B89
2547. B« 317 0. 097
2171. Be. 330 B. 185
1839. Be 344 Be114
1575. @. 358 P. 123
1341. be 372 B 134
1134. Y. 388 Be 145
9 75S. De 404 Be 157
813. Be 420 B. 170
T0O8 « Ve 438 P« 185
59 7. Be 456 0. 200

%




1J86-TOPS-555
1 August 1970

TABLE F-3 TRANSFORMER ANALYSIS PROGRAM
]
Vuily * TRANSFORMER ANALY 51 5 Tede ke 272770
bbb * STAITEMENTS B-30
LVB3Y *
Movalk * FORMATS 99-1BT7,111-114
CUBSEH DIMENSION Xid( ds 4) s AKC 4y 4) » FLUAC 45 4) 5 Wk C 4) » AFD W SYs AWI(S9)»AVECY) .,
V6w RALC4) sNFSKIF(4) , CrROC4A)s VB)> ACH) >N 6) s KINDCO)
GiTe ASCILI ASCC1lW)s LATECZ)
blusw rl=3.1415Y
Yok CALL DATE#11vCUAILsAOUK) 3 FRINT Y9,DAIE,AOUK
VUlEe FRINT:"  TrANSFORIER ANALY SI S-wWEI Giis FOWERs EF kI CLENCY AATRLAY
Gollb rRINTS" KUV [eDe' 3 KEADL:ADLC(1W)
GUl26 PRINTS™ "PRINIZ™ DO YOU wANT DElALILED PRINTOUIZY 3 xeEALIASCC D)
GO136 PRINT:"FUl IN UF 10 6 WINDINGS, I[N ORDER FRIM CORE JuLilwARD"
bBlaw PrINT:®™ NUbpeEx JOF wiNDINGSs kdlCA uluulNG IS FRIMARY?" 3 KEADINWNF
CUlSL PRINTE™ WLIS AMPSsALNDCZ=01) OF ALL wINDINGLD' FRINESE
il mEaLCVIK) s ACK) > ALNDIK) s K= 10 1)
evl17e PrINT:™FUl IN 4 PLUAES PUK EACH CUOKE IYPEs €& MUSI BE USED Lr
buldw & KeEAL FLUX NOT bESLRED"
CblYlk FriNiz™ CIIORIHANOLS (2) 48 ALLUY s ( 3) SUFERMALLIYS (4) € CORR"
Lbewve rrlNis" FLUXKES' 3 READICCFLUACLIK)»A=154)s1=1s4)
Cu2ll FrINI:" FrREGUENCIES NOT DESInEUC1s2s 3, &/0Kk 4)'3 KRERADI(NFSAKLFCI) s l=1
s 4)
C22w PrRINTS™  wilNLIMUM CURE DIMENDLUN' 3 READI LY
CU236 PRINIS"™ % WiNDUW AKkkEA USABLE FUx EACA MAITERIAL"3 READIC W (L) »1=1,4
)
Cbral PRINTSY CIFPER-SIACKING FACTOR, RESISTI VI TY(MICKrO=0dAM IN2/7IN)

F-9




TABLE F-3
VeSS
bb2ee
670
Lwes e
ey
©B300
WE31e

Lu3z2l

(%]

6330
Lb34p
B35k
LB36k
L3t
PR35 0
BEsdn
il
b4l
a2
Va3l
L bwa40
LvasSe
Coa6k
Ludiu
Lvas
b4y
LesSnp
BUS1

wkiS2e

1J86-TOPS-555

1 August 1970
(Continued)
SWEIGHT(LBS/ING3)» ™ 53 FRINT:" AND MAX CUKKENT DENSI IY(AYMFS/INZ)"
READ: Sks SI GMAs CURDs ASIMAX 3 S GMA=SI GMA* 1. BE=- 6
FRINT:"™ SWITCH DAIRA=-VSATs KL SEs &FALL TIMEGIICKO SECONDS) '
KEAD: Tks Tk H Tk=Ik*le b-6 3 IF=TFx1le k-6
PRINT:"™ WATIS/FOUND FACIORCE FOK MATKIX)>MAX VOL 1S/ TURN'"
KEAD: FF» VFETHMAX
* SLOFES AND INTERCEFTS FOR COKE LOSSES
KMC1ls1)=1e325AMC152)=1233AMC153)=1e 113XMC154)=16 &3
AKC 15 1)==0 T35 XA(152)=e b33 AK(153)=.55 3 AKKC(1s4)=e8 75
AViCZs 1)=1e 625 K0 E252)= 10 613KMC253)=14 5583 AM(25 4)=1. 45
ARCZ25 1)== 10 1 T3AK( 2y 2)==e 413 KAK( 25 3)= e B3 AK( 25 4) =0 53
AMC 32 1)=2e 6W3KMC352)=1e963A40353)= 149 13AMC354)=1e 75
x CORE LDENSITIESC(#/IN3)
ARC 35 1)==1e 163 AKC 35 2)== 10 193 AK( 35 3)==0 663AK( 35 4)==4 35
KiMCAs 1= 1803 KMC422)=1e TT3AMC 45 3)= 10943 KM ds 4) =24 WB
AA(A;i):—.45;&&(4,¢)=-.az5KA(4,3)=.zb 3 AKC 45 4)=4 55
LRAC])I=EBe2%e U361 3%e89
CRUCZ)=8e2%e U361 3%x.8Y
CROC3)=8. T*e U3613%459
CrRI(4)=e276%.583
nfC1)=1ebl 3 AZ(2)=36ku 3 AdAZ(3)=6VLY 3 HZ(D=16EGY
FOUT=E€ 3 DI 14 J=1sin 3 [r(JeEUNF)G) TO 14
FOUT=FOUT+ACJI*Vv(J) 3 14 CONTINUE
NFrRINT=11
Y 15 I=1s4
IFCLe EQe XHL(2)=200Y 3 LFCLeblbe IHLC3)=500G
LFCLlebwe 1YFKINT 111

LFCLe e 2)PRINT 112 3 [FClebEwe 3D PRINT 113 3 IFCl«Ebe 4 PRINT 114

F-10
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1J86-TOPS-555
1 August 1970

TABLE F-3 (Continued)

£B530

EBS54p

LYSdW

(0% Re Y1

LEBST0

[ ()58

LUuSI 6

vueLh

Be61l

AR T ¥ AT

Vb3l

W64l

bW6SOU

(2871 =Y 1]

ey

L5 K

bveIy

buvTby

BOTlE

Wiz

LT3k

Ll T4p

Wl Sk

Lwiew

Vbt

Vs e

LTI0

UsSVw

FRINT 165 WrC1)

COrRKI=CROCI)

W 17 M=1s4

B=FLUACI »™M)

IF(Be b DGO TO 17

L) 16 K=1s4

IFC(Ke EGeNFSKIFC1))GED TO 16 3 [F(KeEGeNFOKIF(2))GE) 10

IF(K.EQ.NFSKIF(3))G) TO 16 5 [F(K.EG.NF3«IFC(4)) I TO

KLOGCL=XMC(LsK)* (o 43429xALOGIE)=3+s6)+AK(I,K)

WPLB=EXF( 2. 3U258%XLJ GCL)

FREWU=HZC(K)

FrINT 14, bBs FREWUs WFLB

KIKLT=E 3 KIAFIW=b 3 IAVE=W 5 KIKFF=U

Tulb=Lk. H TEFIO W= ; Two=2. i

L=Dbk 3 Ul=be ; UA= K

9 CONITINUE

U=SUrTCl. b 1%D%x D)

[ FCDAESa W) D=SURTOD*D*(le+e 49/ 1. 001))

Kl=2. %) 3 KI=3e« U*D

ACURE= % Ze X |)Xx 6o 425 5 IFCLeEQe 4) ACORKE=DXx1e D% Ux 6 425

CORVOL= 1WexPIxD*xD*D 3 1FC(lebbe 4)LCORVIL=Z24. % 1)kxD

CORWI=CORWIL*CO kKA 3 CORPOW=CORBI* WPLB

VFT=(ACORE* B/ 16U * FREW/ 1 BB ) /25 3 NINEI=VWINF)/VPT

LFCVFTe GTe VFTMAXK)IAKIKFO W= 1

A(NFI=W Chr=L

FRECNCNP) LTe2Y ) To 12

LW 8 J=lsnNh

LFCJeEGeNP) ) TO B

16

16




1J86-TOPS-555
1 August 1970

TABLE F-3 (Continued)

Lus 16

bus2e

Vs 36

U8 40

0 B8 S

O U8 66

Vs 70

bz

bU8I b

L9 bE

bBI 10

V92

buy 36

WY 46

Y69 S

VLI 6k

LEY Tk

BEds v

s

G1lvew

H1e1e

Bl1u2

L1b3y

LlE4ak

V1vdk

48 W17

1l

Civsl

AN=VIJI®NINP) ZVINP) 3 NCJ)=XN
IFCCAN=LIFIACAN)) « GTe e SINCII=NCII+ ]
ANFI=ANPY+N(J)*ACJ) /N INE)

IF(NC(D) L T.2)G0 TO 12

g CONTINUE

AW=PI*Kk1*R1*SF*WF(1)/ 1006,

IFCI e EQe 4) AW= 1o 5% Uk 4o Sk DESFxWF(L) /1006,

DO 16 Jd=1snNWw

16 CA=CA+KINDCJI*NCJ) *ACT)

ASI=CAZ7AW

1719 FORMATCOIA I8, F6.2,183,E13.52F8.3,E13«5)
ASI=CAZ/AW 5 1rC(ASL.GT.ASIMAX)IGD TO 9 3 CUFOWW
IFCDX.NE. ) GO TO 22

D= 56nTCD*Dxe 7 57) ; UK=L G 19 9

22 TF(Ul+EQWeB)DI=e999999% 3 ALI=D

AL1=0D 3 ALLI=1«5%D 3 XLI1=2.%D 3 XLO1=2.%D

DI 11 J=1s-N0

CADEL=KINLCI) *NC(JI)*A(J) 7AS]

ADEL=CADEL/SF

[FCl.EGead) ) 10 27

R2=SURTCkI*R1=ADEL/FI) 3 KOZ=SURTCxO*xRO+ADEL/FI)
ALZ=XL1+k1-k2+RO2- KO

AKLOZ2=ALO1+2. #*(KO2-KD) 5 ALLZ2=ALL 1+2.%(K1-KZ)
KALT=CXALI 1+ XKLL 2+KLO1+XL02) /2. +AL 1+XAL2

AL1=ALEz 5 ALLI=ALLIZ 3 ALOI1=ALUZ 3 KI1=KZ 3 KO=mOZ

@ [0 28

27 ALg=ALI+Ze*Auri/ (4e 5%kD) 53 KLLZ2=ALLI1+Z2exAUELZC 4e S%1))

AML I=XL 1+ ALZ2+ALL1+XALL2

_F-12




1J86-TOPS-555
1 August 1970

TABLE F-3 (Continued)

Llbde

kllue

K111y

bll126

611306

wll4ak

wlloéek

wll7u

Lkllse

WllJ99

b126k

1216

Ulzldw

L lzsk

L1240

G125k

bl2ew

Llz27w

wzZsk

kledd

Ll13lw

vilack

k1331

wldau

135k

6 l136E

AL1=ALZ2 3 ALLI=XLLZ

24 CUONTINUE

CUFJ k= CUFO w+ D1 WirxAMLTx(ACI) ®xN(J) ) kx2e /( LADEL/KLINDCJ))

11 CONTINUE

SLOPE=(ALL2=-ALU2)/ZKL2
CUVOL=Fi=((XLIZ+n2*xSLIOFPLE)*( RU2*¥ RI2- K2% Rk2) = 2%« SLUOFE/ 3e ¥ ( k)% % 3o —
ERZx* 3 ) )= 1 ex L xLxpP¥xU

LECLleblyve 4) CUVWLSALEZRALL &% 4e S U= 6o TS5k Dk Lk

CUwl=LUVWIL=SrxCURKD

SLFUR=Ze/ e %2 x VINFP)*A(NP)*(TF+ IR)*F RE+ VOUESAT*A(NF)
ThI=CORWl+CUWT 3 1 FU k= CORKFO W+ CUFJ W+ SLFU W

1 FCTEWTe GT90) 6D T 12

IFCTWTIGeEGe ) Thiv=TeaT 3 LFCThTle Glele L81*xThIMIRIKAKRTI=]
LFCIPFORGe e @) IPIDRE=1FOR 3 LPFCIPUOWe Gle le KBLI*1FrDRBIALAFIR=]
IrCpe Gle lud*D1) G) 1) L2z

LFCPRe Ee ) ) 1O 25

JRVe=1AVE+]l 3 LEFCLARVE.sEUe 6) L AVE=]

AFOWCLAVE)=1TFOW 3 Aawl(lAVE)=1WwI

PECRALIAFRe EQe )Y B T 23

L1=18vEe+]

ARVE=¥

13 24 [AAVE=1,4

Li=il=1 3 ARl leE@stdl =5

Lg=i =1 3 LECLIsbwe ldlc=S

AveECdevE) S (AR WL D) =AF0 w1 2)) /7 (aal(l2)-RniCL 1))

24 A VE=SARBVvE+AVE(MAVE)

LrCAOVEZ daa L Te FREY U= R la ibzbib]l /1 e LiZdLiIG6

L FCAAVEZ de s LTe PRI LI=L

F-13
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1 August 1970

TABLE F-3  (Continued)
U137 23 IF(IAVE.EGes HKIKFF=1
W1336 NFRINT=1
V1396 IF(KIKFO We Ee 1) D1=D
K146 [F(Dl.EG.D)YGD 10 12
vl4l6é GO 1O 9
bl426 25 CONTINUE
V1430 [TF(KIKFOWe EWe ) GO 10 9
Cl44y 1F(DeLlelea26%D1)D=1e26%0D1
K14a56 12 1F(UlEQeE) B TO 13 3 AL=ALOG(D/7D1) 7 1.
1466 IFCASCCO1) e EGe "YES")PRINT 167 sDsD1sXD
1476 IPFC(FPrenNbEe ) PRINIT 1865 AAVE/ 40
K146 LI 13 JF=1sNPrRLNT
Blav LF(JFaGTe1)06D 10U 26
W15vul FRINT 162 3 1FC(ASCCO1) e EQe"YES*"IFRINT 163
1516 26 D=EAFC(ALUGCLL)+C(JF=-1)%A L)
W1o2W rl=CZe*L 3 xJ=Bex b
C1538 ALURES DX Zex ik 6e 425 5 LEPC(LleEGe 4) ACLUREZT DX 1o OF UX¥ be 420
L1546 CORVIL=1WexFI**x %D 3 LF(LleEbe 4) CUORVILEZ4e *x X xD
B155¢ CORWI=CORVIL*xCORKRRI CORPOW=CORWI*WFL B
WlS6k VFT=C(ALIRE*b/ libe *xF REW/ 1 UKL ) /725« 3 NINF)=VWINF)/VFI
15Tk BCNPY=E 3 CAs@
Wisg DI 18 J=lanh
L1S59E LE(Je EWeNFIGD TO 13
W16kl AN=V(J)=*NINF)/ZVINE) H NC(J)=AN
Blel TPCCAN=-LPrLACAN)) e Gle e SINCII=NCII+]
Wle2e RINFI=AGNRE)I+NC(J) *ACI) Z/NINFP)
L1636 LECNCI) e le 1IPKRINTZYN="HN(J)s " JF=""5JF

Vle4w LPINCII) e Te 1INCII=1

F-14
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TABLE F-3  (Continued)

V1650

Bbl166k

B167u

Blesy

bL169K

Blivw

1716

w172v

Wl736

wlT746

k175w

B1760

1770

bl173¢L

vlTsu

Lilgwk

181b

k1326

K133

W18 4

kLlsou

13 6L

L1577

Wilssy

blsIp

@19 By

1916

18 CONTINUE

AW=PI*RI*KI*SFxWFC(L) /100,

IFCLoEbe 4) AWS 1o DX Dk 4o SkDRSExWFC(L) 7 161,

DO 20 Jd=1siNW

2b CA=CA+KINDCIY 2NC(J) *ACd)

ASI=CAZ7awk CukFd h=§

ALI=D 3 ALLI=15%D 3 ALI1=Z2.%D 3 ALUl=Z.%D

DI 21 Jd=1sNh

CALEL=KIND(J)*N(J)*A(J) /651

ADUEL=CAUEL/ SFr 3 IFPClebEe 42 G0 TO 2Y
Re=5SUrRTORI*KRI-RUEL/FL) 3 ROZ=SukI(RI* kU+RDEL/ZFL)
XL2=XL 1+ Kkl=k2+RrJ2- kU

ALIZ=XKL11+42e*(K1=K2) 3 ALUZ=ALJI1+Zex(RrRIZ2=-kK])

AL 1= CALTL 1+ XLL 2+ ALO 1+ALD2) /2 +AL 1 +ALE
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for the different materials are shown together in Figure F-11. The approximate
1.7 watt per pound point was determined by calculating the slope for small
lengths of the curve. Since the axes are logarithmic, the linear slope

changes rapidly along the curve so the area indicated is approximately the

location of the 1.7 watt per pound slbpe.

The "best" 1.7 watt per pound point is the supermalloy toroid. It must be
noted, however, that power loss due to saturation spikes is not included

and the difference in power loss between the toroid and C core is less than
1.4% of the transformer output power. The power loss difference for a

C core at the same weight of the 1.7 watt per pound point of the toroid is less
than 2.5% of the output power. It is also impossible to say whether the
physical constraints selected are near optimum. It is also impossible to

get cores in such incremental sizes as computed.

The general conclusion, then, is to use supermalloy at 8 KHz since the
higher frequency and supermalloy were both better in the vicinity of the

1.7 watt per pound points.

F-25
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APPENDIX G OPERATIONAL PROCEDURES

Subsystem testing 1s performed at that phase of program development where all
portions of the Power Conditioning Equipment have been assembled, and all

external electrical 1interfaces are simulated by test equipment

System testing 1s performed after all the flight hardware has been assembled
and 1nterconnected 1n the spacecraft At thi1s time all simulated interfaces

have been replaced with the prime equipment where practical

To perform subsystem/system testing, the following functions must be performed
by the operational support equipment This analysis includes complexity

1ntroduced by incorporation of a launch battery

Supply Ground Power

The RTG's and the Launch Battery w11l be stmulated by separate, 1ndependently
adjustable power supplies whose V-1 characteristics will be 1dentical to the
device being simulated (e1ther the RTG's or the battery). Five supplies w11l

be required

The 1nterfacing of these power supplies to the PCE w111 vary as a function

of the Tevel of test being performed and 15 discussed in the respective

test sections

Supply Simulated Loads

Variable Toads are required 1n order to dynamically operate and test the

PCE  The implementation of loading depends on the level of test and 1s
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covered 1n the respective test sections The si1ze of the total load w11l
provide a simulated fault condition to activate the low voltage cut-off
section of the PCE The Toad simulator will determine the status of the power

distribution switches of the PCE

Record and Display Subsystem Performance

Internal circurtry will provide performance data via a telemetry Tink
during flight These same sensors with additional external measurements
will provide the necessary information to verify subsystem/system level
operation during ground testing Presently 1dentified 1nternal measurements
are

e voltage, current and temperature of each RTG

e current through each shunt regulator

@ current through the auxiliary load

e Tlaunch battery current

e voltage of the main bus

s voltage of the protected bus

¢ voltage of the Taunch battery
External measurements are required to

o determine proper operation of the power distribution switches

¢ determine response time and output of the low voltage cut-off circuitry

¢ determine the magnitude of the applied Toad to the PCE,

G~2
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The internal sensors will be wired both to the telemetry interface and to a
test connector on the PCE This test connector will allow monitoring of
internal conditions without requirtng the telemetry system to be energized

and operating.

This data w11l be transmitted to the PCE test set where 1t w11l be displayed
for the test operator At the same time, 1t w111 be recorded, compared with
stored allowable 1imits, and an out of tolerance condition will be 1dentified

to the test conductor

Switch "Hard Wired" Loads

As of this writing, some of the vehicle loads cannot be removed from the

power bus  Th1s 1s an unacceptable restriction during system test as a

fault 1n one of these 1loads would require shut-down of the entire system The
OSE w111 provide switching for these loads as shown 1n Figure G-1 The main
power bus is wired out of the PCE through a separate test connector 1nto an
adjacent test module Normally closed switches 1n the test module will
distribute the main power bus back into the PCE and then to the Toads Control
of the switches 1s performed by the 0SE. After system test and prior to fairing
installation, the test module and 1ts harness will be removed A fiight plug
will be attached to the PCE test connector which will hard wire the main power

bus to these Toads (Figure G-2)

G-3
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Simulate Commands

During subsystem test, the CCS and FCS signals to the switching demodulators
1n the PCE must be simulated by the test equipment These simulated commands
will exercise the power switches through a normal mission sequence as well as

an emergency shut-down sequence

Control RTG Isolation and Launch Battery Switches

To prevent oxidation of certain parts of the RTG's, they are to be cooled
to a point where the output power at 30 VDC 1s zero This Timtation
requires that ground power be supplied during the launch pad cycle, both

before and after connection of the RTG's into the power subsystem

As the output 1mpedance of the RTG 1s very Tow, 1t must be open circuited
so as to not load down the ground power unit (GPU) A motor driven switch

controlled through the unbili1cal will provide this 1solation

A separate contact w11l be provided to open circuit each RTG, and a fifth

switch w11l provide position information through the umbilical to the OSE.

A Taunch battery switch in the PCE performs two functions One position
connects the battery to the TOPS system. The other position removes the
battery from the line and provides a path through the umbiTical to the

OSE battery charger
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Subsystem Test Equipment Configuration

The OSE GPU 15 cabled to the primary power input connectors J1 and J2

and to test connector J3  The path through J1 and J2 w111 be used to supply
power during subsystem test The 1nput power path via J3 w11l be tested

to verify its integrity and abil1ty to carry vehicle current requiired

on the Jaunch pad (Cable 6 on Figure G-3)

To test these two power paths, the output of the GPU will be switched
Control of this switching as well as current adjustments wi1ll be performed

by the 0SE Test Set thru Cable 7

The OSE test module ts connected to flight plug JX and controlled by
the OSE test set thru cable 1

A load simulator connected to the output power connectors (J8 through J12)
will be controlled by the test set The loads w111 be sized to correspond
to actual flight Toads with selectable capability to provide an overload
condi1tion Total Toad current wili be measured and transmitted to the

test set thru cable 9

The OSE 1nterface simulator controlled by the test set thru Cable 8
supplies commands and measures telemetry information via cables 3 and 4
Stmulation of the RTG temperature sensors 1s provided to the PCE to

verify operation of the signal conditioners within the PCE thru Cable 5
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The connection between J4 and the test set,Cable 2, w111 provide
continuous monitor of the PCE internal sensors The RTG isolation switch

and the battery 1solation switch will be exercised through this cable

Subsystem Test Operation

Individual Shunt Regulator

The shunt regulators w11l be tested in two phases The first test will
ver1fy operability of each reguilator, and the second will test all four

regulators in conjunction with the auxiliary load controller

As each shunt regulator controls the output of only one RTG, 1t can be

tested in the following manner

The ground power unit w11l supply power to one 1nput bus only through the
prime input connector The three other buses w11l remain off  The GPU

w11l be Timited so as not to exceed the power dissipation of the single

shunt regulator This restriction simplifies the test as 1t allows operation

without sensing and sequencing external loads

The RTG 1solation switch is closed by the OSE test set and the GPU 1s
ramped on  The input voltage and current monitors, the shunt current
monitor, the main bus voltage monitor, and the protected bus voltage
monitor will be compared to determine voltage regulation and shunt power
dissipation  Shunt regulator response over the range of 0 to 40 watts

w111 be recorded At the end of this test, the GPU 1nput power will be
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transferred to the next input bus, and the same procedure repeated until

all four shunt regulators have been tested

The shunt regulators must now be tested 1n conjunction with the Auxiliary
Load Controller to determine voltage regulation over the full dynamc

range of the RTG's, using the arrangement of Figure G-4

Power from all four of the RTG simulators in the GPU w111 be supplied
through the prime input connectors The OSE load simulator will not be used
at thi1s point since all the RTG power 1s used by the shunt/auxiliary load
controller Slowly ramping on the GPU from 0 to 600 watts wi1ll assure that
the detection and switching circuits of the auxiliary load controller are

operative After completion, the GPU 1s turned off

In order to determine the transient effect on the main bus due to load
switching, a load of approximately 300 watts will be applied to the output
by the OSE load simulator The GPU will be turned on to a full load of
600 watts

The sum of the current monitor 1n the Toad simulator and the shunt reguiator-
auxtliary load controller current monitors should equal the RTG 1nput current.
The voltage monitors on the main and protected bus will be observed and

recorded continuously A 120 watt Toad w111 be removed in the load simulator
and the effect observed on the voltage monitors and shunt currents The load

will be re-applied and the resuits observed and recorded

G-10
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Next, the effect of sequencing Toads on and off wiil be determined
Incremental Toads of 100 watts each at a rate to be determined will be
sequenced by the load simulator Stepping up to full load and down to
minimum Toad while observing main and protected bus voltages will verify the
response time of the shunt regulator - auxiliary Toad controller required

to maintain regulation

Current Throttle

Two of the four RTG's are connectdd to the main bus via current throttles
Should a fault occur on the main bus which would cause the bus voltage

to drop, these throttles w11l 11mit the current from their RTG's This
would allow these RTG's to satisfy the demands of the CCS on the "protected

bus" as shown on Figure G-5

To test these devices, a fault 1s simulated on the main bus to pull down

the voltage.

The Ground Power Unit w11l supply RTG #1 bus and w11l be current limited

to 5 amps (monitored by the PCE input current monitor) The OSE Toad
stmulator will supply a load of 6. (150w) that can be increased to a
short circutt to reduce the main bus voltage to zero This Toading must be
applied to output busses that are not switched by the low voltage cut off
circurt since the LVCO will trigger below +27VDC and remove a portion of
the simulated Toad A test load path 1s provided on the test connector

J3 and may be used for this operation Proper operation of the current

G-12
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throttle can be determined by monitoring the voltages before and after

the current throttle and the voltage of the protected bus When operating

within specification, the input voltage to the current throttle will be maintained
at 30 volts minimum, and the protected bus maintained at this same level

The same proaedure w111 be repeated for the current throttle of RTG #2

Series Regulator

The Taunch battery will be series regulated to 30 VDC at the main power bus
The OSE GPU w111 supply simulated Taunch battery power through the main power
interface The RTG stmulators will remain off An adjustabie load will be
applied varying from 0 to 300 watts by the Toad simulator This arrangement
1s shown on Figure G-6 The battery voltage and current monitors and main
bus and protected bus voltage monitors will be observed and recorded

Proper operation of the series regulator will be verified 1f the main bus
voltage 15 maintained at 30 VDC +1% when the battery voltage 1s equal

to or greater than 30 VDC

Low Voltage Cut-Off

The LVCO circurt will perform Toad switching shouid the main bus voltage

remain below +27 VDC for a period of time greater than 100 mi1liseconds

The QSE load simulator will be configured to supply Toads to the power
distribution busses which feed the non-critical and redundant critical

Toads The RTG #3 GPU simuiator will be turned on to bring the main bus

G-14
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up to +30 VDC After the system has stabilized, the RTG #3 simulator will
be turned down until the main bus voltage decreases below the operating
point of the LVCO The change in state of the power distribution switches
w111 be monitored by the OSE load simulator  Interconnections for this test

are shown on Figure G-7

To verify that the LVCO does not operate prematurely during a low voltage
condition, the test will be repeated but this time the RTG #3 simulator
voltage w11l be cycled from 30 to less than 27 to 30 VDC n a period less
than the 100 mi1li1seconds required for LVCO operation The Toad simulator

w11l verify that none of the power distribution switches have changed state

G-16
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APPENDIX D POWER DISTRIBUTION ASSEMBLY

Two types of load swiiches have been developed and are available for
appiication to the TOPS mission  The first of these 1s a quad redundant
solid state switch whose schematic 15 shown as Figure D-1, and the
second 15 a quad redundant electromechanical relay switch shown an

Figura D-2

High, low and room temperature evaluation tests were performed on both
switches to demonstrate command sensitivily, overcurrent turneff

sens1tiyity, ahd fauit clearing time  Graphs of command sensitivity are

shown on Figures D-3, D-4, and D-5 The shaded areas represent guaranteed
ngn-response as an 1ndication of noise mmmunity and guaranteed response

to assure design margin for the standard cammand (=3 5 volts, 30 m1111seconds)
The so11d state switch turnoff requiremesnt reflects the 100°C no load
condition which 15 a severe werst case  Turn-off time under simulated

fault conditions from ten percent overlcad to short circurt showed a

response time of O 25 m11l1seconds minimum to three mi111seconds maximum

D-1
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COMPONERTSFUNCTION

PRELIKIKNARY

COMPONENT

SUMMARY

CHARAC

TERISTICS

PERFORMANCE

SHUNT _REGULATOR ASSEMBLY
¢ Maintaing constant K16 load

o Regulates DC voltage

shunt for each RTG (4 total}
azsenbly dosign

controls and transistor assembly
1n PCE bay

- Rasistor assembly on separate panel
section sequence oparation to
mnimze transistor dissipation

o=

T

°
o

o Input/output yoltage 30 VOC
o Shunt eurrent
5 Regulation +14
o Efficiency ~98%
0 Transjent’ pesponse
o Dyneme wmpedsnce
o Dissipation

- Transistor section O to 12 5 watts

100 microseconds
010 ahms

¢ to32ams {12 8 mmps total )

(D ta 50 watts total)

- Resistor section (0 ta 90 wat

ts
0 to 360 watts total)

PONER DISTRIBUTION ASSEMBLY
o Lontrols PoWer to Toads

o Houses power control devices

- Switches, solid state andfor
mechanical relays

- Power control circuits

~ Drive signal condibioners

EaMsEs—TEult protéct on devices ™

~ Fuses

- Curvent trips/1imiters

- ¥oltage cutoff circunts

1

o Input pawer 30 VOC, 50 VUAC
o Input signals 5 wolts TiL
o Output  various switch actuations

POWER SOURCE AND LOGIC ASSEMBLY

9 Provides source fault
pratactien

o Provides telemetry monitavs

o Frovides RTG shorting during
prelaunch phase

o Diode 130lation Civeurt
o Telemetry circuits

o Switching devices

o Dode disgpation 15 watts

0 to 5 VDO analog output

o Telemetry
10 kilehms s1gnal impedance

BATN _IHVERTER ASSEMBLY
nverts 216 power from
DC to AC for general
distribution

o Jensen inversion cireut, DG to
squiare wave AC

o Synehremzed operztion by exiernal

clack s1gna

Reduced frequency free-vun operatton

Block vedundancy

oo

¢ Input voltage 30 ¥DC =13

o Output voltage 50 VAC TMS +3%

o Load 90 to 400 watts

o Rise twme 1 43§ microseconds

o Power Tactor 1 0 to 0 95 Jagging
o Efficrency 90%

o Frequency, synchromized 4096 tertz # 01%

& Frequency, fres run 4050 llertz +0 -3%

PROTECTED BUS THVERTER ASSEMOLY

[ nyverts singie poNEr
from OC to AC for protected
bus use

o Maintawns protected bus
¥oltage n case of Toad
fault by means of "Current
Thrattla"

o Provides bypass of "Current
Throttla* 1n caze of fault

Inverter

o Jensen mversion cireuit, OC fo squave
wave AC

o Synchronized operation by external clock

o Reduced frequency free-run eperation

Current Throttie

o Series dissipative regulater operating
on wput veltage vather than
putput voltage to matntain "protected
bus™ at 30 VRC minimum

o Overveltage bypass circuit

Inverter
& Lnput voltage 31 2 VOC +4%
o Output voltage 50 VAL BHS +8%
o Load 2% watis minimum
110 watts maximoum
o Rise fimz 1 +0 5 mcrosecands
o Power factor T 0 o 0 95 lagging
o Efficiency 90% at rated Toad
o Frequency, clocked 4096 Hertz 10 014
]
o

Frequency, free vunming 4096 Hertz +0

, ~10%

Redundancy functionally backed wp by the main

nverter

Curvent Throstle
put yoltage 30 to 32 WDC

o I E
o Output voltage 30 VDG +1% gnurmai mode )
thrattle mede)

0 to 30 ¥DC

-
=
5
o Load corrent B 3 amperes maximum =
o Dissipation 10 watts {nurmﬂ mode ) E]
120 watts (throttie mede for up gk
to 100 m1lisecands} =4
GYRO INVERTER ASSEMBLY
o Converts power Trof o Push-pull driven Lransformer with o Input voliage 30 VDG +1%
BC to two phase AC {90 1solated output circuit o Output voltaga 26 VACTH5I
degree displacement) for o Frequency controlled by external o load & watts per phase
QYro power clock signal with internal logic o Peak load 20 watts total
backus o FPhase unbalance E0%
o Full square wave output voltage a fase time 1 0 +0 & microseconds
on each phase o Power factor 10 to 0 5 Tagging
o Efffeicney 88T at full load, umity
power factor
o Frequency, ciocked 1800 Hertz
a Frequency, free runming 1590 Hartz +0, -4%
o Redundancy block redundont with leads
WHEEL_IWVERTER ASSEMBLY
a Lonverts RIG power from p Bridge driven autotransforner outout 0 Input valiage 30 VDG +1%
DC to two phase AC {90 circuits a Output veliage 26 VACTRMS +5%
degree displacement) for o Phase reversal cagabilty by external o Load 5 watts per phase
mamentun wheel power comrand a Phase unbalance B50%
0 200 m1lisecond puise centrol with o FRise twme 1 0 #0 5 micraseconds
0 to 100 percent duty cycle capability o Power factor 170 to 0 5 lagging
o Frequency controlled by external clock o Efficiency E5% at full load, unity power factor
signal with 1nternal Togic backup o Frequency, clocked 400 Hertz 40 01%
o Full square wave output voltage o Frequency, free running 398 Hertz +0, -4%
on each phase o Redundancy block redundant wrth loads
£ _TUBE_COHYERTER ASSEMBLY
ES?‘&ZHEG ”EVPW, Two Jenson Tnversion circutis o lnput voltage 30 VDG HI% RELA RIPPLE
cond1tiened voltages far with external freguency control o DUTRUT WOLTAGE b -
THT use and én%ert-nﬂ frecerun backup
Ccepab1 11
o Ungev‘vu’ltﬁge and gvervoltage HEATER 50710 +3 0%
trp circuit & 5 VAKS
o Low power mver‘swgn c1rgu1t has
current-Timit high reactance
transformer and provides full HELIX 3400 TQ 10 5% <10 pp
square wave output ' 3500 VDL
g High pawer mversmndc}r‘:uwt has
~ 3¢ secowd mitnum delay . 7
T foresd law frequency starting mode COLLECTOR 1425 TA 0% L& 0 Vpp
~ full square wave output with 1525 YOG
rect1 ficat1on and letering] )
3 post regulators {adjustable AODE 160 To 2 o8 10 g
400 VOO
o Efficrency 023 at full load
o Frequency, clocked 2018/4086 Hert:
o Frequency, free running 1874 TO 1973/3766 TO
3858 Hertz
¢ Main Power Delay 110 secands
© Redundangy functionally redundant with other

Eransm tters



TABLE 3-7

1J86-TOPS-555
1 August 1970

COMMAND INTERFACE DEFINITION

COMMAND SIGNAL CHARACTERISTICS
INPUT VOLTAGE LOGICAL *1°
INPUT VOLTAGE LOGICAL *C'
MAXIMUM SINK CURRENT
PULSE DURATION
RISE/FALL TIME {10% to 90%)

VEHICLE CLOCK SIGNAL
INPUT YOLTAGE LOGICAL '1!
INPUT VOLTAGE LOBICAL *0'
INPUT CURRENT LOGICAL '1°
INPUT CURRENT LOGICAL *O'
PULSE WIDTH AT MIDPOINT
CLOCK FREQUENCY
RISE/FALL TIME (0% to ©0%)

SIGNAL REQUIREMENTS

CCS COMMANDS
LOAD SWITCH ‘ON'
LOAD SWITCH 'OFF
PCE FAULT CLEARING

FCS COMMANDS
LOAD SWITCH 'ON'
LOAD SKITCH 'OFF!
PCE FAULT CLEARING

YEHICLE CLOCK PULSE

356 to b QVDC
Q0 e

3 MILLIAMPERES

30 MILLISECONDS

10 MICRCSECONDS

35t 50CVAC
00 vhe
0 0 MILLIAMPERES
-0 3 MILLIAMPERES
3 0 MICROSECONDS
4 096 KILOHERTZ
2 0 MICROSECONDS

a0
a0

80
80

TOTAL 333

3-23
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A more comprehensive subsystem diagram s shown on Figure 3-3  Sigmficant
features over those described eariier are as follows
1 Telemetry measurement points are {dentified. These are discussed

further in 3 2 4

2 RTG shorting switches are installed as a convenient means for
preventing the transfer of power from the RTG's during ground

preparation and checkout operations

3 An overvoltage trip 15 1ncorporated with the current throttle as &

backup te a possible open circuit failure of the current throttle

4 Double dipde protection 1s provided for each RTG as discussed

further 1n 33 3 2

5 Several power control and distribution options are shown on the
right-hand s1de of the diagram Further discussion on these

options 1s provided 1n 3 3 3 4

322 Physical Confrguration

Phys1ically the power systei consists of Tour RTG's; a single bay assembly
containing the power conditioning equipment,and a Shunt Resistor Panel (SRP),
viich contains the resistors of the shunt regulator  Transformer-ractifiers
for the detatled conditioning of Toad power, wheel inverters and THT converters
are considered te be part of the load subsystems  They are 1ncluded here to

permt an overall evalugtion of power conditioning weight

3-1
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NG TASK

10 Subsystem Requirements

20 Subsystem Design

System Description

Operational Proceduras
Lead Management
Relrabil1ty
30 Trade Studies

Distribution Studies

Energy‘storage Study

Bus Confrguration
Study

Shunt Regulation
Study

0 Technology Development

Power Distribution Assembly
Shunt Regulator Assembly

TUT Converter

Two Phase Inverter
Assembly

AC Power Conditioners
OC Power Conditioners

Pewer Source & Logic
Assenbly

Subsystem tests

Advanced Circuit

TABLE 2-1 - TASK DESCRIPTIONS

SCOPE

Establish 1cad profiles, mission constraints, technical interfaces,
anyironments, etc through 11aison with JPL

“gawWTid LON 3NYI4 agyd DhaIoaEd

Davelop design of the subsystem through defimition of the following

Electrical Configuration - Bleck diagrams, types of power, power Tlevel
Tim tations, transient bebavior

Physical Configuration - Size, volume, weight, thermal characteristics,location
Interfaces - computer, telemetry, command, attitude control, etc

T
Test, ground checkout, flight operations

Power margin ahalysis

Destgn status evaluation, where and how redundancy should be applied

Evaluation of principal design alternatives

Select the best distrmbution method from the point of wiew of efficiency,
flexibilty, experience, reliability and any other pertinent factors

Synthes1ze twe power systems with and without batteries Compare these
systems on the basis of weight and reliability. Provide recommendations
as to preferred TOPS-PCE approach

Evaluate several practical bus configurations from the point of view of tol-

erance tc source and/or ipad faillures and the degree to which service can
be restored

Evaluate shunt regulation concepts from point of view of RTG protection,
reliabi1:ty, thermal 3oad and electrical performance characteristics

Identtfy reguired development 1tems and proceed with destgn & breadboard
development

Combine development components into a subsystem configuration & perform tests

Development of new and unigue circult concepts
Development

Program Management

Manage manpower resources, finances, schedules

§55 ~5d0L-9801L
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» SECTION 2 STUDY APPROACH

Or1ginal goals 1n the TOPS-PCE program were te establish component requivements
aarly 1n the contract period with the objective of designing, fabricating

and testinyg three engineering mode® sets of the PCE for delivery to JPL

by July 1970 As the result of reevaluation and extension of the overall

TOPS program schedule, the original geals have been modified as fo'llows,
Greater emphasis was placed an power system requirements and definition,

with particular attention given to the interplay and 1nierdependence with

other TOPS subsystems As pianned, only one breadboard set of PCE

was fabricated, tested and delidered 1n July 1970.

A Work Plan reflecting this change 1n emphasts 15 shown on Figure 2-1

The activities have been divided 1nte five categories relating to (1) Power
System Requirements, {2) Power System Design, (3) Trade Studies, (4} Technology
Development, and (5) Program Management A detailed descraption of tasks

wi1thin each category 1s provided 1n Table 2-1
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