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ABSTRACT

Study efforts during the third projectquarter
are reported. Methods of implementing com-
ponent redundancy are described. Component
parts counts, efficiency and weight data are
included. A method for power system reliability-
weight optimization and the results of initial
optimization computer runs are described.
Power system EMC considerations are

summarized.
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1. INTRODUCTION

This is the third quarterly progress report covering work per-
formed by TRW Systems under JPL Contract 951574, "Power System
Configuration Study and Reliability Analysis.' This report summarizes
the study effort during the period 7 January 1967 through 6 April 1967.

The principal objective of this study project is the development of
photovoltaic electric power system design optimization data and procedures
for five interplanetary missions: 0.3 AU and 5.2 AU probes, and Venus,
Mars, and Jupiter orbiters. The project is divided into the following

tasks:
Task I: Model Spacecraft Requirements

(a) Mission Analysis, Analyze the five specified missions
to determine spacecraft configurations for each, based
on booster capabilities, mission objectives, and subsys-
tem requirements,

(b) Power Requirements. Analyze model spacecraft con-
figurations to establish load power requirements
including power profiles and characteristic voltage
levels and regulation limits,

Task II: Baseline Power System Configurations

(a) Solar Array Analysis. Determine current-voltage
characteristics of solar array as functions of mission
time for each model spacecraft,

(b} Analysis of Baseline Systems. Define alternative base-
line (nonredundant} power system configurations which
are compatible with each of the spacecraft models.
Determine advantages and disadvantages of each with
respect to reliability, weight, spacecraft integration,
efficiency, complexity, and flexibility.

Task IlI: Power Systems of Improved Reliability

(a) Methods of Reliability Improvement. Perform com-
ponent and system failure mode analyses for each
baseline configuration and establish methods of
improving component reliability.




(b) Effects of Reliability Improvement. Investigate and
describe effects of reliability improvements on com-
ponent reliability, weight and efficiency, and system
weight and reliability. Establish procedures and input
data for reliability-weight optimization.

Task IV: System Recommendations

Compare alternative system configurations from Task III
to select those providing maximum reliability as a function
of weight., Recommend an optimum configuration for each
model spacecraft.

Task V: Telemetry Criteria

Investigate telemetry monitoring points, parameter ranges,
and priorities for various system configurations from

Task III. Investigate utilization of telemetry data during
both normal and abnormal system operation. Develop
generalized criteria for power system telemetry
requirements.

In addition to a final report which will fully document all study
efforts, a "Spacecraft Power System Configuration Reference Manual'"
will be prepared to provide a design reference for use in the determina-
tion of optimum power system configurations for various interplanetary

missions.



2. PRESENT STATUS OF THE STUDY

The study efforts completed during the first three quarters
represent approximately 70 percent of the total planned engineering
effort. Task I, the determination of model requirements, is complete.
Task II, the analysis of baseline power systems for each model require-
ment, is complete. Task III, the analysis of methods of reliability im-

provement is 80 percent complete.

Parametric weight and efficiency data for the various power system
components have been prepared and are included in this report. Computer
inputs, including reliability assessments of each component have been
prepared. Initial results of the reliability-weight optimization computa-
tions for one power system configuration have been obtained and are

included in this report.

The project schedule is shown in Figure 1.

[=— (7 JULY 1966) PROGRAM MONTHS (6 SEPT 1967)

STUDY TASKS 1 2 3 4 5 [ 7 8 9 10 i 12 13 14
JUL F AUG| SEP | OCT |[NOV| DEC | JAN|[ FEB [ MAR | APR | MAY | JUN| JUL | AUG

MODEL SPACECRAFT REQUIREMENTS

11 _ BASELINE POWER SYSTEMS

11l _SYSTEMS OF IMPROVED RELIABILITY

IV SYSTEM RECOMMENDATIONS

—

V___TELEMETRY CRITERIA

| VI__REPORTS
._ROUGH DRAFT FINAL REPORT =t
ROUGH DRAFT REFERENCE MANUAL
. FINAL REPORT

. REFERENCE MANUAL

. PROGRESS REPORTS

—

o | lo o i

Figure 1. PSC Study and Reliability Analysis Project Schedule



3. STUDY RESULTS

3.1 RELIABILITY ANALYSES

To date, the power system reliability analyses have concentrated
on quantitative comparisons of the reliabilities and weights of the alterna-
tive system configurations, taking into account the possibility of adding
redundancy at the component level in each system. A broad spectrum of
baseline system configurations has been selected for these analyses. The
computer program described in Section 3. 3 of this report selects redun-
dancy levels in the components of each system configuration to yield
maximum system reliability as a function of overall system weight.
Direct comparisons can then be made of the various optimized system
configurations to determine those which provide the highest reliability
for any given weight constraint for each of the seven missions specified

for this study program.

The reliability calculations have been based on the assumption that
any single part failure in a nonredundant component constitutes a power
system failure. This simplification has permitted the analysis of a
relatively large number of power system configurations leading to the
determination of one or more "best" candidates for each mission. The
reliability of each component in the various systems has been established
on the basis of its parts count and the part failure rates listed in Table I.
These failure rates have been based primarily on TRW OGO, Vela, and
Pioneer spacecraft flight experience. Demonstrated orbital operating
times and numbers of parts by type are shown in Tables II and III, respec-
tively. Battery cell failure rates represent estimated values based on
the very limited data available for the silver-zinc and silver-cadmium
types in space applications, The failure rate used is twice that used for

nickel-cadmium cells by TRW,.

3.1.1 Component Redundancy

As reported previously, specific methods of implementing redun-
dancy in the components of the various systems have been selected for the

system optimization analyses. The investigations leading to these selections



Table I. Recommended Failure Rates for
Power System Configuration Study

(2 coils)

Connector:
Per active pin (soldered)

Connector:
Per active pin (crimped)

Spacecraft
Principal Equipment 9
Electrical Failures/10’ Hr
and Other at Case Tem-
Part Type Stress perature 30°C
Rated Power,
Percent
Diode:
Silicon (<1 w) 25 5
Silicon power (> 1 w) 25 14
Zener 25 55
Transistor:
Silicon (<1 w) 25 28
Silicon power (> 1 w) 25 56
Resistor:
Carbon composition 25 12
Metal film 25 3
Wirewound, power 25 65
Rated
Voltage,
Percent
Capacitor:
Ceramic 25 25
Mica, dipped 25 3
Paper, Mylar 25 40
Tantalum:
Foil 25 21
Solid (series resistance
2 3 ohms/v) 25 21
Transformer:
Low voltage, class Hor T Hot sgot
insulation <125°C 30 + 30/winding
Inductor:
Low voltage, class Hor T Hot spot
insulation <125 °C 30
Relay:
Base rate, class H or T coil Hot spot 15 (failures/lo9
insulation, magnetic latching <125°C cycles)
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Table I. Recommended Failure Rates for Power
System Configuration Study (Continued)

Battery Cell:
Silver zinc

Spacecraft
Principal Equipment 9
Electrical Failures/10’ Hr
and Other at Case Tencl,-
Part Type Stress perature 30 C
Connection:
Soldered 0.5
Connection:
Welded 0.5
Solar Cell: Orbital
conditions 1
Battery Cell:
Silver cadmium 150

150




Table II. Part Type Demonstrated Orbital Operating Hours

(Vela and OGO)

Part Type

Number
of Failures

Operating Hours
Vela and OGO

Transistors:

Silicon
Diodes:

Silicon

Zener

Resistors:

Carbon composition
Metal film
Wirewound

CaEacitors:

Ceramic
Dipped mica
Tantalum foil
Tantalum solid
Plastic

Mylar paper

Magnetics:

Transformer
Inductor
Filter

Relays:
Latching

106,073, 965

385,629, 667
7,508,145

74,482,179
292,450,010
4,374,113

63,428,620
2,926,213
1,030, 847

42,916, 870

233,919
387, 862

25,782,120
1,397,461
3,281,707

5, 630, 944




Table III. Part Group Total Number
of Orbital Parts (Vela and OGO)

Part Group Number of Parts
Transistors 13,989
Diodes 45, 855
Capacitors 15, 505
Resistors 44,541
Magnetics 3,531
Relays 408




have included consideration of the failure modes of each type of component,
the effects of component failures on system operation and the effects of

implementing redundancy on component weight and performance.

Four basic approaches to implementing redundancy were considered
for each type of component: parallel, standby, quad, and majority voting,
The reliability equations and basic configuration for each are described

in the following paragraphs.

Since each part of a nonredundant component has its own failure

rate, the general equation for the probability of survival is:

Pg = e M
where
PS = probability of survival or reliability
A = the summation of the failure rates for all parts
t = total operating time required.

Figure 2 shows a basic system configuration of " N" elements con-
nected in series. The equation for the probability of survival of the

system is

Ps=Ple2x-----xPn

where

P1—>Pn are the reliabilities of each element.

Figure 3 shows a parallel redundant system comprised of two groups
of 1 through "N" series elements. Each of the two parallel groups is

completely independent and either one can perform the required function.
The probability of survival is:
Pg=1-[(1 -Py) (1 -Pp)l
where

PA and PB are the survival probabilities of the independent
strings.



Figure 2. Basic System Reliability Model

y

PA
—» Py ¥ P F-M P
(- v -
Pg

Figure 3. Parallel Redundant System Reliability Model
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Parallel operating channels have limited usage because there are
some failure mode conditions which they cannot correct. For example,
one of the two parallel channels could fail in a manner which causes their

common output voltage to go above limits.

In the standby redundant configuration of Figure 4, there are two
parallel channels, but only one is operating at any time. This configuration
requires additional circuitry to sense a failure in the operating channel
and a switching element to transfer to the standby elements in case of a

primary element failure.

The equation for probability of survival is:

P =1 _[(1 - PP (L - PZPSW)]

where
P1 and P2 are the reliabilities of the independent channels, and

PSW = the reliability of the failure sensing and switching elements,

Standby redundancy is generally used for power circuits since it

does not cause a significant loss in efficiency,

Quad redundancy is normally implemented at the part level and is
illustrated in Figure 5. Either string can perform the required function.

The reliability of this configuration is:

Ps

1. -Pf)z

where
P

1 the reliability of a single part.

The quad configuration is normally not used for series power

handling circuits because of its poor efficiency.

Figure 6 shows a block diagram of a majority voting configuration.
Two out of the three circuits must be operative in order to perform the

required function. The probability of survival is:
Py =1 -[(1 - P,P,)(1 - P,P)(1 - P1P3)]
where

Pl’ PZ’ and P3 are the reliabilities of each element.

11



Figure 4. Standby Redundant System Reliability Model

Figure 5. Quad Redundant System Reliability Model
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Figure 6. Majority Voting System Reliability Model
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In most cases P1 = P2 = P3, therefore

2.3
Pg=1-(1-P))

Majority voting redundancy is generally applied to low-power sensing

circuits.

3.1.2 Selected Redundant Configurations and Parts Counts

The power systems have been divided into the following sections,

each of which may have many design configurations:
e Solar array
e Array control
° Battery control
° Battery
° Line regulator

° Power conditioning equipment
(ac or dc distribution)

3.1.2.1 Solar Array

The solar array configuration is the same for either a baseline
system or a redundant system and includes multiple parallel interconnec-
tions of series strings of cells to minimize the effects of cell or connec-

tion open circuit failures on the output power of the array.

3.1.2.2 Array Controls

Five specific array control designs have been considered:
o Zener diode shunt
e Active dissipative shunt
° Pulse width modulated series bucking regulator

° Pulse width modulated series bucking regulator
with maximum power tracking

e Buck-boost pulse width modulated regulator.

The zener diode voltage limiter design is the same for the baseline
and redundant configurations and uses multiple parallel shunt circuits,

each controlling a parallel section of the array. If a diode shorts, the

14



solar power will be degraded by 1/N where N is the number of parallel
zener diodes. Series diodes between the zener diode connection and the
common solar array bus prevent current flow through a shorted zener
diode from the other parallel array sections. If a zener diode opens, the

remaining diodes will limit total array voltage.

The active shunt redundant design uses the majority voting configura-
tion for the voltage sensing and error amplifying stages as illustrated in
Figure 7, and uses the quad part configuration for the power transistors
and output filter. Figure 7a shows that the nonredundant configuration of
the voltage sensing and error amplifier is composed of a voltage divider
that reduces the magnitude of the sensed voltage to a level comparable
to the reference, a precision voltage reference, a summing point, and an
error amplifier stage. The redundant majority voting block diagram is
illustrated in Figure 7b. It has three nonredundant parallel circuits
plus three AND gates and an OR gate. Each AND gate receives two ampli-

fied signals and if they are correct the signal is obtained.

The problem in design with this approach is that the total gain of
the circuit varies by a factor of 3 to 1 depending on the failure modes
and it has to be considered to ensure that the regulation or stability is
not affected. The quad part configuration is permissible in this case for
the shunt power elements because they become active only when there is
excessive solar array power in relation to the load demand and do not,

therefore, degrade system efficiency.

The pulse width modulated series bucking regulator uses a switch-
ing series transistor that controls the power from the solar array to the
spacecraft loads. The quad component configuration is not used for this
series switch since it would cause a signficant decrease in system effici-
ency. Parallel operating regulators cannot be used because if a switching
transistor shorts, the full solar array voltage will appear on the output
and the other parallel regulator could not control for this condition.
Therefore the standby redundant configuration is used and if a failure
occurs, the failed regulator is switched out and the standby regulator is
energized to control the array output. This approach will produce an
output transient during the switching interval; however, all of the systems

include a battery and line filters which will tend to minimize the effects

15



VOLTAGE
TO BE SENSED

-

-~ ERROR OUTPUT
DIVIDER AMPLIFIER [P SIGNAL
+
REFERENCE
NONREDUNDANT

CONFIGURATION

Figure 7a. Voltage Sensing and Error Amplifier Block Diagram

VOLTAGE TO AND
BE SENSED GATES
- ERROR
DIVIDER AMPLIFIER
+
REFERENCE
OR
GATE
- ERROR OUTPUT
1 DIVIDER ~>Q—q AMPLIFIER SIGNAL
/ )

REFERENCE
N ERROR
—P1 DIVIDER AMPLIFIER
+
REFERENCE

Figure 7b, ' Redundant Configuration
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of this momentary power interruption. The failure sensing circuits
monitor the output voltage and generate the transfer signal if the output
voltage is not within tolerance. A sufficient time delay is designed into
the circuitry so that erroneous transfer is not allowed during start-up

or load-switching transients. The maximum power tracking regulator and
the buck-boost regulator also use the standby redundancy configuration.
The parts count for baseline and redundant configurations of each array

control are shown in Tables IV and V.

3.1.2.3 Battery Controls

The four basic battery control block diagrams are illustrated in
Figures 8 through 11 for those systems which combine the array and

battery at an unregulated bus.
The basic designs shown are:
o Bucking charger and discharge switch
° Bucking charger, discharge switch and line booster
° Boost charger and discharge switch
° Boost charger, discharge switch and line booster

Standby redundancy cannot be used for these controls because of the
extreme difficulty in sensing a failure or out-of-tolerance condition over
the wide range of charge and discharge operating conditions. Instead the
majority voting redundancy is used for the low level signals and logic and
part redundancy is used for the power circuits. The selected methods of

implementing part redundancy are shown in Figure 12.

The redundant transformer (Figure 12a) consists of two series
transformers with parallel primary and secondary windings which are
interconnected. The parallel windings protect against open circuit failures
and the series transformers are used to protect against turn-to-turn
shorts in one winding. The disadvantages of this approach are that each
winding must be capable of full load current rating and also full input
voltage rating. Each transformer is twice as large as a simple non-
redundant transformer and the total VA rating of the magnetics is four
times normal. The same technique is used for a choke but in this case,
the effect of an inductance change to 50 percent of normal, should a wind-

ing develop a turn-to-turn short, must be considered in the design.

17
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Methods of Implementing Part Redundancy
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Figure 12b shows a transistor and its redundant equivalent which is
composed of two parallel strings of two transistors in series. If one
series transistor develops a short, the remaining good transistor main-
tains normal operations. The diode in the base circuit of the upper
transistor protects against a collector to base short which could other-
wise produce uncontrolled base current to the other transistors. The
base resistors are needed to protect the current driving signal source if
a transistor base to emitter short develops and to cause current sharing

among the four transistors.

The disadvantages of this configuration are that the normal current
gain is reduced to one-half, and all four transistors must have the same
power rating as the single nonredundant transistor. The system must
be designed to accommodate wide variations in gain both for normal and

failure modes.

Figure 12c shows the nonredundant and the redundant capacitor con-
figurations. The redundant capacitor has two parallel strings of two series
capacitors. Resistors are placed in parallel with the capacitors to cause
equal divisions of voltage. This is particularly important for tantalum
capacitors where a normal unbalance in leakage current can cause unequal
division of voltage. This unbalance in voltage may produce voltage rever-

sal on the capacitors during discharge and a resultant failure,

The disadvantages of this configuration are its increased size and
weight and the fact capacitance can vary from 0.5 C to 1.5 C. If not
considered in the design this variation can produce excessive ripple or

charge regulator instability,

The normal failure mode of the resistor is to drift, open or develop
a partial short, and not a complete end-to-end short. The redundant resis-
tor (Figure 12d) is two resistors in parallel. The problem of the redundant

resistor is its resistance variation under failure mode conditions.

The redundant diode configuration (Figure 12c¢) contains two parallel
strings of two diodes in series. The problem of the redundant diode is
its increased power loss and change in output voltage when one diode
shorts. The zener or reference diode cannot be implemented in this
manner and still maintain the voltage accuracy required. Whenever a

voltage must be sensed and compared to a reference in a redundant design,
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the majority voting circuit must be used to maintain a close regulation
tolerance (*1 percent). A precision voltage divider also cannot be obtained

by the quad redundant approach.

The relays for discharge control are used in a circuit level majority

voting redundant configuration.

In past equipment designs, current levels were normally detected
by a magnetic current monitor and its associated ac inverter circuitry,
This method does not lend itself to any redundant configuration without
undue complexity. As a result the selected battery controls use a shunt
to sense current and a dc amplifier circuit to amplify the low-level signal.
This design is much easier to implement in a majority voting redundant

configuration,

Tables VI and VII list the battery control parts counts for the non-
redundant and redundant designs of each type of battery charger and its

associated controls.

3.1.2.4 Battery

Silver-zinc batteries have been selected for the 0.3 and 5.2 AU
probes. Silver.cadmium batteries have been chosen for the Mars, Venus
and Jupiter orbiters. In each case the baseline configuration consists of
a single battery containing 20 series connected cells. Two redundant
configurations have been selected for analysis. The first of these consists
of two parallel batteries; each containing 20 cells and capable of satisfying
the total energy storage requirement. Each battery is used with its own
control circuitry which may be either baseline or redundant, The second
redundant battery configuration consists of three batteries in a majority
voting configuration with each containing three series cells and each con-
nected to the main power bus through a bucking charge regulator and a
boosting discharge regula.tor.1 This approach is only applied to those
systems which are configured with a regulated main bus. Each of the
three batteries has an installed capacity equal to one-half that of the base-

line battery capacity. The principal advantage of the second redundant

1This configuration represents one method of applying the TRW Modular
Energy Storage and Control concept (MESAC). This concept has been
developed and tested under a company sponsored research program,
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battery configuration is the reduction in number of series connected cells
per battery and the attendant improvement in battery reliability. A second
advantage is the reduced total battery weight (150 percent of baseline) in
comparison to the first redundant approach (200 percent of baseline). The

charge and discharge regulators may be either baseline or redundant,

3.1.2.5 Line Regulators

The following designs were selected for the line regulators:

Pulse-width modulated series bucking regulator
Series dissipative

Pulse-width modulated boost regulator

Pulse-width modulated buck-boost regulator.

Because of the requirement to minimize weight and losses, standby
redundancy configurations are used for the line regulators. However,
there will be momentary loss of power to the load equipment during the
transfer to the redundant channel. Certain loads, for example a digital
memory, must be protected during the power shutdown. This is normally
done by having the failure sensing circuits give advance warning to these
types of loads. Typically, this warning signal initiates required inhibit
and sequencing functions within the load equipment before the output voltage

of the power supply has deviated significantly from steady-state conditons.

Tables VIII and IX are the part counts for the baseline and redun-

dant configurations of each line regulator,

3.1.2.6 Load Power Conditioner

The components used for load power conditioning have been analyzed
with respect to the specific load requirements of each model spacecraft to
define specific equipment groupings and performance requirements. The

equipment for those systems using dc power distribution are as follows:

3 ¢ 400 Hz gyro inverter

Central converter {dc to dc)

Transmitter converter (high or low voltage)
Computer — sequencer converter (low voltage)
Television converter (high voltage)

Experiment converter (low voltage)

Experiment converter (high voltage)

29



T T €] 2 9 sl ¢zl 2l v 1er| et j}soogd ¥ong
¥ 2] ¢ ? 9 212121 ¢€19 2191 }soog
¢ 14 |1 I g 1€l satIag 'ss1(g
I ¢ 241 ? 9 2 B/ A I S R O B A I ¥4 yong WNmd
- Vv A
AR EHEIF PRI N AR EI RS
P = I IS BT I - = slslrislalslwia]lnr
sjuswIwo)) /I3Y3Q o m ' qu. w m. mv.. Qo o &l o o ww. g woly
c. > o — — m H Hh Ia} g o}
& = 5l %o ElE IR o 21| "
ESE: 3 8| B ol E|E|Q
al ¥ o o o 18|78
o | & o o I g 9
= |0 3 :
o
sderoyg | sorjouleN | 103s1s | sxojroeden sapo1( $103}8189Y
-uel],
] ‘ON I93}1qI(Q SNUSA UOISSI juno) sjied oaurjoseqg Ioje[nday aury ‘IIIA °]del

30



*Junod sized jusuodwod [B}0} SUIUWLIIIIP O} PAIQNOP 9q }SNW PIJSI]

sorTuEnN( -931O0N

Aqpueg I FlYlele |9y} 2le)el®w |v|er]| € |w 1soogd yong
4qpueyg ! Flejefe |91 2|2 |z|¥% jefor] 2]ezw 1soog
Aqpuesg i € | w1 22|71 |¢ v | s |6t 8oy "ssiq
Aqpueyg T Tlelele |9 2|z fe|{% |v L] % |L¥ 1ong WM
v A
s &SI 28] §[8(QIRIZ181518]9
T8l lo|® | = B8 tr B |alB]lr|a]l|nr
sjudwIwIo) / I9Y30 A p | B A T e 1g|e o | g woly

SE | Ple |8 =g | B S ol R

@ |23 S 518 |[° H "RERRS

[§V] w w [0} .d o m fo)

0 o o A I 3

@) o H m.. o] ..M o

O. nﬂv 7)) e ..H.L o .

o A ®
[}
sderoyg | songouleNy | 103s1s sxojroeden sapoi(g §103S159Y
-uel],
} 'ON 1931qI(Q SNUSA :UOISSIN juno) sjied juepunpay Ioje[nday aur °'XI 2[qel

A A A

31



The equipment selected for systems using ac power distribution are

as follows:
° 3 ¢ 400 Hz gyro inverter
° Main central inverter (dc to ac)

° Transmitter transformer-rectifier (TR) (high
voltage or low voltage)

° Equipment TR

° Television TR — high voltage output

] Experiment TR — low voltage output
. Experiment TR — high voltage output

A distinction is being made between high voltage outputs and low
voltage outputs. At high voltage, the transformer designs are heavier
due to increased insulation requirements and the output filter capacitors

are larger.

Fach spacecraft will have its own set of equipment due to the varia-
tion in the equipment and the experiments to be performed. Standby
redundancy has been selected for all the load power conditioning equip-

ment.

Tables X through XIII list the parts counts for Venus Orbiter No. 1

Power Conditioning Equipment.
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3.2 COMPONENT WEIGHT AND EFFICIENCY

Parametric curves have been prepared for each component design
showing its weight and efficiency as functions of output power. Since the
power system weight is largely determined by the weights of the battery
and solar array, it is imperative that the efficiency of each series element
in the system is taken into account in the system optimization calculations.
The effects of implementing the preferred redundant configurations in each
component on their weights and efficiencies have been calculated. The

resultant data is shown in Figures 13 through 28.

Every attempt has been made to make the component weight and effi-
ciency data representative of feasible designs. In calculating efficiency,

the losses in all the following elements were accounted for:
e Input filter (capacitor and inductor)
° Transformers
° Rectifiers — both forward losses and recovery losses
e  Output filter (capacitor and inductor)
® Transistor — both saturated and switching losses
e Error amplifier losses
* Logic losses
Failure sensing losses.

The same items were accounted for in calculating the weight. An
allowance was also made for the packaging of the components, the mech-

anical assembly, and the electrical connectors.

One of the most significant design parameters affecting component
efficiency and weight is the switching frequency of the inverters and pulse-
width modulated regulator circuits. Preliminary designs were made at
switching frequencies ranging from 400 Hz to 20 kHz. A figure of merit
relating both component efficiency and weight was selected as the product
of the component losses in percent times the component weight. Compari-
sons of the figure of merit as a function of frequency for different types of
switching components showed a minimum at 6 kHz. Figure 29 is a plot

of the loss-weight product versus switching frequency for a 100-watt
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WEIGHT, POUNDS
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EFFICIENCY, PERCENT
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bucking series regulator. At frequencies lower than 6 kHz, the losses
decrease but are more than offset by the increased weights of the mag-
netics and filters. At frequencies greater than 6 kHz, the weight decreases
but the increased losses become the predominant characteristic. A 6-kHz
switching frequency was selected, therefore, for all ac circuits with the

exception of the gyro inverters, which require a 400-Hz output.

3.2.1 Solar Array Sizing

Solar array weight computations have been based on an assumed
nominal 10-percent increase in the presently achievable maximum power
output per unit array weight using conventional cells and panel construc-
tion techniques. With the exception of the Mars orbiter, all of the model
spacecraft use deployed solar panels, which were assumed to yield a
maximum of 10 watts per pound in space at 1,0 AU, The selected Mars
orbiter model uses a fixed solar array with an insulated rear surface to
minimize heat transfer from the array into the spacecraft equipment com-
partment. As a result of its higher operating temperature, this configura-
tion was determined to produce a maximum power capability of 6 watts per
pound at 1. 0 AU,

For the majority of the power sYstem configurations under considera-
tion, the solar array must be capable of delivering required power over a
range of operating voltages determined by the battery and its controls.
As a result, operation at the maximum power point voltage of the array is
not possible in many of the systems and the solar array must be oversized

accordingly.

Analyses were performed, with the aid of a computer, to determine
the required maximum power capability of the solar arrays at 1.0 AU for
each of the seven missions and for each power system configuration,which
satisfied the load requirements throughout the mission. These analyses
also determined the critical design point in each mission at which the solar
array capability was just adequate to support the load. At all other con-
ditions of voltage, sun-spacecraft distance and load the existence of a
positive power margin was verified. The operating voltage range was

adjusted in these calculations to cause the array to operate as near as
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possible to its maximum power point voltage at the critical design point

in the mission.

The results of these analyses were used to determine the installed
solar array weight per unit power required at the critical design point.
These values range from a worst case of 3.7 pounds per watt for certain
of the systems in the Jupiter orbiter mission to 0. 08 pounds per watt for
several systems in the Venus orbiter mission. These factors are used in
the reliability-weight optimization program to calculate array weight
directly from the required power at the critical design point, taking into
account the efficiencies of all the components in the various system con-
figurations. A margin of 5 percent will be included in these calculations
to correspond to the allowable array degradation due to cell and intercon-

nection failures consistent with the solar array reliability value used.
3.3 RELIABIIITY-WEIGHT OPTIMIZATION

The purpose of the reliability-weight optimization program is to
determine the best combinations of redundant and nonredundant components
within one system configuration as a function of either a reliability or
weight allocation. The computer program enumerates all possible combina-
tions of component redundancy, and selects those that provide minimum
weight for system reliabilities ranging from a minimum of 0. 90 to the
maximum achievable. These selected combinations then represent the
optimum reliability versus weight characteristic for a given system con-
figuration. By comparing these characteristics for all candidate system

configurations, the best designs for each mission will be determined.

The technique of enumerating all possibilities and then selecting the
best combinations would appear to be a rather cumbersome approach in
view of the classical mathematical approaches and dynamic programming
techniques which have been used to solve many problems of this type in
the past. The discontinuous nature of the component reliability-weight
functions and the interdependence of component weights, efficiencies, and
reliabilities, however, have prevented the adoption of a streamlined solu-

tion to the power system optimization problem.
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The matrix shown in Figure 30 represents the basic arrangement
' of the computer program. Each column represents one essential com-
ponent of the system, and each cell represents one of the alternative
. choices of redundancy in the component of the appropriate column. Several
numbers may be associated with each cell in the matrix, plus additional
numbers which are common to all the components of a column. For the

cells, the numbers used are as follows:

R

component reliability for appropriate level of
redundancy

M = intercept of log weight versus log power plot
for particular component

N = intercept of efficiency versus log power plot
for particular component

K = number of batteries
= component weight (independent of other components)

Ny = component efficiency in eclipse (independent of
other components)

. Np = component efficiency in daylight (independent
of other components)

For the columns, the numbers used are as follows:

slope of log weight versus log power plot for
each component

e

*

Tp = load for particular component in eclipse
. . L2 K

m.. = load for particular component in daylight

F = ratio of battery charge power to discharge power
for particular mission and charge control.

The computer calculates efficiency and weight for the component

configuration represented by each cell in the matrix according to the

Represents only part of total load for array control, energy storage,
and line regulator.
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following general equations:
Efficiency (1) = Slog P+ N
Weight (W) = MP®

From the required output power, P, and the calculated efficiency,
the computer determines the input power to each component. The program
proceeds from specified output requirements back through the various
series elements of the system to determine required component power
levels and weights, taking into account the required operation of each in

sunlight and eclipse.

The matrix is then scanned, and necessary calculations performed
to determine total system weight and reliability for each possible combina-

tion of system components.

Specific calculation methods for the weight of the power system are
shown in Tables XIV and XV. Terms for these calculations are listed in
Table XVI.

 Preliminary computer runs have been made for one system con-
figuration for the Venus orbiter model No. 1. The results of these runs
are listed in Table XVII. The system configuration was selected arbi-
trarily for these test cases from the total 148 baseline configurations
developed during previous study phases., This configuration contains the
following components:

Solar Array

Array Control - Active shunt voltage limiter

Battery Control - Series resistor and disconnect with
momentary line booster

Battery - Silver-cadmium (20 cells)

Line Regulator - Series PWM buck-boost

DC Distribution - Gyro inverter (3¢, 400 Hz)

Transmitter converter

Main converter
Computer~-Sequencer converter
High voltage experiment converter
Low voltage experiment converter
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Referring to Table XVII, the optimized system represents the mini-
mum weight combination for each given reliability constraint. This system
is characterized by a gradually increasing weight as a function of reliability
until the change to redundant batteries at a reliability value of approximately
0.97 is necessitated. This transition in the reliability-weight characteris-
tic will be common to most systems because the battery weight is large in
comparison to that of the other components. Similar reliability-weight
characteristics will be generated for all of the candidate system configura-

tions to permit their comparison for each model mission.
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Power Terms

PMiIE, MID

PM IR

PLRE, LRD

PLRR

Prs

Py
Pcr
Pac
Psa

TEl, E2, EN
"D1, D2, DN

"GE, GD

TRBE, RBD
TUBE, UBD

Efficiency Terms

"ITE, 2TE, NTE
"ITD, 2TD, NTD

"™IE, MID
"GE, GD

"IPE, 2PE, NPE

Table XVI. Glossary of Terms

Main inverter output power in eclipse, sunlight
Main inverter rated output power

Line regulator output power in eclipse, sunlight
Line regulator rated output power

Energy storage output power

Battery output power

Battery charger output power

Array control output power

Solar array output power

Output power in eclipse for power conditioning
equipments 1, 2, ---N

Output power in sunlight for power conditioning
equipments 1, 2, ---N

Output power for gyro inverter in eclipse, sunlight

Direct connected regulated bus load in eclipse,
sunlight

Direct connected unregulated bus load in eclipse,
sunlight

Efficiency in eclipse of transformer rectifiers 1,
2, ---N

Efficiency in sunlight of transformer rectifiers 1,
2, ---N

Efficiency of main inverter in eclipse, sunlight
Efficiency of gyro inverter in eclipse, sunlight

Efficiency in eclipse of power conditioning
equipments 1, 2, ---N
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Table XVI. Glossary of Terms (Continued)

Efficiency Terms (Continued)

"IPD, 2PD, NPD Efﬁ.ciency in sunlight of power conditioning
equipments 1, 2, ---N
ﬂLRE, LRD = Efficiency of line regulator in eclipse, sunlight
"DR " Efficiency of discharge regulator
TecR " Efficiency of charge regulator
TaCc = Efficiency of array control
K = Number of batteries

= Ratio of battery charge power to battery discharge

power
SMI’ NMI = Slope and intercept of main inverter efficiency vs
power curve
SLR NLR = Slope and intercept of line regulator efficiency vs
? power curve
SDR NDR = Slope and intercept of discharge regulator efficiency
? VS power curve
SCR’ NCR = Slope and intercept of charge control efficiency vs
power curve
SAC’ NAC = Slope and intercept of array control efficiency vs

power curve

Weight Terms

WIP, 2P, NP ° _Weighf: of power conditioning equipments 1, 2, ---N
including main inverter when used

WMI = Weight of main inverter

WLR = Weight of line regulator

WES = Weight of energy storage

WAC = Weight of array control

WSA = Weight of solar array

A = Weight per unit power output of solar array at

critical design point

57



Table XVI. Glossary of Terms (Continued)

Weight Terms (Continued)

K = Number of batteries

MMI’ eMI = Intercept and slope of main inverter weight vs
power curve

MLR’ eLR = Intercept and slope of line regulator weight vs
power curve

MDR’ eDR = Intercept and slope of discharge regulator weight
VS power curve

MB’ SB = Intercept and slope of battery weight vs power curve

MCR’ eCR = Intercept and slope of charge control weight vs
power curve

MAC’ eAc = Intercept and slope of array control weight vs

power curve
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3.4 SYSTEM COMPARISONS

As discussed previously, systems selected on the basis of their
optimized reliability and weight will be further evaluated qualitatively
with respect to their interface characteristics, flexibility and growth
potential. One of the most important interface considerations which
influence the design of spacecraft power systems is that of electro-
magnetic compatibility (EMC). Since the power system has some type of
conductive interface with each equipment on the spacecraft, interference
generated by the power subsystem, will exist at these interfaces. In
addition, interference generated by any of the equipments using this power
can use the power subsystem as a coupling medium and couple interfer-

ence to any other equipment.

As a result of this and the fact that ECM problems are often not
fully appreciated by power system designers, emphasis has been placed
on this aspect of the power system interface studies for this program.
The following paragraphs summarize the investigations to date with

respect to basic EMC considerations and specific control practices.

3.4.1 EMC Considerations

Typical problem areas of incompatibility occur in two somewhat
distinctive areas:

a) Effects of electromagnetic interference on phenomena
being measured by spacecraft experiements.

b) Effects of electromagnetic interference on spacecraft
electronic systems by various coupling methods.

In the former case, the effect is generally due to the electric and
magnetic fields created by the power system equipment and the distribu-
tion system. These fields may modulate or change the electromagnetic
fields existing in and around the spacecraft or may dominate the space

fields so as to make them unmeasurable.

In the latter case, interference may couple voltages and/or currents
into sensitive electromic circuits and cause irregular behavior of the

affected system.
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Specifically, the primary compatibility problems relating to the

i

spacecraft power system are due to:
1) Type of power distribution used (ac or dc)
2) Waveform of ac distribution
3) Frequency of ac distribution

4) Type of voltage regulator circuit used (dissipative
or switching type)

5) Power circuit grounding
6) Power circuit wiring practices

7) Power converter " Bandpass Characteristic" to
interference at its input.
These compatibility problems can be eliminated or minimized by
the use of judicious circuit design and interference control measures,
such as circuit grounding, bonding, shielding, circuit isolation, and filter-

ing.

3.4.2 Specific Interference Control Practices

The conversion of dc power to ac for use by certain spacecraft
equipment results in the generation of interference ranging from the con-
verter switching frequency up to perhaps 10 to 100 MHz. This interfer-
ence generation is due to the extremely fast switching of the inverter cir-
cuitry. The interference may be conducted out of the inverter via the dc
input leads back onto the main dc bus and, in turn, into other interference-
sensitive spacecraft equipment. In addition, this switching sets up elec-
tric and magnetic fields, which may induce interference voltages or cur-
rents into sensitive electrical-electronic equipment. Typical solutions for

eliminating this interference or minimizing its effects are:

1) Choose an inverter switching frequency, which produces
interference at frequencies which fall outside the spec-
trum used by on-board electronic equipment. (e.g., if
there are on-board equipments whose bandwidths are
zero to 2 kHz, choose an inverter switching frequency
of 5 to 6 kHz.) The discrete line spectra produced by
the inverter switching circuitry will range from the
fundamental switching frequency of 5 to 6 kHz up to
approximately 10 MHz, thus falling above the zero to
2 kHz frequency band. The inverter switching frequency
chosen should not have discrete line spectra coinciding
with the operating frequencies of other on-board electronic
equipments.
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2) Route power and control circuits, entering or leaving
the inverter chassis, to minimize wire-to-wire coupling.
Tightly twist each positive wire with its return and
route the pair against the spacecraft' s metal structure
to minimize its electromagnetic field. Where practical,
route the power wiring in such a way as to take advan-
tage of the inherent shielding of the spacecraft's struc-
ture (e. g., route the power wiring along behind a
structural bracket to achieve the " shading" effect of
the well-grounded metal).

3) Shield all power cirucits entering and exiting the
inverter to minimize coupling of radiated interference
energy to sensitive spacecraft circuits. Terminate
these shields to chassis at both the source and load
ends and at any shield discontinuity in between. The
shield terminations should be as short as practicable
(preferably one in. or less).

4) Electrically bond all metal components of the power
subsystem to the metal spacecraft structure to achieve
a low impedance reference plane. The component-to-
structure impedance should be 2.5 milliohms dc or less.

5) Incorporate LC-type interference filters on the power
and control circuits entering or leaving the inverter
chassis to prevent leakage of interference, This
measure should be employed only when the techniques
of Items 1 through 4 have failed to solve the interfer-
ence problems since filters add weight to the space-
craft.

Both series and shunt-type voltage regulators used in spacecraft
power systems may employ either switching (pulse-width-modulated) or
dissipative techniques. From the interference generation standpoint, the
dissipative type is preferable since it generates negligible interference.
In contrast, the pulse-width-modulated type of regulator is a prolific
generator of impulse-type interference. The interference control tech-
niques employed for the dc/ac inverter discussed earlier are directly

applicable to the control of regulator interference.

The dc/dc converter like the dc/ac inverter employs switching as a
means of voltage conversion. This switching generates impulsive inter-
ference, generally in excess of 10 percent of the nominal line voltage,
which appears at all multiples of the fundamental switching frequency up
to approximately 10 MHz., The odd harmonics generally are predominate.
The interference control measures normally employed to reduce con-
verter interference are chassis and wire shielding, wire twisting and

routing, circuit grounding, and judicious filtering.

62




a®

Dc/dc converters characteristically exhibit a " bandpass filter"
characteristic, which permits interference present at its power input to
pass through to its output virtually unattenuated. The center frequency
of this pass-band is centered at the clock frequency of the converter.
The effects of the bandpass characteristic can be minimized by the judi-
cious use of loW-frequency interference filters at the converter's input

and/or output.

The continuing analyses of the various model spacecraft and power
system configurations with respect to EMC will include investigation of
the selected load equipments, their sensitivity to interference, compari-
sons of power systems with respect to the generation of interference and

control measures necessary to achieve electromagnetic compatibility.
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