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1. INTRODUCTION 

1.1 GENERAL 

This technical report covers work performed by TRW Systems under 

Contract NAS 5-9178, “Study and Analysis of Satellite Power Systems 

Configurations for Maximu.m Utilization of Power.” The report covers the 

period 18 May 1965 through 18 July 1966. The study consists of seven 

major tasks: 

Task I. 

Task II. 

Task III. 

Task IV. 

Task V. 

Task VI. 

A survey of the power requirements and characteristics 

of spaceborne equipment used in typical unmanned satel- 

lites. 

A survey of typical spacecraft electrical power system 

designs. 

Collection and presentation of parametric data on the 

individual assemblies constituting a power system (i. e., 

power control, energy storage, and power conditioning 

equipment). 

Analysis of three representative space missions, selected 

by Goddard Space Flight Center, with respect to their 

electrical power requirements and to the characteristics 

of photovoltaic power systems which could meet those 

requirements. Evaluation of various power system configu- 

rations with respect to efficiency, weight, reliability, and 

interface constraints. 

Investigation of possible means of standardizing electrical 

power requirements and power characteristics for satellites 

as well as designs of power systems and their equipments. 

Investigation of the characteristics of alternate electrical 

power systems using radioisotope thermoelectric gener- 

ators (RTG) rather than photovoltaic sources. 

l-1 



Task VII. Review of new design techniques, circuits, and components 

which could allow improvement in power-conditioning 

equipment efficiency, weight, and/or reliability. Pro- 

visions of updated parametric data to reflect the latest 

state-of-the-art in power-conditioning equipment designs. 

The results of the first four tasks were used to establish an evaluation 

technique or method which would allow various proposed power system designs 

to be evaluated for optimization. Application of this technique was demon- 

strated on proposed designs for the three missions specified by Goddard Space 

Flight Center. Analysis of the power systems optimized for maximum utili- 

zation of power permitted recommendations for standardization of satellite 

power systems, requirements, characteristics, and equipments. 

Primary consideration was given to the selection of circuit configu- 

rations which would result in the maximum utilization of available power. 

Percent regulation, ripple, and efficiency of a common bus system were 

analyzed and compared to a multiple bus system. Adequate power, reliability, 

weight, complexity, availability of equipment, and cost were all factors con- 

sidered in recommended design. configurations. Tradeoffs between various 

configurations were fully evaluated, and standardization and minimization of 

components was investigated. Several recommended power system configu- 

rations described by block diagrams, graphs, figures, and the analyses for 

various orbits, payloads, and life requirements were furnished at the con- 

clusion of this study. 
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2. SUMMARY 

2.1 BACKGROUND 

The United States has successfully flown more than 350 functional 

spacecraft since the attempted launch of the first Vanguard back in 1957. 

Each of these vehicles has contained its own custom-designed electrical 

power systems, which have ranged from simple battery packs to relatively 

complex combinations of solar arrays, batteries, and nuclear power 

sources. This multiplicity of power system designs has been usually 

attributed to the need for designs responsive to the differences inherent 

n the following major factors: 

l Mission requirements 

l Orbits 

l Vehicle design characteristics 

i Attitude control method 

l State-of-the-art in power system components. 

In addition to the above factors, the variety of power system designs 

has also resulted from the personal preferences and intuitive decisions 

arising from the specific experience of the various spacecraft designers, 

and from the general lack of acceptable industry-wide power system 

standards. 

Thus, after almost ten years of accumulated satellite design experi- 

ence, certain key questions and objective answers to them have yet to be 

determined: 

l Is the power system design of today better than yesterday’s ? 

l Is today’s power system design being used to the maximum 
of its capability? 

l Is today’s power system design the best that the state-of- 
the-art will allow ? 

The reliability and adequacy of the design or configuration of the 

power system for most satellites can be ascertained from their flight 

performance. From the large number of satellites utilizing various power 

system configurations and multiple voltages, it becomes evident that in 
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many cases the maximum power available was not utilized. In all new 

designs and in existing systems where a considerable saving of power could 

be realized, designs should be considered which provide maximum utiliza- 

tion of available power. 

This study program -Satellite Power Systems Configurations for 

Maximum Utilization of Power -was undertaken in an attempt to answer 

these questions and to establish an objective method for comparative evalu- 

ation of power system designs. A portion of the study was devoted to 

the development of an analytical method which would be specifically appli- 

cable to the evaluation of power system designs. The method used was 

identified as EPSOM (Electrical Power System Optimization Method). 

EPSOM is a technique for directly comparing two or more power system 

designs on the basis of any one optimization criterion. Proper use of 

state-of-the-art parametric data facilitates a methodical objective com- 

parison among several candidate designs. The technique is based upon 

the logical step-by-step process which a power system designer normally 

uses for analysis and optimization. The process was reduced to mathe- 

matical equations which can be used to determine the relative maximum 

utilization of power for the power system designs under consideration. 

2.2 PURPOSE AND SCOPE 

The ultimate purpose of this study was to evaluate and analyze solar 

array power system configurations in order to identify those which would 

maximize the economical and reliable utilization of power. One objective 

of the study was to determine the state of the art of major power system 

components. Analysis of the electrical power requirements and character- 

istics was to be used for establishing recommendations for standardization 

of power system designs. 

Another objective of the study was consideration of the use of radio- 

isotope thermoelectric generators (RTGs) as a spacecraft primary electrical 

power source. The fact that an RTG constitutes a self-contained power plant 

while the solar array is dependent on the sun as an energy source prompted 

its study. The use of RTGs in space has been extremely limited because of 

a few undesirable characteristics. As these are gradually overcome by 

improved technology, the use of RTGs will probably increase for missions 
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which can benefit from their desirable features, i.e., applications which 

cannot or are difficult to satisfy with solar array - battery systems. 

2.3 SUMMARY OF ANALYTICAL RESULTS 

2. 3. 1 Model Missions 

The analytical and optimization processes were applied to electrical 

power systems synthesized for the three model missions specified by 

NASA/GSFC. They are: 

1) Earth- synchronous communications satellite 

2) Sun-synchronous navigation or mapping satellite 

3) Scientific satellite having an inclined (30 deg) elliptical 
orbit ranging from 200 to 180, 000 nmi. 

Synthesis of worthy power system configurations was supported by 

the study of load equipment characteristics and requirements, existing 

power system designs, and parametric performance data of power system 

equipment. 

2. 3. 2 Equipment Characteristics and Requirements --.-.-_-~ 

Design specificatiolls, schematics, test and performance data of 

the following five major subsystems were examined: communications, 

data handling, stabilization and control, experiments, and electrical power 

systems. Power requirements and characteristics for each of these sub- 

systems were catalogued and analyzed for similarities, differences, and 

areas where uniformity and improvemenls could be introduced Lo enhance 

performance. Electrical requiremenLs were related Lo the mission speci- 

fications and the functional performance parameters of each equipment. 

Equipments comprising an electrical power system are identified 

as : energy sources, energy source controls, energy storage, energy 

slorage controls, and load power conditioning equipments. Design and 

perforlnance characteristics for each of these equipment types were 

studied and analyzed in depth. Performance parameters, e. g., efficiency, 

power level, frequency, and weight were inter-related and are presented 

ill a lnanner suitable for opt imization’tradeoffs. State-of-the-art designs 

are investigated and evaluated for use in optimal power system 

collfiguralions. 
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Photovoltaic energy sources have been the most commonly used type 

of unmanned satellite electrical power generator. Considerable research 

and development have been devoted to improving their state of the art, and 

optimal configurations have been defined by extensive study programs. It 

is not the purpose of this study to repeat or extend this area of technology, 

but only to report sufficient performance and parametric data to allow 

power system optimization tradeoffs. 

The performance of any solar array design is controlled by three 

principal parameters 

0 Illumination (sun orientation) 

l Temperature 

l Radiation degradation as a function of time 

A wide variation of performance factors can occur depending upon 

the mission, orbital par ameter s , vehicle configuration, orientation, and 

solar array design. Low solar array specific power ratios (w/lb) empha- 

size the extreme importance of attaining high efficiencies in the remainder 

of the power system in order to- minimize total system weight. 

The function of energy source control is to regulate the voltage and/or 

current delivered by the solar array. Source control is used only to protect 

the equipment connected to the bus since the solar array can safely sustain 

open or short circuit loads. Source controls may perform their function in 

a variety of ways depending upon the type of circuit employed. The more 

common circuit types can be classified as follows 

l Series or shunt 

l Dissipative or nondissipative 

l Full regulating or limiting 

l Switching or continuous 

The choice of regulator type to be used for source control is depend- 

ent upon the solar array configuration, battery operating characteristics, 

voltage regulation requirements, and load variation. 

Electrical power systems for spacecraft generally employ batteries 

selected from three main types. Silver-zinc primary (one shot) batteries 

are used mainly for short missions or on long missions to meet peak power 
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and emergency requirements when those vehicles have another source of 

continuous electrical power. The nickel-cadmium battery has been used 

in space systems for the longest period of time. Long cycle life is a pre- 

dominant and controlling requirement for many satellite applications. The 

nickel-cadmium battery has demonstrated superior cycle life to date, but 

a steady improvement in the cycling performance of the lighter silver- 

cadmium battery is being realized. 

Controls for energy storage equipment (batteries) commonly have 

two distinct functions : to regulate the energy input to the battery, and to 

control the energy out of the battery. Some power systems connect the 

battery directly to the solar array load bus and effectively use the energy 

source control as the battery charge control. The various types of regu- 

lator circuits used for energy source controls are also usable for battery 

control. In general, the controlled parameters during battery charging 

are.current magnitude and voltage limit. Voltage regulation only is used 

for battery discharging. The choice of regulator type to be used for charge- 

discharge control is dependent upon the solar array and load bus voltages, 

and voltage regulation requirements. 

Load power conditioning is used for accepting electrical power 

from a bus with specified characteristics and altering them to meet the 

individual requirements of the load equipment. These load requirements 

may include multiple dc voltages, voltage regulation, filtering, dc isolation, 

generation of ac voltages at one or more frequencies, and frequency regu- 

lation. The equipments which perform these functions are classified as 

regulators, converters, inverters, and transformer-rectifiers (TR units). 

Most satellites require some part of the electrical load power to 

have closer voltage regulation than can be inherently supplied by the solar 

array battery combination. When this required regulation cannot be accom- 

plished in the energy source or energy storage regulator, additional regu- 

lating circuits must be included. Here again, a choice can be made from 

each of the fundamental types of regulator circuits previously mentioned. 

When the regulators are designed as separate equipments, they can be 

either a central (ac or dc) line regulator or smaller distributed units. The 

specific configuration of equipments is usually dictated by the mission 

requirements, reliability, and other optimization and design criteria. 
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Sometimes it is advantageous to combine the regulating function within 

the inverting or converting equipment. 

The regulated dc-to-dc converter was chosen as the investigation 

model because it is representative of, and contains all of the power condi- 

tioning functions found in a satellite electrical power system: regulating, 

inverting, transforming, rectifying and filtering. Selected circuit designs 

were parametrically analyzed to determine their optimum operating limits 

and tradeoff factors. Weight and efficiency as functions of output power 

and switching frequency were derived for each functional section of the 

circuits. Circuit efficiency and weights were reduced to frequency- 

dependent and frequency-independent components for convenient identifi- 

cation of frequency limitations resulting from circuit design and component 

selection. The final converter parametric data is the result of synthesizing 

the applicable groups of data derived for each functional section of the con- 

verter circuit. 

Comparison of the data for the minimum weight converter shows an 

overall reduction in switching frequency and a change toward the higher 

efficiency converter designs to obtain the minimum weight systems. The 

maximum efficiency system requires the maximum efficiency converter 

designs with the accompanying increased converter weights. 

The composite parametric curves for inverter designs were generated 

from design center values of existing equipment. The overall levels of 

efficiency are greater than for converters because rectification and output 

filter losses have been eliminated. Changes in weight and efficiency as a 

function of frequency and output power are very similar to those which 

occur in converter circuitry since the controlling elements are the input 

filter, semiconductors, and magnetic components. The mechanical hard- 

ware weights associated with a separately packaged inverter are compar- 

able to those of a converter. 

Performance factors for electrical cabling, power switching, under- 

and over-voltage protection, telemetry sensors, etc. are very difficult to 

generalize, since mission requirements usually control the design of these 

equipments rather than any one power system characteristic. Typical 

harness weight as a function of power system output power has ranged 
- 
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between 2 and 7 w/lb. Use of higher distribution voltages would provide 

the same power handling capacity at a lower weight, by decreasing the 

wire size proportionately; or provide a higher efficiency by decreasing 

current density for the same wire size weight. 

It appears that characteristics. other than power consumption may 

dictate the selection of a switching device, but all other things being equal, 

solid-state switches would be used for low-power circuits, and relays for 

high-power circuits to obtain maximum power system efficiency. 

2.4 CONCLUSIONS AND RECOMMENDATIONS 

2. 4. 1 General 

Generalized guidlines were established relative to the performance 

of power systems within the scope of the contemplated missions. In a specific 

example, (Mission I) tne EPSOM evaluation method was applied to four 

proposed system configurations. The result was an improvement in the 

power system efficiency for the best configuration which was approximately 

9 percent better than the poorest configuration, making the solar array 

17.74 w smaller. This system improvement was attributable to a 16.5-w 

reduction in bus power resulting from the improved net efficiency of the 

power conditioning equipment. An additional 1. 24 w was saved by not 

requiring the battery to deliver the 16. 5 w during the orbital dark period. 

2.4.2 Conclusions 

The optimum power system design which will provide the maximum 

utilization of power is the system having maximum efficiency and which 

meets the performance requirements for all phases of the selected mission. 

This system may or may not have minimum weight, depending upon the 

choice of equipment, system configuration, and the operating constraints 

such as switching frequency, which are required to provide the maximum 

efficiency design. For most designs of the power conditioning equipment, 

maximum equipment efficiency is not synonymous with minimum equipment 

weight, as opposed to solar arrays where the most efficient array is also 

the lightest array. 
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Maximum efficiency power conditioning equipment designs are a 

necessary constituent of a maximum efficiency power System. The mini- 

mum weight power system typically contains power conditioning equipment 

whose design is a compromise between maximum efficiency and minimum 

weight equipment. The most favorable compromise, starting fr’om the 

minimum weight power conditioning equipment, is reached by incre- 

mentally increasing the power conditioning equipment weight until the 

resultant power saving, (due to the higher efficiency) translated into 

battery and solar array weight reduction is just equal to the added in- 

cremental equipment weight. 

Based upon the equipment performance characteristics, parametric 

data, and study results, the conclusions applicable to unmanned earth- 

orbiting satellites are summarized as follows: 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

Centralized (e.g., the use of a single regulator for the 
entire system) rather than distributed equipment usually 
results in higher efficiency and lower weight. 

The minimum weight power system is a compromise 
between maximum efficiency and minimum weight power 
conditioning equipment. 

The maximum efficiency solar array is also the minimum 
weight array and is necessary for the highest efficiency 
power system. 

Higher distribution voltages (such as 50 vdc or 150 vat) 
provide the higher efficiency power systems. 

The higher efficiency power systems usually result from 
configurations employing a central ac bus. 

The power system having the least number of output 
voltages is the higher efficiency, lighter weight and more 
reliable system if two systems are compared having equal 
output power. 

RTGs will probably be used in unmanned earth orbiters 
only for special purposes. 

Most of the above conclusions appear to apply to a wide range of 

satellites and spacecraft in addition to those specific types investigated in 

this study. However, the special requirements of any mission must be 

taken into account in applying these study results. A considerable number 

of missions and spacecraft designs have special requirements which pre-empt, 
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to some- degree, the optimization of the electrical power system. Power 

system studies should be broadened to include additional examination of 

the interfaces and interactions with other subsyste.ms and the constraints 

they impose. A typical example is the requirement for full satellite oper- 

ation in sunlight with or without the battery. Another common requirement 

specified by other subsystems, is the electrical isolation of their equip- 

ment. Optimization of the power system thus becomes a series of compro- 

mises involving the performance of the other subsystems. 

In addition to restrictions placed on the uses of these study results 

by mission and spacecraft design constraints, necessary limitations on 

the scope and depth of this study have required that certain areas be given 

superficial treatment or be entirely excluded. Electromagnetic compati- 

bility (EMC) is an exceedingly important aspect of any electric power system 

design. Further analysis of ac and dc distribution systems would clarify 

the applicability of certain types of circuits and system configurations, 

and increase the opportunities for power system optimization. 

Reliability and cost were considered to a limited degree. Basic 

equipment designs used throughout this study can be made more reliable 

by exercising derating and redundancy techniques and accepting the asso- 

ciated penalties in system efficiency and/or weight. Tradeoff studies of 

weight, efficiency, and reliability for missions requiring lifetimes of 

5 years and more deserve increased emphasis. 

2.4. 3 Recommendations 

Although this study did not develop a conclusive technical justification 

for selecting specific standard voltages, it appears that a reduction to a 

single voltage for each of the several voltage ranges would be economical 

for new equipment designs without compromising performance. 

The following voltages are recommended at this time as low-voltage 

dc standards, t50, *28, *15, *lo, and *5. 

Satellite designs using a relatively large amount of ac power require 

further investigation to optimize the choice of frequency for best utilization 

of satellite weight and maximum power system efficiency. Where the 
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using equipment requires a large amount of 400-cps power, it is recom- 

mended that 115-vat, 400-cps, two-phase, and 28-vat, 400-cps, single- 

phase power be established as standard. Satellite systems which do not 

have a definite 400-cps requirement should use a higher frequency, in the 

area of 2 kc, for best overall performance. 

The third area for standardization is the circuit design and modulari- 

zation of power conditioning equipments. Once standard voltages are 

established, power conditioning equipment can be optimized for efficiency, 

weight, and reliability. The use of standard modules of these circuits 

will reduce production costs and increase the built-in and proven reliability 

of power systems. - - 
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3. USER EQUIPMENT ELECTRICAL POWER CHARACTERISTICS 

The study began with the accumulation of data covering the input power 

requirements and characteristics of spacecraft equipment and an analysis 

of the data to determine the reasons for those specific requirements. In 

each case , power characteristics required by the user equipments after 

conversion, inversion, or regulation, were determined. The collected 

data consisted of design specifications, schematic diagrams, and test data 

for five different spacecraft covering the missions indicated in Table 3-I. 

The spacecraft loads were divided into four major subsystem categories; 

communications, data handling, stabilization and control, and experiments. 

3. i COMMUNICATIONS EQUIPMENT 

Tables 3-11 through 3-IV summarize the communications equipment 

characteristics including input voltages, power, and design parameters 

which have a major influence on input power requirements. For purposes 

of analysis, the communications systems have been divided into their 

functional elements, transmitters, receivers, and decoders. 

3. 1. 1 Transmitters 

The transmitters listed in Table 3-11 reflect the state-of-the-art 

designs. Although each application listed is unique, the study effort 

attempted to define general equipment categories and characteristics for 

purposes of comparison. Major factors in transmitter design which 

influence the input pewter requirements are rf output power, operating 

frequency, data rate, and bandwidth. Output power is a function of antenna 

gain and directionality, maximum range, and the ground station receiver 

characteristics. Operating frequency is restricted by available ground 

stations in many cases; however, improved performance results from 

operating in the 2- to 4-gc frequency range (S band) for telemetry data 

transmission. Communications satellites operate in the 4- to 8-gc range 

(C band). Transmitter power requirements increase with bandwidth, which 

is a direct function of the data transmission rate, type of modulation, and 

stability requirements. Typically, the phase-modulated transmitters 

investigated required bandwidths of two to five times the maximum data 

rate. Whereas the OGO data rate is relatively high, future requirements 
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Table 3-I. Spacecraft Designs Used for Analysis of Load 
Characteristics 

I. 

II. 

III. 

Orbiting Geophysical Observatory (OGO) 

Payload Approximately 20 scientific experiments 

Orientation Three-axis attitude control 

Approximate power 250 w average 

Orbit: 

EOGO 64 hr eccentric inclined 

POGO 104 min near circular polar 

Nuclear Detection Satellite (Vela) 

Payload Radiation detectors 

Orientation Spin stablized 

Approximate power 80 w 

Orbit 108 hr circular inclined 

Pioneer 

Payload Scientific experiments 

Orientation Spin stabilized with active orientation 
.of spin axis normal to sun vector 

Approximate power 60 w 

Orbit Not applicable, space probe to 1.2 or 
0.8 AU 

IV. 

V. 

Able-V 

Payload Scientific experiments 

Orientation Spin stabilized 

Approximate power 30 w 

Orbit 1400 to 2500 nmi circumlunar 

Communication Satellite (Comsat) 

Payload Communications repeater 

Orientation Spin stabilized with active orientation 
of spin axis normal to orbital plane 

Approximate power 105 w 

Orbit 24 hr synchronous 
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Table 3 -11. Transmitter Characteristics 

Y 
W 

Type 

Output output Maximum Input 
Anten- Power Frequencies Maximum Data Range Required Voltages Power 
Gain (w) (mc) Rate/Bandwidth (mi) and Regulation (-4 Umge 

Transistor amp plus pwr 
“aractor freq mult 

Transistor pwr amp plus 

varactor freq mult 

Transistor pwr amp 

High 4.0 400 

High 0.5 400 

LOW 10.0 136 

128.000 bits/ set 90.000 23 vdc +2% 23.0 go0 telemetry 
70 vdc +2% data 

64,000 bits/ set 90,000 20 vdc +2% 5.0 cxzo telemetry 
data 

90,000 23 vdc +2% 27.0 000 tracking 
beacon 

Transistor pwr amp LOW 0.1 136 90.000 23 vdc l 2% 1.0 cxio tracking 
beacon 

Tranrirtor pwr amp plus 

VaTaCtOr freq mult 

Traveling wave tube 

LOW 

High 

4.0 400 256 bitsisec 60,000 23 vdc i2% 21.0 Vela data and 
70 vdc +2% transponder 

* a. 0 2292 ; a bitslsec 41.5 x -940 vdc +O. 5% 26.0 Pioneer data 
106 -545 vdc al% and tranmponder 

) 
a vdc +I% 
5 vat l 2.5% 

Transistor pwr amp plus 

varactor freq mult 

Vacuum tube pwr amp 

LOW 

High 

0.05 : 2292 a bits/se=* I 3.5x -16 vdc +2% 1.5 Pioneer data or 

i :::,ooo 

TWT driver 

2.0 378 1 bit/se=* -12 vdc l 5% 7.0 Able V data 
-20 vdc +5% and tranrponder 
210 vdc r5% 
6 vdc +5% 
6.3 MC l 5% 

Traveling wave tube High 4.0 4000 200 mc a, 000 1440 vdc l 0.5% 
1340 vdc l 0. 5% 
650 vdc +O. 5% 
355 vdc ti.5% 
3 vdc a0.5% 

14.0 COMSAT repeater 
and telemetry 
data 

Traveling wave tube 0. I 4000 500 mc 620 vdc +o. 5% 
570 vdc iO.S% 
355 vdc +O. 5% 
3 vdc 10.5% 

2.0 COMSAT TWT 
driver 

Electronically Despun 
Antenna 

13.2db - 4000 3 7 to 4.2 gc *lo vdc *3% 

+6 vdc *3% 
t3. 2 vdc *I% 

7. 4 COMSAT Antenna 

+ Hx#hcr data rate at r&ced range 



are predicted for telemetry data rates of 20 x 10 6 bits/set, which will 

require bandwidths of 50 to 100 mc. As’ indicated for the COMSAT design, 

frequency-modulated commercial communications repeaters with bandwidths 

of 200 mc are required. As indicated in Table 3-11, increased range for 

eccentric orbits and space probes generally has required reduced-data 

rates to compensate for the increased transmission losses and input power 

limitations. 

A limiting factor in transmitter design has been the unavailability of 

transistors capable of operating at higher power and frequency. The 

relatively early Able V design employed vacuum tubes to achieve a 20-w 

output at approximately 400 mc. This approach is reflected in the required 

input voltages listed. The more recent OGO and Vela transmitters employ 

all solid-state components with transistor power amplifiers and varactor 

frequency multiplier stages to achieve the desired 400-mc output frequency. 

The 70-v input requirement for the designs was dictated by the ratings of 

available transistors at the higher rf output ratings. The use of the 

relatively inefficient output frequency multiplier was necessitated by state- 

of-the-art transistor frequency limitations for the 400-mc applications. 

The 20- to 23-v requirements represent a selection based on the availability 

of nominal 28-v power. 

A system tradeoff between maximum transmitter power consumption 

and input power conditioning requirements is necessary to justify transmitter 

power limitations. Typical commercially available operational amplifiers 

have been used which operate directly from unregulated 28-v power sources 

to eliminate dc-dc conversion requirements. With this approach, transmitter 

input power requirements are specified in terms of transmitter efficiency 

and minimum rf output power without imposing the additional input power 

limitations at the higher input voltages. A major consideration in the “no 

converter” approach is the increased system reliability which results. 

Although reasonable steady-state voltage ranges can be tolerated with- 

out transmitter performance degradation, power source noise or ripple 

magnitudes of greater than 8 percent may introduce modulation of the 

transmitter output. Most of the solid-state transmitter designs investigated 

utilize low (phase) modulation indices (high sensitivity to modulating voltage 

signals). In addition, the trend to higher data rates and corresponding 
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increased bandwidth increases the transmitter sensitivity to a wide spectrum 

of ripple frequencies. In general, solid-state transmitters are not damaged 

by transient or sustained undervoltage conditions and will resume normal 

operation upon recovery of the input voltage. The use of high-frequency 

transistors (iOO-mc range), however, has greatly increased the suscepti- 

bility of these units to damage from overvoltage transients. Typically, 

60-v breakdown ratings are the best available and input voltage spikes of 

microsecond duration represent potentially damaging transients. Consider- 

ations of ripple, noise, and transients, in many cases, lead to the use of 

input voltage regulators as well as filters to protect the transmitter from 

damage or degraded performance, or both. 

Predicted future applications for solid-state transmitters are restricted 

to rf power levels of 5 to 10 w maximum at frequencies in the 2-gc range 

based on the availability of improved transistors. The need for increased 

radiated power at these frequencies has led to the development of the 

traveling wave tube (TWT) power amplifiers. These devices require a 

variety of closely regulated dc input voltages with extremely low ripple 

and noise content. Steady-state voltage levels range up to approximately 

1500 vdc at *O. 5 percent regulation. In addition, variations in TWT 

characteristics make it desirable to provide for limited voltage adjustments. 

at the power supply to optimize the TWT input voltages and, as a result, the 

efficiency of each tube. 

Sensitivity of phase-modulated TWT transmitters to input voltage 

fluctuations is greater than that for the solid-state designs. Ripple limits 

of l O. 05 percent rms are required for critical tube inputs (cathode to helix) 

over a typical frequency range of 20 cps to 1 mc. Correspondingly, stringent 

limitations are placed on overvoltage spikes. In addition, certain TWT 

designs are susceptible to damage from undervoltage conditions of durations 

greater than 100 msec. Besides its higher power and frequency capabilities 

in relation to solid-state transmitter designs, the TWT transmitter provides 

efficiencies of approximately 30 percent as indicated in Table 3-H. Best 

estimates for comparable solid-state designs indicate achievable efficiencies 

of 10 to 15 percent in the 5 w, 2-gc range. 
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3. I. 2 Receivers 

Receiver data are summarized in Table 3-III. The Able, Vela, and 

Pioneer receivers represent similar phase-lock designs with identical 

data rates and omnidirectional antennas. A basic advantage of this design 

is its ability to keep the receiver tuned to the incoming frequency and 

thereby minimize bandwidth and resultant power requirements by auto- 

matically compensating for component drift and doppler shift. This design 

permits coherent retransmission of the received signal at the transmitter 

frequency for purposes of determining range rate information. 

Input voltage levels represent selections based on the particular 

components used but generally fall in the lo- to 15-vdc range. As in the 

case of transmitters, steady- state regulation requirements result from 

minimum output and maximum input limits. Commercial operational 

amplifiers are being used in some receiver development programs and 

require plus and minus 15-vdc inputs. 

Input voltage ripple frequencies below 100 kc can produce false 

modulation of the receiver output in phase-lock systems; it is desirable, 

therefore, to limit bus voltage fluctuations to less than 1 percent. Under- 

voltage conditions present no problem in resumption of normal performance; 

overvoltage transient limits are set by normal component breakdown ratings. 

The AM receiver used on OGO provided for a relatively high command 

data rate at a lower carrier frequency. However, the OGO design, is not 

Table 3 -111. Receiver Characteristics 

TYPE 

AM demodulator LOW I20 I28 bils/sec 

Phase lock LOW 375 I bitlaec 60.000 

Phase lock LOW 2115 I bitleec 18.6x 

106 

Phale lock 

Tunnel diode 
amplifier 

Antenna 
Cain 

LOW 

High 

Receiver 
Frequencl 

(mc) 

400 

6000 

Maximum Data 
Rate/Bandwidth 

1 bitlsec 

200 mc 

Maximurr 
Range 

(nmi) 

- . . 

90,000 

240,000 

a, 000 

Required Voltage 
and Regulation 

20 vdc +2% 
13 vdc *2% 

9 vdc +2% 

10 vdc 52% 
12 vdc +2% 

12.8 vdc +2% 
- 12. H vdc +2% 

la.5 vdc 113.5% 

28 vdc l 3% 

-~ 

Input 
POWI? 

(WI 

2.7 

1.6 

I.2 

1.6 

0.4 

Usage 

_.~. _.-.. 

DC0 command 

Vela transponder 
and command 

Pioneer 
:ransponder and 
:ommand 

4ble V trmmponder 
md command 

ZOMSAT repeater 
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considered typical of current spacecraft applications due to the more 

general use of phase or frequency modulation techniques for the ground- 

satellite communications link. 

The use of tunnel diode amplifiers in spacecraft receivers has 

yielded improved designs of low noise and reduced power requirements. 

The COMSAT receiver design listed in Table 3-111 cannot be compared 

directly with the command receivers shown for other spacecraft because 

of different functions and resultant configuration. The COMSAT design 

employs tunnel diode circuits to amplify the received wideband communi- 

cations signals without converting to a lower intermediate frequency as is 

generally required. After amplification, the nominal 6-gc received sig- 

nals are converted to the 4-gc transmit frequencies and further amplified 

in the two-stage TWT transmitter. Command signals are detected and 

decoded after amplification in the low-level-transmitter stage. The data 

listed in Table 3-III reflect only the tunnel diode amplifier with the 6- to 

4-gc conversion stages and exclude the command signal detector and local 

oscillator and frequency multiplier required for frequency conversion of 

the communications signals. Although the receiver operates on 28 v, 

resistive dividers are utilized to provide the required 0. 125-v level across 

the tunnel diode. Regulation and ripple requirements are stringent at 

l O. 5 percent and less than 0. 5 percent peak-to-peak, respectively. 

3.2 DATA HANDLING EQUIPMENT 

Command and telemetry data processing equipment encompasses a 

wide variety of circuit elements and designs. Several unit designs are 

listed in Tables 3-IV and 3-V to illustrate the types of power requirements 

involved. In each case, specific criteria such as data rates, modulation 

techniques, signal characteristics, accuracy requirements, and opera- b 

tional constraints, have produced equipment designs which are unique to 

each application. The individual circuits within the units are common in 

many cases; a detailed evaluation of each, however, is necessarily beyond 

the scope of this study. 

Two categories of circuits have been investigated as representative 

of data handling systems: low-level logic and analog-to-digital converter. 

3.2. 1 Logic Circuits 

Normal operating voltages lie in the 6- to 10-v range with typical 
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Table 3 -IV. Command Decoder Characteristics 

I Type 
Digital FSK 

3-Tone sequence 

Digital on-off tone 

Digital FSK 

Digital on-off tone 

Data Rate 

128 bits/set 

1 tonelsec 

1 bit/sex 

1 bit/se= 

Required Voltages 
and Regulation 

18 vdc f 2%. 8 vdc * 2% 

18 VdC A 2%, 27 VdC f 2% 

12.2 vdc f 3% 

16.7 vdc t 2% 

1 bit/see 
I 

18 vdc f 15% 

-- 
Input 
Power 

(WI 

3.0 

1.7 

0.7 

0.4 

0.6 

Usage 

OGO 

OGO 

Vela 

Pioneer 

Able V 

regulation requirements including ripple and noise of *2 percent. Lower 

voltages increase susceptibility to data anomalies resulting from voltage 

fluctuations; higher voltages produce undesirable increased power con- 

sumption in low-impedance circuits. 

A significant development in the design of data handling equipment is 

the increasing use of microelectronic (integrated circuit) techniques. 

The advantages of this approach include improved reliability and response 

time in addition to the more obvious reductions in equipment size and 

weight. Existing voltage breakdown capabilities of the microelectronic 

circuit elements limit the power supply voltage to 6 v. Usage in current 

development programs at TRW requires typical input voltages of 2 and 4 v. 

As previously indicated, voltage ripple, noise, and transients at the low 

steady-state levels must be minimized to prevent erroneous data indications. 

Table 3-V. Data Handling Equipment Characteristics 

npe 

Magnetic core data storage 

Magnetic core data storage 

Digital (PCM) telemetry enccd?r 

Digital (PCM) telemetry encoder 
and subcarrier modulator 

DigIt. data handling, timing 
and sync. and expcrimevt 
controls 

CnpJclt) 

IO.464 bitr 

I&Us hits 

)b channels 

Maximum Required Voltages 
Data Rate and Regulation 

156 bits/sex 

512 bitslsec 

256 bitslsec 

511 blts/sec 

64.000 bitslsec 

64. 000 bits/se= 

LB vdc +5%. -6 vdc +5% 

f 16 vdc +5%. - 16 vdc l 5% 

I6 vdc AZ%. IO vdc *2%, 
-6 vdc tZ%. -16 vdc l Z% 

16 vdc r396, 10 vdc +3%. 
-16 vdc t3%. 9.9 vdc *3% 

I6 vdc ii%. -16 vdc 51%. 
9 vdc rll 

lb vdc *I%. 9 vdc +I%, 
-6vdc *I% 

Input 
PCWer 

(WV) 

0.4 

0.1 

I.2 

3.0 

1.1 

I I. 7 

Usage 

Vela 

Pioneer 

Vela 

Pioneer 

CC0 

CC0 
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Higher currents and faster rise times are characteristic of integrated 

circuits and combine with the stringent noise limitations to create difficult 

problems in the design of power conditioning equipment, regulators, and 

filters. 

3. 2. 2 Analog-to-Digital Converter Circuits 

Required input voltages are selected to be several times the full scale 

analog input signal level. For a typical 0- to 5-v analog system, the A to 

D converter is designed for *i6 v. Higher voltages again yield increased 

power requirements for the circuits which operate in a more nearly constant 

current mode. The major influencing factor on power consumption and 

allowable voltage variations is the required accuracy of the data conversion 

process. As a result, regulation requirements of +i percent are necessary 

in some cases, although *2 to 3 percent has proven adequate in several 

existing designs. 

3. 3 STABILIZATION AND CONTROL EQUIPMENT 

Detailed data have been collected and tabulated covering the attitude 

control system for the OGO spacecraft. The attitude control system 

employs both reaction wheels and gas jets for three-axis vehicle orientation. 

In addition, the system provides for sun orientation of two solar cell panels 

and for experiment-package orientation relative to the orbital plane. Earth 

horizon sensors and sun sensors, as well as gyro reference assemblies, 

provide error signals to the control electronics. Two-phase, 400-cps 

motors are employed for the reaction wheels and mechanical drives of the 

panels and experiment package. Solenoid valves are utilized for gas jet 

control. The stabilization and control system represents an average load 

of 85 w with peak demands of 120 w and requires a variety of dc and ac 

inputs to operate the various control elements. 

The sun sensor, pneumatics, and electronic control assemblies used 

for spin-axis orientation of the Pioneer space probe were analyzed to 

define representative input power characteristics for these spacecraft 

components. 

Tables 3-VI, 3-V& and 3-VIII summarize the results of the electrical 

power requirements survey for typical stabilization and control equipment. 

Stabilization and control systems usually consist of sensors and reaction 



devices, connected through a set of electronics which provide the required 

data processing and logic functi,ons. Table 3-VI shows voltage, voltage 

regulation, frequency, frequency regulation, ripple, .duty cycle, and 

average power for samples of the three types of sensors commonly used 

(inertial, optical, electromechanical transducers). Table 3-VII provides 

the same data for the standard types of reaction devices and Table 3-VIII 

shows the requirements for typical digital and analog signal processing and 

logic units. 

A review of these tables indicates the great variety of power require- 

ments imposed by stabilization and control equipment, not only with regard 

to voltage regulation, but for ripple and noise as well. Consultations 

were held with responsible design engineers to determine the reasons for 

this wide variety. It was found that, in most cases, a component or part 

was chosen because it was available and met the functional requirements 

of the attitude control system. Its particular power requirements were 

accepted without consideration as to whether the power system could be 

simplifi.ed by selection of another part or component which might also 

meet the functional requirements. The lack of standardization results in 

part, from a lack of attention to the matter; TRW believes that if the 

equipment were to be redesigned or modified, it would be possible to 

standardize on a smaller range of electrical power requirements. 

3.4 EXPERIMENTS 

The OGO and Pioneer spacecraft experiments accounted for a majority 

of the accumulated data on experiments. In both, the experiment package 

contained power conditioning provisions which operated from a loosely 

regulated dc power bus. Such an approach establishes a simple interface 

between the power system and the loads but appears to sacrifice overall 

power system efficiency and weight. Considerable difficulty has been 

experienced in ascertaining the power characteristics required by the 

experiments after regulation, conversion, etc. In the majority of cases, 

only nominal voltage levels and total power consumption are available. 

For OGO, the average total experiment load of approximately 50 w repreD 

sent8 a significant portion of the total required spacecraft power. 

3-10 



Sensor Type 

1. her tial 

Rate gyro 

Rate gyro 

Position gyrm 

Accelerom- 
eter 

II. Optical 

Earth 
detector 

Earth 
detector 

Earth 
detector 

Sun detector 

Sun detector 

Sun detector 

III. 
Transducers 

Resolver 

Pressure 
transducer 

Table 3 -VI. 

Attitude Control 
System -Type 

Active 3-axis control 

Spin stabilized with 
active orientation 

Active 3-axis control 

Spin stabilized 
probe 

Active 3-axis control 

Active spin stabili- 
zation 

Active spin stabili- 
zation 

Active spin stabili- 
zation 

Active 3-axis stabili- 
zation 

Active spin stabili- 
zatiDn 

Shaft position 

Pneumatic pre 5s 

Stabilization and Control Sensor Characteristics 

Required Voltage 
and Regulation 

261 IS YQC 
t 20 vdc 52% 
- 20 vdc i2% 

t5.5 
t 28-4.5 vdc 

t2 
t 22-3 vdc 

t5.5 
t 2ae4. 5 vdc 

t 45 vdc l 10% 
t LO vdc *loo/ 
- 20 vdc +lO% 

t 20 vdc i1.5% 
- 20 vdc il. 5% 

t 22’; vdc 

t 26. 5 ~4.5 vdc 

t 15 vdc *1.5% 

None 

115 vat il.570 

t5 vdc +l% 

Rrqulred Creq 
and Regulation 

(cps) 

400 *o. 1% 2+ 

2461 iO.l% 

Ripple 
P - P 

300 mv 
300 mv 

300 mv 

200 In” 

300 mv 

LOO mv 

200 mv 

*2% 

50 mv 

Duty Cycle 

100% until 
stabilized in orbit 

100% until normal 
orbit attained 

100% 
60% 

Command 

100% 
100% 

100% 

100% 

100% 

100% 

Average ! / 
Power Usage 

6.0 w 
0.46 w 
0.17 w 
0.30 w 

4 w plus 
8 w heaters 

4.84 w 
12.0 w 
heaters 

9 mw 
160 mw 
lb0 mw 

4.35 w 
4.35 w 

3.0 w 

0.75 w 

Negligible 

150 mw 

10 mw 

OGO 1 

‘I 
Vela 

CXO 

Able V 

OGO 

Vela 

30MSAT 

Pioneer 

OGO 

COMSAT 

OGO 

OGO 



Table 3 -VII. Stabilization and Control Reaction Device Characteristics 

Required Voltage Required Freq Ripple Average 
Device Type Operating Mode and Regulation and Regulation 

(cps) Pl-lkJy 

Duty Cycle Power Umage 

t. Reaction 
Whl ee 

Yaw motor Stall or acceleration 125 ilO vat 400 * 5% 51% 22.7 w OGO 
135 l lO vat 400 f 5% 51% 

Full speed 125 ~10 vat 400 l 5% 46% 0.1 w 
135 f10 MC 400 f 5% 46% 

Pitch or roll Stall or acceleration 125 +lO MC 400 f 5% 40% 6.5 w 020 
135 it0 vat 400 + 5% 40% 

Full speed 125 +10 vat 400 l 5% 57% 3.6 w 
135 rl0 vat 400 f 5% 57% 

Yaw or roll All modes t 22:; vdc 200 100% 3.0 w Vela 

II. Solenoids 

Yaw, pitch, or 
roll Acquisition mode Zb+_; vdc I 200 100% 3.4 w OGO 

Radial or axial 

Yaw, pitch, or 
roll 

Roll 

III. Thrusters 

Heaters 

Orbit mode 

Acquisition mode 

Orbit mode 

All modes 

Spin-up 

De spin 

2b+ 5 -4 vdc 

26 k4.5 vdc 

26 ~4.5 vdc 

22+2 -3 vdc 

16 a0.5 vdc 

22+’ vdc -3 

200 0.02% 0.7 mw 

400 Command 4.2 w (04 COMSAT 

400 Command 4.2 w (on) 

200 Command 12.5 w (on) Vela 

0.06% 1.0 mw Pioneer 

I 
200 II Command 

i 33*o w 
Vela 

AV 22+2 vdc -3 200 Command ’ 132.0 w 

IV. Motors 

Solar array or ! 
OPEP drive De-energized 125/135 a10 vat 400 f 5% 90% 20 mw OGO 
motors 

Accelerating 125/135 i10 I/ 
): 

vat :, 400 l 5% 
, ‘I 

3% 170 mw 

Full speed 1251135 it0 vat ’ 400 * 5% - ;- / 7% 213 mw 
I 



Table 3-VIII. Stabilization and Control Electronic Characteristics 

Circuif Type Function 

Control electronics 
assembly 

Valve drivers 

Heferrnc-r signal 

- 
Horizon scanner 
cenlral electronica 

OPEP gyro electronics 

Inertial reference unit 

Signal conditioner 

Signal Conditioner 

Valve driver 

Yaw motor driver 

Bias -20 

Stall or accal. 125/135 *lo vat 
full speed 125/135 +lO vat 

Pitch or roll motor Stall or accel. 125/135 *LO vat 
drive full speed 125/135 t10 vat 

Bi-#table mag-amp De-energized 

Energized 

115 vat 

115 “LC 

Input t” ADCS: 

De-energized 

Enrrgizal 

Sdlar arrry oi- 
OPEP drive 

Process horizon 
arnlor signals 

Prucess gyro 
signala’ 

Provide rrference 
signals 

Signal conditioning 

Telemetry signal 

-r Required Voltage 
I and nenu1ation 

t26.5 t4.5 
$10 
+6 

415 
-15 
th 
-6 

+2 
+LL -3 

t5.5 
+2fJ -4.5 

+cs t5.5 
-4. 5 

*LO 
*lo 

128 +5.5 
-4.5 

I15 vat 
SLO 
t10 
+Ltl +5.5 

-4. 5 
28 vat 

$20 
-20 

,2g t5. 5 
-4.5 

t28 +5. 5 
-4.5 

t10 

-20 
t20 
t10 

I 
1 

2 
1 
3 

3 

I 
1 

0 

I 
1 
I 

2 

2 

2 

L 

- 
’ Ripple 

Required Freq. P-P 
and Regulation ‘, hv) 

2461 cps +o. 1% 

400 cpr l 5A 

400 cps *5% 
400 cp. *5% 

400 cpa +570 
400 cps l 5% 

2461 cp. *O. 1% 

2461 cps +O. 1% 

200 
zoo 
200 

200 
200 
200 
200 

200 

400 

400 

300 
600 

600 

300 
300 

300 

300 
300 

400 

400 

50 

50 
50 
50 

400 

100% 
IO070 
100% 

100% 
1007 
100% 
100% 

10070 

99. 98% 

0.02% 

lOO?a 
100% 

100% 

100% 
100% 
106% 

10% 

IO% 

1007" 
100% 

100% 

Hot 4.84 w 
Cold 16.84 w 

5% 300 mw. 

100% 
100% 
100% 

20 mw 
50 mw 
30 nlw 

100% 340 mw 

51% 16.6w 
46% 6.6 w 

40% 
57% 

50% 

50% 

4.9 w 
3.3 w 

23 mu 

350 mw 

100 mw 
200 mw 

3mw 

I50 tnw 
150 mw 
350 mw 
350 mw 

14 w 

0.7mw 

40 m\u 
40 mw 

40 mv 

950 n-w 
LOO mw 

60 mw 

1.4 w 

750 mw 

4.35 w 
4.35 w 

3.54 w 

12w 

! 

vc1a 

GGO 

CGMSAT 

I 
( COMhT 

OGO 

OCO 

OGO 

ocio 

OGO 

VCh 

OGO 

OCO 

OGO 

OGO 

OGG 



Table 3-1X lists 58 experiments which were reviewed for the study. 

They are classified in the table in nine basic functional categories covering 

the range of nearly all present or anticipated satellite experiments. It 

can be seen that in many cases within a functional category, experiments 

may differ only in the range of the parameters they measure. 

The general practice applied to electrical power for scientific experi- 

ments has been to provide the experiments with the nominal spacecraft bus 

voltage, leaving any required conversion, inversion, or additional regulation 

to be performed within the experiment package. This practice simplifies 

the definition of interfaces and undoubtedly expedites the overall program, 

but at the cost of considerable waste of power. It is not unreasonable to 

estimate that half the power supplied to the experiments has been wasted 

in power conditioning equipment within the experiment package. 

Table 3-X summarizes the electrical power requirements for each of 

the experiments listed. From the data shown here, it is clear that the 

variety of requirements is much greater than for any other subsystem. 

Not only is there a wide range, but in some cases, the requirements 

differ so slightly (for example, different experiments require 5, 6, 7, 8, 

9, and 10vdc, respectively) that it seems very probable that standardization 

would be possible. 
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Table 3-IX. Classification of Experiments 

I. 

II. 

III. 

IV. 

Radio Frequency 

1) #5001 Radio Astronomy - 2.4 mc cosmic noise 

2) #5002 VLF Propagation - 0. 2 to 100 kc 

3) Range and Range Rate 2270 mc 

4) #PC- 1. 05 Radio Propagation - Stanford 

5) #4917 VLF Noise and Propagation 0. 2 to 100 kc 

6) #4918 Radio Astronomy 2 to 4 mc 

Audio Frequency 

1) #5003 Whistlers and Audio Frequency 
Electromagnetic Waves 500 cps to 18 kc 

OGO-C 

OGO-C 

OGO-C 

Pioneer 

OGO-A 

OGO-A 

OGO-C 

Magnetic Fields 

1) tf5005 Low-Frequency Magnetic-Field Fluctuations 

2) #5006 Rubidium Vapor Magnetometer -Magnetic 
Field Survey 

OGO-C 

OGO-C 

3) 

4) 

5) 

6) 

7) 

#PC - 1. 02 Magnetometer - GSFC 

Flux Gate Magnetometer 

Spin Coil Magnetometer 

#49 10 Low-Frequency Magnetic-Field 
Variations 0. 01 to 3 kc cps 

#49 11 Magnetic-Field Strength and Direction 
3y to 0.14 gauss 

Pioneer 

Able V 

Able V 

OGO-A 

OGO-A 

Plasma Measurements 

1) #PC-l. 03 Plasma Probe - MIT 

2) #PC - 1.08 Plasma Probe - ARC 

3) Plasma Probe 

4) #4902 Plasma (Electronstatic Analyzer) 
100 ev to 200 kev 

Pioneer 

Pioneer 

Able V 

OGO-A 

5) #4903 Plasma (Faraday Cup) 100 ev to 10 kev OGO-A 

3-15 



Table 3-IX. Classification of. Experiments (Continued) 

V. 

ir1. 

Light Frequencies 

1) kr5012 Airglow and Aurora Photometer OGO-C 

2) 95013 Lyman Alpha and U.V. Airglow 1216 to 15501 OGO-C 

3) 45014 Ultraviolet Spectra,of the Earth’s 
Atmosphere 1100 to 3300A OGO-C 

4) #5019 Ionosphere Composition and Solar U. V. 
Flux OGO-C 

5) #5020 Solar U. V. Emissions 170 to 17002 OGO-C 

6) #4919 Geocoronal Lyman-Alpha Scattering (12163) OGO-A 

7) b4.920 Gegenschein Photometry OGO-A 

Particle Radiation 

1) $5008 Low-Energy Proton - Alpha Telescope 
Protons 0.5 to 40 mev - Alpha 2 to 160 mev OGO-C 

2) #5009 Galactic and Solar Cosmic Rays 
40 mev to 1 bev OGO-C 

3) #5010 Corpuscular Radiation - Electrons 
40 kev and >I 20 kev OGO-C 

4) #5011 Low-Energy Trapped Radiation and Aurora1 
Particles 10 to 100 kev electrons, 100 kev to 
10 mev protons, 10 kev to 10 mev total flux OGO-C 

5) #5007 Cosmic Ray and Polar Region Ionization OGO-C 

6) Y5017 Neutral Particle Measurements (density, 
temp) OGO-C 

7) Y5021 Solar X-Ray Emissions 0. 5 i, 2 to 8;, 
OGO-C 

8) #PC-l. 04 Cosmic Ray - University Chicagc Pioneer 

9) #PC-l. 06 Cosmic Ray - GRCSW Pioneer 

10) Solid State Detector - Proton Flux 0. 5 to 10 mev Able V 

11) Low-Energy Scintillometer - Electron and Proton Able V 

12) Ion Chamber and Geiger Counter Able V 
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Table 3-1X. Classification of Experiments (Continued) 

13) Cosmic Ray Telescope 

14) Scintillation Spectrometer - Protons 

15) #4901 .Solar Protons 2 to 100 mev 

16) #4904 ‘Positr.on Search and Gamma Rays 

Able V 

Able V 

OGO-A 

OGO-A 

17) #4905 Trapped Radiation (Scintillation Counter) 
Electrons and Protons OGO-A 

18) #4906 Isotopic Abundance and Galactic Cosmic 
Rays OGO-A 

19) $4907 Cosmic Ray Spectra and Fluxes 
0.3 mevto4 bev OGO-A 

20) Y4908 Trapped Radiation (Geiger Counter) (electrons 
40 kev to 2 bev)(protons 0.5 mev to 23 mev) OGO-A 

21) #4909 Trapped Radiation (Electron Spectrometer) 
50 kev to 4 mev OGO-A 

22) #4912 Thermal Charged Particles - electrons 
and ions 0.2 ev to 1 kev OGO-A 

23) #4913 Thermal Charged Particles - f ions 
low energy OGO-A 

24) #49 14 Electron Density by RF Propagation - 
electron density OGO-A 

VII. Mass 

VIII. 

1) #5015 Neutral and Ion Mass Spectrometer 
1 to 50 AMU OGO-C 

2) #5016 Positive Ion Composition 1 to45 AMU OGO-C 

3) #4915 Atmospheric Composition 1 to45 AMU 
Positive Ions OGO-A 

Meteorites 

1) #5018 Micrometeorites - 
distribution lo-13 to 10’ 15 

patial density and mass 
grams OGO 

2) #PC- I. 07 Micrometeoroid Detector - ARC Pioneer 
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Table 3 -1X. Classification of Experiments (Continued) 

3) Micrometeorites Able V 

4) #4916 Micron Dust Particles (mass, velocity, 
direction, intensity, time and spatial variations) OGO-A 

IX. Biological or Mineral Detectors 

1) Microbiological Detector Surveyor 
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Table 3-X. Power Characteristics of Experiments 

I. 

II. 

III. 

IV. 

V. 

Stanford Radio Propagation 

5003 Whlstlrrs and Audio 
Frequency Electromagnetic 
Waves - So0 cps to 18 kc 

Magnetometer (UCLA) 

Spin Coil Magnetometer 

Flux Gate Magnetometer 

MIT Plasma Probe 

ARC Plasma Probe 

White Light Coronagraph 
(*3 kv varied on command 
with superimposed variable 
1 kv) 

Required Voltage and 
K~glll~Llorl 

_- 

- 3 
t 2.5 
+5 
+ 12 

+h 
4 8 

n 
+ 20 
- 20 
+ 3 

t IO 
- 16 

‘6 

+6 
- 6 
+ 18 
+ 18 

l 6 
l 12 
+ IO 
- 25 
- 30 

+ 75 

- 3 
*6 
+ 12 
- 18 

f 150 
+ 165 

f 10 
l 3 
+ 3000* 

0. 1 
I 
1 
0. 1 
I 
1 

1 
1 
5 

1 
1 
2 
2 

0. 1 
0. 1 

Rlpple 

P-P 

0. 1% 
20 m” 
20 mv 
0. 1% 
20 mv 
20 mv 

1% 
1% 
1 mv mas 

1% 
1% 
(Special) 
(Battery) 

‘? 
? 
? 
3 

‘? 
? 

? 
7 
? 
? 
? 
7 

0. 1% 
0. 1% 
1% 

Duty Cycle 

1.4w 

Command 168 mw 
3ommand 960 mw 
Command 120 mw 
Command 800 mw 
Command 200 mw 
Command 300 mw 

100% 
loo% 
100% 

1ooqo 
100% 
3-5 set 
3-5 set 

100 mw. 
120 mw 

7 

180 mw 
12 mw 
3.24 w 
72 w 

Lo avg 
0.9 w 
Hi avg 
2. 1 w 
Peak 
7.9 w 

1 1.5 w 

100% 
100% 
30 w max I 10 w 

Average Power 

Pioneer I 

OGO 1 

I 

OGO 

Able V 

Able V 

Pioneer 

Pioneer 

AOSO 



Table 3-X. Power Characteristics of Experiments (Continued) 

Experiment Identification 

VI. Proton Spectrometer (UCLA) 

GRCSW Cosmic Ray 

Cosmic Ray Telescope 

Ion Chamber and Geiger 
Counter 

Solid State Detector 

Scintillation Spectrometer 

Low Energy Scintillometer 

Cosmic Ray and Gamma Ray 

X-Ray Instrument 

Primary Electron Detector 

r Required Voltage and 
Regulation 

vdc 

t 1250 
- 20 
+3 
t-f 
- 7 
-6 
+ 5.1 
- 3 

+ 1200 
+ 3.1 
+ 12 

+6 

+I) 

t6 
+6 

+ 1200 
+ 16 
- 16 
+ 13 
t6 
-6 
+ 18 *3 
+ 18 *3 
+ 10 *0.5 
+ 3 l o. 5 
+8 ‘0.5 

+ 1200 
+ 16 
t6 

+ 10 
+ 1200 

+ 10 
+ 1200 

+ 10 
+ 2.5 

+ 1350 

*% 
0.1 
1 
1 
1 
1 
0. 1 
0.1 
1 

0. 1 
1 
1 

1 

1 

1 
1 

0. 1 
1 
1 
1 
1 
1 

0. 1 
!. 
1 

0. 1 
0. 1 

0.1 
0. 1 

0.5 
2 

0. 1 

r Ripple 
P-P 

0. 1% 
20 mw 
20 mw 
20 mw 
20 mw 
0. 1% 
0. 1% 
20 mw 

0. 1% 
1% 
1% 

1% 

1% 

1% 
1% 

0. 1% 
1% 
1% 
1% 
1% 
1% 

200 mv max 
200mvmax 
200 mv max 

0.1% 
1% 
1% 

0. 1% 
0.1% 

0. 1% 
0. 1% 

b. 5% 
0. .2% 

0. 1% 

Duty Cycle Average Power Usage 

Command 250 mw 
Command 90 mw 
Command 177 mw 
Command 1.3 w 
Command 262 mw 
Command 150 mw 
Command 122 mw 
Command 118 mw 

OGO 

I 1.5 w 
Pioneer 

100% 240 mw 

1ooqo 90 mw 

100% 
100% 

100% 
100% 
100% 
100% 
100% 
100% 
one l/2 
set pulse 

? 
? 
7 

55 mw 
l.6mw 

Able V 

Able V 

Able V 

100 mw 
240 mw 
20 mw 
12mw 
I5 mw 
23 mw 
2.5 w 
54 w 

? 
? 
3 

Able V 

100% 
100% 
100% 

100% 
100% 

100% 
100% 

100% 
100% 

100% 

100 mw 
208 mw 
132 mw 

Abie V 

650 mw 
50 mw 

450 mw 
50 mw 

oso- c 

oso- c 

I 1 U’ 
OGO- E 



Table 3-X. Power Characteristics .of Experiments (Continued) 

Experimt=nt Identification 
Required Voltage and 

Regulation , 

vdc +% 

VIII. Micrometeorite 16 1 

IX. Microbiological Detector +I0 0.25 
-I 10 1 

Ripple 
P-P 

I70 

2% 
270 

A 

Duty Cycle Average Power 

10070 

100% 
Iw on 2 set 

- 

72 mw 

200 mw 
2mw 



4. EXISTING POWER SYSTEM DESIGNS 

1 - 

A spacecraft electrical power system can be simply defined in 

terms of the characteristics of the power available on its main power bus. 

These are basically the following: 

0 Voltage 

0 Voltage regulation 

l Average and peak power 

l Ripple and noise 

Table 4-I lists these characteristics for eight different satellites. 

The range of values shown probably cover the requirements for most 

future unmanned spacecraft. For this reason, a detailed examination of 

these eight systems may offer a basis for establishing power system 

standards. In addition, the proposed configurations used in EPSOM 

(Section 6) were derived from the study of these systems. 

Figures 4-l through 4-8 are block diagrams showing the electrical 

power system configuration of the eight satellites listed in Table 4-I. In 

each case the system consists of a solar cell array and batteries. In 

general, the same functions are performed by each system and thus the 

same basic equipments are found. The differences result, to a large extent, 

from the varying emphasis on one or another requirements, such as the 

very long lifetime required for COMSAT, the intermittent heavy load in 

Relay, the stress on off-the-shelf designs for Vela, the heavy loads and 

relatively complex equipment on EOGO and POGO, and so on. 

Another major influence on electrical power system design is the 

planned orbit for the spacecraft. Table 4-11 indicates the characteristics 

of the orbits for the satellites discussed. Orbit characteristics affect 

power system design by dicatating such important parameters as length 

and frequency of eclipses, integrated radiation flux and solar radiation 

angles of incidence. These parameters directly affect the battery size: 

cycling requirements, theoversizmgof the solar array, and the types of 

power control required. 
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Table 4-I. Load Bue Power Characteristics 

28 -25 
t10 

50 21 x 2 4.0 

28 t 25 
-10 

50 22x2 4.0 

28 t 20 
-16 

300 22 x 2 12.0 

28 t 20 
-16 

500 22 x 2 12.0 

28 t 18 
-16 

55 18 1.0 

22 t 10 
-15 

75 16 x 2 6. 0 Ni-Cd 

I 

1s t 28 ’ 
-22 

35 14 x 2 4.0 Ni-Cd 
W type) 

Ni-Cd 11 28 t 15 -15 105 20 6.0 

I 

(P-P) Transients 

20 mv 34 vdc peak 
for 0.5 set 

<50 vdc peak 
for <lo msec 

<50 vdc peak 
Tar <lo msec 

150 mv l 2.25 v peaK 

200 mv i2.20 v peak 

<5 mv <50 vdc peak 
0 to 10 k(. for Cl0 msec 

I Maximum Solar 
Usage Array Power 

fw) 

Tiros 90 

Relay 90 

EOCO 600 

POGO 600 

Pioneer 81 

Vela 100 

C OMSAT I 161 



Table 4-II. Orbital Characteristics 

Program 

COMSAT 

EOGO 

POGO 

Pioneer 

Relay 

Vela 

Tiros 

Able-V 

Orbit 
Time 

24 hr 

64 hr 

104 min 

Probe 

185. 1 min 

108 hr 

113. 5 min 

12 hr 

Predicted 
Life Time 

5 Yr 

1 Yr 

1 Yr 

6mo 

1 Yr 

3 Yr 

6mo 

1 Yr 
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TYPe - Inclination 

Equatorial - Synchronous 

30 deg inclined 

Polar ‘- 87 deg inclined 

Solar orbit, 1. 2 or 0.8 AU 

48 deg inclined 

31 deg inclined 

Polar - 101 deg inclined 

1400 to 2500 nmi lunar 
orbiter 

1 
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5. POWER SYSTEM EQUIPMENT CHARACTERISTICS 
AND PARAMETRIC DATA 

5.1 GENERAL 

Satellite electrical power systems can be subdivided into their 

functional equipments for the purpose of identifying efficiency, weight, 

reliability, performance characteristics, and interdependent tradeoff 

parameters. The following functional categories have been used through- 

out this study: 

l Energy source - solar cell array, radioisotope 
thermoelectric generator (RTG) 

l Energy source control - series or shunt regulators 

0 Energy storage - batteries, capacitors 

l Energy storage control - charge and/or discharge 
regulators, relays 

0 Power conditioning equipment - regul. ’ ‘rs, con- 
verters, inverters, TR units 

l Distribution equipment - harnesses, circuit 
protection, thermal blocks, power switches, 
under voltage protection, over voltage pro- 
tection, isolation components 

Although some satellite power systems may use these equipments 

in their simplest functional form, it is common to find several functions 

combined in a single piece of equipment. For example, a converter may 

combine the functions of a preregulator, inverter, and TR u’nit. In general, 

such a combination will save weight without sacrificing efficiency and 

reliability. 

Succeeding sections describe each of the functional equipments 

listed above. 

5.2 ENERGY SOURCE 

Photovoltaic energy sources have been the most commonly used 

type of satellite electrical power generator. Considerable research and 
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development have been devoted to improving their state-of-the-art, and 

optimal configurations have been defined by extensive. study programs. 

It is not the purpose of this study to repeat or extend this area of tech- 

nology, but only to report sufficient performance and parametric data to 

allow power system optimization tradeoffs. 

RTG energy sources are the second most common electrical power 

generators used in spacecraft. Because RTG’s have a more limited 

application in earth orbiting satellites, photovoltaic sources have been 

given primary consideration in this study. Section 8 of this report 

presents a brief summary of the operating and performance character- 

istics of RTG’s. It is believed that the substitution of an RTG energy 

source for the solar array in an optimized power system would have 

little effect on the maximum utilization of electrical power for the 

remainder of the system. Selection of an RTG in place of a solar array 

for a given satellite mission appears to be more dependent upon other 

criteria. 

The performance of any solar array design is controlled by three 

principal parameters: 

0 Illuminati,on (sun orientation) 

a Temperature 

0 Radiation degradation as a function of time 

The power output of a solar array is directly proportional to the 

cosine of the illumination incidence angle for angles less than approxi- 

mately 50 deg. Power output declines slightly faster than the cosine for 

larger angles. The effect of temperature and radiation degradation is 

best described by the change in solar cell I-V characteristic. Figure 5-l 

shows a typical set of solar cell characteristics for two temperatures 

and three levels of radiation flux. 

Each of these three parameters varies as a function of time, 

satellite attitude and position, and mission profile. The exact design of 

a solar array is very complex; however, it should suffice to say that the 

size, weight, and minimum operating efficiency are usually determined 
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for the worst orbit operating condition. This condition is most often 

defined by the simultaneous occurrence of end-of-life radiation dosage, 

maximum array temperature, full load power, and the greatest angle of 

incidence. During all other operating periods, the solar array would 

have excess power available. This excess, power must be accommodated 

through the use of temporary load6 or by the energy source regulator. 

Table 5-I summarizes a few characteristics of existing satellite 

photovoltaic power systems. A wide variation of performance factors 

can occur depending upon the mission, orbital parameters, vehicle 

configuration, orientation, and solar array design. Low solar array 

specific power ratios (w/lb) emphasize the extreme importance of attaining 

high efficiencies in the remainder of the power system in order to minimize 

total system weight. 

5.3 ENERGY SOURCE CONTROL 

The function of energy source control is to regulate the voltage and/or 

current delivered by the solar array. Source control is used only to 

protect the equipment connected to the bus since the solar array can safely 

sustain open or short circuits. The most common requirement is the 

prevention of high voltages when the array is cold (emergence from e: -lipse., 

for example), and/or when the bus load is very light. Some energy SC rrer- 

control designs may also provide under voltage protection. Whenever the 

battery is connected directly to the solar array output during charge, the 

highest voltage permitted by the source control usually is established by 

the maximum safe battery voltage near the end of charge. 

Source controls may perform their function in a variety of ways 

depending upon the type of circuit employed. The more common circuit 

types can be classified as follows: 

0 Series or shunt 

6 Dissipative or nondissipative 

0 Full regulating or limiting 

0 Switching or continuous 

0 Active or passive 
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Table 5-I. Spacecraft Photovoltaic Power System Characteristics 

I I 
j Nimbus 1 Explorer Explorer 

,I B I! j EGO OS0 OAO UK-1 XII XIV Relay Tiroc IMP 

Array(‘) 4 0 NO NO NO NO NO No No 

Number of solar cells / 32.:00 1,872 53,000 4,256 5,600 6.144 8,400 9,120 11.520 

I 
Cell mounting IPanels Panels Panels Paddles Paddles Paddles Paddle 5 Body Body PaddleB 

I 
1 

I Weight of array (lb) I 64 127 ; 5.2 222 8.8 11.0 12.8 25.8 24.5 26.5 

Weight of storage (lb) ; 113 
I 

: 74 30.7 177 14 6.3 6.3 28 40 6.7 
/ 

Weight of power system (lb) : 177 201 j 35.9 399 22.8 17.3 19.1 53.8 64.5 33.2 

Muimum developed (w) power I 410 772fd’ 11.7 20.4 34.7 35 51(=’ 74.3 

Array (w/lb) i : 64 . 3.65 1.3 1.85 2.7 1.4 2.1 2.8 

Symtem (w/lb) 2.3 2.8 1 0.86 1.94 0.52 1.2 1.8 0.65 0.79 2.2 

Array, area (ft2) 

Array (w/ft2) 

Array, efficiency (percent) 

(4 “0” oriented; “No” not oriented (e) At 45 deg, inclination to sun 

b) 2cmx2ctncel.h (r) AtbO% 

(4 At70’C 

(4 Average power from cold to hot panel 



Within these broad categories, many circuit configurations exist. 

Table 5-11 summarizes the .types of energy source control used in the 

eight satellite power systems studied. Regulator circuits which can be 

used as source controls are considered in more detail in the following 

paragraphs. 

5. 3. i Series Dissipative Regulator 

The series dissipative regulator requires that the input voltage be 

higher than the regulated output voltage. The amount of power dissipated 

by this circuit is a function of the input-output voltage difference and the 

load variations. Normally, a series dissipative regulator reaches maxi- 

mum dissipation at maximum load and maximum voltage difference. 

However, when this type of regulator is used in conjunction with a solar 

array, maximum dissipation does not usually occur at maximum load. 

This is due to the rather unique power-voltage or power-current charac- 

teristic of the solar cell. In many cases, the circuit parameters are so 

selected that minimum dissipation occurs at full load. Figure 5-2 shows 

the variation in dissipation for a series dissipative regulator operating 

with a solar array. The dissipation is presented as a function of the solar 

array temperatures (equivalent to regulator input voltage) and at full load. 

As can be seen with an array temperature variation of 145’C, the dissi- 

pation is over 100 percent of the load and reduces efficiency to below 50 

percent. Nevertheless, this relatively simple type of regulator has many 

advantages when used where the input voltage variation and consequent 

loss in efficiency are small. It has an excellent frequency response and 

very low output impedance. Because of its simplicity; it has a very high 

reliability rating. 

5. 3. 2 Shunt Dissipative Regulator 

The shunt dissipative regulator requires that the input voltage (solar 

array voltage) be at least equal to the desired bus voltage under the worst 

conditions. The advantage of partial shunt regulation over full shunt or 

series dissipative regulation is that dissipation is reduced by having part 

of the solar array continuously feeding the bus; the output of the remaining 

portion is regulated by the shunt which dissipates only as much power as 
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Table 5-11. Summary of Energy Source Control Types Studied 

Usage 

Able V 

Vela’ 

Battery 
Charge Control 

Trickle charge 
switch 

Current limited 

Protection 
Feature 

Undervoltage 
bus 

Undervoltage 
bus 

Battery Temperature Regulator Type of 
Control Limits Regulator 

Thermal control to *20% None 
trickle charge (43OC) 

-- *570 Pulsewidth modu- 
lated series’regu- 
lator 

Pioneer Floats on bus 

Current limited 

Constant current 
to voltage limit 

ON-OFF 
battery switch 
(command) 

Unde rvoltage 

-- 

Thermal control 

Unregu- 
lated 

None 

Full shunt voltage 

selected loads 

Full shunt voltage 

Voltage limited 
(individual cell 

Constant current 
to voltage limit 

Thermal control 
to trickle charge 

Thermal control 

Partial shunt 
voltage limiter 

Partial shunt 
voltage limiter 

Partial shunt 
voltage limiter 



necessary to keep the combined voltage of the two portions below the 

specified value. The shunt is connected to a tap in the solar array in 

such a way that at maximum array voltage (minimum temperature), the 

shunt elements are driven into saturation’ and the array’ voltage is equal 

to the unshunted section voltage plus the saturated drop of the shunt 

elements. With this type of regulator maximum dissipation generally 

occurs at minimum load. Figures 5-3, 5-4, and 5-5 show dissipation of 

a partial shunt regulator as a function of minimum array temperature and 

minimum load for maximum array.temperatures of 80, 60, and 40°C, 

respectively. 

The variation of dissipation with load becomes much less pronounced 

for smaller array temperature variations, as does the amount of dissi- 

pation required. The effect of variation in maximum array temperature 

(and therefore in temperature range) can be seen by comparing Figures 

5-3, 5-4, and 5-5. For example, the no-load curve of Figure 5-3 indicates 

48 percent dissipation when the temperature varies from a minimum of 

-6O’C to a maximum of 80°C. If the maximum array temperature‘is held 

to 60 or 40°C (for the same minimum temperature), the corresponding 

dissipation becomes 38 or 32 percent, respectively. 

Figure 5-6 shows the relationship of shunt dissipation to electrical 

load on the system for a maximum array temperature of 80°C, and indi- 

cates that maximum dissipation usually occurs, as already noted, at 

minimum load for typical solar array temperature ranges. Thi s 

characteristic illustrates an advantage of the partial shunt type of 

regulation, since it shows that losses are minimum when the load require. 

ments approach the solar array power capability. 

5.3.3 Pulsewidth Modulated Regulators 

Pulsewidth modulated regulators utilize power transistors in a 

switching mode with controlled duty cycle to achieve the voltage regulation. 

They generally offer higher efficiencies than do dissipative regulators at 

the cost of a loss in frequency response and output impedance. Maximum 

efficiency is approached as the difference between input and output voltages 

becomes smaller, which makes them suitable for power control fuixtions. 

5-7 



The input and output voltages of power regulators are designed to be nearly 

equal under worst operating conditions and normally do not reach a ratio 

as high as 2:l at other times. The following paragraphs discuss the 

characteristics of the bucking, boost, and buck-boost pulsewidth modu- 

lating regulators. 

A bucking regulator is used where the input voltage is always higher 

than the output voltage. The basic block diagram for this type of regu- 

lator is shown in Figure 5-7. The output voltage is related to the input 

voltage by the ratio ton/T, where ton is the ON time of the switch and T 

is the total drive period. Figure 5-8 shows typical series losses for a 

range of output currents under saturated conditions when losses are a 

function of output current only. Figure 5-9 indicates how efficiency 

varies with output power and with output voltage; these curves represent 

the losses which occur just prior to full saturation of the switching elements 

when OFF time is minimum and show that higher efficiencies are asso- 

ciated with higher output voltages. Variations in efficiency with changes 

in input voltage (assuming a constant output voltage) are shown in Figure 

5-10 for two output voltages. The increase in losses as the voltage ratio 

increases results primarily from greater switching losses. 

A boost regulator is used where the input voltage is always less than 

the output voltage. Figure 5-l 1 is a block diagram of a constant-frequency 

boost regulator of the pulsewidth modulated type. This case is the 

inverse of the bucking regulator. The ratio of output to inpGt voltage is 

T to toff, with T the total drive period and toff the OFF time of the shunt 

switching element. Maximum efficiency of a boost regulator only occurs 

when the input voltage is slightly higher than the output voltage (not a 

normal operating mode for this type of regulator). The shunt element is 

open in this case, with all losses confined to the series elements. This 

condition can occur when the power available from the solar array is 

maximum (i. e., low temperature in sunlight). Figure 5-12 shows the 

losses of a boost regulator as a function of load current, and Figure 5- 13 

shows the efficiency as a function of output power for varying output 

voltages. The curves are taken for toff almost equal to T; and, for lower 
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output voltages, the losses are greater. Figure 5-14 shows that for this 

type of regulator, as in the.previous case, efficiency is greater when the 

input/output voltage ratio approaches unity. 

A buck-boost regulator is used where output voltage is related to 

input voltage by the ratio ton/toff, which are, respectively, the ON and OFF 

times of the switch. When a 50-percent duty cycle for the switch occurs, 

the input and output voltages are equal. When ton is greater than toif, 

the circuit boosts the voltage; and, inversely, the circuit bucks (reduces) 

the voltage when ton is less than toif. Figure 5-15 illustrates a basic 

block circuit diagram of the buck-boost regulator. In this case also, 

efficiency is greatest when the voltage ratio is near unity, as shown in 

Figures 5-16 and 5-17, and varies with the chosen output voltage. As in 

the other cases, the higher output voltage shows the smaller losses. 

When the regulator is in the boosting mode, the saturated switch and, 

series choke losses are predominant; while in the bucking mode, the 

switch losses predominate. Compared to the buck or the boost regulators, 

the major disadvantage of the buck-boost type is its lower efficiency (note 

the lower absolute values of efficiencies shown in Figure 5-17 for a given 

voltage ratio as compared to Figures 5-10 and 5-14). 

5.4 ENERGY STORAGE 

Electrical power systems for spacecraft generally employ batteries 

selected from three main types: silver-zinc, silver-cadmium, and 

nickel-cadmium. The state-of-the-art of the sealed secondary (recharge- 

able) silver-zinc battery is the least advanced for use in applications 

requiring long cycle life. Silver-zinc primary (oneshot) batteries are 

used mainly for short missions or on long missions to meet peak power 

and emergency requirements when those vehicles have another source of 

continuous electrical power. 

The nickel-cadmium battery has been used in space systems for the 

longest period of time. However, the silver-cadmium battery is being 

used more for two reasons: It has a higher energy-per-unit-weight, and 

it is nonmagnetic. Conversely, the nickel-cadmium battery exhibits a 

residual magnetic field, even when not in use. The magnitude and 
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direction of this field vary as a function of the battery’s previous history 

of charge and discharge. Long cycle life is a predominant and controlling 

requirement for many satellite applications. The nickel-cadmium battery 

has demonstrated superior cycle life to date, but a steady improvement 

in the cycling performance of the silver-cadmium battery is being realized.. 

5.4. I Silver -Cadmium Batteries 

Design data for silver-cadmium batteries are presented in Figures 

5-18 through 5-27. Most of these data have been reduced to parametric 

form so that reasonable comparisons can be made with other battery 

types. Figure 5-18 presents cycle life data accumulated from various 

test programs as a function of temperature and depth of discharge. Many 

of the tests are incomplete and provide only limited design data. A 

“failure” is defined as a catastrophic occurrence such as an open or short 

condition in a cell, or the inability of the battery to supply the required 

depth-of-discharge in a given cycle. The cell capacity ratings as defined 

by Yardney are based on a C/I 5 charge rate and C/IO discharge rate at 

room temperature. In the following discussion of silver-cadmium batter - 

ies, the cell capacity ratings have been redefined so that battery capacities 

and rates will more realistically represent satellite applications where 

only the higher rates are used. I’ _’ 

Figure 5-19 provides packaged battery weight per till as a function 

of rated capacity. A packaging factor of 30 percent was used (based on 

the few existing designs). However, as larger batteries are manufactured 

and used, a factor as low as 20 percent appears reasonable. The curves 

of amp-hr efficiency versus temperature in Figure 5-20 apply to any state 

of charge within the operating life of the battery. The maximum achievable 

input capacity is a function of the charge rate and temperature as shown 

in Figure 5-21, in terms of the end-of-life rated capacity. 

Output capacity varies with temperature, charge rate, and discharge 

rate. Figures 5-22 and 5-23 present the family of these curves in terms 

of Ce’ the end-of-life capacity. The charge and discharge voltage curves 

as a function of rated capacity and at several temperatures appear on 
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Figures 5-24 and 5-25. The relationships of discharge rate and temper- 

ature on energy per unit-weight and w-hr efficiency are shown in Figures 

5-26 and 5-27. 

5.4. 2 Nickel-Cadmium Batteries 

Parametric design data are presented in Figures 5-28 through 5-40 

for the nickel-cadmium batteries. Because this type of battery has a 

longer history, the data are more refined and lends itself to a systematic 

de sign approach. An example of a battery design is used to demonstrate 

the use of the se curves. (See Appendix A. ) 

Figure 5-28 presents discharge data relating the maximum available 

capacity at end-of-life as a function of battery temperature and discharge 

current density. Best discharge performance and efficiency are attained 

at low currents and/or higher temperatures. Figures 5-29 through 5-33 

relate the effects of temperature and charge current density on available 

capacity and amp-hr efficiency. The best conditions for obtaining high 

efficiencies and maximum capacity are to charge the battery at the cooler 

temperatures and higher current densities. During charge, the battery 

terminal voltage increases at cooler temperatures and higher charge 

rates and reduces the w-hr efficiency below that which might be predicted 

from the improved amp-hr efficiency. Optimum charge conditions occur 

in the region of ic = 0.3 at 40°F, and ic = 0.5 at 60°F. Significant 

improvements in power system performance and efficiency are possible 

if this type of operating information is used during the power system 

design stages. 

Figure 5-34 presents accumulated test data from which cycle life can 

be predicted as a function of the depth-of-discharge (DOD). Cycle life 

versus depth-of-discharge data were extracted from NASA-SP 5004, 

I’S P ace Batteries” , after eliminating the effects of discharge at low 

temperatures. The per cell packaged battery weights shown in Figure 

5-35 reflect the present state-of-the-art based upon extensive satellite 

flight experience. 

The achievable capacity versus temperature data presented in Figure 

5-36 shows the rather severe loss in capacity whenever high temperature 
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charging is necessary. The attempt to preserve some of the capacity by 

using higher charge current densities cause a further increase in temper- 

ature which in turn reduces the capacity. Adequate thermal design for 

the battery is very important if the system utilization of power is to be 

maximized. 

Figures 5-37 through 5-40 show the effect of reconditioning* cycles 

on a nickel-cadmium battery. These treatments effectively restore the 

battery to nearly its original capacity after an extended period of cycling. 

If the period between reconditioning is set equal to or less than the 

original cycle life of the battery, mission life of the battery can be 

extended significantly. The available data have not established any limit 

to the number of times a nickel-cadmium battery can be reconditioned. 

Reconditioning of a nickel-cadmium battery is accomplished by discharg- 
ing the battery (preferably individual cells) into a fixed resistance, approxi- 
mately 2 ohms/cell, until the battery voltage is equivalent to 0.5 v/ cell. 
Normal recharging is used. Caution is necessary during initial charge 
current surge so that the energy source bus voltage does not collapse. 
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5.5 ENERGY STORAGE CONTROL 

Controls for energy storage equipment (batteries) commonly have 

two distinct functions : to regulate the energy input to the battery, and to 

control the energy out of the battery. Some power systems connect the 

battery directly to the solar array load bus and effectively use the energy 

source control as the battery charge control. The various types of regula- 

tor circuits previously discussed for energy source controls are also 

usable for battery control. The principal difference is that current regula- 

tion with voltage limiting are the controlled parameters for charging, and 

voltage for discharging. Many of the charge controls use auxiliary sensing, 

such as temperature and/or pressure for additional battery protection. 

The choice of regulator type to be used for charge control is depend- 

ent upon the solar array and load bus voltages, and voltage regulation 

r equir em ent 6. All batteries require a higher voltage for charging than they 

provide during discharge. If the solar array and load bus are common 

and the voltage regulation requirement is equal to or greater‘than the 

charge-discharge swing in battery voltage, the simplest form of energy 

storage control can be used. This is accomplished by directly connecting 

the battery to the bus through relay contacts, a diode, and a voltage drop- 

ping resistor. All other voltage and regulation conditions would require a 

step up or down in voltage accompanied by the necessary voltage or current 

regulator . When the nominal solar array load bus voltage is chosen equal 

to the battery discharge voltage, a boost type charge regulator is required. 

Alternately, the bus voltage may be chosen high enough to charge the battery 

directly. Then a boost type discharge regulator is required. When direct 

charging from the bus is chosen, relay contacts and a voltage dropping 

resistor are used to protect the battery from excessive voltage and current 

near the end of a charge period. 

Control of the energy storage (battery) charge and discharge charac- 

teristics is a very complex function. As previously stated, the battery 

charge and discharge rates directly affect battery efficiency, operating 

performance, and life. The addition of energy storage regulation or con- 

trol into the power system incorporates more equipment inefficiencies 

and reliability considerations. The idealistic approach is to use the 
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simplest circuit and nonpower dissipating components. An elementary 

design approach using relay contacts, voltage dropping resistor, and 

diode is practical for nickel-cadmium battery applications when the solar 

array is power limited, and the battery sets the bus potential during 

charge and discharge by being directly connected to the solar array load 

bus. Maximum charging current is made available to the battery by this 

technique, and the battery receives some of the excess power available 

from the cold solar array immediately after an eclipse period when 

recharging is required. During the final period of charge, the voltage 

dropping resistor is used to provide the reduced charge rate to prevent 

excessive battery temperatures and thermal problems. Concurrently, 

the array has heated and returns to its normal sunlight temperature and 

lower power level. The efficiency of this simple battery charge control 

approaches 100 percent. 

Whenever energy storage is required for RTG systems, a similar 

direct control is desirable. The function of a battery in an RTG system 

is to supply peak.or transient loads which seldom require a closely regu- 

lated discharge voltage. Usually, the RTG has a source regulator which 

is adequate for controlling battery charge. 

5.6 POWER CONDITIONING EQUIPMENT 

Power conditioning is the function of accepting electrical power from 

the bus with specified characteristics and altering them to meet the indi- 

vidual requirements of the load equipment. These load requirements may 

include multiple dc voltages, voltage regulation, generation of ac voltages 

and frequencies, and frequency regulation. The equipments which perform 

these functions are classified as regulators, converters, inverters, and 

transformer-rectifiers (TR units). In some cases, it is possible to com- 

bine one or more of these functions in the same equipment, such as a 

regulated inverter or converter. 

5.6.1 Regulators 

Most satellites require some part of the electrical load power to 

have closer voltage regulation than can be inherently supplied by the solar 
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array battery combination. When this required regulation cannot be 

accomplished in the energy source or energy storage regulator, additional 

regulating circuits must be included. Here again; a choice can be made 

from each of the fundamental types of regulator circuits previously 

mentioned. When the regulators are designed as separate equipments, 

they can be either a central (ac or dc) line regulator or smaller distributed 

unit 8. The specific configuration of equipments is usually dictated by the 

mission requirements, reliability, and other optimization and design 

criteria. 

Sometimes it is advantageous to combine the regulating function 

within the inverting or converting equipment. When separate preregulation 

in the inverter or converter circuit is necessary, a regulator circuit such 

as that shown in Figure 5-41 can be used. The input filter in this regulator 

design serves three purposes: to smooth out spikes and high-frequency 

transients with large peak values and small volt-second integrals; to 

eliminate input ripple having frequency components at or near the modula- 

ting frequency of the switching transistor which would produce low-frequ- 

ency components by heterodyning; and to attenuate ac components produced 

by transistor switching. The switching transistor chops the dc output of 

the input filter in such a way as to deliver constant volt-second energy 

pulses to the integrator. The integrator portion of the circuit serves to 

smooth the pulsating dc. When the transistor is OFF, the diode conducts 

permitting continuous energy flow to the load from the integrator circuit. 

The inductor , along with its capacitor, becomes a means for storing 

sufficient electrical energy during the transistor ON period for delivery 

to the load during the OFF period to provide a regulated output voltage. 

Figure 5-42 illustrates three simplified basic versions of inverter 

circuits, two with transformers and one without. The inverter can obtain 

its drive from the same source that produces the unmodulated drive for 

the prer egulafor . Addition of current feedback from collector to base of 

inverter transistor will reduce source drive power and improve efficiency. 

Inverter circuits and their parametric data are discussed further in 

Paragraph 5.6.3. 
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Converter circuits can take various forms. The transformer- 

rectifier circuits shown in Figure 5-43 can be combined with the inverter 

circuit shown in Figure 5-42 to form some of the more common types. 

When the load requirement is dc, the inverter output must be rectified and 

filtered. The circuits of Figure 5-43 show isolating transformers such as 

would be needed with those options shown as (a) and (c) of Figure 5-42. 

The secondary of each circuit in Figure 5-43 can be the transformer sec- 

ondary of option (b) in Figure 5-42. Additional design data on converter 

circuits is presented in Paragraph 5.6.2. 

There are times when the power conditioning circuits must provide 

better than normal ripple or regulation, or lower than average output 

impedance when subject to dynamic loading (pulsed loads). When this is 

necessary, active filtering (regulators) must be added to the outputs of the 

circuits shown in Figure 5-43. Dynamic loads on one or more outputs are 

pulsed demands for current which otherwise would produce significant out- 

put voltage transients on all output circuits. Normally, the preregulator 

circuit’produces about 1 percent regulation to the inverter transformer 

secondaries for input line, dc load, and temperature variations combined. 

Figure 5-44(a) series regulator, or the shunt regulator, Figure 5-44(b), 

may be used as an active filter for any range of dynamic loads. The shunt 

regulator becomes more efficient than the series regulator at full load and 

when the load change is very small because the shunt element in the shunt 

regulator is required to carry only the amount of current equal to the 

change in load current. The series element in the series regulator always 

carries the load current. 

5.6.2 Converters 

The eight satellite electrical power systems investigated and reported 

in Section 4 contain a significant number of power conditioning equipments, 

largely converters. Table 5-III summarizes the pertinent electrical and 

performance data for these equipments. The wide range of characteristics 

exhibited corresponds to the extensive list of user equipment requirements 

reported in Section 3. It appears that the converter designs could be more 

efficient and lighter in weight if the quantity and variety of voltages were 

reduced. Standardization of ‘user equipments and their electrical require - 

ments should provide some degree of improvement. 
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Able V No. I Payload 18 

Vels Payload 

VeIa Transmitter 

Vela Communications 

Pioneer Transmitter 

Table 5-111. Summary of Converter and Inverter Characteristics 

Input 
Voltapz 
(vdc) 

18 

22.5 

22.5 

22.5 

28 

Input 
Regulation 

(%I 

t2a 
-22 

+ 210 30 
-20 3 

-12 130 
6.3 vat 750 
t6.0 10 

t2a 
-22 

t6.0 150 
-6.0 28 
+ 10 280 
+ 16 51 
-16 18 
6.0 vat 125 

t10 t6.5 275 
-15 -6.5 1840 

-20 +70 270 
t10 t23 130 

-13 
t10 

t 16.2 20 
f 10.0 140 
-6. 2 15 
-16.2 6 
+ 28.0 15 
t12.2 250 
t10.0 IO 
-6.2 20 

t1a 
-16 

-940 
-545 
t a0 
4.875vat 

L-IO 
32-40 

0.02-O. 2 
300-400 

Output 
Voltage 

(vdc) 

c 

Output 
CUrrent 

b-4 

xltput 
iegulation 

(%I 

l 5 
i5 
*5 
i5 
*5 

+o. 3 
l o. 3 
*o. 3 
*o. 3 
10.3 

i3.0 
l 3. 0 

l 2. 0 
+2.0 

a2.0 
l 2. 0 
l 2. 0 
G!. 0 
l 5. 0 
l 2. 0 
>:. A. 
t5.3 

10.5 
*1.0 
fl. 0 
l 2. 5 

Output 
Ripple 
IP - P) 

1% 
1% 
1% 

1% 

1% 
1% 
I % 
1% 
1% 

10 mv 
10 mv 

350 mv 
160 mv 

160 mv 
100 mv 

60 mv 
160 mv 
560 n-iv 
130 mv 
100 mv 
120 mv 

l o. 1% 
11.0% 
l 1.0% 

C T I 
)verload Switching 
‘rotectlon Frequency 

1.6 to 2.2 kc 
1.6 to 2.2 kc 
1.6 to 2.2 kc 
1.6 to 2.2 kc 
1.6 to 2.2 kc 

1.6 to 2.2 kc 
1.6 to 2.2 kc 
1.6 to 2.2 kc 
1.6 to 2.2 kc 
1.6 to 2.2 kc 

3.0 to 3.5 kc 
3.0 to 3.5 kc 

3.0 to 3.5 kc 
3.0 to 3.5 kc 

3.0 to 3.5 kc 
3.0 to 3.5 kc 
3.0 to 3.5 kc 
3.0 to 3.5 kc 
3.0 to 3.5 kc 
3.0 to 3.5 kc 
3.0 to 3.5 kc 
3.0 to 3.5 kc 

5.6 kc 

Transients 

<lo msec 

<lo msec 

<13% 
<13% 

<13% 
<13% 

<13% 
<13% 
<13% 
<13% 
<13% 
<13% 
<13% 
<13% 

l o. 2 
io. 2 
*o. 2 
to. 2 

0 
P 

I 

i 

I 

I 

I 

\ 

I 

1 

2 

utput 
ower 
(4 

6.3 
0.06 
1.56 
4.7 
0.06 
2.68 

0.9 
0.2 
2. a 
0. a 
0.3 - 
5.0 

13. a 

21.9 

1.91 

3.67 

5.64 
9.62 
0. 16 
1 68 A 
7.10 

Efficiency 
(%I 

73 

67 

64 

70 

29 

39 

a0 



Table 5-111. Summary of Converter and Inve’rter Characteristics (Continued) 

Usage 

Pioneer 
Equipment 

000 
No. 1 and 10 

No. 2 

No. 3 and 4 

No. 5 uxl6 

Input 
Voltage 

(vdc) - 

28 

20 

28 

28 

28 

Input 
Regulation 

w 

t 10 
- 16 

12.8 10 
12.4 76 

‘16.7 22.2 
.16.0 54 
-10.0 246 

16.0 134 
16.7 22.2 

-12.8 10.0 
12.4 76 

t 15.0 No Loa 
15 vat 1.66 
15 vat 1.66 

t10 60 

t20 b70 330 
- 16 +23 125 

t20 
-16 

t 16 
t9 
t5 

:; 

60 
560 
100 
60 
20 

t20 t70 275 
- 16 t23 125 

t20 
- 16 

t 16 300 
t9 789 
-6 280 
- 16 10 

output 
Voltage 

(vdc) 

output 
Current 

b-4 

1utput 
.egulation 

(%I 

r2.0 
i2.0 
a2.0 
f2.0 
+2 . 0 
a2.0 
AZ. 0 
l 2.0 
a2.0 

r3.0 

a2.0 
it.0 

il.0 
a1.0 
rl.0 
rl.0 
fl. 0 

*2.0 
i2.0 

1.0 
1.0 
1.0 
1.0 

xltput 
Ripple 
(P-P) 

a2. 0% 
+2.0% 
+2. 0% 
l 2. 0% 
+2. 0% 
*2. 0% 
12.0% 
r2. 0% 
*2.0% 
r2. 0% 
i2.oqo 
*2.0% 
r2. 0% 

+2. 0% 
iZ.O% 

*l.O% 
l 1. 0% 
il. 0% 
il. 0% 
il. 0% 

a2. 0% 
+2. 0% 

1.0% 
1.0% 
1.0% 
1.0% 

Xerload iwitching 
‘rotection ?requency 

Yes 
Yes 
YGS 
Yes 
Yl?S 
Yes 
Yes 
Yes 
Yes 
Yl?S 
Yes 
Yes 
YCS 

Yes 
Y.SS 

Yes 
Yes 
Yes 
Yes 
Yes 

YC?S 
Yes 

Yes 
Yes 
Y.SS 
Yes 

246 1 cps 
246 1 cps 

5.6kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6 kc 
5.6’kc 

2461 cps 
2461 cps 
2461 cps 
2461 cps 
2461 cps 

2461 cps 
2461 cpe 

2461 cps 
2461 cps 
2461 cps 
2461 cps 

Transients 

a5.0 
i5.0 
+5.0 
i5.0 
i5.0 
*5.0 
l 5. 0 
l 5. 0 
a5.0 
a5.0 
i5.0 
r5.0 
*5.0 

l 5% 
l 5% 

l 5% 
+5% 
*5% 
l 5% 
l 5% 

+5% 
+5% 

r5% 
+5% 
*5% 
a5% 

output 
Power 

(W!. 

0.120 
0.942 
0.316 
0.864 
2.46 
2.14 
0.367 
0.128 
0.942 

0.024 
0.024 
0.6 

9.0 

23. 1 
2.9 

26.0 

1.0 
5.0 
0.5 
0.36 
0.12 

6.98 

19.2 
2.9 

22.1 

4.8 
7.1 
1.7 
0.2 

13. a 

Efficiency 
.(%) __ 

60 

10 

44 

69 

60 



Usage 

Input 
Voltage 
(vdc) 

No. 7 and 8 28 t20 + 16 20 
- 16 t9 107 

t6 20 

No. 9 20 t20 t20 
-16 t10 

-20 
28 VBC.CI 

ACS 
Inverter 
350 VA 
29 
400 cps 

CXO 
Nongatsd 
lwtrttr 

COMSAT 
Equipment 
Converters 

Table 5-111. Summary of Converter and Inverter Characteristics (Continued) 

350 
50 

350 
385 

28 720 
-16 

115 vat 130 
18 vat 166 
26 vat 115 

125 vat 120 
26 vat 115 

135 vat 110 
135 vat 110 
125 vat 1240 
135 vat 1360 
135 vat 1360 

20 t20 
- 16 

115 vat 130 
18 vat 167 
26 vat 115 

125 vat 1110 
26 var 115 

135 vat 1110 
135 vat 1110 

28 l 15 t2g 77 
+ 15 165 
t 10 208 
t6 411 
-6 218 
- 15 165 

Input 
Regulatwn 

Vd 
output 
Voltage 

(vdc) 

* Variem proportionally with input 
‘* No voltage spikes greater than 15% of the output 

Outpu1 
current 

(ma) 

output output 
Regulntiun Ripple 

(%I (P-P) 

2.0 
2.0 
2.0 

1.5 
3.0 
1. 5 
3. 0 

2.0 
2.0 

3 9 

a2.0 
l 2.0 

l 

t3.0 
r3.0 
r3.0 
a3.0 
*3.0 
f3.0 

: 2.0% 
2.0% 

? 2.0% 

1.5% 
3.0% 
1.5% 

3.0% 

** 

/ 

** 

T I-----. 
Overload 

4- 
1 Switching j 

Protection : Frequtnfy ! Tranritntr 

l- I 

Yes t 2461 cps 
Yes 2461 cps 
Yes 2461 cps 

!461 cps 
!461 cps 
!461 cps 
!461 cps 

BOO cps 

400 cps 

12 kc 

l 5% 
*5% 
l 5% 

l 5% 
+5% 
a5 

7 l 5 0 

l 5% 
l 5% 
l 5% 
l 5% 

+5% 

7 

output 
Power 

(4 

0.32 
0.97 
0.12 
-zT 

7.0 
0.5 

107:so 
25.3 

15 max 

: 
15 

3 
15 
15 

124 
136 
136 
465 

15 

: 
139 

3 
151 
151 

zr 

2.15 
2.47 
2.08 
2.46 
1.3 
2.47 

Iz.99 

Efficiency 
(“lo 

20 

.75 

75 

60 

73 



The weight of a typical converter is made up from three basic areas: 

electronic components, magnetic components, and mechanical hardware. 

Packaging densities vary from 0.030 to 0. 050 lb/cu in. The allowable 

operating temperature directly affects weight since high power dissipation 

requires more structural mass to remove the heat and maintain the same 

temperature. 

The inverter or converter transformer is probably the heaviest single 

part in the power conditioning equipment. The filter capacitors shown in 

Figures 5-41 and 5-43 are usually ceramic or tantalum types, with the 

tantalum type available in foil, solid, or wet versions. Selection of capa- 

citors has a significant effect on weight since they are near the same weight 

range as transformers. Consideration must also be given to switching fre- 

quencie s, because these capacitors tend to become inductive as frequencies 

approach the megacycle range. This makes it difficult to achieve low out- 

put impedance at high frequency, compensate a high-gain amplifier, or 

suppress high-frequency components for EMC (electromagnetic com- 

patibility) reasons. 

The inductors shown in Figure 5-41 and 5-43 are dc-current carry- 

illg types which make use of an air gap to store most of the energy while 

leaving the core with sufficient permeability to act as an inductance toward 

the ac components. In those cases where the inductors are shown as 

optional, they can be eliminated if the ac waveform is square or nearly 

square. They are always needed in applications with EMC or stringent 

ripple requirements. Caution must also be exercised with inductors at 

high frequencies, since they tend to become capacitive above one mega- 

cycle. Because inductors are in the same weight class as the filter capac- 

itors, careful tradeoff consideration must be given to minimizing their 

combined weight. 

Most high-reliability or high-temperature applications call for 

silicon rather than germanium semiconductors, even though the silicon 

semiconductor, when saturated, has a larger voltage drop (lower efficiency) 

than does the germanium type. When semiconductors are used in switch- 

ing modes, there is the usual I-V forward conduction loss, and in addition, 

a storage carrier effect which causes the device to conduct into the next 

half cycle, after the complementary diode or transistor has turned ON. 
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This results in a short circuit for a brief period. These losses become 

very significant at the higher switching frequencies. 

The converter parameters of most importance and which reflect 

maximum utilization of power are efficiency and weight. Both parameters 

are strongly related to switching frequency and output power level. Figure 

5-45 shows the interrelationship of these four parameters based on exist- 

ing hardware designs. The following observations can be made from the 

curves. 

l Efficiency increases with power level because there 
are certain fixed losses in a converter, and these 
naturally become a smaller percentage of the total 
losses as power is increased. In addition, the 
variable losses increase at a slower rate than the 
power level and thus also become smaller in 
proportion. 

l Higher switching frequencies result in considerable 
reduction of converter weight, but at the same time 
lower efficiency. 

0 High switching frequencies (100 to 200 kc) can be used 
at low power levels (up to 10 w) , but should not be 
used at higher power levels because of the loss in 
efficiency associated with poor switching 
characteristics of presently available high power 
switching transistors and diodes. 

As Figure 5-45 shows, there is a maximum efficiency attainable for 

any given power level. This is shown more simply in Figure 5-46 a 

curve of maximum efficiency versus power level for a typical preregulated 

28-vdc converter. The efficiency increases with power level, but reaches 

a maximum at about 89 percent. This reflects the minimum attainable 

losses, which are attributable to losses in the power switches, rectifiers, 

and magnetic components, as well as to the fixed losses. Some increase 

in maximum efficiency may be attainable for low-power units by design 

innovations and in high-power units by incorporating regulation in the 

inversion stage. 

Efficiency is affected, in part, by the magnitude and number of 

outputs . For single outputs other than 28 vdc, an efficiency correction 

factor (see Figure 5-47) must be applied to compensate for the change in 

rectification losses. At high voltage output, the efficiency correction 
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factor (ECF) is greater than unity because of the constant voltage drop 

across the rectifiers. For multiple outputs, the correction factor will 

.also be utilized. A sample calculation will be instructive. The problem 

is to determine the efficiency of a 30-w converter with five dc outputs as 

follows : 

t15vat 5w 

-15vat 5w 

t 28 v at 10 w 

t50 vat 8 w 

t 3vat2w 

The efficiency of a 30-w converter at 19-kc switching rate is 79 

percent (see Figure 5-45). The corrected efficiency is obtained by deter- 

mining an overall efficiency correction factor (OECF) taking into account 

the respective power outputs and the ECF’s. 

Efficiency Correction 
Output (vdc,) Factor (ECF) 

’ t 15 0.98 . . 

-15 0. 98 

t28 1.0 

t 50 1.01 

t 3 0. 835 

OECF = 0. 98(5) to. 98(5) t i.O(lO) t 1. Ol(8) to. 835(2) 
30 

OECF = 0.985 

Corrected Efficiency = 79 percent (0. 985) = 77. 7 percent 

Efficiency decreases near the extremes of the input voltage range 

when a converter designed to operate at a particular input voltage is con- 

nected to a variable bus. For a design nominal of 50 vdc input, converter 

efficiencies may increase approximately 2 percent reflecting the lower 

losses due to lower input current as compared to the 28-vdc design. 

Voltages significantly greater than 50-60~ will compromise the collector 

voltage breakdown ratings for available power transistors. 
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These converter parametric data were derived using existing 

hardware designs as design centers. The design criteria, equations, and 

design center parameters used in the derivation are presented in 

Appendix B. 

The converter parametric data presented in Figure 5-45 were sub- 

divided so that the efficiency and weight performance of the individual 

sections (i. e. , the inverter , and transformer-rectifier) could be identified 

separately. Parametric curves for these separate functions are presented 

in Paragraphs 5.6.3 and 5.6.4 and their derivations included inAppendix B. 

During the past year, new methods and design techniques have been 

investigated by TRW Systems under its Independent Research program for 

improvement in performance, weight, efficiency, and/or reliability of 

power conditioning equipment. Some of these investigations were further 

examined in the laboratory to obtain circuit test data. Incorporation of 

these new techniques in some satellite hardware designs is now in process. 

In-depth analysis of these new techniques on this program for the purpose 

of improving the hardware-derived parametric data resulted in new 

information which is reported in Paragraph 5.6. 5. 

5.6. 3 Inverters 

The composite parametric curves for inverter designs (Figure 5-48) 

were generated from design centers as were the converter data. The over- 

all levels of efficiency are greater than for converters because rectifica- 

tion and output filter losses have been eliminated. Changes in weight and 

efficiency as a function of frequency and output power are very similar to 

those which occur in converter circuitry since the controlling elements 

are the input filter, semiconductors, and magnetics. The mechanical 

hardware weights associated with a separately packaged inverter are com- 

parable to those of a converter. 

5.6.4 TR Units 

The transformer-rectifier function of the converter can also be 

considered and used as a separate entity. Figure 5-49 presents the 

parametric relationships of efficiency, weight, frequency, and output 

power for TR designs. The design centers and equations for Figure 

5-49 are included in Appendix B. 
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5.6.5 New Parametric Design Data 

The new methods and design techniques investigated independently 

by TRW Systems were further examined during this program to determine 

the extent of their application to power conditioning equipment designs. 

Analysis of the circuit elements to determine the proper component for 

each circuit type as a function of the output power and operating frequency 

has permitted a more refined selection of circuit designs to improve 

efficiency, weight, and reliability. Selected circuit designs were param- 

etrically analyzed to determine their optimum operating limits and tradeoff 

factors. 

The regulated dc-to-dc converter was chosen as the investigation 

model because it is representative of and contains all of the power condi- 

tioning functions (regulating, inverting, transforming, and rectifying) 

found in a satellite electrical power system. A common converter require- 

ment specification was selected to meet typical power conditioning require- 

ments. Four basic regulated converter circuits were analyzed: 1) Regula- 

ted squar ewave converter (RSWI) Figure 5- 50; 2) Pulsewidth converter (PWI) 

Figure 5-51; 3) Energy storage converter (ES) Figure 5-52; 4) Push-pull 

energy storage converter (Push-Pull ES) Figure 5-53. Weight and efficiency 

as functions of output power and switching frequency were derived for each 

functional section of the circuits. 

Circuit efficiencies and weights were reduced to frequency-dependent 

and independent components for convenient identification of frequency 

limitations resulting from circuit design and component selection. Base- 

line designs were established for each section of the circuit for a selected 

number of applicable power outputs. Expansion of the design data about 

each baseline design established crossover points. Data synthesis for the 

complete circuit resulted from selecting the more optimum values between 

the crossover points for each circuit section. The final converter param- 

etric data is the result of synthesizing the applicable groups of data derived 

for each functional section of the converter circuit. This approach to data 

synthesis provided a more detailed derivation than reported in Paragraphs 

5.6. 1 through 5.6,4, which were based upona statistical summary of data 

from actual equipments designed for spacecraft. 
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5.6. 5. 1 Performance Requirements 

Performance requirements may be divided into primary and secondary 

categories. Primary requirements are those general requirements devel- 

oped by all applications, and which usually determine the weight and 

efficiency of all power conditioning equipments. Secondary performance 

requirements are generated by specific applications which affect only the 

equipments so applied. It should be emphasized that secondary characteris- 

tics are of major importance to associated equipment, and may indirectly 

exert dominating influence on the power conditioning equipment weight and 

efficiency. 

l Primary Performance Requirements 

Primary performance requirements affecting equipment weight and 

efficiency are listed below in typical order of importance. Major effects 

are indicated qualitatively. 

a) 

b) 

cl 

4 

Output Power 

Weight is approximately proportional to output power, with 
the major exception of the structure weight increase at low 
output power. Efficiency is proportional to power. The 
fixed power losses, determined by component operating 
point limitations, are an appreciable fraction of the output 
power for low wattage units. 

Input Voltage Range 

Input filter weight is a function of input voltage range. 
Efficiency is inversely proportional to input voltage 
range to an extent determined by RMS current. 

Output Voltage 

Weight increases when output voltage is increased to 
levels requiring special dielectric considerations. 
Efficiency decreases as output voltage is decreased and 
diode losses and transistor saturation losses become a 
larger percentage of the output voltage. 

Thermal 

Requirement for operation below -2OOC reduces 
efficiency by increasing semiconductor voltage drive 
power. Requirement for operation above 75OC in- 
creases weight by controlling filter capacitor selection 
and structure gauge. Thermal requirements of con- 
ducted heat rejection may control structure configura- 
tion to increase weight. 
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l Secondary Performance Requirements 

Secondary performance requirements affecting equipment weight and 

efficiency are collated below into subgroups having similar effects. Sub- 

groups are listed in approximate order of importance and major effects 

are indicated qualitatively. 

Reliability Requirements 

Reliability requirements consist of those requirements selected for 

intra-equipment implementation versus implementation in other equipment 

or by a different system block diagram. 

4 

W 

R edundanc y 

Channel redundancy doubles component weight and 
adds the weight of logic and transfer circuits. Part 
redundancy reduces efficiency by increasing saturation 
and drive losses. 

Fault Isolation (or overload protection) 

Load fault isolation adds the weight and losses of a 
control circuit as a minimum, and may add. saturation 
losses if multiple loads are supplied by a,single * 
equipment. 

Performance Requirements 
I 

The following requirements determine filter Size and regulator 

switching frequency. 

a) Audio Susceptibility 

Magnitude of the specified modulation determines 
regulator range and gain similarly to input voltage 
range. Frequency range or band of the specified 
modulation may affect regulator switching frequency. 
Efficiency will be reduced and weight increased if 
damping resistors are required in series with filter 
capacitors. 

b) Regulation Against Dynamic Load Variation 

Regulation against step or high frequency load variation 
increases output filter size, and/or necessitates the 
addition of secondary regulators. 
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c) Close Tolerance Regulation 

Requirement for regulation better than l 2 percent on 
units with multiple voltage outputs adds the dissipation 
and weight of secondary regulators. 

Number of Outputs 

A requirement for more than one output increases weight due to 

increased number of parts for each additional output, and may degrade 

efficiency by requiring added regulators in each output. 

Conducted Interference 

A requirement for minimal conducted interference increases weight 

by adding high frequency input and output filters, and added internal 

radiation shielding. 

Special Requirements 

a) 

b) 

cl 

Packaging Constraints 

Occasionally an oversized package is specified for ease 
of maintainability or standardization reasons. While 
optimal for other applications, (e. g. , data handling cir- 
cuits or larger equipments), the oversized weight of a 
particular equipment may be undesirable. 

Telemetry Conditioning 

Efficiency is reduced with telemetry conditioning require- 
ments, each of which typically requires 2 to 30 mw of 
conditioning power. Weight is increased by a small 
magnitude. 

Synchronization 

Weight is increased slightly, and efficiency is reducedby a 
small percentage except when EMC .requirements require 
significant filtering and shielding due to the synchroniza- 
tion frequency distribution. 
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5.6. 5. 2 Model Converter Specification 

The following model converter specification was established as 

typical for the primary and secondary requirements. Design techniques, 

component selection, and circuit configurations that will meet this speci- 

fication are investigated to determine interactions and tradeoffs. 

l Primary Requirements 

Output power 1 to 200 w, parametrically 
variable 

Input voltage range 28 vdc *I5 percent 

Output voltage 28 vdc 

Thermal -20 to t 50°C, mounting base 

l Secondary Requirements 

4 Reliability 

Redundancy 

Fault isolation 

b) Performance 

Output regulation 

Load variation 

Audio susceptibility 

Regulation against 
dynamic load 
variation 

Close tolerance 
regulation 

Output ripple 

cl Number of Outputs 

4 Conducted Interference 

4 Special Requirements 

None 

None 

=t3 percent 

50 to 100 percent of rated load 

3 v p-p from 30 cps to 150 kc 

Not required 

Not required 

*2 percent 

1 

MIL-I-6181 

None 
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5. 6. 5. 3 Converter Circuits 

Regulated Squarewave Converter (RSWI) .~. 

The block diagram of the RSWI converter is shown in Figure 5-50, 

in a configuration convenient for weight and efficiency analysis. Simplified 

schematics are indicated in each block. All operating frequencies (noted 

in each block) are referenced to the squarewave switching frequency (f) of 

this circuit. A pulsewidth preregulator is included in the RSWI by a switch 

consisting of two transistors operating in push-pull into a nonsaturating 

power transformer. A saturating driver core provides drive and also de- 

termines the switching frequency (f). The squarewave output of the trans- 

former is rectified and filtered to provide the necessary regulated dc 

voltage. 

Advantages of the RSWI are: 

Minimum inverter design complexity 

Minimum output filter requirements 

Minimum voltage stress on switching transistors 
for higher reliability 

Disadvantages of the RSWI are: 

Maximum overall design complexity due to the 
need for a separate preregulator 

Frequency-dependent inverter transistor switching 
losses, since one transistor turns on while the other 
transistor is still in storage time 

Pulsewidth Converter (PWI) 

The block diagram of the PWI converter is shown in Figure 5-51. 

The PWI circuit combines inversion and regulation functions in the pulse- 

width inverter stage. Switching reference frequency (f) is determined by 

a separate oscillator transistor. Duty cycle of the inverter switch is 

controlled by an error amplifier to maintain a constant average rectified 

output voltage, independent of input voltage and load variations. 

5-29 



Advantages of the PWI are: 

Regulation and inversion functions are combined 
in a single element. 

Transistor switching load line is controlled so 
that storage time of the OFF transistor is over 
before.the other transistor turns ON. 

Disadvantages of the PWI are: 

Transistor voltage rating must be at least twice 
maximum input voltage, in addition to any transient 
voltages which are not attenuated by the input filter. 

Separate integrating inductors are required for each 
output as a result of the pulsewidth modulated wave- 
form as opposed to the squarewave for the RSWI con- 
verter. 

Energy Storage Converter (ES) 

The block diagram of the ES converter is shown in Figure 5-52. 

When the transistor is ON, energy is stored in the transformer/inductor 

(air gapped transformer) through its primary winding, while load power 

is supplied from the integrating capacitor. The induced emf in the trans- 

former/inductor secondary is blocked from producing an output current 

by the diode. When the transistor is switched OFF, the secondary emf 

reverses; and the stored energy is discharged thrcugh the secondary 

winding to supply load power and to recharge the output integrating capac- 

itor. If the transistor ON time is set equal to T/2 at nominal input volt- 

age and load, then the ON-OFF periods may be varied with input voltage 

and load variations to maintain constant output voltage. 

Advantages of the ES are: 

Inversion and regulation are performed by a single 
power transistor. 

Voltage transformation and energy storage are 
accomplished by the same magnetics. 

Load fault current rate of increase is limited by 
the transformer inductance, since energy is 
alternatively stored and discharged each half cycle. 

Low part count. 
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Disadvantages of the ES are: 

Transistor voltage rating must be at least twice 
maximum input voltage, in addition to low frequency 
transient voltages which are not attenuated by the 
input filter. 

Output ripple is higher due to output capacitor supply- 
ing load power during ON time. 

Push-Pull Energy Storage Converter (Push-Pull ES) 

The block diagram of the (Push-Pull ES) converter is shown in 

Figure 5-53. The basic operation is the same as for the (ES) circuit 

except that transistors Q1 and Q alternate ON and OFF, providing power 2 
to the load on each half cycle. Assuming the same size components and 

switching frequency, the (Push-Pull ES) circuit can provide twice the 

power output of the (ES) circuit. The efficiency remains essentially the 

same for both circuits and the weight increase is approximately equal to 

the weight of the added (ES) circuit inverter/transformer/inte@-ating 

inductor and rectifier. The input filter and integrating capacitor remain 

the same size because their operating frequency has now doubled. Thus, 

a significant improvement in weight per watt output is obtained. 

Advantages of the Push-Pull ES are: 

Inversion and regulation are performed by the same 
pair of transistors. 

Voltage transformer and energy storage are accomplished 
by the same magnetics. 

Load fault current rate of increase is limited by the 
transformer inductance, since energy is alternately 
stored and transferred each half cycle. 

Low part count. 

Transistor switching load line is controlled so that 
storage time of the OFF transistor is over before 
the other transistor turns ON. 

Excellent attenuation of input ac voltages and noise. 
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Disadvantages of the Push-Pull ES ar.e: 

Transistor voltage rating must be at least twice 
maximum input voltage in addition to low frequency 
transient voltages which are not attenuated by the 
input filter. 

Separate integrating capacitors are required for each 
output. 

5.6.5.4 Circuit Analysis 

The performance of a given circuit configuration will vary depending 

upon the choice of output power, switching frequency, load voltage, input 

voltage, output voltage regulation, ripple requirements, and component 

selection. In order to develop parametric data showing the relationship of 

efficiency and weight as functions of switching frequency and output power, 

a design center is used for each combination of selected frequency and out- 

put power covering the range of interest. The selected frequencies and 

output powers used in the analysis of all four circuits are: 0.4, 2, 6, 20, 

60, and 200 kc; and 2, 6, 10, 20, 60, and 200 w. 

The four converter circuits perform differently at any one design 

center, although similar sections of the different circuits may function in 

the same manner. Hence, each circuit is divided into its functional sec- 

tions as shown in the block diagrams so that a single analysis can be made 

for those blocks having common circuit functions. For example, the LC 

input filter of each circuit contains the same generic type of components 

and is required to meet the same design criteria. However, the input 

filter designs for the RSWI and ES converter circuits having the 

same switching frequency are not the same size because the filters have 

different operating frequencies and may utilize a different type of inductor 

or capacitor. The choice of component type, such as tantalum or ceramic 

capacitor, varies with operating frequency and output power because of 

its power loss and weight tradeoffs. 

The fundamental design equations, operating criteria, and perform- 

ance analysis for each type of component, functional circuit section-and 

converter circuit are presented in Appendix C. The choice of equations 

and coefficients for each functional circuit application permits the final 
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combining of weights and efficiencies for each converter circuit to reflect 

the more optimum selections of component type, component rating, and 

design configuration affecting the parameters to be held constant at each 

de sign center. The result is a set of parametric data for each circuit 

depicting the variation in performance as a function of the two main vari- 

ables (switching frequency and output power) when the circuit design had 

been optimized for the secondary variables at each design center. The 

parametric data plots are straight line connections of the design centers 

at a constant switching frequency. 

5. 6. 5. 5 Efficiency Performance 

The converter efficiency data for each of the four circuit designs are 

presented in Figures 5-54, 5-55, and 5-56 as a function of power output 

and switching frequency. The discontinuities occurring at the 10-w 

level for each frequency are caused by the change in semiconductor 

(transistors and diodes) ratings. At 10 w or less, devices rated at 1 amp 

are applicable. Above a 10-w output, devices with higher current ratings 

are required. Semiconductors rated at 10 amps were used for power 

levels between 10 and 200 w because their switching performance provided 

a more optimum efficiency without a significant weight increase. Avail - 

able devices having ratings between 1 and 10 amps are not suitable for 

high performance switching applications. Consequently, their use in 

these circuits would have resulted in lower efficiencies. If intermediate 

rated, high performance switching semiconductors (such as a 5-amp de- 

vice) were available, the magnitude of the discontinuity at 10 w would be 

reduced and another discontinuity would be introduced at a higher power 

level where the change would be made from the 5-amp to the lo-amp 

rating. 

The two 20-kc curves shown in Figure 5-56 are a result of the change- 

over in filter capacitor type from tantalum to ceramic at the 20-kc switch- 

ing frequency. Although the ceramic capacitors have a slightly higher 

weight, they provide a better circuit efficiency. The tradeoff between 

these two curves to select the minimum power system weight varies as 

the power system size and configuration change. 
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The apparent anomaly of the efficiency data between 2 and 10 w for 

the ES and Push-Pull ES converter,. Figure 5-56, is caused by the change 

in type of inductor cores at 4 kc. As before, the 2-kc efficiency is lower 

than the 0.4 kc efficiency. The 6-kc data would normally be lower than 

the 2-kc data if the same components were used. The new core material 

used at 6 kc and 20 kc returned the efficiency to the 0.4-kc value. The 

20-kc (high weight) efficiency data is better than the 20-kc (low weight) 

efficiency data because the capacitor type is changed from tantalum to 

ceramic at the 20-kc frequency. 

The efficiency losses at high frequencies are directly attributable 

to the relatively poor switching characteristics of power semiconductors. 

Thus, the higher power electrical systems are limited to the lower switch- 

ing frequencies. New semiconductors with improved switching character- 

istics or a new type of power switch is needed in order to realize the 

lower weight advantage of the high frequency designs. 

5.6. 5.6 Weight Performance 

The complementary converter data showing equipment weights as 

a function of output power and switching frequency are presented in 

Figures 5-57, 5-58, 5-59, and 5-60. The discontinuities occurring at 

the 10-w level for each frequency are again caused by the change in semi- 

conductors. The effect of the large efficiency difference at the higher 

frequencies compounds the weight penalities because of the increased 

power dissipation. Abnormal power dissipation is accommodated by an 

increase in equipment heat transfer area and its accompanying weight 

increase. 

Converter equipment weights, represented on each of these figures 

by solid lines, consist of the total component weights plus the minimum 

container weight necessary to meet the mechanical environment specifica- 

tions. The converter equipment weights (based on a cube-shaped container) 

necessary to satisfy the increased power dissipation are represented by 

the uniformly dashed lines. They intersect the solid lines at the power 

level where this thermal design begins to control the equipment container 

size. The cube shaped container is a poor configuration to take advantage 

of the usual satellite heat transfer methods, i. e. , heat conduction through 
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the mounting base. Hence, the resulting equipment weights are excessive 

and establish an upper weight limit. Determination of the minimum con- 

verter weight, which will satisfy the heat dissipation requirements set 

by the equipment efficiency, is a complex function of the container coli- 

figuration and heat transfer rates. Appendix D sets forth a simple graph- 

ical method for determining the optimum container configuration and weight 

for the stated heat transfer conditions. The nonuniformly dashed lines 

on Figures 5-57 through 5460 represent these optimum (minimum) con- 

verter weights. Their intersection with the solid lines established the 

output power level and frequency at which the equipment size and weight 

exactly satisy both the mechanical and thermal limitations. 

The “high weight” and “low weight” curves shown in Figure 5-56 

ior the 20-kc frequency have complementary “high efficiency” and “low 

efficiency” curves on Figures 5-59 and 5-60. The selection of the correct 

curves for use in power system designs may be ascertained for each power 

system configuration by the Comparative Analysis Method (see Section 6) to 

determine which one provides the minimum power system weight. 

5.6. 5.7 Analysis of Parametric Data and Conclusions 

Converter Efficiency 

Comparing the efficiency performance of the four converter circuits 

at equal power levels and switching frequency shows that the ES and Push- 

Pull ES converter type of circuits are better than the RSWI and PWI circuits. 

The PWI converter circuit is second best and shows from 5 to 15 percent 

better performance than the RSWI circuit. Considering only maximum 

efficiency of the converter designs, the selection of converter type and 

its switching frequency for given output power level6 is showri in Table 5-1~~ 

Table 5-IV. Converter Characteristic for Maximum Efficiency 
Converters and Systems 

Frequency 
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Comparison of this converter data with the previous hardware-based 

data presented in Section 5.6.2, Figure 5-4’5, reveals an efficiency im- 

provement at the lower power levels. At the higher levels of power, the 

RSWI circuit provides a lower efficiency, while the other three circuits 

are equivalent or slightly better. The data of Figure 5-45 is predomi- 

nantly based upon preregulated squarewave inverter type circuits very 

similar to the RSWI converter circuit. Thus, there is reasonably good 

agreement between the two sets of data. The efficiency improvements 

for the other three circuits bear out the predicted performance for the 

newer design methods. 

Converter Weight 

A general comparison of the weights represented by the solid lines 

for the four converter circuits, indicate the following order of performance 

from the lightest to the heaviest: Push-Pull ES, PWI, ES, and RSWI. A 

detailed analysis of the curves presented in Figures 5-57, 5-58, 5-59, and 

5-60 show that at several values of output power and/or switching fre- 

quency crossover points occur when the equipment weight of one of the 

circuits is established by higher thermal dissipation. 

Considering minimum weight converter designs only, Table 5-V pro- 

vides the choice of circuit type and its operating frequency for various 

groups of output power. Although the PWI converter data shows 

Table V. Converter Characteristics for Minimum Weight Converters 

Power 
(4 

510 

10 to 13 

13 to 25 

25 to 200 

Circuit 
(Type) 

c 
Push-Pull ES 

Push -Pull ES 

PWI 

Push-Pull ES 

Frequency 
(kc) 

200 

20 

60 

20 

a lower weight over the small range of output power between 13 and 25 

w, the weight difference is only 0. 15 to 0. 20 lb. This small difference 

is completely offset by 17 percent better efficiency performance of the 

Push-Pull ES converter. Thus, the Push-Pull ES circuit provides the 

best efficiency and weight performance over the total power range. 
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Power System Weight and Efficiency 

The optimum power system design which will provide the maximum 

utilization of power is that system having maximum efficiency and meets 

the performance requirements for all phases of the selected mission. This 

maximum efficiency system may or may not have minimum weight, ‘de- 

pending upon the choice of equipment, system configuration, and the operat- 

ing constraints such as switching frequency, which are required to provide 

the maximum efficiency design. This becomes evident when the efficiency- 

weight tradeoff is considered for each of the four fundamental classes of 

equipment comprising the typical satellite power system. These four 

classes are: 

0 Power conditioning equipment - converter, inverter, 
TR -unit, regulator 

0 Energy source or storage control - regulator 

0 Energy storage - battery 

0 Energy source - solar array 

For most designs of the power conditioning equipment, maximum equip- 

ment efficiency is not synonymous with minimum equipment weight. This 

is exemplified by the converter data presented in Tables 5-IV and 5-V. 

Maximum efficiency power conditioning equipment designs are a necessary 

constituent of a maximum efficiency power system. Because of the usual 

efficiency-weight tradeoff for the power conditioning equipment, the 

minimum weight power system would not utilize the maximum efficiency 

equipment. This is true unless the weight reduction in the battery and 

solar array, due to the power conditioning equipment efficiency improve- 

ment, completely offsets the accompanying increase in equipment weight 

necessary to obtain the maximum equipment efficiency. The minimum 

weight power system typically contains power conditioning equipment 

whose design is a compromise between maximum efficiency and minimum 

weight equipment. The most favorable compromise, starting from the 

minimum weight power conditioning equipment, is reached by incrementally 

increasing the power conditioning equipment weight until the resultant 

power saving, (due to the higher efficiency) translated into battery and 

solar array weight reduction is just equal to the added incremental 

equipment weight. 
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Energy source or energy storage controls follow the same tradeoff 

pattern as the power conditioning equipment. Many times, the efficiency- 

weight tradeoff for these controls results in a maximum efficiency regula- 

tor choice for a minimum weight system, because of the proportionately 

larger amount of power handled. Again, the maximum efficiency power 

system requires the maximum efficiency regulator design. 

The battery is generally the heaviest type of equipment used in a 

power system when measured per watt-hour output, or translated to a 

per watt output basis for a given mission and system configuration. Be- 

cause of this strong influence, selection of the optimum efficiency power 

conditioning equipment design varies as the energy output of the battery 

changes with mission conditions and system configuration. p The minimum- 

weight power system normally requires the battery weight to be minimized. 

A maximum-efficiency power system design intuitively requires the best 

battery efficiency. Battery efficiency is a very complex function of ampere- 

hour capacity, depth of discharge, charge and discharge current densities, 

charge and discharge temperatures, and previous operating history. The 

tradeoff of battery weight (increasing amp-hour capacity) to improve its 

efficiency is difficult to relate for the general case. However, small im- 

provements in efficiency are possible by increasing amp-hour capacity for 

some system designs. Generally, the weight penalty to gain a few percent 

improvement in efficiency is prohibitive for most applications. The min- 

imum-weight-battery design is usually near enough to the maximum effi- 

ciency for the majority of designs. 

The solar array efficiency-weight tradeoff is a function of the array 

physical configuration, operating temperatures, variation in insolation, 

basic solar cell efficiency and weight, impedance match to the system, and 

degradation rate. Assuming a constant set of operating conditions, and 

initial operation at the maximum power point, i. e. , array impedance 

matched to system impedance, any change in array weight by increas- 

ing its size will lower the array efficiency and system efficiency. Alter i 

nately, if the initial operation is not at the maximum power point, a change 

in array size (weight) may increase or decrease the efficiencies. A max- 

imum efficiency solar array design provides the minimum weight array. 
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Therefore, either the maximum efficiency system or the minimum weight 

system should use the maximum efficiency array design. 

Assuming the following weight-tradeoff factors (Table 5-VI) for ,the 

power system equipment ahead of the power conditioning equipment, a 

tradeoff of converter weight is made to determine the converter operating 

parameters which provide the minimum weight system. 

Table 5 -VI. Power System Equipment Weight 
Tradeoff Factors 

Lb per w output 

Min Max Typical 

Solar Array 0. 106 0.760 0.300 

Battery 0.300 I. 200 0.400 

Regulator 0.030 0.160 0.050 

Total 0.430 2.120 0.750 

Using an optimistic 0.500-lb system weight factor for each watt change into 

the converter, Table 5-VII shows the converter operating characteristics 

which would result in the minimum weight system. 

Table- 5-VII. Converter Characteristics for Minimum Weight 
System 

Power Output Circuit Type Frequency Weight Efficiency 
(4 (kc) (lb) (percent) 

2 Push-Pull ES 20 kc (low wgt) 0.38 81.8 

6 Push-Pull ES 20 kc (low wgt) 0.54 86.5 

10 Push-Pull ES 20 kc (high wgt) 0.98 88.1 

20 Push-Pull ES 6 kc 1.55 86.0 

60 Push-PufI ES 6 kc 2.90 06.5 

too Push-Pull ES 6 kc 4.00 86,7 

200 Push-Pull ES 6 kc 6.90 86.9 
1 
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Using a 0.900-lb system weight factor instead of the 0. 500 lb, changes 

only the &and 6-w designs of the Push-Pull ES circuit. The 20 kc (high 

weight) designs replace the 20 kc (low weight) designs and the respective 

weights and efficiencies become: 0.46 lb and 82. 5 percent, 0.72 lb and 

87.2 percent. 

Comparing the data from these tables with Table 5-V data for the 

minimum weight converter shows an overall reduction in switching fre- 

quency and a change toward the higher efficiency converter designs in 

order to obtain the minimum weight systems. The maximum efficiency 

system requires the maximum efficiency converter designs with the 

accompanying increased converter weights. Unless the system weight 

tradeoff factortis very large, the maximum efficiency power system will 

not be the minimum weight power system. For maximum utilization of 

system power, the maximum efficiency design should be used. 

5.7 POWER DISTRIBUTION EQUIPMENT CHARACTERISTICS 

Pbwer distribution equipment includes harnesses, circuit protection 

devices or fuses, terminal blocks, power switching, and under- or over- 

voltage protection and isolation diodes. 

5.7. 1 Harness 

Voltage drop, weight, and wire gauge for the harnesses used on five 

of the considered programs are summarizedin Table 5-VIII. Consider - 

able standardization of component parts for harnesses had already been 

accomplished. Except for changing wire sizes to reduce power losses, 

very little contribution can be made in the harness area to the maximum 

utilization of power. 
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Figure 5-VIII. Harness Characteristics 

Voltage Drop 
.- 

Primary* 
** 

Secondary Weight 
Program Power Power (lb) 

____- - ~- 
OGO < 1.5 percent < i. 5 percent 110 

Able <50 mv -- 45 

VASP Cl200 mv ~80 mv 15 

Pioneer ~250 mv <50 mv 9.87 

Vela 750 mv 60 mv 12 

* 
Primary power losses are from primary sources to the 
user 5’ equipment. 

** 
Secondary power losses are from secondary sources to 
the users’ equipment. 

Wire 
Gauge 

20-28 AWG 

20-28 AWG 

20-28 AWG 

20-28 AWG 

20-28 AWG 

r 

At present, these power losses are very minimal. Use of higher distribu- 

tion voltages would allow the same dissipation at a lower weight, by de- 

creasing the wire size proportionately, or less dissipation due to the 

lower current density for the same weight. 

5. 7.2 Circuit Protection 

Circuit protection has been accomplished by the use of fuses in most 

vehicles to date. These devices operate in a linear mode as a function of 

12t. Other devices known as current limiters, which are nonlinear with 

12t have been used in special cases requiring only current limiting. Both 

devices are a source of system inefficiency but are required to protect 

the complete vehicle system from an equipment failure and maintain 

system reliability. 

5. 7. 3 Power Switching 

The use of relays for switching power or transferring power control 

functions has been the preferred design. Solid state switches have been 

proposed and used on two programs, Pioneer and 2029. All other programs 
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investigated have used relays. These devices each have advantages and 

disadvantages as summarized below. 

Relays: 

Advantages: Low power consumption; not susceptible to 
radiation damage; essentially unlimited current 
carrying capacity; well advanced in the state-of- 
the-art; and reasonably high reliability. 

Disadvantages: Poor magnetic field properties; high volume; 
high weight; and subject to contact chatter 
causing interruptions and/or noise. 

Solid- state switches : 

Advanta ge s : Light weight; very compact; no magnetic 
properties; no moving parts; and predicted 
high reliability. 

Disadvantages: Subject to radiation damage: limited current 
carrying capacity; power consumption pro- 
portional to current carried; and relatively 
new in development. 

For the purpose of this study, it appears that characteristics other 

than power consumption may dictate the selection of a switching device. 

All other things being equal, solid-state switches would be used for low 

power circuits, and relays for high power circuits in order to obtain 

maximum power system efficiency. 

5.7.4 Voltage Protection 

Under- and over-voltage protection have been accomplished by two 

methods in the spacecrafts surveyed. The Able V, Vela, and OCO vehicles 

have used unijunction transistors. The Pioneer, COMSAT, and 2029 pro- 

gram are using the differential amplifier method. The later method is 

superior to the former, but has only recently been fully developed. Its 

advantages are: lower power consumption, narrower hysteresis band- 

width, matrix logic outputs, better temperature range stability, and low 

dc voltage signals which can drive the power switching devices. 

From a power efficiency point of view, the state-of-the-art in over- 

and/or under-voltage control is moving in the correct direction. At this 

time, no better choice is available. 
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Figure 5 - 1. Solar Cell I-V Characteristics 
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Figure 5- 5. Partial Shunt Regulator, Maximum 
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Figure 5-8. Pulsewidth Bucking Regulator, Saturated Conditions 

5-47 



Fig 

POWER OUT, W 
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Figure 5- 11. Pulsewidth Modulated Boost Regulator Block Diagram 
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6. ELECTRICAL POWER SYSTEM OPTIMIZATION 
METHOD (EPSOM) 

6.1 GENERAL 

Since 1957 the United States has launched over 350 unmanned space- 

craft consisting of many types with a large variety of mission objectives. 

Relatively few of these spacecraft have been of identical design although a 

great number of the missions have had similar overall requirements. 

Each spacecraft has contained its own custom-designed electrical power 

system. These have ranged from simple battery packs to relatively 

complex combinations of solar array, battery, and nuclear power source. 

The large assortment of power system designs can be attributed to the 

following major factors. 

l Diversified mission requirements 

l Different orbits 

l Variety of vehicle designs 

l Various methods of attitude control 

l Changing state-of-the-art in power system components 

l Different power system designers with varied experience 
and convictions 

l Lack of standardization 

After nine years of accumulated satellite design experience, these 

questions arise: 

l Is the power system design of today better than 
yesterday’s ? 

l Is today’s power system design the best that the state-of- 
the-art will allow? 

l Is today’s power system design being used to its maximum 
capability? 

l How can these questions be answered objectively? 

This study program - Satellite Power Systems Configurations for 

Maximum Utilization of Power - is an attempt to answer these questions 

and establish an objective method for continuously evaluating power system 

de signs. 
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EPSOM is one technique of directly comparing two or more power 

system designs on the basis of any one optimization criterion. Proper 

use of state-of-the-art parametric data permits an ordered objective 

comparison among those designs evaluated. The technique is based upon 

the logical step-by-step process which a power system designer normally 

uses for analysis and optimization. This process has been reduced to 

mathematical equations which can be evaluated to determine the relative 

maximum utilization of power for those power system designs under con- 

sideration. As a preliminary part of the comparative analysis optimiza- 

tion, the design parametric data for each type of equipment is analysed 

to determine its own optimization interactions (Parametric Sub- 

optimization Data). This information is then reduced to rules of thumb 

ca,lled De sign Optimization Guidelines. The second preparatory part of 

EPSOM - Power Requirement Organization - is the establishment of a 

systematic method of analyzing spacecraft power requirements so that 

various power system designs can be synthesized. The synthesized 

power designs will tend to be close to the optimum because the aggregate 

Design Optimization Guidelines form the basis for organizing the power 

requirements into groups that should provide the better performance for 

the chosen criteria. 

Figure 6-l is an information flow diagram showing the total opti- 

mization process and how the various steps relate to each other. Starting 

from the ‘left, the input information required for designing the power 

system is represented by the three boxes - Mission Definition and Con- 

straints, Power Profile and Requirements, and the Optimization 

C rite ria. From this information a broad concept of the power system can 

be formulated, i.e. the general type of energy source, the need for energy 

storage, and the degree of regulation and power conditioning. Knowing 

the possible constituents for the power system, idealized or limiting 

performance designs for each type of equipment are formulated. These 

idealized designs are defined within the constraints established by the 

mission. The applicable parametric data for each of these equipments 

are then independently analyzed to determine the best operating conditions 

which would enhance the optimization. These conditions constitute the 
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Parametric Suboptimization Data from which the Design Optimization 

Guidelines can be generated for each type of equipment. 

The satellite electrical power requirements and profile are next 

analysed to determine the organization or grouping which takes advantage 

of the equipment suboptimization information. Sometimes the Design 

Optimization Guidelines for two or more equipments are in conflict. A 

compromise in the Design Optimization Guidelines is then necessary for 

the conceptual power system design taking into consideration the informa- 

tion provided by the power profile and requirements. These guidelines 

permit an orderly organization of the power requirements and provide the 

logic for modifying the idealized equipment designs to minimize the loss 

in performance. 

The organization of power requirements provides one or more 

groupings of the loads such that the required types of power system equip- 

ment can be selected and synthesized into one or more power system 

configuration. The performance values, enhancing the primary optimiza- 

tion criterion, are determined from the parametric data for each of the 

selected equipments. 

OThe performance values are then mathematically combined into a 

system performance number, such as percent efficiency, for each of the 

synthesized configurations. Direct comparison of these system perfor- 

mance numbers provides a relative evaluation of the proposed configurations. 

l Additional system configurations may be suggested during this Com- 

parative Analysis Optimization and introduced into the evaluation process. 

Continuing iterations for candidate configurations can be made, evaluated, 

and compared until the maximum performance system is identified. 

l The numerical value obtained for this optimum configuration is 

directly related to the accuracy of the equipment parametric data used. 

However, the relative comparison of these numbers among the candidate 

configurations is objectively correct since the same set of parametric 

data is used for all configurations. 

When all configurations have been evaluated and ranked for the pri- 

mary optimization criterion, such as efficiency, the complementary per- 

formance values for the secondary criteria (for example, weight) can be 

determined from the same parametric data at the previously established 
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operating points. Thus, a complete performance picture related to both pri- 

mary and secondary criteria (e.g., efficiency and weight) is available. 

6.2 INPUTS TO ELECTRICAL POWER SYSTEM DESIGN 

Design of a satellite electrical power system is strongly influenced 

by the defined mission and the specified electrical load requirements. 

The important parameters specified by the mission definition which 

directly affect the electrical power system design are: 

l Orbit ephemerides 

l Type of payload 

0 Operating life 

l Reliability 

l Maximum spacecraft weight and envelope 

Indirectly, these same parameters may further restrict the power system 

design by the limitations they pose upon other major subsystems. For 

example, the type of payload and orbit ephemerides may limit the choice 

of vehicle attitude control, which in turn could restrict the use of one or 

mbre solar array configurations. The following factors are typical of 

these intermediate mission constraints bearing upon the power system 

de sign: 

l Type of attitude control 

l Shape of the vehicle structure 

l Antenna size, shape, and directionality 

l Vehicle orientation 

l Payload location and orientation requirements 

The electrical load requirements usually control the choice of 

power conditioning equipment. The following load characteristics limit 

the choice of power conditioning equipment and the suitable configurations: 

0 Voltages 

0 Voltage regulation 

a Average and peak power 

a Orbital duty cycle 

l Frequency 

l Frequency regulation 
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l Ripple and noise 

l EMC (electromagnetic compatibility) 

l Over-load protection 

0 Over - and/under - voltage susceptibility 

Within these bounds the system designer is free to choose the 

state-of-the-art designs and configurations which best satisfy the stated 

optimization criteria. The optimization criteria are usually established 

at the mission and/or spacecraft system level. Performance may be 

optimized for a specified mission to one or more of the following criteria: 

l Efficiency 

l Weight 

l Reliability 

l Volume 

l cost 

Often the optimization of one performance parameter requires the com- 

promise of one or more of the others. At other times, optimization of one 

parameter contributes to the optimization of another. Maximization of 

equipment efficiency usually approaches the minimum weight and volume 

design for the power system. 

6.3 PERFORMANCE LIMITS OF IDEALIZED EQUIPMENT DESIGNS’ 

Although the technological state-of-the-art is improving each year, 

there have been no significant break throughs which would alter the per - 

formance boundaries for idealized designs. The following performance 

factors provide upper limits for some of the more common electrical 

power system equipments. 

6. 3. 1 Energy Sources 

*.Photovoltaic energy sources operating in near-earth space have the 

idealized performance limits which normally can not be exceeded with 

state-of-the-art hardware, as shown in Table 6-1. 

Do not use the performance values fr-om this section for design purposes. 
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Table 6-I. Solar Array Idealized Performance Factors 

Oriented panels 

Fixed paddles 

Body mounted 

W/lb W/sqft 

15 13 

5 5 

6 4 

In practice, each of these array types will have performance values less 

than those listed because of the orbital requirements and/or thermal 

designs. 

6. 3.2 Energy Source or Storage Controls 

Performance values for energy source controls are a function of 

several power system variables: power, load changes, voltage, switching, 

frequency, temperature, and type of circuit. The maximum efficiency that 

can be expected under ideal operating conditions is approximately 98 per- 

cent. The maximum average efficiency over all operating conditions is in 

the neighborhood of 94 to 96 percent. Equipment weights for source and 

storage controls vary over a very large range, depending upon the com- 

ponent and circuit selection. The values presented in Table 6-11 indicate 

the performance spread in w/lb for the more optimistic designs as a 

function of output power. 

6. 3. 3 Energy Storage 

The three common satellite battery types have the following 

idealized performance factors shown in Table 6-111. 

Amp-hr and watt-hr efficiencies for each of these battery types are 

strongly affected by the specific application and operating conditions as 

shown by the parametric data of Section 5.4. 

Table 6-11. Energy Source or Storage ControlIdealized Weight Factors 

L 
I Power Output (w) - 

I 

1 5 10 20 50 100 200 

w/lb 3 I 10 17 18 20 25 30 
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Table 6 -111. Packaged Battery Idealized Performance Factors 

Amp-hr W-hr 
Energy Density Efficiency Efficiency 

TYPe (w-hrs/lb) (percent) (percent) 
-----_~ _ .~-- i- in... 

Silver zinc, primary 100 
Silver cadmium, secondary 35 98 77 

Nickel cadmium,. secondary 20 98 88 
- -.---4 

6. 3.4 Power Conditioning Equipment 

Parametric data presented in Subsection 5.6 for the power conditioning 

equipment indicates.a broad range of performance factors. Table 6-IV 

summarizes the more idealistic values for each type of equipment. 

6. 3. 5 Power Distribution Equipment 

Typical harness weight as a function of power system output power 

ranges between 2 and 7 w/lb. An idealistic value of 10 w output per lb of 

harness weight would apply to most satellite designs. 

Performance factors for power switching, under- and over-voltage 

protection, telemetry sensors, etc. are very difficult to generalize, since 

mission requirements usually control the need for this equipment rather 

than any one power system characteristic. The estimated weight per lb of 

power system weight for existing satellites ranges between 4 and 10 percent. 

Therefore, an idealistic value mightbe in the neighborhood of 2 percent, 

Table 6-IV. Power Conditioning Equipment Idealized 
Pe rformance Fat tor s 

Type 
Power Density Efficiency 

(w/lb) (percent) 
-- 

TR-Unit 2000 98 

Regulator 250 98 

Inverter 150 96 

Converter 50 92 
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6.4 PARAMETRIC SUBOPTIMIZATION DATA 

Parametric suboptimization data is parametric data such as 

presented in Section 5 after all of the parameter interactions have been 

considered and properly weighed for each optimization criterion. For 

example, Table 5-V presents converter suboptimization data which 

provide the minimum equipment weight. As in this example, the suboptimi- 

zation data are usually defined for discrete bands of power, frequency, 

and for a specific circuit or configuration. 

Processing all of the parametric data provided in Section 5 into 

parametric suboptimization data. represents an enormous quantity of 

combinations and permutations. Experience has shown that the necessary 

data can best be derived from the broad parametric data when the scope 

of interest has been narrowed by specific mission constraints and power 

requirements and when the optimization criteria have been stated. Several 

examples of parametric suboptimization data have been included in 

Section 5 where the parameter interactions were not obvious. 

6. 5 DESIGN OPTIMIZATION GUIDELINES 

Design optimization guidelines follow directly from the parametric 

suboptimization data. Hence, the compilation would be large and appear 

contradictory in its totality unless clearly catalogued for each specific 

design situation. 

The following are generalized optimization guidelines some of which 

apply to the equipment design level, and others to the power system level. 

Guidelines for power requirements organization are included in 

Paragraph 6.6. 

6. 5. 1 Power Conditioning Equipment 

l Efficiency usually improves as the following parameters 
change : 

lncr eased - output power, input voltage, output voltage 

Decreased - switching frequency, operating temperature 
range, EM1 requirements, ripple requirements, input 
voltage range, output voltage regulation requirements, 
dynamic loads, ambient temperature, number of outputs 
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Input to output voltage ratio approaches unity for 
transformerless circuits 

Dissipative circuits are replaced with nondissipative 
circuits 

l Weight usually decreases as the following parameters 
change : 

Increased - switching. frequency, input voltage 
output voltage 

Decreased - output power, output voltage regulation 
requirements, operating temperature range, EM1 
requirements, ripple requirements, dynamic loads, 
ambient temperature, input voltage range, number 
of outputs 

Input to output voltage ratio approaches unity for 
transformerless circuits 

Dissipative circuits are replaced with nondissipative 
circuits 

l Reliability usually increases as the following parameters 
change : 

Increased - efficiency, redundancy 

Decreased - Operating temperature range, EMI 
requirements, ambient temperature, number of 
outputs, parts count, power dissipation. 

6. 5. 2 Batteries 

l Efficiency usually improves as the following parameters 
change : 

Increased - depth of discharge (AgCd, NiCd), charge 
or discharge operating temperature (AgCd), operating 
temperature during discharge (NiCd), charge rate(NiCd) 

Decreased -cycle life (AgCd, NiCd), discharge rate 
(AgCd, NiCd), charge rate (AgCd), operating tempera- 
ture during charge (NiCd) 

l Weight usually decreases as the following parameters 
change : 

Increased - depth of discharge (AgCd, NiCd), charge or 
discharge operating temperature (AgCd), operating 
temperature during discharge (NiCd), charge rate (NiCd) 
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Deer eased - cycle life (AgCd, NiCd), energy storage 
requirements (AgCd, NiCd), discharge rate (AgCd, NiCd), 
charge rate (AgCd), operating tempe.rature during 
charge (NiCd) 

l Reliability usually improves as the following parameters 
change : 

Increased - temperature control (AgCd, NiCd), cell 
voltage control (NiCd) 

Decreased - depth of discharge ,(AgCd, NiCd), cycle life 
(AgCd, NiCd), temperature extremes (A&d, NiCd) 

Positive limiting of maximum charge voltage (NiCd) 

Positive limiting of maximum charge current (AgCd) 

6. 5. 3 Solar Cell Array 

l Efficiency usually improves as the following parameters 
change, assuming loads can accept available array power: 

Increased - array absorptivity, solar cell AM0 basic 
efficiency, sun-solar cell spectral mat,ch 

Decreased - angle of incidence, temperature, tempera- 
ture range, radiation degradation, temperature 
gradient across array, insolation gradient across array 

Match loads to solar array maximum power point 

l Weight usually decreases as the following parameters 
change : 

Increased-efficiency, effective cell area 

Decreased - array structural weight, cover glass 
thickness, cell thickness 

l Reliability usually.improves as the following parameters 
change : 

Increased - radiation protection 

Decreased - temperature extremes 

Positive sun orientation 

Optimum series-parallel cell interconnections 

Open-cell circuit protection 
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6.5.4 Power System 

l Efficiency usually improves as the following factors change: 

Increased - equipment efficiency, battery efficiency, 
solar array efficiency,, output power, bus voltage 

Decreased - load variations, quantity of equipment 
parallel redundancy, dark to light ratio 

l Weight usually decreases as the following factors change: 

Increased - solar array efficiency, equipment efficiency 

Decreased - battery weight, solar array weight, output 
power , quantity of equipment, standby redundancy 

l Reliability usually improves as the following factors change: 

Increased - redundancy 

Decreased - parts count, temperature extremes 
radiation environment, mission life requirement, 
quantity of eclipse cycles 

6.6 POWER REQUIREMENTS ORGANIZATION 

6.6. 1 General 

Satellite electrical load requirements are characteristic of a given 

mission and vehicle design. For example, the electrical loads and duty 

cycles of a communications type satellite are predominantly functions of 

the transmitter and receiver requirements. The power requirements 

accumulated for communications equipment (Section 3. I) show the need. 

for a wide range of dc voltages (3 to 1500 v)., with relatively close 

regulation. Significant amounts of power are required for each rf output 

stage depending upon the range, data rate, antenna gain, and output 

frequency. Multiples of this power can result if redundant equipment is 

used or if more transmitters are required for broader coverage of the 

frequency spectrum. Thus, it is possible to make some general observa- 

tions about the characteristics of the electrical power system required to 

satisfy a given type of satellite mission. Specific power system require- 

ments can only be defined when the vehicle design, mission constraints, 

subsystem inventory, ephemerides, and mission philosophy are 

enumerated. 

6-12 



6. 6. 2 Generalized System Block Diagram 

The acumen for organizing a given set of power requirements to 

enhance the resultant power system optimization can be obtained by 

analyzing a generalized satellite power system block diagram such as 

Figure 6-2. A power system can be reduced to an energy source, source 

control, energy storage, storage control, andpower conditioning equip- 

ment. The energy source may be made up of a combination of series 

and parallel elements. The symbol PA represents one of these elements 

and, for a solar array, it constitutes the maximum power received by 

the element PA from normal incident sun under optimum mission 

conditions. The sum, of all PA elements on the satellite represents the 

maximum power received if all elements were illuminated. Associated 

with each power element PA is an efficienty qA. The efficiency rlA 

represents all of the steady state and transient conditions affecting the 

conversion of sunlight to electrical power. It may include, but is not 

limited to the following factors: 

Basic AM0 cell efficiency 

Solar array aspect ratio, i.e., ratio of the illumi- 
nated solar cell projected area to the total cell 
area 

Angle of incidence for the illuminated projected 
area 

Solar cell temperature coefficient 

Solar cell cover slide transmittance 

Solar cell cover .slide angle of incidence correction 
factor 

Solar cell radiation degradation factor 

Solar array impedance match to power system 

Thus, nA is the efficiency of the elemental energy source for a given 

design and set of operating conditions, and represents the utilization of 

the design as well as the conventional energy conversion efficiencies. 

The energy source control may be implemented in many configura- 

tions. Each power element ,may have a series or parallel control 

represented by nSN and ‘Q,,, respectively; or the total source may have a 

single series or parallel control represented by ns3 and qp3. 
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Energy storage, when required, can be considered a parallel load 

on the energized energy source, or a parallel source of energy if used 

for peak overloads. When the energy source is not energized, the storage 

elements become the source of power. Every type of energy storage has 

an associated efficiency factor ‘1 D, ,which represents the ratio of output 

energy to input energy. For the battery case, qB is the battery watt-hr 

efficiency. This efficiency factor only applies to the amount of energy 

supplied to the system load by the energy storage elements. The energy 

storage efficiency factor is related to the system load by the dark to 

sunlight ratio for a solar-array battery system. The overall system 

efficiency is directly affected by the energy storage usage and efficiency. 

Energy storage control has an input and/or an output efficiency 

represented by qS5 and qS6, respectively. These are both multipliers 

of the energy storage efficiency and degrade the system efficiency 

proportionately. 

Power conditioning equipment - regulators, inverters, converters, 

and TR units - may be arranged in many configurations depending upon 

the individual load requirements and the type of power system configura- 

tion preceding them. It is here that the analysis and organization of the 

power requirements have the strongest influence. The block diagram 

represents centralized power conditioning efficiency by qS4, and distri- 

buted power conditioning efficiencies by ‘la b c m. Centralized 

equipment efficiencies affect the power sys)tem ‘effi’ciency directly, since 

all or a large portion of the output power must pass through this equip- 

ment. Distributed equipment efficiencies affect the system efficiency in 

proportion to the percentage of the total output power handled by each. 

The efficiency of one output (distributed) power conditioning equipment is 

independent of all others, except other equipments following it in series. 

For example, the equipment represented by q’, in Figure 6-2 will change 

its efficiency to some degree as the value of q, varies, but qb 
# 

‘I,, . . . .qm 

values are unaffected. 

The block diagram of Figure 6-2 is generalized because it can 

represent any power system by assignment of individual or composite 
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efficiency values to each representative block. Wherever the. block 

represents a nonexistent function, a value of 100 percent is assigned. 

Analysis of this block diagram will show that: 

0 Low efficiencies for the output powe,r conditioning 
equipments are accentuated by each efficiency value 
between it and the energy source 

0 Efficiencies of parallel equipments are independent 

0 Efficiencies of series equipments are dependent 
according to the magnitude of power change 

0 Low efficiencies are more tolerable for small 
amounts of power than for large amounts 

0 System efficiency is directly proportional to the 
energy storage and control efficiencies, and the 
percentage of output energy required to go through 
the storage branch 

0 The efficiency of’s series or parallel control equip- 
ment such as ‘QS3 and 9 P3, can de defined to be an 
equivalent multiplier of the input power controlled. 

6.6. 3 Analysis of Loads 

Selection of loads for assignment to the output power conditioning 

equipments is dependent upon the specified optimization criterion and 

load requirements. Previously (Section 3 ), specific loads were related 

to major subsystems. Now, they will be considered in terms of voltage 

magnitude, regulation percentage, power level, frequency, etc. in order 

to apply the design optimization guidelines derived from the parametric 

data. A review of the parametric design data shows that system efficiency 

has the following functional relationship with output power: 

?= (1 - e-kAi)a] 

where 

‘1= total efficiency of power system less prime 
energy generator and storage 

Ai 
= percentage of total output power per output circuit 

a,b,k = constanta for the particular type of conditioning 
equipment and operating voltagee 

(1) 
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The relationship of system efficiency to output voltage is also exponential, 

but shallower than for power output. Percent regulation and the number 

of voltage outputs affect efficiency, but are noticeable only when the 

output power and voltages are held constant. 

Equipment weights are similarly related to output power and 

voltage for conventional de signs. Extremely low weight designs are 

possible in special cases where efficiency, lifetime, and reliability can be 

sacrificed. These special cases are not included in this study. The 

proportional increase of weight with output power is offset by the 

simultaneous increase in efficiency. Thus, it is possible to trade off 

weight and efficiency at any given power level. 

Certain generalizations can be made about maximizing system 

efficiency as applied to the selection of loads. The following is a list of 

the more important guidelines bearing on load selection and grouping: 

l Power requirements should be grouped in large amounts 
for processing by regulators, inverters, converters 
and/or transformer-rectifiers. 

l Power conditioning and control equipment should be used 
only when necessary. 

l Efficiencies of power conditioning and control equipment 
generally decrease in the following order for constant 
power outputs : TR units, inverters, regulators, and 
converters. 

l Efficiencies of power conditioning and control equipment 
generally increase as power output increases, output 
voltage increases, voltage regulation percentage 
increases, number of output voltages decreases, the 
ratio of input/output voltage for regulators approaches 
unity, and as the input voltage regulation percentage 
decreases. 

l Efficiency of the battery is dependent upon state of charge, 
charge rate, discharge rate, charge temperature, and 
discharge tempetature. 

l Operating efficiency of the solar array is dependent upon 
initial solar cell efficiency, illumination intensity, 
radiation history, temperature, and matched load 
impedance. 

l The power required from the battery, especially that 
requiring conditioning, should be minimized. 
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6.6.4 Load Grouping and Power System Configuration Selection 

Application of these guidelines can best be explained by an example. 

Table 6-v presents the Mission III Load Power Requirements which are 

used in Section 7 for illustrating optimization of the scientific satellite 

mission. Optimization of system efficiency is the chosen criterion. The 

two right hand columns of Table 6-V were generated to obtain some 

insight into the relative magnitudes of power and voltage for each output 

requirement. 

Each power system designer may wish to analyze and organize the 

power requirements in his own way. The following procedure is suggested 

as one way to apply the guidelines to arrive at a logical organization of 

requirements for selecting groups of voltages when the optimization 

criterion is maximization of power system efficiency. Table 6-VI is the 

result of applying this procedure to the requirements of Table 6-v. 

The process bv which Table ~-VI was developed is as follows: 

1) 

21 

3) 

4) 

5) 

All output voltages were listed in descending,order 
and numbered sequentially starting with I. ‘The 
sequential column is labeled A. 

Column B was formed by assigning numbers accord- 
ing to the output power for that voltage in descending 
order, starting with 1. 

The output power at each voltage (taken from Table 6-V) 
was multiplied by that voltage. According to the 
descending order of magnitude of the product (P x V), 
numbers were assigned sequentially and listed in 
Column c. 

The assigned numbers from Column A, B, and C were 
summed for each voltage and listed in the column 
labeled (Z A, S, C). Column D was formed by assigning 
numbers sequentially, starting with 1, according.to the 
magnitude of the above sum @A, B, C) in ascending 
order (i. e., 1 represents the lowest sum). 

Column E was formed by calculating in sequence the 
cumulative percentage of the total system power for 
each,voltage listed. The sequence should parallel the 
order siven in Column A. 
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6) 

7) 

8) 

9) 

. 
Column F was formed by calculating in sequence the 
cumulative percentage of the total system power for 
each power output. The sequence for calculating 
should parallel the numerical order given by Column 
B, and should be recorded opposite the correct 
voltage. 

Column G was formed by calculating in sequence 
the cumulative percentage of the total system power 
for each output. The sequence for calculating should 
be in the numerical order given by Column C and 
should be recorded opposite the correct voltage. 

Column H was formed by again cakulating the cumulative 
percentage of total system power but following the 
numerical sequence given by Column D. 

All output voltages were arranged in descending order 
of their percentage regulation. Within each group having 
the same regulation percentage the output voltages 
should be arranged in descending order of voltage. This 
list was numbered sequentially starting with 1 for the 
highest percentage regulation. Column I, adjacent to 
Column H, was formed by listing the sequential number 
determined above opposite the correct voltage. 

The numerical sequence of Column A reflects the preference for 

selecting the outputs according to voltage. Equipments assigned the 

higher voltages will tend to be of higher efficiency. The numerical 

sequence provided by Column B shows the selection preference according 

to the magnitude of power required at each voltage. Equipments assigned 

voltages having the larger amounts of power will also tend toward higher 

efficiencies. Clearly, equipments assigned high voltages with large 

amounts of power will provide the higher efficiencies. The numerical 

sequence of Column C provides a relative preference according to the 

product of voltage and power. The very large product6 (low sequence 

numbers) represent high efficiency capability, and the very small products 

(high sequence numbers) represent poor efficiency capability. The pro- 

ducts falling in between are not indicative by themselves, because their 

position could be caused by any one of the following combinations: low 

power and moderate voltage, low voltage and moderate power, medium- 

low power and voltage. Therefore, reference to Coumns A and B is 

necessary to properly assess their efficiency capability. This is most 
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Table 6-v. Mission III Load Power Requirements 

Voltage 
Percent of 

item No. Voltage volt Amps/ w % Regulation Frequency Remarks PoZer Total Power 

1. ISG ac 302/ 100.7 t20, -15 400 cps @A 13,594. 5 36.17 

2. 125 ac 139/46.3 t20, -15 400 cps OB 5, 787. 5 16.63 

3. ii5 ac 15/8.0 l 2. 0 400 cps 920.0 2. 87 

4. t 70 dc 42. 3 *2.0 2,961.O 15.19 

5. t 28dc 9.0 t20, -15 252.0 3.23 

6. 28 ac 12/10.8 t20, -15 400 cps 302.4 3.88 

7. 26 ac 6/2.0 t20, -15 400 cps 52. 0 0. 72 
I 

8. t 23 dc 5.8 *2.0 133.4 2.08 

9. t 20dc 7.0 *I. 5 I 
I 

I 

140.0’ 2.51 

10. - 20 dc 7.0 *1.5 C.T. GRD 140.0 2.51 

11. 18 ac 3/l. 6 l 2. 0 400 cps 28.8 0. 57 
12. t 16dc 11.3 l 1. 0 

I 

186.2 4.06 
13. - 16 dc 0.4 *1.0 C.T. GRD 6.4 0. 14 

14. t 10dc 0.5 *3. 0 5.0 0. 18 
15. t 9dc 21. 1 l 1. 0 190.3 7. 58 
16. - 6 dc 4. 1 *I. 0 24. 7 1.47 
17. t 5dc 0. 5 2.5 0. 18 

4771278.4 100 



Table 6-VI. Mission III Load Power Requirements Organization 

Cumulative Cumulative Cumulative Cumulative 

Item output Voltage Power vxp Ca,B,c ZA,B,C 
Percent of Percent of Percent of Percent of 
Total Power Total Power Total Power Total Power 

No. Voltage Rank Rank Rank Rank For A ForB For C 

For D 

A 5 C --D E I F G H /I i J I K 

I 
36. 17 - 



easily accomplished by summing the numerical values in Columns A, B 

and C for each voltage. The resulting values can again be reduced to a 

numerical sequence starting with 1 for the lowest sum as shown in 

Column D. The sequence for very large and very small products are not 

normally affected by this summing. The mid-range product (PxV) 

sequence is now weighted by the relative magnitude of voltage and power. 

The voltages having the larger output power should be given the 

preference if Column D sequence differs from Column C. Generally, 

Column D will reflect the desired order of preference. 

The next step is to determine the number of groups (or power 

conditioning equipments), and voltage assignments for each group. The 

auxiliary information provided by Columns E, F, G,.~ H, I, J and K assists 

in this determination. For example, Columns J and K reveal that 

approximately 61 percent of the total power is ac, and 52. 8 percent of the 

total power is represented by the first two ac voltages indicated by 

Column D. Only two ac voltages Items 7 and 11 do not fall within the first 

five preferred voltages (Column D), and they represent a very small 

amount of power. Therefore, it would seem reasonable to select an 

inverter as one of the equipments to supply all of the ac voltages. Two of 

the six ac voltages require close regulation. The regulation requirements 

of the other four are typical of an unregulated bus, and should not require 

a regulator. The remaining voltages to be considered are dc. Assuming 

a solar-array battery power system, the main dc bus voltage can be 

selected from the list of dc voltage requirements. Item 5, the t28-v 

requirement is the best choice on this mission for two reasons. Its 

regulation requirements are loose enough so that a regulator is not 

required, and it is the highest dc voltage requirement which does not 

exceed 50 vdc, the upper limit for a reasonable solar-array and battery 

design. The remaining dc voltages require close regulation, and can be 

derived in several ways as follows: 

1) A TR unit operating from the above inverter, and having 
regulators as required on the outputs. 

2) An ac regulator(s) operating, from the above inverter 
and then a TR unit or units as required. 
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3) A regulated converter or converters operating from 
the dc solar-array battery bus. 

4) A regulated inverter supplying all ac loads and 
TR units for the dc loads. 

Using the previously established guidlines, an estimate of the above 

configurations would select (4) the regulated inverter as the most efficient 

system. The optimum choice can be made by evaluating each of the above 

system configurations, using the Comparative Analysis Optimization tech- 

nique. This technique is explained in the following paragraphs, and three 

mission examples are numerically evaluated in Section 7. 

6.7 COMPARATIVE ANALYSIS OPTIMIZATION 

The total input electrical power from the basic energy source to 

the system for a given satellite design and set of operating conditions 

(see Figure 6-2) can be defined as 

1 
=qA pA 

c 
(2) 

where 

pA = maximum available power from the energy source 
element under optimum mission conditions 

qA = efficiency associated with the energy source for a 
given set of operation conditions 

Energy source controls can be either series or parallel in nature. The 

efficiency associated with these controls is designed by (II,) or (qp). 

From the regulated or controlled source the total input power (Pin) to the 

system is 

pin = ?A ‘Is 
c 

pA , or 
(3) 

Similarly, the efficiencies associated with each piece of control or power 

conditioning equipment can be multiplied by its input power. The total 

power to the loads is then equal to the sum of the input power elements 
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decreased by the system efficiency factors. For the solar array - battery 

type system, the division of energy proportioned by the discharge - charge 

(dark to light) ratio must be considered. The total power to the loads can 

also be expressed as follows 

m m 

P = out c pi 
= Pout Ai c 

i=l i=l 

where 

Pi = the output power associated with each equipment directly 
supplying the loads 

Ai - - percent of the total system output power associated with 
the equipment carrying each Pi amount of power 

The element of regulated source power associated with a Pi is: 

During sunlight 

P. = in 
pi 

(np3%3%4tli) 1 
whererlp3’ qs3 qs4 are the efficiencies related to the equipments 

conditioning the Pi power. 

During dark 

During sunlipht (Substitute Equation 6 into Equation 5) 

1 m 
P. = pi 

in 
q( 1 ?p3?e3nr54 i= ?i 

- (5 - ‘)+ 1 
%5%6lJB 1 

(4) 

(5) 

(6) 

(7) 

where (7’) is the total orbit time and (t) is the sunlight time of the orbit. - 
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The total maximum available power from the energy source under 

optimum mission condition is 

EPA = 1 
nAr$*?p3ns3qs4 

(8) 

This equation can be separated into two parts, one related to the energy 

through the battery circuit and the other directly to the load. 

Let 

and 

(qAqpqp3qa3qe4) = ?c 

then 

IpA = 

Since P. = AiPOUt, 
1 

(9) 

(10) 

The total power system efficiency (H) can be expressed as follows 

* 
qs may be substituted for 

% 
depending on type of energy source control 
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The total power system efficiency (H) can be maximized by 

1) Increasing q c, the power conditioning efficiency 

2) Increasing qd, the battery charge-discharge efficiency 

3) Decreasing [(T/t) - I], .the dark-to-light ratio 

4) Increasing 

the output stage efficiency of the power conditioning 
equipment 

Therefore, for each proposed power system configuration, equipment 

efficiencies can be substituted into Equation (ii). The resulting (H) for 

each configuration can then be compared in magnitude. The highest 

resulting number (closest to unity) will indicate the most efficient 

configuration. 

The equipment weights for each of these configurations, correspond- 

ing to the established operating points, can be determined. Thus the total 

system weight for each configuration is obtained for comparison. 

In contrast, the minimum weight power system typically contains 

power conditioning equipment whose design is a compromise between 

maximum efficiency and minimum weight equipment. For most designs 

of the power conditioning equipment, maximum equipment efficiency is 

not synonymous with minimum equipment weight. Because of the usual 

efficiency-weight tradeoff for the power conditioning equipment, the mini- 

mum weight power system would not utilize the maximum efficiency 

equipment. This is true unless the weight reduction in the battery and 

solar array, due to the power conditioning equipment efficiency improve- 

ment, completely offsets the accompanying increase in equipment weight 

necessary to obtain the maximum equipment efficiency. The most favor- 

able compromise, starting from the minimum weight power conditioning 

equipment, is reached by incrementally increasing the power conditioning 

equipment weight until the resultant power saving, (due to the high effi- 

ciency) translated into battery and solar array weight reduction is just 

equal to the added incremental equipment weight. Thus the minimum 

weight power system design can also be ascertained for each configuration. 
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7. OPTIMIZATION OF MISSION EXAMPLES 

7.1 MISSION DEFINITION AND ANALYSIS 

The three missions specified by NASA/GSFC are typical for existing 

and future earth orbiting vehicles. Their primary requirements and con- 
straints are summarized in Table 7-I.. 

Table 7 -1. Selected Missions 

Orbit 

Mission 

Altitude 

Life 

Control 
system 

Load power 

Subsystem 
power 
inventory 

Mission I 

Synchronous 
equatorial 

Communications 

19,323 nmi 

5 Yr 

Active 3- 
or 2-axis 

150 to 5oow 

Assigned by 
TRW 

Mission II 

Sllll- 
synchronous 

Mapping, 
navigation 

600 nrni 

1 to 3 yr 

As necessary 

150 to 500 w 

Assigned by 
TRW 

Mission III 

Elliptical, 31 deg 
inclined 

Scientific 
experiements 

200 to 
180,000 nmi 

1 Y’ 

3 axis 

300 w 

Assigned by 
TRW 

7. 1. 1 Mission I 

The communications satellite specified for Mission I has some 

stringent operational requirements. Because its primary purpose is to 

handle communications with earth stations, earth pointing of its tranemit- 

ting and receiving antennas from an earth-synchronous position is a 

major design constraint on the vehicle configuration and attitude control 

subsystem. Several design concepts which can satisfy these requirements 

are discussed below. 

Of the attitude control methods considered for active communica- 
tions satellites, the most commonly selected method employ6 a rpin- 
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stabilized, cylindrically shaped vehicle having its spin axis normal to 

the orbital plane. This method is considered the more reliable, and 

requires the least amount of energy for controlling the vehicle. The solar 

array should be body mounted whenever possible, providing a relatively 

lightweight,’ high performance design. This design was chosen for the 

Mission I satellite. 

7.1.1.1 Spherical or Cylindrically Shaped Body, 
Spin-Stabilized (Two-Axis Control) 

When the vehicle spin axis is oriented normal to the orbital plane, 

earth pointing of the antennas can be accomplished by mechanically or 

electrically despinning the antennas. Electrical power is required for 

antenna despinning and vehicle spin axis correction control. The solar 

array can be either body mounted or fixed paddles, Both of these array 

configurations have similar performance, A choice based upon per- 

formance would depend entirely upon the vehicle design limitations. How- 

ever, the fixed paddle configuration usually presents an interference 

pattern for the antennas and may cause vehicle stability problems. There- 

fore, the body mounted array is preferred. 

When the vehicle spin axis is oriented in the orbital plane, continuous 

earth pointing of the antennas can be accomplished by precessing the 

vehicle attitude once per orbit. Electrical power is required for the 

flywheel and/or gas jet attitude control. The reliability of this continuous 

attitude correction is.low for the required life of five years. Again, the 

solar array can either be paddles or body mounted, The spherical con- 

figuration is usually preferred by power system designers for this body 

mounted array because the cylindrical shape with solar cells mounted on 

its ends requiies a larger number of solar cells. 

7. 1. 1.2 Nonspinning, Two-Axis Control 

Active attitude control of a nonspinning earth-oriented body usually 

employs gas.jets and flywheels. Motion about the third axis, which is 

parallel to the local vertical, is uncontrolled or at most damped. The 

primary function of the attitude control system is to maintain earth point - 

ing of the third axis (antenna axis). The solar array for this type of 
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vehicle control can also be body mounted or fixed paddles. Fully oriented 
paddles require the additional control of the third axis of the vehicle and 

are discussed in Paragraph 7.1.1.3. 

Because the motion about the third axis is uncontrolled, either solar 

array configuration would be subject to varying thermal excursions. .The 
upper and lower temperature limits of these excursions are more extreme 

than for the spin-stabilized vehicle. Thus, the solar array performance 
is less predictable as a function of time, and in general less efficient. 

The two-axis nonspinning vehicle control system is probably the least 

desirable for maximizing power system performance. 

7.1.1.3 Three-Axis Control 

Three-axis attitude control can be either active or semi-active. 

The active three-axis control is the same as the two-axis nonspinning 
system with the addition of stabilization about the third axis. Third axis 
stabilization either maintains a zero angular rate about the third axis, 

usually by inertial sensors, or maintains a varying attitude about the 
third axis so that some pointing reference is maintained. The latter 
method is normally found when a fully oriented solar array is used and 

the pointing reference is the sun. Active three-axis control permits the 
use of body mounted solar arrays, fixed paddles, or fully oriented paddles. 

Fully oriented paddles usually are used to take advantage of the full 

stabilization. 

Semi-active three-axis control is exemplified by the gravity gra- 

dient stabilized vehicle. The gravity gradient technique maintains earth 

pointing of the vehicle, and active control is only required for the third 

axis. Because the control forces of the gravity gradient system are very 

small, -disturbances caused by stationkeeping or paddle orientation must 

be minimized. Body mounted or fixed paddle solar arrays are most 
common for this method of vehicle control. Varying thermal excursions 

are again present. However, the temperature extremes may be lees than 
for the nonspinning two-axis controlled vehicle and more predictable, 
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7.1.2 Mieeion II 

Greatest earth coverage for the mapping or navigational functions of 

Mission II is provided when a polar orbit is used, This mission was 

specified to be sun synchronous which is a special polar orbit case. Sun- 

synchronous orbits possess unusual properties because of the unique 

characteristics which define them. These orbits have a nodal regression 

rate equal in magnitude and sense to the mean rate of revolution of the 

earth about the sun (about 0.985 deg per day). The sun-synchronous 
orbits maintain their initial orientation relative to the sun. These orbits 

are retrograde and lie between inclination angles of 95.7 deg and 180 deg 

at altitudes up to 3225 nmi. For certain mission requirements, a noon- 

midnight sun-synchronous orbit can be selected which provides good 

photography for about one -half of every revolution. Conversely, twilight 

sun-synchronous orbits can be established in which the space vehicle is 

never in the shadow of the earth, eliminating the need for energy storage 

(batteries, etc. ) if solar power is used. Orbits having any ratio of dark 

to light between these two extremes can be achieved by using the proper 

launch time. For the purposes of this study, only the two extreme cases 

for an altitude of 600 nmi will be considered. All vehicles in sun- 

synchronous orbits having a lifetime of 9 months or longer require station- 

keeping. This is a result of earth anomalies and drift rates established 

by launch errors. 

Several vehicle and solar array configurations are available for 

these specialized orbits. However, the operational function of earth 

pointing the payload equipment and/or antenna presents restrictions very 

similar to those of Mission I. The following paragraphs discuss noon- 

midnight and twilight orbits. 

7. 1.2. 1 Noon-Midnight Orbits 

All vehicle and solar array configurations used for this orbit exper- 

ience full shadow and full sunlight once per orbit. The ratio of dark to 

light is dependent solely upon the orbital altitude and eccentricity. 

1) Spin-Stabilized Control 
The spin-stabilized vehicle with its spin axis normal to the 
orbital plane has the same type of problems and possible 
solutions as outlined for Mission I. Synchronizing the 
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3) 

antennas and/or payload with the earth view is usually 
the overriding factor in configuration selection, Similarly, 
the configurations for the spin axis lying within the orbital 
plane have been covered for Mission I. However, one new 
condition for this orientation is made possible because of 
the sun-synchronous characteristic. If the vehicle is not 
precessed, it will maintain a fixed orientation in inertial 
space. Thus, one surface of the vehicle will always be, 
perpendicular to the earth-sun line. This is advantageous 
for the solar array and electrical power system, but 
presents earth tracking problems for the payload/antenna 
equipment. 

Nonspinning Two-Axis Control 

Active two-axis control for sun-synchronous orbits pre- 
sents the same advantages and disadvantages as stated 
for Mission I. A slight improvement in solar array 
performance is obtained for polar orbits because the 
approximate change of *23 deg in earth-sun line from 
the equatorial plane has no effect. Again this mode of 
control is less desirable, 

Three -Axis Control 

Active control of the three axes of the vehicle for this 
orbit presents the same considerations as given for 
Mis sion I. The effect of ecliptic angle, again, is of 
no concern. 

The method of control normally chosen for noon-midnight orbits is 

the spin-stabilized vehicle whose spin axis is parallel to the orbital plane. 

The vehicle would be precessed one revolution per orbit to permit payload/ 

antenna earth tracking. This mode of control is preferred because the 

earth tracking accuracy for mapping and navigation payloads is usually 

greater than for communications, Also, electronic and/or mechanical 

despinning of the optical payload sensors has not been fully developed for 

the accuracies required, 

7. 1. 2. 2 Twilight Orbits 

The significant advantage of twilight orbits is the availability of 

continuous full sunlight. Battery power or energy storage would only be 

required for the launch-acquisition phase and subsequent reacquisitiona 

that become necessary. All previous attitude control and solar array 

considerations presented for the noon-midnight orbits apply. Due to the 

full sunlight condition, the solar array used on a spin-stabilized vehicle 

is simplified and smaller. Because solar cells would not be required 
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on the ends of the vehicle defined .by the spin axis, a cylindrical body 

would be preferred. 

7. 1. 3 Mission III 

The attitude control system for this mission has been specified as 

being three axis. Because of the variety of experiments normally carried’ 

by this type of vehicle and their diverse performance requirements, 

active three-axis stabilization is the only practical method. Therefore, 

full three -axis active attitude control was as sumed for analysis of this 

mission. It should be noted that some specialized scientific satellites 

flown in this orbit could use other three-axis attitude control methods. In 

general, the electrical power requirements would be less for these 

special cases. 

7. 1.4 Summary of Mission Analysis 

The vehicle shape, solar array, and attitude control selections 

for each mission are summarized in Table 7-II. 

Table 7-U. Vehicle Shape, Solar Array, and Attitude Control Selections 

Vehicle Shape 

Attitude 
zont rol 

iolar Array 

1 
MISSION I 

Cylindrical 

Spin axis 
stabilized 
normal to 
orbital 
plane 

Body 
mounted 

MISSION Il 

Noon- 
Midnight Twilight 

Spherical Cylindrical 

Spin axis 
stabilized 
in the 
orbital 
plane and 
preces sed 
once per 
orbit 

Spin axis 
stabilized 
in the 
orbital 
plane and 
precessed 
once per 
orbit 

Body 
mounted 

Body 
mounted 

7.2 DESIGN OPTIMIZATION GUIDELINES 

MISSION III 

(Not critical) 

Active three - 
axis control 

Paddle 
mounted, fully 
oriented 

Satellite‘electrical power systems are discussed here according to 

I;heir functional elements. These functional elements may or may not be 

7-6 



physically located within the same piece of hardware, In general, ac or 

dc voltages exceeding 150 to 200 v would not be distributed outside of the 

equipment in which they were generated. Thus, user equipment requir- 
ing high voltages would contain the high voltage portion of the power 

conditioning function. Equipment parametric data derived throughout this 
study indicate that. high bus voltages (50 to 100 v) are desirable for best 

efficiency, provided the using equipment requirements are reasonably 

close to the chosen bus voltage. A lower bus voltage should be chosen if 
it would eliminate a stage of power conditioning by direct connection to 

the bus. 

The functional elements of a power system can be identified as 

follows: 

1) Energy source 

2) Energy source control or regulator 

3) Energy storage 

4) Energy storage control or regulation 

5) Power Conditioning Equipment 

a) Regulators (ac or dc) 

b) lnverter s (dc to ac) 

cl Converters (dc to dc) 

4 Transformer-rectifiers (ac to dc) 

For each of these functional elements many configurations, com- 
binations, and circuit designs exist. The equipment design choice is 

primarily the responsibility of the design engineer. and is a function of his 

knowledge of the state-of-the -art, However, the parametric data pre- 
sented by this study does indicate to the design engineer the importance 
of certain parameters and their interactions, such that the total power 

systems performance can be maximized. General guidelines for the 
design of each type of functional equipment are discussed in the following 

paragraphs. Implementing these guidelines may not necessarily result in 
optimized individual pieces of equipment but should provide the best 

overall electrical power system. 
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7.2.1 Energy Source 

The energy sources considered in this study have been limited to 

two types , solar cell arrays and radioisotope thermoelectric generators 

(RTGs), with the largest emphasis on the solar cell arrays. Solar arrays 

can be divided into three basic categories: body mounted, fixed paddles, 
and movable oriented paddles. 

Body mounted solar arrays are usually spherical, cylindrical, or 

multi-faceted approximations of either. The geometric configurations for 

body mounted cells allow a maximum of 35 percent utilization of the total 

array. Practical values for body mounted configurations are 20 to 23 per- 

cent. The choice of optimum geometric configuration is controlled by the 

specified orbit and type of control system selected to satisfy the mission 

objectives. Body mounted arrays are usually preferred on spinning 

satellites for the following reasons: 

0 Lower average operating temperature 

l Higher energy density (w/lb) 

l No deployment equipment required 

l No complex attitude control functions required 

l Short and direct electrical connections into the satellite 

0 Less temperature extremes. 

The major disadvantages of their use are: 

l Maximum design power is limited by the available 
and usable vehicle surface area 

l Any protrusion from the satellite (such as an antenna) 
can cause decreased power due to shadowing 

l Mismatching of solar cell strings when subjected to vary- 
ing temperatures and illumination decreases output power. 

Fixed solar array paddles are designed to accommodate the satellite 

shape (including the launch fairing) and method of attitude control. In 

general, a paddle array performs in a manner very similar to a body 

mounted array except its size is not limited by available satellite surface 

area. Operating temperatures are comparable to the body mounted array. 
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Oriented solar array paddles are the least desirable from the 

vehicle. system standpoint. They are the most efficient user of active 

solar cell area, but the average conversion efficiency is lower due to the 

higher average operating temperature. Penalties for deployment and 

orienting equipments result in lower reliability, and lower power 

densities (w/lb). Normally, oriented solar arrays are used when large 

amounts of power are required and/or vehicle configuration and attitude 

control modes prevent acceptable performance from fixed arrays. The 

orbit and mission requirements will establish the choice criteria. 

7. 2.2 Energy Source Control or Regulator 

An energy source control or regulator can be,of the shunt or series 

type. Each of these two types have many design variations such as 

dissipative, nondissipative, switching, proportional, etc. Most applica- 

tions requiring continuous control use regulators. Those not requiring 

active control in the normal operating mode use limiters or limit con- 

trols. Limit controls are commonly associated with protecting other 

equipment connected to the energy source, whereas regulators perform 

a continuous function of adjusting the energy source output characteristic. 

Limit type controls are more efficient than regulators during normal 

operation. Switching type regulators or controls most often have the 

highest efficiencies. Therefore, they are preferred whenever power 

system efficiency is important, The more efficient types of regulators 

and controls are: 

l Full (or partial) switching type shunt 

l Pulsewidth modulated (PWM) buck, boost, or 
buck-boost regulator 

l Sequential shunt (or series) regulator 

l Shunt voltage (or current) limiting control 

0 Series voltage (or current) limiting control. 

The choice of the most efficient type depends upon the specific load 

requirements and subsystem configuration. 
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7.2.3 Energy Storage 

‘Energy storage for a satellite power system is required because of 

solar array dark periods or peak power requirements on a transient basis. 

Except for very special cases when a capacitor will suffice, chemical 

storage batteries are commonly used. Primary type batteries may be 

used for missions where only the launch period requires stored power or 

when nonrecurring peak loads exist. The majority of applications utilize 

secondary batteries of the nickel-cadmium or silver-cadmium type. The 

charge and discharge efficiencies of the silver-cadmium type are slightly 

better than the nickel-cadmium. Nickel -cadmium batteries have more 

application because of their greater cycle life and capability of meeting 

mission times in excess of one year. 

The charge and discharge current densities, as well as operating 

temperature control the battery performance, cycle life, and efficiency. 

Maximum performance is obtained from a nickel-cadmium battery 

1) during discharge, when the battery temperature is high (80 to 90°F) 

and the.current density is relatively low (id = 0. l), and 2) during charge, 

when the battery temperature is low (30 to 40°F), and the current 

density is high (i = 1). 
C 

The silver-cadmium battery requires the same 

discharge but different charge conditions for maximum performance. 

Maximum ampere-hour capacity and efficiency are obtained when low 

charge rates (Ic = c/4) at high temperatures (80 to gOoF) are possible, 

Because low charge rates are highly desirable, silver-cadmium batteries 

should only be considered for missions having a dark-to-light ratio (S) 

less than 33 percent. Missions having an (S) value greater than 33 per- 

cent are possible if the penalties of shorter life and lower battery 

efficiency can be tolerated, 

The choice of battery and its operating conditions is probably the 

most important phase of electrical power system design affecting system 

efficiency, weight, and reliability. Rarely will a solar array battery sys- 

tem allow battery watt hour efficiencies greater than 85 percent. Most 

often the efficiencies are in the 70 to 75 percent range. Whenever the mis- 

sion includes eclipses, 100 percent of the output power duringeclipse is 

handled by the battery and thus subjected to this low efficiency factor. 
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Further degradation of the efficiency factors occur for large values of the 

mission dark-to-light ratio (S). Because of this critical efficiency condi- 

tion, it is necessary to minimize the output loads supplied by the battery 

and especially those loads having low efficiency power conditioning equip- 

ment. Intelligent thermal design of the battery environment can prevent 

additional efficiency losses. The proper choice of battery charge- 

discharge controls plays an important role in determining the battery 

thermal environment as well as directly affecting the system efficiency, 

battery life and reliability. 

7.2.4 Energy Storage Control or Regulation 

Control of the energy storage (battery) charge and discharge func- 

tions is a very complex requirement. As previously stated, the battery 

charge and discharge rates directly affect battery efficiency and operating 

environment. The addition of regulation or control into the system 

incorporates more equipment inefficiencies and reliability considerations. 

The ideal approach is to use only the bare essentials, such as nonpower- 

dissipating switches, to make maximum charging current available to 

the battery. This design approach is practical because the solar array 

is power limited and, when the battery is directly connected to the bus for 

charging, the bus potential will be set by the battery voltage. Additionally, 

the battery normally requires recharging immediately after an eclipse 

period when the cold solar array has excess power capability. Thus, the 

efficiency of this simple battery charge control approaches 100 percent. 

During the final charge period, the battery requires a reduced charge 

rate to prevent excessive temperatures and thermal problems. Simul- 

taneously, the array is heated and returns to its normal sunlight temper- 

ature and power level, A simple voltage dropping resistor is usually 

sufficient to limit the trickle charge rate and maintain a highly efficient 

and reliable control circuit. A similar direct connection to the bus can 

be made for discharge, provided the power conditioning or user equip- 

ment is designed to accept the voltage extremes set by the battery 

charge-discharge voltage characteristic. Infrequently, the orbital and 

load requirements are such that a highly efficient pulse-modulated 

regulator is required for charge or discharge control. 
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Whenever energy storage is required for RTG systems, a similar 

direct control is desirable. The function of a battery in an RTG system 

is to supply peak or transient loads which seldom require closely regulated 

voltage. Usually, the RTG has a source regulator which decreases the 

need for further battery charge control. Therefore, direct coupling to 

the peak loads is common. 

7. 2. 5 Power Conditioning Equipment 

Power conditioning equipment consists of converters, inverters, 

transformer-rectifier (TR) units, and line regulators. The parametric 

data presented in Section 5 of this report indicate many characteristic 

similarities for these equipments. Efficiency and weight are nonlinear 

functions of power output level. Operating frequency has a significant 

and direct effect upon both parameters because of the magnetic and semi- 

conductor circuit characteristics. Changing operating frequency creates 

an exchange between efficiency and weight of the equipment. The best 

compromise is determined at the electrical power system level, since a 

change in equipment efficiency is translated into new weights for the 

energy source, energy storage, and storage control equipments. The 

change in power conditioning equipment weight is balanced against the 

net system weight change. 

The maximum efficiency curves on Figure 7 -1 show the relative 

efficiencies for the four types of power conditioning equipments. For a 

given power requirement, various combinations of these four equipments 

can be used. The optimum efficiency combination may be determined by 

the EPSOM method, described in Section 6 of this report, Use of this 

method for the three specified satellite missions (See Table 7-I) are 

found in Paragraph 7 -3. 

7.3 POWER SYSTEM CONFIGURATION SYNTHESIS 

7. 3. 1 Mission I Configurations 

The payload for Mission I is the communications equipment 

necessary to relay the radio, television, telephone, and facsimile 

intelligence between two or more ground stations Over 85 percent of 

the load power for the 150-w system is required for the payload. These 
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load power requirements are given in Table 7-III. The requirements for 
a 500-w communications satellite would be over 95 percent for the payload. 

The Mission I payload represents four sets of communications equipment 

consisting of: 10-w traveling wave tubes (TWT),.transmitters, driver 

stages, and receivers. Only a small amount of power is required for 

antenna de spinning, attitude control, and stationkeeping. Several observa- 

tions can be made about the load power requirements (Table 7-111). 

l All output voltages are dc. 

l All voltages except Item No. 8 require regulation 
tighter than an unregulated solar array or battery 
can provide. 

l Only two additional levels of regulation are required. 

l The voltage and power requirement for the four 
TWT s are identical. 

Table 7-IV restates the load voltages, and presents the load require- 

ments organization for Mission I. A review of the organization analysis 

given in Table 7-IV shows that the first seven voltages are predominately 

ranked within the first eight positions by four criteria: voltage, power, 

voltage x power, and the summation of the rank positions of the first three 

criteria. These seven voltages represent more than 75 percent of the 

total load power, Because the major portion of the loads are high voltage 

( > 200 v) and associated with the TWTs, variations in the load organization 

are limited. TWT transmitters are very sensitive to voltage regulation 

tolerances and relative voltage magnitudes. Since the, requirements for 

T WT s are for high voltage, it is recommended that the TWTs be supplied 

from power conditioning equipment located within the TWT equipment. 

The suggested load requirements organization agrees with the 

technical need for conditioning these high voltages in one equipment. Four 

synthesized power system configurations which could satisfy the suggested 

organization are presented in Figures 7-2 through 7-5. The load voltage 

assignments are summ arized in Table 7-V. 
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Table 7-III. Mission I Load Power Requirements 

Frequency 

2304.0 

6432.0 

24440.0 

24.8 

228.0 

393no.o 

1278.0 

98.0 

67.2 

37.5 

43.5 

26.0 

8.4 

19.8 

50.4 

Voltage V-Amp/w 
Itmn No. Wc) 

1. +I440 1.60* 

2. t1340 4.80° 

3. t 650 37.60* 

4. + 620 0.041 

5. + 570 0.400 

6. t 550 71.60' 

7. t 355 3.60" 

8. + 28 3.50** 

9. + 28 2.40 

10. - 15 2.50 

11. + 15 2.90 
12. t IO 2.60 

13. - 6 1.40 

14. + 6 3.30 

15. + 3 16. Ed 

155.04 

+112 

+1/z 

*1/z 

+1/z 

+1/z 

+1/z 

+1/z 

l 15 

l 3 

l 3 

l 3 

+3 

l 3 

+3 

+1/z 
_-. ~_-- 

“TWT power 16 required from same converter. 

*“Peak power LS 36. 3 w. 

Percent of 
Total Power 

1.03 

3.10 

24.26 

0.03 

0.26 

46.19 

2.32 

2.26 

1.55 

1.61 

1.87 

1.68 

0.90 

2.13 

10.84 

100.03 

Table 7 -IV. Mission I Load Requirements Organization 

Output 
VO1tlg.Z 

Idc ) 

--- 

Voltage 
Rank 

A 

Power 
Rank 

EA. 
B.C 

6 

VXP 
Rank 

C 

CA. 
8. c 
Rank 

D 

t1440 I I2 4 17 4 

t1340 2 4 3 9 3 

+ 650 3 2 2 7 I 

+ 620 4 15 13 32 I2 

+ 570 5 14 6 25 7 

+ 550 6 I I 8 2 

+ 355 7 5 5 17 5 

+ 28 8 6 7 21 6 

+ 28 9 I1 8 28 9 

+ I5 10 8 11 29 10 

- I5 II 10 10 31 II 

+ IO I2 9 12 33 13 

- 6 13 7 15 35 14 

- 6 I4 13 14 41 15 

+ 3 15 3 9 27 8 

Item 
NO. 

. . 

Volt 
Reg. 
Rank 

E 
-- 

8 

9 

10 

II 

I2 

13 

14 

I 

2 

3 

4 

5 

6 

7 

I5 

F 

Cumulative 
Percent of 
rotal pourer 
For 0 

G 

I. 03 98.84 74. 58 

4.13 84.39 73.55 

28.39 70.45 70.45 

28.42 100. 03 97.00 

28.60 100. 00 77. I6 

74.87 46. 19 46. I9 

77.19 86. 71 76. 90 

79.45 88. 97 79.42 

81.00 97.81 80. 97 

82.61 92. 97 95.29 

84.48 96. 26 93.42 

86.16 94.65 96, 97 

87.06 91. IO 100.03 

89.19 99.74 97.90 

100.03 81.29 91.81 

Zumulative 
Percent of 
r0td power 
For D 

1 

74. 58 

73. 55 

24. 26 

95.32 

79.42 

70.45 

76. 90 

76. 16 

91. 81 

93.68 

95.29 

97.00 

99.13 

100.03 

90. 26 

, :L 

2. * 

3. * 

4. * 

5. * 

6. * 

7. * 

8. 

9. 

0. 

I. 

2. 

3. 

4. 

5. f 

‘TWTs require their own converters. Total power required iw dc power. Eighty-eight pbrcent of the total power in for TWTa. 
~~___- 
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Figure 7-5. Mission I, Configuration 4 
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Table 7-V Mission I Load Voltage Assignments 

Load Voltage (dc) Percent (*) (4 Total Power (w 

Configtiration 1 

I 

II 

III 

IV 

V 

VI 

I 

II 

III 

+ 28 15 3.50* 3, 5* 

+1440 112 0.40 
t1340 l/2 1.20 
t 650 l/2 9.40 
t 620 l/2 0.01 34.1 
t 570 l/2 0. 01 
t 550 l/2 17.90 
t 355 l/2 0.90 
t 3 l/2 4.30 

(Same as II) 34.1 

(Same as II) 34.1 

(Same as Il) 34.1 

t 28 3 2.40 
- 15 3 2.50 
t 15 3 2.90 15.1 
t 10 3 2.60 

6 3 1.40 
t 6 3 3.30 

155.0 
c- - - - - - - - - - -- - 

Configurations 2, 3, and 4 

t 28 15 3.50* 3.5$< 

t1440 l/2 1.60 
$1340 l/2 4.80 
t 650 l/2 37.60 
t 620 l/2 0. 04 
t 570 112 0. 04 136.4 
t 550 l/2 71.60 
t 355 l/2 3.60 
t 3 l/2 17.20 
t 28 3 2.40 
- 15 3 2.50 
t 15 3 2.90 15.1 
t 10 3 2.60 

t t 
3 1.40 
3 3.30 

155.0 

Peak Power 36.3 w 

7-18 



Communications equipment loads are essentially constant, and it 
can be assumed that the voltage variation of the solar array battery bus 
will be due primarily to the illumination/temIjerature characteristics of the 

solar array and the charge/discharge characteristics of the battery. These 
variations would be within the *15 percent required bus regulation at 

constant load. The addition of a solar array shunt regulator (voltage 
limiter) is shown (dotted) for each configuration, and would be needed to 

protect the battery from overvoltage if the system payload was turned off. 
The presence or absence of the shunt regulator (at full load) alters the 
system efficiencies for each configuration by a few tenths of one percent 

since its efficiency is 98 percent or better. Additional loss of system 

efficiency by the shunt regulator occurs only when light loads exist and 
excess solar array power is available. 

The EPSOM method was applied to the four synthesized configura- 

tions. The dark-to-light ratio (S = 0. 0526) for this mission was obtained 

from Figure 7-6, a plot of earth satellite orbital mission parameters. 
The values of efficiency (q) as a function of output power for each of the 

four types of power conditioning equipment were read from Figure 7-l. 

The maximum efficiency values were chosen for these mission examples 

only to demonstrate the application of EPSOM. Other values could be 

used from the parametric curves for an actual hardware design when 

more detailed load requirements are specified. For example, a 

frequency of 400 cps for all equipment may be specified by the satellite 

system requirements. Then a plot of 400-cps data points would be used. 

The EPSOM equation derived in Section 6 for the total electrical 

power system efficiency (H) is: 

7-19 



.2 

.2 

Figure 7-6. Mission Orbital Parameters 
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The evaluation of this equation for Mission I, Configuration 1, is as 

follows, with the values for intermediate steps summarized in Table 7-VI. 

The output power for each load equipment is assigned, and its percentage 

(Ai) of total output power is calculated. The efficiency (‘la) for each 

terminating equipment is determined from the curves of Figure 7 -1. For 

the case of Load I, which is not power conditioned, it is considered at 

100 percent efficiency. Loads II, III, IV and V each draw 34.1 w of power 

from converter Al, A2, A3, and A4, respectively. The converter curve, 

Figure 7-1, shows 83. 7 percent efficiency at 34. 1 w. Load VI is similarly 

calculated. The next step is to determine the output power (Pa) for each 

regulator (B 1 through B5) by dividing each converter output power by its 

respective converter efficiency. Using these power values, the 

efficiencies (‘1 p) are determined from the regulator curve in Figure 7-l. 

By dividing each regulator output power by its respective efficiency, their 

input power (Pp) is determined. Since there are no more power condition- 

ing equipments between the regulator inputs and the system power bus, 

the regulator inputs plus Load I can be summed to determine the total load 

bus power required from solar array or battery. 

The battery (nickel-cadmium because of the mission life) amp-hr 

rating is determined from the load amp-hr and the cycle life derating 

factor as demonstrated in Appendix A. Next the watt hour efficiency is 

determined based upon charge and discharge rates and the respective 

battery temperatures. Because the battery is charged and discharged 

through relay contacts, the value of (qd) in the (H) equation is equal to the 

battery watt hour efficiency. All configurations considered for Mission I 

require a nominal 14 amp-hr battery operating at 63 percent depth of 

discharge, and a watt hour efficiency of 70 percent. The watt hour effi- 

ciency is relatively low because of the low average charge rate. 

The value of tli in the (H) equation for each load (See Table 7-VI) is 

obtained by multiplying the efficiency values for each piece of power 

conditioning equipment in series, i.e., 1111 = 11 Al ‘IBl* The values of 

Ai/qi are calculated for each load, i. e. , 

51 AII 0.2200 0.2200 
G= nA1 7B1 = (0.837) (0.920) = 0.7700 = o*2857 
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Table 7-VI. Mission I Configuration Evaluations 

OUTPUT 
LOAD Ai rl 

1” 
,I p* 

Configuration i 

I 3. 5 0.0226 - I. 000 3. 50 1.0000 0.0226 

II 34. 1 0.2200 0.837 40.74 0.920 44.2H 0.7700 0.2857 

III 34. 1 0.2200 0.837 40.74 0. 920 44.2H 0.7700 0.2857 

IV 34. 1 0.2200 0.837 40.74 0.920 44.28 0.7700 0.21(57 

V 34. 1 0.2200 0.837 40.74 0. 920 44.2R 0.7700 0.2857 

VI 15. 1 0.097-l 0.786 19.21 0.913 ,21.04 0.7180 0.1357 

Total 155.0 1.0000 - 201.66 1.3011 

Total Bus 201.66 

XAi hi 1.3011 

l/Z 0.7686 

Configuration 2 

I 3. 5 0. 0226 1.000 3. 50 1.0000 0.0226 

II 136.4 0.8800 0.8X5 154. I2 0. 925 166.62 0.8186 1.0750 

III 15. 1 0.0974 0.786 19.21 0.925 20.77 0.7271 0. 1340 

Total 155.0 1.0000 - 173.33 0.925 1YO. 83 1.2316 

Tolal BUS i90. 89 

i/z 0.8120 

Configuration 3 

I 3. 5 0.0226 - 1.000 3. 50 1.0000 0.0226 

II 136.4 0. 8800 0.885 154.12 0. 925 166. 62 0.8186 1.0750 

III 15. 1 0.0974 0.7li6 19.21 0.913 21.04 0.7176 0.1357 

Total 155.0 1.0000 - 191. 16 1.2333 

Total Bus 191.16 

ZA,h. 1 1.2337 

l/Z 0.8108 
-. 

Confipration 4 

I 3. 5 0.0226 - 1.000 3.50 1.0000 0.02Lh 

II 136.4 0. 8800 0. ‘).I9 143.73 0. 952 150.98 0.925 163.22 0.8357 1.0530 

III 15. 1 0.0974 I). Y3fJ 16.24 0.952 17. 06 0.925 18.44 0. 8190 0.1189 

TOlZll 155.0 1. OOOIJ - 15’). 97 0. 952 168.04 0.925 185. 16 - 1.1945 

Total Bus 185.16 - 

XA,/T'. 1 1.1945 

l/X 0. 8372 
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Then the value of 

and its reciprocal are calculated (See Table 7-W). The values of: 

= s = 0. 0526 

‘d = 0.70 

?A = 0. 10 (assumed constant for 
all configurations ) 

?C = ‘1A 

are substituted into the (H) equation. ‘1, equds qA since there are no 
more power conditioning equipments to consider. If the solar array 
shunt regulator is included, then ‘I, = qBs qA. The value of H for 
Configuration 1 is: 

H = = 0.0715 = 7.15 percent 

The total average power required from the solar array can be 
determined by dividing the total output power (155 w) to the loads by 

the value of H/q, (0.715). For Configuration 1 this is 216. 8 w. The 
differences between the total average solar array power and the total load 
bus power is the power delivered to the battery for charging (15.2 w). 
Table 7-VII summarizes the power system performance values for each 

of the four configurations. 

Applying the EPSOM evaluation method to the four proposed system 
configurations resulted in an improvement of power system efficiency for 
Configuration 4 approximately 9 percent over Configuration 1. The solar 
array of Configuration 4 is 17.74 w smaller than the array for Configuration 1. 
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Table 7 -VII. Mission I Summary 

Array “System 
Power Bus Array Power Efficiency 

out Power Power Differential (HI 
Configuration (4 (4 (w) (4 Percent 

1 155.0 201.66 216.82 17.74 7.15 

2 155.0 190. 89 205.25 6.17 7. 55 

3 155.0 191.16 205.57 6.49 7. 54 

4 155.0 185.16 199.08 0 7. 79 

*Assumes solar cell array efficiency to be 10 percent AMO. 
L 

This system improvement is attributable to the 16.5 w reduction in bus 

power because of the improved net efficiency of the power conditioning 

equipment, and the additional 1.24 w saved by not requiring the battery 

to deliver this 16.5 w during the dark period. The EPSOM method of 

evaluating all proposed configurations provides a positive configuration 

selection. Additionally, the method permits identification of those equip- 

ments and/or equipment groupings contributing the most to the system 

power losses. Knowing where and how the losses are generated permits 

the design engineer to improve individual equipment designs as well as 

suggesting better system configurations. 

7. 3. 2 Mission II Configurations 

The payload for Mission II could be OI several varieties such as 

weather mapping; geodetic surveys; geotectonic surveys; and land, air, 

and sea navigational aids. The payload power requirements defined by 

Table 7 -VIII were chosen for a representative weather mapping satellite. 

A TWT transmitter was selected for data transmittal to earth stations. 

Similar to the TWTs of Mission I, it requires high voltages that are 

closely regulated and magnitude related. Other high voltages are 

required for optical sensors which scan the atmosphere of the earth for 

weather data. As previously discussed in Paragraph 7.1.2, a sun- 

synchronous orbit can be of two types. The attitude control system for 

either type requires a significant amount of electrical power. That 
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Table 7-VIII. Mission II Load Power Requirements 

Percent of 

8836.0 5.63 
8175.0 8.98 

t 450 dc 0.1 i *3 45. 0 0.06 
t 300 dc 5. o* *3 1500.0 1 2.99 

7. t 150 dc 0. 1 i3 15.0 1 0.06 
115 ac 40120. (p** t20, -15 2300.0 ’ 11.98, 
115 ac 20, 1 o* o”*::: t20, -15 1150.0 5.99 

10. t 80dc 0. 4Q::: f 1 32.0 0.24 
11. t 50 dc 0. 3 *3 15.0 0.18 
12. 28 ac 3Q, 15* o:::*:::: *2 $B 420.0 8.98 
13. t 28dc 10. 0 t20, -15 280.0 5.99 
14. t 28dc 12. 0 *2 336.0 7.19 
15. t 20 dc 3. 0 l 3 60.0 1.80 
16. - 20 dc 3. 0 *3 60.0 1.80 
17. t ai6 dc 20. 0 *3 320.0 11.98 
18. - 16dc 8. 0 *3 128.0 4.79 
19. t 12 dc 5. 0 *3 60.0 2.9.9 
20. t 6 dc 7. 0 *3 42. 0 4.19 
21. 6 dc 5. 0 *3 30.0 2.99 
22. 6 ac 5. 0 *3 @A 30.0 2.99 
23. t 4.2 dc 13. 0 i3 54.6 7.78 

212.Oll67.0 100.0 

%Must be from same converter. 
‘;*TWT, must be from same converter. 
*** 

Same subsystem. 



portion of the power required for the power gyros (flywheels) is usually 

two-phase ac, and thus should be generated in the same equipment to 

maintain proper synchronization and phasing. The total satellite power 

requir.ements (167 w) can be divided into three major categories - payload 

(62 w), attitude control subsystem (65 w), and communication and data 

handling (40 w). 

If the satellite power were to increase to 500 w, the growth would 

occur in the payload and communications and data handling equipment. 

The following allocation of power is estimated for a 500-w system. 

- 270~ 

Attitude control 9ow 

Communication and data handling - 140 w 

Table 7-1X provides the load voltages and the Load Requirements 

Organization. The following observations can be made about the load 

power requirements for the 167-w system: 

l The ac loads constitute 30 percent of the total load, and 
60 percent of the ac loads require loose regulation. 

l Only three outputs, amounting to less than 10 w, require 
regulation better than 2 percent. 

l The lower (<lo0 v) dc voltages making up 46 percent of 
the total power require only moderate regulation. 

A review of the organization analysis given in Table 74X shows that the 

first six preferred voltages are ranked within the first nine positions. 

Considering this result and the need for grouping the ac requirements 

and the high voltage requirements, Table 7-X summarizes the load 

assignments used for Mission II, Configurations 1 through 5. These five 

configurations are shown in Figures 7-7 through 7- 11. 

The system bus voltage was chosen to be 28 vdc in order to minimize 

the voltage conversion for unregulated type loads. The solar array battery 

regulation should provide better than the required t20, -15 percent. A 

possible solar array shunt regulator (voltage limiter) is also included for 

this mission and has the same considerations enumerated for Mission I.. 
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Table 7-M. Mission II Load Requirements Organization 

1 

Cumulative Cumulative Cumulative 
’ Volt- : 

=A B = 
V Percent or Percent of Percent of 

Cumulative ’ ;z;c;l;;i;fe ‘E 
Percent of 

Item output age Power VXP 
Rank Rank i ’ 

A,B,C Reg. j Total Pcwer Total Power Total Power Total Powerl Total Power Total Power 
NO. Volta&!e ’ Rank Rank Rank for A for B for c for D for Vat for Vdc 

I 
! A B c - D E F c H I J K 

1. *o t5000 dc 1 18 1 20 4 4 0. 36 99. 39 0. 36 26. 95 0. 36 

2. tlOO0 dc 2 21 12 35 11 20 0.42 : 99.87 74.91 70.12 0. 42 

3. d - 940 dc, 3 9 5 17 3 23 6.00 ’ 74.49 26. 35 26. 50 6. 00 

4. f - 545 dc 4 3 6 13 2 21 15.00 ~ 32. 93 35.93 20.96 15.00 

5. t 450 dc 5 22 17 44 13 5 15.10 99.93 89. 34 74.97 15.10 

6. “9 t 300 dc 6 12 3 21 6 6 18.10 86.46 15.33 35.93 18. io 

7. t 150dc 7 23 22 52 20 7 18.14 99.99 99. 81 93.83 18.14 

8. $:::* 115ac 8 1 2 11 1 1 30.12 11. 98 12.34 11.98 11.98 

9. *>“* .Ll5ac 9 7 4 20 5 2. 36. 1 I 62. 87 21. 32 32.93 17. 96 

10. * t 80dc.10 19 19 48 18 22 36: 35 99.63 93.77 89.58 - 18. 38 

11. t 50dc 11 20 23 54 21 8 36. 53 99.81 99.99 94.01 18. 5b 

i 2. +a* 28 ac 12 4 7 23 ‘7 18 45. 51 41. 92 44.91 44.91 26. 95 

13. t 28 dc 13 8 10 31 10 3 51.50 68.86 70.06’ 70.06 24. 55 

14. t 28dc 14 6 8 28 8 19 58.68 56.89 52. 10 52.10 31.74 

15. t 20dc 15 lb 13 44 14 9 60.48 97.23 76. 71 76.77 33. 53 

16. - 20 dc 16 17 14 47 lb .lQ 62.28 99.03 78. 50 86.35 : 35.33 

17. t lb dc 17 2 9 28 9 11 74. 25 23. 95 64.07 64. 07 47.31 

18. - 16 dc 18 10 11 39 !2 12 79. Q4 79. 28 74. 85 74.91 52. 10 

19. t 12 dc 19 13 15 47 17 13 82.03 8O. 45 81. 30 89.34 55.09 

20. t 6dc 20 11 18 49 19 14 86.22 83.47 93.53 93.77 39.28 

21. - bdc 21 14 20 55 22 15 89. 21 92.44 96. 76 97.00 62.28 

22. 6 ac 22 15 21 58 23 ib 92. 20 95.43 99.75 99.99 29.94 - 

23. t4.2dc 23 5.16 44 15 17 99. 99 49.70 89. 28 84. 55 70. 06 

*TWT, require own converters. 
**Equipment require voltages together. 
***Some equipinent, two-phase power. 



Table 7-X. Mission II Load Voltage Assignments 
._. ..-___. 

LOAD VO LT AGE PERCENT W W 

I i-28 dc t20, -15 10.0 10.0 

II t50 dc 

t28 

i3 0. 3 

*2 12.0 

t20 *3 3.0 

-20 l 3 3. 0 

t16 *3 20.0 76. 3 

-16 *3 8.0 

t12 *3 5.0 

t 6 *3 7.0 

- 6 *3 5.0 

t 4.2 l 3 13.0 

III t5, 000 dc *lo 0. 6 

t1,ooo f 1 0.1 

t 450 *3 0. 1 5.9 

t 300 l 3 5.0 

t 150 l 3 0. 1 

IV - 940 dc *o. 5 9.4 

- 545 *l 15.0 24. 8 

t 80 *l 0.4 

V 115 ac @A t20, -15 20. 0 

115 ac @B t20, -15 10.0 

28 ac @B l 2 15.0 50. 0 

6 ac @A *3 5.0 

Total 167.0 
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Figure 7-7. Mission II, Configuration 1 
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Figure 7-8. Mission II, Configuration 2 

7-29 



Figure 7-9. Mission II. Configuration 3 

1 BATTERY 1 

L-1 

Figure 7-10. Mission II, Configuration 4 
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Figure 7-l 1. Mission II, Configuration 5 
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The EPSOM technique was used to compare the five synthesized 

configurations. The dark-to-light ratio (S) was determined to be 0.487 

(Figure 7-6) for the noon-midnight orbit. The same step-by-step process, 

as used for Mission I, was used to determine numerical values for substi- 

tution into the (H) equation. Table ‘7 -XI summarizes each configuration 

evaluation. The specified three-year life requires a minimum of 14,460 

battery cycles for the noon-midnight orbit. Therefore, a nickel-cadmium 

battery operating at 20 percent depth of discharge is required (see 

Section 5.4. 2). The battery should have a 25 amp-hr capacity operating 

at 76. 5 percent w-hr efficiency. It should be noted that the twilight orbit 

does not require a battery except for launch and initial attitude acquisition. 

The major effect on the power system of no battery is the higher system 

efficiency and smaller solar array required. The solar array efficiency 

(n A ) was again assumed to be 10 percent so that relative comparisons 

would be easy. Table 7-X11 summarizes the results of the configuration 

evaluations for both extremes of a sun-synchronous orbital launch. A 

significant improvement in system performance is shown for the twilight 

orbit. 

Although there is only 0.22 percent difference in system efficiency 

between the best configuration (No. 5) and the lowest efficiency configura- 

tion (No. l), it represents a 14.43 w smaller solar array for the noon- 

midnight orbit. Sixty-one percent of this 14. 43 w is attributed to the 

power conditioning equipment efficiencies and the remaining 5. 6 w to the 

processing of that power by the battery. 

The value of the EPSOM method is shown by this mission example. 

Not only can one evaluate all proposed configurations in a simple, positive 

manner, but the equipments responsible for the system inefficiencies can 

be readily identified. The same mission launched into the twilight sun- 

synchronous orbit and using the same best configuration (No. 5), would 

reduce the required solar array by 124.87 w which is 63.7 percent of the 

bus power. Additionally, the weight of the battery and charge controls 

could be eliminated with the attendant improvement in reliability, The 

total weight savings as a result of the smaller solar array, elimination 

of the secondary battery, and the charge controls, as well as a significant 

reliability improvement, indicate the advantage of the twilight orbit 

selection. 
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Table 7 -XI. Mission II Configuration Evaluations 

Confiyuratlon 5 

I 10.0 0.0599 - I:000 10.00 1.000” 0.059’9 

II 76.3 0.4569 0.913 80.91 0.952 L14.w n.925 II.“” 0. II to4 0.55w 

111 5.9 0.0351 O.‘,LI (...I 0.95L 6.75 0.925 7.L” 0.8110 0.0, .L, 

I” .?,.8 0. I,55 0.933 26.5LI 0.952 L7.9L 0.925 <,I. 18 0 8216 0. l”OT 

” 50.0 0.299, - 50.00 0.952 52.5‘ 0 925 5h. 70 0. ““on D. ,,w 

TOtAl 11.7.0 l.0000 - lb3.90 u.952 172. II. 0.925 196. IL I.1741 

7mal P.U. 19h.1.2 

LA,lrli 1.1741 

l/X 0.851,. 
- _--...____- 
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Table 7-XII. Mission II Summary 

Noon-Midnight Orbit I 

Array *System 
Power Bus Array Power Efficiency 

out Power Power Differential 0-U 
Configuration (4 (w) (4 (WI Percent 

1 167.0 204.9 3 335.40 14.43 4.98 
2 167.0 203.98 333.82 12.90 5; 00 
3 167.0 199.47 326.49 5.52 5.12 
4 167.0 202.77 331.88 10.91 5.03 
5 167.0 196.10 320.97 0 5.20 

Twilight 0 rbit 

Power 
out 

Configurati’on (4 

1 167.0 
2 167.0 

3 167.0 

4 167.0 

5 167.0 

Bus 
Power 

1-4 

Array *System 
Array Power Efficiency 
Power Differential U-U 

(4 (WI Percent 

204.9 3 204.9 3 8.83 8. 15 

203.98 203.98 7.88 8.19 

199.47 199.47 3. 37 8. 37 

202.77 202.77 6.67 8.24 

196.10 196.10 0 8.52 

I *Assumes Solar Cell Array efficiency to be 10 percent AMO. I 
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7.3.3 Mission III Configurations 

The payload for Mission I.II is scientific experiments. Section 3.4 

presented a summary of the power requirements for many types of satellite 

experiment packages. In general, each experiment consumes relatively 

little, power, but most scientific satellites carry many experiments which 

account for 30 to 50 percent of the total system load. A large variety of 

voltages are usually specified and many of them have regulations of one 

percent or better. Most satellites designed to carry scientific experi- 

ments are required to be adaptable to a variety of experiment groups. 

This diversity of experiments establishes a need for a very stable, well- 

oriented satellite having the flexibility of providing a near optimum 

environment for each experiment. Similarly, the power system must be 

flexible in its capabilities and still provide a stable energy source for the 

experiments, attitude control system, data handling, and communication 

equipment. Tables 7 -XIII and 7 -XIV present the system load power 

requirements and power requirement organization for Mission III. 

‘Four power system configurations were synthesized which satisfy 

these load requirements. They are presented in Figures 7-12 through 
7-15. The ac loads constitute over 60 percent of the total system power 

and require very little regulation, if any. These facts suggest a centralized 

inverter with some of its outputs regulated and rectified as needed for the dc 

requirements. The combinations of power conditioning equipment used in 
synthesizing the four configurations required the regrouping of the voltages. 

Table 7-XVpresents the voltage assignments for each of the four configurations. 

The EPSOM technique was again used to compare and evaluate the 

relative system efficiencies. The orbit requirements for this mission as 

stated in Table 7-I allow some variation in or&t period and eclipse time 

depending upon the exact orbit eccentricity and launch time. An orbital 
period (T) of 180 hr with a 2. 5 hr eclipse was chosen for this mission 

example. The dark-to-light ratio (S) is therefore 0. 01408. This long 

orbit period results in 48 to 49 eclipses per year, allowing a 90 percent 

depth of discharge for the battery. The low number of discharge cycles, 

the long sunlight periods for charging, and continuously warm vehicle 

temperatures suggest the use of a silver-cadmium battery. The discharge 
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Table 7-X111. Mission III Load Power Requirements 

Item 
No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Voltage 

135 ac 

125 ac 

115 ac 

t 70 dc 

t 28 dc 

28 ac 

26 ac 

t 23dc 

t 20dc 

- 20dc 

18 ac 

t 16dc 

- 16dc 

t 10dc 

t 9dc 

-, 6 dc 

t 5dc 

V Amps/w 

302/100.7 

139/46.3 

15/8.0 

42.3 

9.0 

12/10.8 

612.0 

5. 8 

7. 0 

7. 0 

3/l. 6 

11.3 

0.4 

0. 5 

21.1 

4.1 

0.5 

Percent 
Regulation 

tzo, -15 

t20, -15 

*2.0 

*2.0 

t20, -15 

t20, -15 

t20, -15 

*2.0 

*1.5 

*1.5 

l 2.0 

*1.0 

*1.0 

*3.0 

*1.0 

*1.0 

*1.0 

1- 

/ I X 

Frequency 1; Remarks Power 

400 cps +A 
1’ 

400 cps 

400 cps 

400 cps 

400 cps 

400 cps 
I C.T. GRD 

I 
C.T. GRD 

13,594.5 

5,787.5 

920.0 

2,961.O 

252.0 

302.4 

52. 0 

133.4 

140.0 

140.0 

28.8 

186.2 

6.4 

5.0 

190.3 

24.7 

2.5 

Percent 
of 

Total : 

-=Y 
36.17 ; 

16.63 

2.87 

15.19 

3.23 ~ 

3.88, 

0.72 

2.08 

2.51 

2.51 

0.57 

4.06 

0.14 

0.18 

7.58 

1.47 

0.18 

4771278.4 99.97 

!’ I 
Voltage 



Table 7-XIV. Mission III Load Requirements Organization 

-7 
W 
rn 

Item 
No. 

output 
Voltage 

‘oltagc 
Lank 

A 

Power 
Rank 

B 

‘XP 
rank 

C 

CA.B,C 

1. 135 ac 1 1 1 3 

2. 125 PC 2 2 2 6 

3. 115 ac 3 8 4 15 

4. t70 dc 4 3 3 10 

5. t 20 dc 5 7 6 18 

6. 28 ac 6 6 5 17 

1. 26 ac 7 13 12 32 

0. t23 dc 0 11 11 30 

9. t 20 dc 9 10 9 20 

10. -20 dc 10 9 10 29 

Il. 18 PC 11 14 13 38 

12. t 16 dc 12 5 8 25 

13. -16 dc 13 17 15 45 

14. t 10 dc 14 15 16 45 

15. f 9dc 15 4 7 26 

16. - 6 dc. 16 12 14 42 

17. t Sdc 17 16 17 50. 

CA.B,C 
Rank 

D 

I 

2 

4 

3 

6 

5 

12 

11 

9 

10 

13 

7 

15 

16 

a 

14 

17 

Cumulative Zumulative 
Percent of &cent of 
Total Power :otal Power 
For A ‘or B 

E 

36. 17 36. 17 

52.80 52.80 

55.67 89.61 

70.86 67.99 

74.09 86.74 

77.97 03.51 

78.69 98.90 

80.77 96.71 

83.28 94.63 

85.79 92.12 

86. 36 99.47 

90.42 79.63 

90.56 99.97 

90.74 99.65 

98.32 75.57 

99.79 98. 18 

99.97 99.83 

F 

C 
F 
-l 
F 

I 

1 

:umulative 
‘erccnt of 
‘otal Power 
‘or c 

G 

36. 17 

52.80 

70.86 

67.99 

77.97 

74.74 

97.43 

96.71 

92. 12 

94.63 

98.00 

89.61 

99.61 

99.79 

05.55 

99.47 

99.97 

36. 17 

52.80 

70.06 

67.99 

77.97 

74.74 

97.43 

96.71 

92. 12 

94.63 

98.00 

82.03 

99.61 

99.79 

89.61 

99.47 

99.97 

1 36.17 

2 52.80 

7 55.67 

8 

3 

4 59.55 

5 60.27 

9 i - 
11; - 

I 
12: - 

10 ; 60.04 

13 

14 

6 

15 

16 

17. 

umulative 
‘ercent of 
‘otal Power 
‘or Vdc 

15.19 

18.42 

I - 
20.50 

23.01 

25.52 

29.58 

29.72 

29.90 

37.40 

38.95 

39.13 
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Figure 7- 12. Mission III, Configuration 1 
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Figure 7- 13. Mission III, Configuration 2 
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Figure 7- 14. Mission III, Configuration 3 
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Figure 7- 15. Mission III, Configuration 4 
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Table 7-XV. Mission III Load Voltage Assignments 

>oad CcJnliguralion 1 Load Configuration 2 or 3 Load Configuration 4 

(VI (Percent) (W (VI (Percent) (W (V) (Percent) (WI 

I 128 dc t20. -15 9. 0 1 t2u rlc t20, -15 9.0 1 +28 -15 dc +20, 9. 0 

I1 115ac l 2 
IRac l z 

9.6 II 115 ac *L II 115 *2 dc 
iFi ac l 2 9.6 18 dc *2 9. 6 

111 I35 se t20, -15 111 135 80 $20, -15 III 135 dc .+20, -15 

125 ac $20, -15 159. 8 125 ar tm, -15 125 dc tzo, -15 l-19.0 
2H ac t20, -15 LH ac +20, 

-15 
159.8 

26 i20, ac -15 
26 a~ t20, -15 Lb ac t20, -15 

IV i 70 IIC l L IV t70 (I( *2 IV +26 dc *1.5 
+21 (IC +2 +.I3 dc *2 48. 6 +1p dC *3.0 
t20 dc l I. 5 t 10 dc *3 dc f 25. 3 

-20 1. 5 
-20 tic * 1.5 28 ac $20, -15 
t16dr l 1.0 100.0. 

- 16 tic * 1.0 V t20 dc *1.5 V tlbdc l 1; 0 

t10clc l 3. 0 -20 dc * 1. 5 +9 dc f 1.0 

t9 dc f I.0 t 16 dc l 1.0 $5 dc f 1.0 3-r. 4 

-6 dc *e1.0 -16 tic * I. 0 si.4 -6 dc l 1.0 

+5 dc f 1.0 tc) dc * 1.0 -16 dc f 1.0 
-6 clc f 1.0 

t5 dc f 1.0 
VI t70 dc *2 

t23 dc l 2 48. 1 

Total 278.4 Total 278.4 Total 278.4 

1 



would be approximately C/2.5 which is acceptable for good performance 

from the silver -cadmium. 

Table 7-XVI presents the calculation values for evaluating the 

system efficiency equation (H). The battery capacity required is 

30 amp-hr, and can be operated at a w-hr efficiency of 70.2 percent. 

This relatively low efficiency is due to the extremely long charge period 

causing the battery to reach full charge and then standby on trickle charge. 

Although the total load power for this mission is approximately twice 

the power specified for Missions I and II, the system efficiency for all 

configurations is the highest. Usually the higher power delivered from 

batteries causes low system efficiencies. Mission III is an exception, 

due to the highly eccentric orbit which provides an excellent value for (S). 

The configuration comparative analysis for Mission III is summarized in 

Table 7 -XVII. 

The power system efficiency varied from 8.52 percent to 8. 87 per- 

cent, a difference of 0.35 percent representing a solar array size differ- 

ential of 12.79 w. This variation in array size (4 percent) is relatively 

small and the major portion is attributable to the power conditioning 

equipment efficiencies. It is significant that both Configurations 2 and 3 

have the higher system efficiencies and differ only by 0. 01 percent. Both 

of these configurations use essentially an ac distribution system, i. e., 

the major portion of the load power is processed by a central inverter. 

The basic difference between these two systems is the choice of regulator 

configuration, One provides a central regulator with tight requirements, 

while the other uses two regulators. Because these two systems are 

essentially equal in efficiency, the configuration choice between them can 

be made on the basis of other criteria. 
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Table 7 -XVI. Mission III Configuration Evaluation 

Table 7 -XVII. Mis sion III Summary 

Array ‘%ystem 
Power Bus Array Power Efficiency 

out Power Power Differential w 
Configuration (w) (WI (WI (WI Percent -___ _._ .._ _ - ..-- .--___ 

1 278.4 311.41 317.77 3.80 8.76 

2 278.4 308.03 314.22 0. 36 8. 06 

3 278.4 307.69 313.87 0 0.07 

4 278.4 320.22 326.76 12.79 8.52 ----.-.._- .- -.-.-. -..--..- -. 
>:: 

Assumes solar cell array efficiency to be 10 percent AMO. 
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8. RTG POWER SOURCE 

8.1 INTRODUCTION 

Part of the effort during this study was devoted to consideration of 

the use of radioisotope thermoelectric generators (RTGs) as primary. 

spacecraft power sources. This section covers RTG characteristics as 

they relate to power system design optimization in the following areas: 

l Thermoelectric conversion efficiency 

l Alternate methods of RTG control 

l Estimated weight versus power level for 
Pu-238 RTGs 

l Power systems for three earth-orbital missions. 

The major difference between an RTG and a solar photovoltaic array 

is that the RTG is a self-contained power plant while the solar array is 

dependent on the sun as an energy source. In an RTG, heat produced from 

the radioactive decay of a suitably encapsulated isotope fuel is converted 

directly into electricity by thermocouples. As in all heat engines, con- 

version efficiency is dependent upon the temperature difference maintained 

across the conversion device, in this case the hot and cold junctions of the 

thermocouples. Because the waste heat has to be rejected by radiation to 

space, the size and weight of an RTG are also dependent upon the junction 

temperatures chosen. 

The use of RTGs in space has been extremely limited because of 

certain undesirable characteristics : 

l High cost and limited availability of isotope fuels 

l Radiation and magnetic interference with experiments 

l Potential hazards 

l Relatively low power-to-weight ratio. 

As ihese disadvantages are gradually overcome by improved tech- 

nology, the use of RTGs will probably increase, for applications which 

can benefit from RTGs desirable features: 
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l Continuous power output 

0 No sun orientation required 

0 Relatively insensitive to external environment 

a Compact configuration. 

8.2 THERMOELECTRIC CONVERSION EFFICIENCY 

The efficiency with which heat is converted into unregulated 

electrical power in an RTG is primarily a function of the thermoelectric 

properties of the thermocouple materials and the junction temperatures. 

Lead telluride (PbTe) and silicon germanium (SiGe) are the two types 

of thermocouples which have been developed for use in RTGs. PbTe 

couples have been used exclusively in all existing RTGs, because of the 

more advanced state of development, while the newer SiGe couples are 

planned for future units. 

The conversion efficiencies of these two thermocouples are shown in 

Figure 811 as a function of hot junction temperature (Th) at two cold 

junction temperatures (Tc), of 500 and 600°F. The dashed curves represent 

10 and 15 percent of the theoretical Carnot efficiencies at the temperatures 

indicated. The efficiencies of both materials are seen to be bracketed by 

these two limits within the ranges shown. Carnot efficiency is defined by 

the ratio Th - Tc 

Th 
, where T h 

and Tc are in absolute temperature units. 

It is evident from Figure 8-1 that for the same cold junction tempera- 

tures, PbTe is superior in efficiency at hot junction temperatures up to 

approximately 1200”F, which is its maximum safe operating point. The 

use of SiGe, without sacrificing efficiency, requires higher hot junction 

temperatures, preferably 1500°F or higher. The upper limit for SiGe 

is approximately 1800“ F. 

While high conversion efficiency is desirable in minimizing the 

amount of isotope fuel required for a given electrical output, it is neces- 

sary in practice to compromise efficiency for other reasons. The hot 
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junction temperature is limited by available materials for heat source 

capsules as well as degradation of the thermocoupJe performance with 

time. The cold junction temperature is limited by its effect on the size 

and weight of the heat rejection system in space applications, where the 

fourth power law governs thermal radiation. These conflicting factors, 

tend to result in designs with conversion effic.iencies within the narrow 

range of 4 to 6 percent. Typical hot and cold junction temperatures are 

1000°F and 500°F, respectively, for PbTe, and 1 500°F and 600°F for 

SiGe. Except for minor effects of heat leaks through insulation, efficiency 

is not sensitive to the power level of the RTG because of the modular 

nature of the thermocouples, 

id’ F COLD JUNCTION TEMP 

I 
,/ 10% OF CARNOT 

HOT JUNCTION TEMP , OF 

7 

OG” F COLD JUNCTION TEMP 

15% OF CARNOT/’ 

10% OF CARNOT 

HOT JUNCTION TEMP , “F 

Figure 8-l. Thermoelectric Conversion Effic’iency of Typical 

PbTe and SiGe Couples 
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8.3 RTG WEIGHT 

The weight of an RTG is primarily a function of its output power 

level. Existing units,’ such as the 30-w SNAP-19, are in the l-w/lb 

class. Future units are being designed for 2 w/lb. Figure 8-2 shows 

weight as a function of power for RTGs in the 25- to 350-w range, using 

Pu-238 fuel and designed for random intact reentry. The approximate 

equation for this curve is also shown in Figure 8-2. The higher power- 

to-weight ratio at the higher power levels is based on (1) projected 

advancements in fuel capsule technology, (2) the use of SiGe thermocouples 

at higher hot and cold junction temperatures than those presently used for 

PbTe, and (3) more efficient utilization of structural materials in larger 

units. 

RTG POWER OUTPUT, W 

Figure 8 -2. Estimated RTG Weight as a Function of Power O&put 
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8.4 RTG CONTROL METHODS 

The typical characteristics of a thermoelectric generator with a 

constant heat input are illustrated- in Figure 8-3. The design point is 

normally chosen at the maximum output power (and efficiency) condition 

corresponding to V. and I . 
0 

The cold junction temperature, Tc, is at. 

its minimum value at this point, and the hot junction temperature, Th, is 

about midway between its extreme values. Th varies with output current 

I, because the Peltier cooling effect at the hot junctions is a function of 

this current. Th rises toward its maximum value as I is reduced to zero 

(open circuit). Figure 8-4 shows a performance map obtained at TRW on 

an advanced SiGe thermoelectric generator module with an electrical heat 

source. The I-V characteristics are shown for both constant Th (solid 

lines) and constant heat input (dashed lines). 

OUTPUT 
POWER, P 

Figure 8-3. Typical Characteristics of Thermoelectric 
Generator With Constant Heat Input 
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0 0.5 1.0 I .5 2.0 2.5 

LOAD, V 

Figure 8-4. Performance Map of SiGe Module 

It is highly desirable to keep Th from exceeding its design point 

value in order to prevent increased degradation of the thermocouple 

materials. Hence, a source control device is needed to operate the gen- 

erator at its design point regardless of the actual load. The magnitude of 

the excursion in Th in the absence of such a control depends primarily 

upon the value of the load current at design point (IO) and may be as high 

as 200 to 300°F in some cases. 

While it is possible to design the generator so that Th is at the 

maximum safe value at open circuit conditions, a penalty is then paid in 

reduced performance at the maximum power point due to the reduction in 

Th. 
Thus, it is necessary that the RTG be operated at its design point 

voltage from no load to full load to provide maximum utilization of an 

RTG power source without penalizing its performance at the maximum 

power point. 

Methods for maintaining a constant output voltage include: 

(1) Controlling the loads to maintain a constant total load 
on the RTG. This may not .be practical in most cases. 
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(2) Shunting the RTG with zener diodes or transistors. 
This has been used successfully with solar arrays 
in many applications. Shunt dissipation may some- 
times cause thermal problems, particularly if it 
leads to widely varying power dissipation within the 
spacecraft. Externally located shunt elements may 
result in low temperature problems during eclipses. 

(3) Shunting the RTG periodically via a dumping resistor 
whose resistance is approximately equal to the source 
resistance. The resistor can be mounted externally 
to minimize thermal problems within the spacecraft. 

(4) Short circuiting the RTG periodically to maintain a 
constant average voltage. By using a switching speed 
which is high relative to the RTG’s thermal time 
constant, the equivalent load appears constant to the 
RTG, which results in a slight increase in cold junc- 
tion temperature under low load conditions. 

The type of control to be used depends upon the application. For 

those spacecraft designs where it is desirable to maintain a constant 

dissipation within the equipment compartment in the presence of varying 

loads, the use of dissipative shunt elements distributed with the com- 

partment is a good solution. The shunt dissipation tends to counterbal- 

ance the effect of load variations. On the other hand, the switching short 

circuit approach may be preferred as a means of reducing the thermal 

energy dissipated outside the RTG to a minimum, where such dissipation 

would create difficulties in thermal control. For the earth-orbiting 

missions covered in this study, the dissipative shunt control is considered 

the best approach. 

8.5 RTG POWER SYSTEMS 

The following paragraphs discuss the use of RTG’s in place of solar 

arrays for the three earth orbital missions previously listed. 

In the case of Mission I (synchronous communications satellite), the 

load profile is essentially constant with time except for short duration 

peaks required by solenoid valves in the attitude control system. These 

peak loads are estimated to be 10 w per valve, lasting from 0. 05 set to 

6. 5 min in duration. Only one valve is actuated at a time. Power for 

these peak loads could be supplied either by a larger RTG or by energy 

8-7 



storage devices, i. e., batteries or capacitors which are charged by the 

RTG. The larger RTG requires an increase of approximately 5 percent 

in RTG power level, and an increase in RTG weight of 4 lb. The use of 

capacitors would not be satisfactqry for the relatively long-duty cycles 

involved. In view of the 5-yr mission life desired, the larger RTG 

approach appears to offer a more reliable system than that of ti secondary 

battery, with a minor weight penalty of about 1 or 2 lb. Figure 8-5 is a 

simplified block diagram of an RTG power system for Mission I. 

RTG SHUNT CONVERTER LOAD 
REGULATOR (TYPICAL) ( TYPICAL ) 

1 c 

Figure 8-5. RTG Power System (Mission I) 

In the case of Mission II (mapping, navigation), the load profile is 

characterized by relatively long periods of constant power, followed by 

shorter periods of peak power demand for interrogation. In this case, 

oversizing the RTG by about 50 percent to satisfy these peak loads is 

unsatisfactory, and the shorter mission life involved (1 to 3 yr) results 

in the choice of secondary batteries for energy storage. Note that the 

batteries are sized for peak loads only and not for eclipse operation as 

in a photovoltaic system. As a result, the RTG power system requires a 

smaller battery than the solar power system (for earth-orbital missions). 

The application of an RTG to Mission III requires careful considera- 

tion of interactions between the RTG and the scientific experiments. Cer- 

tain instruments, such as magnetometers, ionization chambers, and 

particle detectors, are sensitive to the magnetic and radiation properties 

of RTGs. Various methods are available for minimizing such interfer- 

ence. Such methods include the use of local shielding, increased distance 

between the RTG and sensitive instruments, and the use of nonmagnetic 

materials in the RTG. Aside from this disadvantage, however, an RTG 

power system could be used for this mission. The power profile is rela- 

tively constant and is similar to Mission I. Small peak loads, about 10 

min long for reaction wheels and gas valves, can be satisfied with sec- 

ondary batteries. 
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The estimated weights of RTG power sources for the three missions 

are found in Table 8-I. Estimated weights for secondary batteries (Mis- 

sions II and III only) required for peak loads are also given. The RTG 

weights are based on the curve of Figure 8-2, assuming that a single 

RTG is employed for each mission. It should be noted that these estimates 

would be higher if several smaller units were used in combination to pro- 

vide the required outputs. 

Table 8-I. Weight Summary of RTG Power Sources 

RTG power output (w) 

Estimated RTG weight (lb) 

Energy storage method 

Usable battery capacity (w-hr) 

Estimated battery weight (lb) 

Total power source weight 
(RTG and battery) (lb) 

Mission 

I II III 

190 160 270 

114 100 150 

None Battery Batter, 

None 20 33 

None 7 10 

114 107 160 

A simplified RTG power system block diagram is shown in Figure 

8-6 (Missions II and III). 

RTG SHUNT 
REGULATOR 

. CONVERTER - LOAD 
(TYPICAL) (TYPICAL) 

L 

SECONDARY - 
CHARGE- 

BATTERY 
DISCHARGE - 
REGULATOR 

Figure 8 -6. RTG Power System (Missions II and III) 
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9. STANDARDIZATION RECOMMENDATIONS 

Standards in industry and government have come into being for one 

of two reasons: 

11, When a sufficiently large portion of,the practicing 
scientific community have informally adopted the usage 
because it was inherently the best design or method for 
accomplishing the task. Formal standards are then 
prepared which in fact document that which is already in 
existence. 

2) When a large variety of designs or methods, not 
significantly different, are in use throughout the 
scientific community which fundamentally accom - 
plish the same task, a need for standardization is 
created. Standards then come into existence because 
somebody having authority so directs. 

The scientific field of satellite electrical power system design appears 

to fall within the boundaries of the second reason. The only identifiable 

repetitive usage is that of solar cells and batteries as satellite energy 

sources. However, within these disciplines, very little evidence of 

standardization exists. 

The need for standardization in satellite electrical power system 

designs was recognized at the beginning of this study. Hence, one task 

was to search out and identify those areas where standards could be 

initiated. A review of the existing user equipment characteristics, power 

system designs, power system equipment characteristics, and power 

requirements, suggests three possible areas where the establishment of 

standards could improve power system designs and their utilization. These 

areas are: 

1) Standard dc voltages 

2) Standard ac voltages and frequency 

3) Standard circuits and modularization of power 
conditioning equipment 

9.1 STANDARD DC VOLTAGES 

A compilation of the dc .voltagea. required by the load equipments 

reported in Section 3 shows a total of 48. These do not include the 
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variations introduced by the degrees of regulation for any one voltage, nor 

the plus and minus requirements. Table 9-I lists the 48 voltages. 

Table 9-J. Load Equipment DC Voltages 

2.5 12.2 25. 0 355 

3. 0 12.4 26.0 545 

3.1 12. 8 26.5 570 

5. 0 13.0 27. 0 620 

5. 1 15. 0 28. 0 650 

6.0 16. 0 30. 0 940 
7. 0 36.7 45.0 1200 

8. 0 18.0 70.0 1250 

9.0 18. 5 75.0 1340 

9.9 20. 0 150.0 1350 

,.lO. 0 22. 0 165.0 1440 

12. 0 23. 0 210.0 3000 

The division of these voltages among the using subsystems is: 

Transmitters 19 

Receivers 9 

Decoders 5 

Data Handling 6 

Attitude Control 16 

Experiments 22 

No more than 12 of the 48 voltages are common in two or more subsystems. 

Table 9-11 lists the number of subsystems which use these 12 voltages. 

An analysis was performed on the dc voltage requirements lower 

than 50 vdc, used in the mission analyses of Section 7. Table 9-111 

presents these results, showing the percent of total system power required 

at each voltage. This listing essentially spans the same range of require- 

ments compiled from Se.ction 3, except those high voltages which are 

normally derived within the users equipment. 
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Table 9 -II. Twelve Voltages Common to More than 
One Subsystem 

DC Volts 

3.0 
5. 0 
6. 0 
8. 0 

9. 0 
10. 0 
12.0 
16. 0 

18. 0 
20.0 
26. 0 

28.0 

No. of Subsystems 

2 

3 
4 
3 

2 
4 
4 
5 

3 

4 
2 

3 

Group I 

Group II 

Group III 

Table 9 -III. Voltage Analysis from Mission Examples 

a50 

AZ8 

-23 

320 

l lh 

xl5 

?I2 

-10 

L 9 

t6 

-5 

- 4.2 

- 3 

l- 

Pr rccnt Low 
Vollage Powet 

lb. 7 

IS. 2 

7.4 

___j__ 
13. 3 

47.41.1) 

100.0 

II 

0. 3 

25.5 

7.0 

32.4 

5. n 

13.9 

I$. I 

100.0 

III 

Prrrc!nt Low 
Voltage Power 

13. 5 

8. 7 

21.0 

17.5 

0. f 

31. 7(b) 

h. I 

0. I3 

Awragc for 
Three hlissions 

PC rcznt Low 
Voltage Power 

0. I 

18.6 

2.9 

9. 3 

16.6 

5. I 

I.9 

2.7 

10.6 

II. I 

0. 3 

5. 0 

15. I.3 

100.0 

Percent Low 
Vol1age Power 

30.9 

36. 9 

32.2 

100.0 



The voltages presented in Table 9 -111 were divided into three groups 

so that each group represented. approximately one third of’the total 

system power. Within Groups I and II, the 28 -v and 16 -v loads are, respec- 

tively, the largestpercentage. In Group III, the 3 -v load is largest with the 

6-v requirement being a close second. Because the 3 -v load is pre - 

dominately for the TWT heaters, that portion of the power could be 

combined with the 6 -v loads, making it the largest and most representative 

for the group. 

Equipments using the voltages in Group I are primarily heaters, 

motors, solenoids, etc., which require very little regulation. Group II 

covers the range of voltages normally used by analog circuits and other 

electronic devices. The third group encompasses voltages used in digital 

circuits, filament heaters, and telemetry signals. Although this study did 

not develop a conclusive justification for selecting specific standard 

voltages, it appears that a reduction to a single voltage for each of the 

three groups of Table 9-III would be economical for new equipment designs 

without compromising performance. The power system performance 

could be improved because of this standardization, by increasing efficiency, 

reducing weight, and permitting better utilization of the power. 

The following voltage s are recomm,:ndecl as low voltage dc standards, 

+50, *28, l 15, *lo, and *5 at this time. Although the summary given in 

Table 9-111 would suggest t28 vdc rather Ihan t50 vdc, an estimate of future 

requirements suggests a change to a higher value. Future systems will 

require larger amounts of power, such as 500~ or more. The main bus 

current for the higher power systems could be reduced approximately 

50 percent by using the higher bus voltage. The result will be lower weight 

hardware and distribution equipment as well as lower power losses. In 

general, the efficiencies of power conditioning equipment will also improve 

at the higher voltage. The 5-v recommendation for the third group is 

based on the fact that telemetry equipment has standardized 5-vdc signals 

and future satellite designs will utilize more integrated circuits. Integrated 

circuits are usually limited to 5-to 6-vdc maximum. 
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9.2 STANDARD AC VOLTAGES 

A similar analysis of the ac load voltage requirements revealed the 

following seven voltages : 

5. 0, 6. 3, 18. 0, 26. 0, 115, 125, 135 

By and large, the attitude control type of equipment and heaters utilize 

the ac power. These equipments generally require 400 cps, one or two 

phase power at 115 to 135 and/or 28~. 

The parametric data of Section 5 show that excellent equipment 

efficiencies can be attained at the lower frequencies, but with some power 

system weight penalty. Satellite designs using a relatively large amount of 

ac power require further investigation in order to optimize the choice of 

frequency for best utilization of satellite weight and maximum power 

system efficiency. Where the using equipment requires large amount of 

400 cps, it is recommended that 115 vat, 400 cps, 2 phase; and 28 vat, 

400 cps, single phase be established as standard. Satellite systems which 

do not have a definite 400 cps requirement, should use a higher frequency, 

in the area of 2 kc, for best over-all performance. 

9.3 STANDARD CIRCUITS 

The results of the parametric data analysis, Section 5, suggest the 

use of the ES-type of power conditioning circuit for best efficiency, low 

weight, and good reliability designs. Power systems requiring the use of 

a converter, in contrast to an inverter and separate TR-unit, should always 

be able to use the ES-type of equipment. The mission analysis and power 

system optimization performed in Section 7 indicates that maximum utiliza- 

tion of power, high efficiency and low weight result when centralized 

conversion equipment is used. The results further suggest that a central 

inverter, with or without regulation as required, provides a more optimum 

power system. If the three mission examples truly are representative of 

most earth orbiting, unmanned satellites, then it can be concluded that a 

centralized inverter utilizing an ac bus provides the optimum system 

design. 
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Once standard voltages are established in practice, power system 

equipm.ents can be optimized for efficiency, weight, and reliability. These 

optimum circuit designs will then lend themselves to modularization, 

providing additional savings in production costs, and increased reliability. 
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10. DECLARATION OF NEW TECHNOLOGY 

There has been no new technology (NASA Form li62 ,- September 1964- 
New Technology) developed during the course of work under this contract, 
NAS5-9178. 



APPENDIX A 

ENERGY STORAGE - NICKEL CADMIUM BATTERY EXAMPLE 

1. INTRODUCTION 

Energy storage equipment characteristics and parametric data are 

presented in Section 5.4 of this report. Use of nickel-cadmium battery 

curves and, thus, a better understanding of the parametric interactions is 

demonstrated by the following battery design example. Figure numbers 

refer to Section 5.4.2, Figures 5-28 through 5-40. 

2. NICKEL CADMIUM BATTERY DESIGN EXAMPLE 

From the spacecraft mission and orbital considerations the following 

requirements are given: 

Life 1000 cycles 

Load capacity at end of life (Cd) 3 amp-hr 

Discharge current (Id) 3.0 amps 

Discharge temperature ( Td) 50°F 

Charge current (Ic) 1.5 amps 

Charge temperature (Tc) 96OF 

Step (a): 

Assume id = 0.5 *tir = 0.5 i/hr 

Define : ‘d IC id = %, sndic = ce 

A-3. 



Cd = 

ce = 

cr = 

Step (b): 

Discharge capacity at end of life for a 

given charge current density (i,) and 

amp-hr efficiency (I) 

Maximum available capacity at end of 

life for a given charge current density (i,) 

and discharge current density (id) 

Maximum available capacity at end of life 

for a given optimum charge and discharge 

current 

Manufacturers amp-hr rated capacity 

From Figure 5-28, at id = 0.5 and Td = 50°F. 

cc/c; = 0.825 

(Before any derating occurs, Ce = Cd * 3 amp-hr) 

c’ = ‘d 
e = 3.636 amp-hr . 

i IC 
=-= 

f*5 -pB= 0 4125 . 
C C e 3.636 amp-hr 

F’igures 5-29 through 5-33 are a set of efficiency curves for various 

charge temperatures. 

Step (c): 

Assume a charge efficiency of 90 percent. 

Step (d): 

From Figure 5-32 having a charge temperature of 96OF, 

read Cd/C, = 0.835 for T/ = 90 percent, i = 0.4125. 
C 
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. Step (e): 

Let a new Cd = 3.636 amp-hr from the previous CL calculation. 

cd 
The new Ce = o5 = 

3.636 
0.855 

= 4.354 amp-hr 
. 

This should be the derated amp-hr capacity required for these ‘specific 

charge and discharge conditions. However id = 0.5 was assumed. 

Step (f): 

Examine the assumption: id = 0.5 

Id 3 amps - 0.689 
id = 7 = 4.354 amp-hr - 

Thus, id # 0.5 as assumed and a further iteration is required. 

Step (g): 

Return to Figure 5-28 for id = 0.689 and Td = 50°F. 

New Cc/C’ = 0.800 e 

3 amp-hr = 3.750 amp-hr 
0. 80 

Step (h): 

Calculate new i 
C 

1 
i =+= 1.5 amps 

C 

ce 

3 750 . amR-hr 
= 0.400 

Step (i): 

From Figure 5-32 again obtain a new Cd/C, where 

i 
C 

= 0.400, ll = 90 percent 

Cd/C, = 0.830 

ce = 3.750 
0.830 

= 4.518 amp-hr 
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Step (j): 

Reexamine last value of id used 

id 
Id 

-=ce = 

3 amps = 0.664 
4.518 amp-hr 

This id # 0.689 last assumed. A further iteration is required. 

Step (k): 

Return to Figure 5-28 for id = 0.664, Td = 50°F 

New C,/C’ = 0.805 e 

3 =‘Phr = 3 726 
0.805 l 

Step (1): 

Calculate new ic 

i = 1.5 amps = 0.4025 
C . 726 amp-hr 

Step (m): 

From Figure 5-32, new Cd/C, = 0.832 

= 4.478 amp-hr 

Step (n): 

kb*xamining id assumption 

id = ,er = 0.6699 

This is close enough to assumed 

id = 0.664 
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Therefore: 

ce = 4.478 amp-hr 

Id = 3 amps, id = 0.67 

IC 
= 1.5 amps, ic = 0.335 

Step (0): 

From Figure 5-34, the depth of discharge C,/C, for 1000 cycles is 

55 percent. Therefore the rated capacity required to be installed for mini- 

mum weight and maximum reliability is 

cr = 4.478 amp-hr = 8.4 amp-hr or 8 amp-hr . 

Step (P): 

From Figure 5-35, the weight of packaged battery is 0.95 lb per cell. 

The battery total weight is determined by multiplying thisnumber by the 

number of cells required to meet the system bus voltage. 
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APPENDIX B 

DERIVATION OF PARAMETRIC DATA ,FOR 

FIGURES 5-45, 5-48, AND 5-49 

1. INTRODUCTION 

The converter parametric data presentedin Paragraph 5.6.2 on page 

5- 16 have been expanded so that the efficiency and weight performance of 

the individual sections, i. e. , the preregulator, inverter, and transformer- 

rectifier (TR) , can be identified separately. This will allow tradeoffs to 

be made between a single converter which provides the functions of a 

regulator, inverter, and TR units, and discrete equipment, such as a 

regulator, inverter, and TR units. The derivation of the parametric data 

presented in Paragraphs 5.6.2, 5.6. 3, and 5.6.4 follow. Table B-1 lists 

the design criteria from which the curves in Figure 5-45 were derived. 

. Table B-I. Design Criteria 

Converter Type: 

Input Voltage : 

Single Output Voltage : 

Ripple and Noise: 

Overload Protection: 

Temperature: 

Redundancy: 

Preregulator dc-to-dc 

28 f 15% vdc 

28 f 2% vdc 

f 1% 

Current limiting 

0 to 5o”c 

None 

To clarify the usefulness and applicability of these data, the power, 

frequency, weight, and efficiency of existing dc-to-dc converter hardware 

were compared with the data presented in Figure 5-45. The existing hard- 

ware designs were adjusted to the same criteria by using the efficiency 

correction factor presented in Figure 5-47 of Section 5.6.2. 
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The information presented in Figure 5-45 was intended to show the 

change in direction and relative magnitude of the various parameters. It 

is expected that these parameters will deviate somewhat because of the 

many variables affecting the designs. The data compare favorably at the 

lower power levels. Because high pow.er level hardware (200 to 500 w) is 

practically nonexistent, a comparison of the data extrapolation cannot 

readily be verified at this time. Table B-II presents a comparison of the 

hardware data points with the curves in Figure 5-45. 

Table B -11. Comparison of Parametric Data and Hardware Designs 

I 
CoMlwTIIL OVTPUT VOLTAGE EFFICIENCY (k), FREQUENCY (KC) mm (lb) 
DEsIcaJ ACTUAL RAFtI * 

I 
ACTUAL GRAFtI ACTUAL CZAR 

1 .78 79.5 10 10 3.0 2.8 

2 +4.2 vdc z5* % 10 10 1.45 1.5( 

3 +4.2 vdc z: I 62 10 10 1.10 0.9: 

4 +li!.6, +6.6, -3.6, 57.2* 55 10 10 1.45 0.8 
-6.0, +15, -15 vdc 55 

5 68.5" 72 6.5 6.5 3.2 1.3 
66.4 

-16.0, +lO vdc; 15 va 

6 
it5* 78.5 

6.5 6.5 2.35 2.5 
4.875 vat 

7 +6.5, -6.65 vdc 76; e 76 3.3 3.3 3.0 1.7 

8 +23, ux, vdc $?5" 77 3.3 3.3 2.8 2.2 

9 +16, +lo, -6.2, 36* 52 3.3 3.3 0.6 0.84 
-16.1 tic 34 

10 +26, +L?.2, +10, 
ii 

* 57 3.3 3.3 1.1 1.0 
-6.2 vdc 

ll +a, +mvdc 70 79 

I.2 .+23,+?OVdC 122.1 .I 22.1 1 69 1 78 ::: 1 ::: ::: ::: 

NOTE: * -Actual Efficiency corrected for t 28 vdc single output 
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2. DERIVATION OF CONVERTER PARAMETRIC DATA 

The general equation for the converter efficiency parameter shown 

Ln Figure 5-45 is: 

pO 

‘O = p. + (pf)o ’ (ps)o + (pm)o 

': = 
pO 

P t (l? 
0 f)0 + (ps)l + (Pm)1 

(1) 

(2) 

where 
P = 

0 
Power output 

II, = Converter efficiency at given (PO) and (fo) 

q. = Fixed losses at a given power output 

(ps’o = Semiconductor component losses 

(Pm), = Magnetic component losses 

Converter efficiency (ql) at a given (PO) and a new (f 1) is: 

tll = 
$6 t 0. 15k) t 0.25&)“‘1] 13) 

w. = x0 t Y. t z. 

where 

wO 
= converter weight for output of (PO) at (fo) 

x 
0 

= Wo/3 = weight of electronic components 

Y 
0 

= Wo/3 = weight of magnetic components 

z 
0 

= (X0 + Yo)/2 = weight of chassis and miscellaneous 
hardware 

The new converter weight (WI) for output of (PO) at (fl) is: 

f. O-4 
wl=xotYo r ( I + 1,2p. t Yo($)Oa4] 

wl.=~~+(g*4] 

(4) 

(5) 
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The equation relating weight to output power at a constant frequency 

is 

P. 
wi = w. g [T 0 

(6) 

The factor (K) varies with frequency and the W. used. Table B-III 

provides the approximate values for K in the area of interest. 

The cross plots of weight-vs-power output and frequency-vs-power 

output are shown in Figure B-i for the same design centers used in Figure 

5-45. The curves of Figure B-Z relate the variation of the fixed losses 

( Pf)o with output power and the resulting efficiency ( qo) given by Equation (I). 

The complete curves of Figure 5-45 were generated by taking the per- 

formance data of an existing converter as a design center. From this design 

center, the variation of efficiency (qo) and weight (Wo) at a constant power 

were extrapolated using the relationships given by Figures B- 1 and B-2. 

Other design. centers were similarly used for different power outputs. 

Table B-III. K Factors Versus Switching Frequency for Converters 

t 

I 

FREQUENCY FREQUENCY K K 
(KC) (KC) 

WO WO 
(lb) (lb) 

Kl Kl @IO)1 WOh 
clb) clb) 

0.06 0.06 0 .645 0 .645 5.2 5.2 0.46 0.46 1.8 1.8 

0 l 3 0 l 3 0.666 0.666 3.0 3.0 0.40 0.40 1.2 1.2 

1.0 1.0 0.676 0.676 2.1 2.1 0.40 0.40 0.82 0.82 

3.0 3.0 0 ,670 0.670 1.5 1.5 0.35 0.35 0.67 0.67 

10.0 10.0 0 .700 0 .700 1.2 1.2 0.30 0.30 0.6 0.6 

20.0 20.0 0 .715 0 .715 1.0 1.0 0.26 0.26 0.55 0.55 

30.0 30.0 0.745 0.745 0.9 0.9 0.255 0.255 0.5 0.5 

200.0 200.0 0 w-s- 0 w-s- --m- --m- 0.270 0.270 0.35 0.35 

I Pl > low; Po=lOW I PI< low; po+w 
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3. INVERTERS 

When the inverter function provided by a converter is considered as 

a separate piece of equipment, equations such as the following result: 

“j = 1 +[e - 13 k.6+ 0.15i&) t O.+-) “l] 

(7) 

(8) 

The composite parametric curves for inverter designs, shown in 

Figure 5-48, were generated from design centers as were the converter 

data. Figure B-3 provides the design center parameters used in conjunction 

with Equations (7) and (8) to generate Figure 5-48. 

4. TR - UN1 TS 

The transformer-rectifier (TR) function of the converter can also be 

considered as a separate entity. The following equations relate efficiency 

( v,), weight (W,) and operating frequency (f,). 

(9) 

t 0.066& t 0. 333 (&[’ ‘3 (lo) 

Figures 5-49 and B-4, respectively, present the parametric design 

curves and design center parameters for the TR designs. 
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APPENDIX C 

DERIVATION OF REGULATED CONVERTER 
PARAMETRIC DATA 

1. INTRODUCTION 

The regulated dc-to-dc converter was chosen as the investigation 

model because it is representative of and contains all of the power con- 

ditioning functions - regulating, inverting, transforming, and rectifying - 

found in a satellite electrical power system, A common converter 

requirement specification was selected to meet typical power conditioning 

requirements. Four basic regulated converter circuits were analyzed: 

(1) regulated squarewave converter (RSWI) Figure C-l; (2) pulsewidth 

converter (PWI) Figure C-2; (3) energy storage converter (ES) Figure C-3; 

and the push-pull energy storage converter (Push-Pull ES) Figure C-4. 

Weight and efficiency as functions of output power and switching frequency 

were derived for each functional section of the circuits. 

Circuit efficiency and weights were reduced to frequency-dependent 

and independent components for convenient identification of frequency 

limitations resulting from circuit design and component selection. Base- 

line designs were established for each section of the circuit for a selected 

number of applicable power outputs. Expansion of the design data about 

each baseline design established crossover points. Data synthesis for 

the complete circuit resulted from selecting the more optimum values 

between the crossover points for each circuit section. The final converter 

parametric data is the result .of synthesizing the applicable groups of data 

derived for each functional section of the converter circuit. 

2. MODEL CONVERTER SPECIFICATION 

The following model converter specification was established as 

typical for the primary and secondary requirements. Design techniques, 

component selection, and circuit configurations that will meet this speci- 

fication are investigated to determine interactions and tradeoffs. 
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2. 1 Primary Requirements 

0 Output power 

0 Input voltage range 

0 Output voltage 

l Thermal 

2.2 Secondary Requirements 

2. 2. 1 

2. 2. 2 

2.2. 3 

2.2. 4 

2. 2. 5 

Reliability 

l Redundancy 

l Fault isolation 

Performance 

Output regulation 

Load variation 

Audio susceptibility 

Regulation against 
dynamic load variation 

Close tolerance 
regulation 

Output ripple 

Number of Outputs: 

Conducted Interference: 

Special Requirements : 

1 to 200 w, parametrically variable 

28 vdc *15 percent 

28 vdc 

-20 to + 50°C, mounting base 
temperature 

None 

None 

it3 percent 

50 to 100 percent of rated load 

3 volts p-p from 30 cps to 150 kc 

Not required 

Not required 

*2 percent 

1 

MIL-I-6181 

None 

3. CONVERTER CIRCUITS 

3.1 Regulated Square Wave Converter (RSWI) 

The block diagram of the RSWI converter is shown in Figure C- 1, 

in a configuration convenient for weight and efficiency analysis, Simplified 

schematics are indicated in each block. All operating frequencies as 

noted in each block are referenced to the squarewave switching frequency(f) 

of this circuit. A pulsewidth preregulator is included in the RSWI design 

in order to meet the *3 percent regulation requirement. Inversion is 
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Figure C- 1. Block Diagram, RSWI Converter 



performed by a switch consisting of two transistors operating in push- 

pull into a nonsaturating power transformer. A saturating drive core 

provides the drive and also determines the reference switching frequency(f). 

The squarewave output of the transformer is rectified and filtered to pro- 

vide the necessary regulated dc voltage. 

3. 2 Pulsewidth Converter (PWI) 

The block diagram of the PWI converter is shown in Figure C-2. 

The PWI circuit combines inversion and regulation functions in the pulse- 

width inverter stage. Switching reference frequency (f) is determined by 

a separate oscillator transistor. Duty cycle of the inverter switch is con- 

trolled by an error amplifier to maintain a constant average rectified out- 

put voltage, independent of input voltage and load variations. The pulsewidth 

modulated waveform out of the transformer is rectified and then smoothed 

in the output integrating filter. 

3. 3 Energy Storage Converter (ES) 

The block diagram of the ES converter is shown in Figure C- 3. 

When the transistor is ON, energy is stored in the transformer/inductor 

(air-gapped transformer) through its primary winding, while load power 

is supplied from the integrating capacitor. The induced emf in the 

transformer/inductor secondary is blocked from producing an output 

current by the diode. When the transistor is switched OFF, the secondary 

emf reverses and the stored energy is discharged through the secondary 

winding, to supply load power and to recharge the output integrating 

capacitor. If the transistor ON time is set equal to T/2 at nominal input 

voltage and load, then the ON- OFF periods may be varied with input 

voltage and load variations to maintain constant output voltage. 

3.4 Push- Pull Energy Storage Converter (Push- Pull Es) 

The block diagram of the (Push-Pull ES) converter is shown in 

Figure C- 4. The basic operation is the same as for the (ES) circuit 

except that Q1 and Q2 transistors alternate ON and OFF, providing power 

to the load on each half cycle. Assuming the same size components and 

switching.frequency, the (Push-Pull ES) circuit can provide twice the 

power output of the (ES) circuit. The efficiency remains essentially the 
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same for both circuits and the weight increase is approximately equal to 

the weight of the added (ES) circuit inverter/transformer/integrating 

inductor and rectifier. The input filter and integrating capacitor remain 

the same size because their operating frequency has now ‘doubled. Thus, 

a significant improvement in weight per watt output is obtained. 

4. PARAMETRIC DATA CALCULATIONS 

Design centers for the converter circuits are selected at typical 

frequency and.power ratings according to the design criteria discussed 

below for each individual type circuit. Design centers are selected for 

each frequency or power range where component characteristics (i. e., 

power dissipation or weight) become limiting and a change in component 

type is required. These design centers are then expanded over the power 

and frequency spectrum according to the mathematical model noted. 

Weights and efficiencies are calculated from these performance 

equations for each circuit section using component specifications from 

manufacturers’ data sheets. 

The accuracy of this method is periodically checked by comparing 

selected test data with the parametric data calculated. For example, 

measured semiconductor loss data allows a straightforward comparison 

with the calculated data. 

The following paragraphs provide the design considerations for each 

component and combinations of components making up the functional cir- 

cuit sections. 

4. 1 Input Filter Design 

LC input filter is used for all four converter circuit designs, based 

on the following common requirements: 

l The capacitor must supply I load for a period of 1/2f, where 
(f) is the switching frequency 

l Capacitor ripple voltage is less than 1 volt p-p nominal, 
or less than 10 percent of regulator range 

l LC resonant frequency is less than f/?,(f = switching frequency), 
so that resonant peaks occur before regulator corner frequency. 
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The filter operating frequency for each of the circuits is related to the 

reference switching frequency (f) as noted on each circuit block diagram. 

4. 1. 1 Capacitor Design 

Tantalum-foil capacitors are applicable for operating frequencies 

up to 20 kc. Because input filter capacitance requirements are relatively 

large, tantalum-foil units provide a low specific weight for best weight 

optimization. However, a large dissipation factor must be accepted. 

Ceramic capacitors are applicable for operating frequencies of 20 kc and 

higher when the capacitive requirements are smaller. The higher 

specific weight for ceramic units is less important than the gains attain- 

able by their lower dissipation factor. Figure C- 5 presents the input-filter 

power loss-frequency data. 

The following equations relate the weight and dissipation factor 

(efficiency) for each of the two types of capacitors as a function of output 

power and operating frequency as defined on the block diagrams. 

l Weight (MC) 

MC = Klf-‘Pout (lb) 

where 

K1 
-3 lb kc = 7.10 x 10 - 

watt (f 5 20 kc) 

K1 = 5.50 x lo-2 = (f > 20 kc) 

l Efficiency (!A 

NC = 100 - K2f (percent) 

where 

K2 = 6 x 1O-2 kc-’ 

and 

K2 = 6 x 1O-3 kc-l’ 

(1) 

(2) 

(f c 20 kc) 

(f> 20kc) 
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4. 1. 2 Inductor Design 

- 

Laminated core materials are .applicable for operating frequencies 
up to 4 kc. Above 4 kc, powdered cores are necessary to obtain adequate 

high- frequency permeability. When inductance requirements are large, 
such as for the input filter, it is desirable to use the laminated core 
materials to minimize weight by storing energy in an air gap. The core 
losses associated with the resulting ac flux density are acceptable when 

they are approximately equal to the copper losses. 

The following equations relate the weights and power losses 
(efficiency) for each of the two types of core materials (Figure C-5) as a 

function of output power and operating frequency: 

l Weight (ML) 

ML = K3f-‘* 75(Pou~)o’ 75 (lb) 

where 

K3 
-3 lb kc =9.1x10 - watt (f 5 4 kc) 

K3 = 1.80 x lo-“= (f > 4kc) 

l Efficiency (NL) 

NL 
0.68 

(3) 

(4) 

where 

K4 = 0.5 kc-l (f C 4 kc) 

K4 = 0.02 kc-’ (f> 4kc) 

K5 = 0.05 kc (f c 4 kc) 

K5 = 3.5 kc (f> 4kc) 

4. 1. 3 Input Filter Summary 

All four of the baseline circuits being considered have an input LC- 

type filter. The function and operating modes of the filter for each circuit 
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are very similar, although the operating frequencies differ. The 
following summary equations combine the capacitor and inductor equations 

from the previous paragraphs. 

l Weight (M) 

Ml = MC1 + ML1 (lb) 

M1 = Klf-’ Pout t K3f-0*75 (lb) (5) 

l Efficiency (N) 

N1 = NCINLl (percent) 

N1 = (100 K4f0’68 t K5f-‘* 75 )I (percent) 

4. 2 Integrating Filter Design 

An LC-type integrating filter is used in the output of the pulsewidth 

preregulator in the RSWI circuit, and in the outputs of the PWI and push- 
pull ES converter circuits. The integrating filter for the ES circuit per- 
forms differently and is discussed in Subsection 4. 3. The (L2), inductor 

for the push-pull ES circuit is integral with the transformer. The speci- 
fication requirement that regulation be maintained to 50-percent minimum 

load requires that the inductor (L2) limit the change in current (AI) to 

100 percent of the load current (IL) during the period 0. 3/f, where (f) is 

the switching frequency. In order to maintain closed-loop stability, the 

resonant frequency of the inductor and capacitor must be greater than f/25 

(f = switching frequency). 

The weight-power loss tradeoff for the inductor design, Figure C-6, 

suggests the use of Hypersil core material for operating frequencies 

below 4 kc. Above 4 kc, Permalloy core material would be selected. 

The capacitor design is similar to that of Paragraph 4. 1. 1, for 

the input filter design , with tantalum-foil capacitors used up to 20 kc and 

ceramic capacitors above 20 kc. 
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The following expressions provide the weight and efficiency relation- 

ships for the integrating filter d.esign as functions of output power and 

operating frequency as defined on the block diagrams. 

l Weight (M) 

M2 = ML2 + MC2 (lb) (7) 

M2 = K&OS 75 (pout>“. 75 t K7f-’ Pout (lb) 

where 

K 6 = 3.5x 10-2$$ 

K -2 lb kc 6=7.3x10 - watt 

-2 lb kc K7 = 2.2x10 - watt 

K7 = I. 8 x 10 - 1 lb kc - 
watt 

(f < 4 kc) 

(f 2 4 kc) 

(f < 20 kc) 

(f 2 20 kc) 

l Efficiency (N) 

N2 = NL2NC2 (percent) 
i (8) 

N2 
= 100 - 

c ( 
Kgf’. 68 + K9f-O. “)I (100 - Kiof) (percent) 

where 

K8 = I. 2 kc-’ (f ~‘4 kc) 

K8 =,O. 05 kc -1 (f 2 4 kc) 

K9 
= 0.8 kc (f < 4 kc) 

K9 = 5.6 kc (f 1 4 kc) 

K 10 = 3 x 10 -3 kc-l (f I 20 kc) 

KiO = 3 x 10 -4 kc-i (f > 20 kc) 

4. 3 Energy Storage Filter Design 

The energy-storage filter is also an integrating filter, but utilizes 

the large inductance of the inverter transformer. Thus, only an output 

capacitor need be added. 
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The specification requirement for regulation to 50-percent minimum 

load requires the induct& to limit the current change (AI) to 100 percent 

of the load current (IL) during the period 0. 5/f, where (f) is the switching 

frequency. The closed-loop stability requires the resonant frequency of 

the inductor and’ capacitor to be greater than f/25 (f = switching frequency). 

This requirement, rather than the output ripple specification, controls 

the capacitance value. 

Selection of the core material and type of capacitor as a function of 

the operating frequency, Figure C-7, for the (ES) circuit, and Figure C-6 

for the (push-pull ES) circuits, is similar to the integrating filter design, 

for the RSWI and PWI converters namely Hypersol for frequencies below 

4 kc and Permalloy above 4 kc. 

The following equations represent the weight and efficiency design 

relationships for the ES converter circuit. 

l Weight (M) 

M3 = ML2 + MC2 (lb) 

M3 = Kl *f-O- 75 (Pout)“’ 75 t KiZf-* pout (lb) 

where 

Kll = 5. 1 x to-29 

Kil 
= 1. 02 x 10-l +.&k$ 

(f < 4 kc) 

(f 2 4 kc) 

K12 = 4.9 

K 12 = 3.6 

l Efficiency (N) 

x 1o-2 lb kc 
watt 

x lo-i lb kc 
watt 

(f < 20 kc) 

(f >- 20 kc) 

N3 = NL2NC2 (percent) 

(9) 

(10) 
Ki3f 0. 68 

+ K14f 
-0. 75 100 
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where 

Ki3 = I.6 kc-’ (f < 4 kc) 

K 13 = 0. 075 kc-’ (f= 4kc) 

K14 = i.Zkc (f < 4 kc) 

K14 =..8. 4 kc (f 1 4 kc) 

K15 = 6x10 -2 kc-l (f < 20 kc) 

Ki5 = 6 x 1O-3 kc-’ (f 2 20 kc) 

4.4 Transformer Rectifier 

The transformer-rectifier elements of the RSWI and PWI circuits 
are similar to the TR units reported in Paragraph 5.6.4, Page 5-23. The 
same parametric equations and curves are used to determine the weight and 

efficiencies Ior these circuits. Application of the TR data to the ES and 
push-pull ES‘converter circuits is not required since the transformer 

function is ,performed by the filter inductor, which is the controlling 
design requjrement. The rectifier data for the ES and push-pull ES 
converter circuits is included with the semiconductor data. 

4. 5 Semiconductor Circuit Design 

Each of the circuits considered contain both transistors and diodes 

whose weight and efficiencies depend strongly upon the output power and 

switching frequency. The semiconductor weights considered here include 

only the component weight. The hardware weight required for structural 

and thermal reasons is derived in Subsection 4. 7. 

Semiconductor losses are divided into a steady-state (frequency 

independent) component, and a switching (frequency dependent) component. 

Steady-state losses consist of drive circuit power and saturation dieripa- 

tion. Switching losses result during transition between the minimum 

voltage, full current ON state; and the full voltage, zero current OFF 

state. At the higher operating frequencies, the efficiency of the equip- 

ment is reduced because of the higher average switching losses. 
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A theoretical model analysis was performed on the circuits to 

establish the semiconductor currents, voltage, instantaneous power 

losses, average power losses, and I-V curves. The items investigated 

were the transistor’s turn-on time, turn-off time, and storage time, and 

the power diode’s turn-on and turn-off or recovery time. Ideal trans- 

formers and chokes were used in the model and therefore magnetic 

capacitance and leakage inductance did not show up in the characteristic 

waveforms. The following is a list of parameters for typical fast switch- 

ing semiconductors used in the circuits. Semiconductors with intermediate 

ratings are available but they do not have the necessary fast switching 

characteristics. 

Transistors 

Transistor Type Turn-on Time tt Turn-off Time t4 Storage Time t5 

1 amp 100 nsec 
10 amp 1 psec 

) 2oz ;::,” loy Fizz 

Diodes 

Diode Type Recovery Time t2 Recovery Current IR Turn-on Time t3 

1 amp 150 nsec Equals forward 10 nsec 
current 

10 amp 500 nsec Equals forward 10 nsec 
current 

4. 5. 1 Regulated Square Wave Converter (RSWI) 

The remaining portions of this circuit consist primarily of semi- 

conductor components such as transistors and diodes. The functional 

sections of the circuit containing semiconductors, as shown in Figure C - i 

are a switching dc pulsewidth preregulator and a conventional squarewave 

inverter. 

The weights of the semiconductors - one transistor and one diode - 

in the pulsewidth preregulator are related to the two listed current 
ratings. A IO-watt (or less) converter would use the l-amp transistor 

and diode weighing a total of 0. 01 lb. Larger power converters, up to 

2200 w, would use the lo-amp devices weighing a total of 0.025 lb. 



The power losses associated with the semiconductors are divided 

into steady- state and switching losses. The transistor steady-state losses 

consist of the base drive power and the saturated voltage drop power loss. 

The base drive power was calculated to be 2. 7 percent of the output power, 

and 1. 8 percent of the output power for the saturatedvoltage drop power loss. 

The transistor switching losses in watts for the pulsewidth preregu- 

lator are related to the device switching times as given by the following 

equation 

P i EinlL EinlL EinlL 
loss = ;I; 

[ 
+ 2 

t t2 zp (IR t IL) t t3 2 •t t4 2 1 (WI (11) 

where T is period of one complete cycle and is equal to l/f defined by 

the reference drive frequency 

5 = transistor turn-on time 

t2 = diode recovery time 

t3 = diodes turn-on time 

t4 = transistor turn-off time 

t5 = transistor storage time 

E. 
In 

= input supply voltage 

IL = load current 

IR 
= diode recovery current 

Note that t5, the transistor storage time, does not appear in the 

above equation and does not contribute to the transistor losses. However, 

its effect is to decrease the total controllable range of the preregulator. 

The maximum percentage ratio for the control range is given by 

Equation (12). 

(ton’ - (ton) 
max minx 100 = 

T - (tl t t2 t t3 t t4 t t5) 

T x 100 (percent) (12) 
T 
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Typical values of Plos s in Equation (11) for the two device ratings are: 

For l-amp transistor: 80 x 10W8f Pout (w) 

For IO-amp transistor: 470 x 10S8f Pout (w) 

The diode steady-state power loss was calculated to be 3. 5 percent 

of the output power. The diode switching loss is given by Equation (13). 

P t2Ein1R 
loss = 2T (WI (13) 

This switching loss occurs during the turn-off time only, because very 

little energy is required to turn the diode on. The maximum losses occur 

at maximum input voltage. The evaluation of Equation (13) provides the 

following values of Ploss for each diode rating: 

For I amp: 23 x 10-8f Pout (w) 

For IO amp: 120 x Io-8f Pout (w) 

The weight of the two transistors in the squarewave inverter section 

is 0.01 lb for l-amp devices (less than IO w), and 0.025 lb for the IO-amp 

devices (10 to 200 w). 

As before, the power losses associated with the transistors are 

divided into steady-state and switching losses. The steady-state losses 

are calculated to be 2. 7 percent of the output power for the base drive 
power and I. 8 percent of output power for the saturated voltage drop power loss. 

The transistor switching losse,s for the squarewave inverter section 

are given by Equation (14). 

P loss = lpyin - tI) 3(t5 

L 

tI 
2 + t4 + 2 (w) 

I 
where 

I 
P 

is the transistor base current 

p is the transistor current gain 

(14) 
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The above equation gives the loss of only one transistor of the inverter; 

therefore the total switching losses are double that given by Equation (14). 
Note that t5, the storage time, has a predominant effect on the power loss 
and that the transistor collector current can reach a value many times the 

load current depending on the actual beta of the transistor at the operating 

cur rent level. Proper circuit design can minimize the losses due to t5; 

The values of Plos s in Equation (14) for two transistors at each selected 
current rating are: 

For I amp: 120 x 10 -8f P out tw) 

For 10 amp: 1200 x 10-8f Pout (w) 

4. 5. 2 Pulsewidth Converter (PWI) 

The semiconductor sections of this circuit as shown in Figure c-2 
are the pulsewidth converter transistors and the diode in the integrating 
filter. The weight of these semiconductors is 0.015 lb for the l-amp 

rating (less than 10 w), and 0.045 for the lo-amp rating (10 to 
200 w). 

The total transistor and diode losses are identical to the inverter 

transistors and diode losses provided for the (RSWI) design described 
in Paragraph 4. 5. 1. 

4. 5. 3 Energy S:orage Converter (ES) 

One transistor and driver stage in the inverter/transformer/ 
integrating inductor section and one diode in the rectifier section, as 

shown in Figure C-3, constitute all of the semiconductors in this circuit. 

The weights of the semiconductors are the same as given for the pulse- 
width regulator, i. e. , 0. 01 lb and 0. 025 lb. 

The steady-state power losses in the transistor due to driver power 
is 2.7 percent of the output power. The saturated voltage drop power 

losses are I. 8 percent of the output power. The steady-state diode loss ’ 

is 2.5 percent of the output power. 
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Switching losses in the power transistor are given by Equation (15) 

EinlL 
p.loss = T 

(2tI t t2 + 2t3 + 2t4) (w) 

Again maximum power loss occurs at maximum input voltage. The 

values of Ploss in Equation (15) for the two transistor ratings are: 

Forlamp: 63x10 -8f P out (w) 

For IO amp: 480 x IOe8f Pout (w) 

The diode switching losses are 

P t2?in1R 
loss = 2T (w) 

(15) 

( 16) 

The values of Ploss in Equation (16) for the two ratings are 

Forlamp: 1.2x10 -8f pout (WI 

For IO amp: 40 x 10 -8f P out (w) 

4. 5. 4 Push- Pull Energy Storage Converter (Push- Pull ES) 

The quantity of semiconductors for this circuit is twice that 

required for the (ES) converter circuit. Thus, the semiconductor weights 

are doubled, i. e. , 0. 02 lb and 0. 05 lb. 

Thf: power losses in the second half of the inverter/transformer/ 

integrating inductor and rectifier sections are identical to those reported 

in the previous paragraph. Because these losses are given as a percentage 

of output power, and the output power for the (push-pull ES) converter 

circuit is double that of the (ES) converter circuit, the percentage values 

remain the same. Thus, the percent efficiency is unchanged. 
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4. 6 Error Amplifier Circuit 

The error amplifiers for each of the circuits are s,imilar in design 

and consist of the voltage reference circuit, two stages of amplifier gain 

and conversion circuit providing the transistor(s) drive power. 

The power losses can be defined as a constant value and a variable 

value which is a function of the drive power. The constant power losses 

for the voltage reference and.the two stages of gain are 200 mw for output 

powers greater than one watt, and 120 mw for output powers less than one 

watt. The variable power losses for the low-level conversion circuit of 

the drive power is 30 percent of the total circuit drive power. 

The weights of the error amplifiers have a fixed component and a 

variable component which is a function of the drive power. The fixed 

component of weight for the voltage reference circuit and two stages of 

amplification is 0. 022 lb. The variable weight component associated with 

the conversion circuit for the drive is given by the following equation 

M = 0. 03 t 0. 2 Pdrive (lb) (17) 

4. 7 Structural Weight -___- 

The converter structural weights are subject to two design 

requirements. 

l The structure must support the components, meet vibration 
and shock specifications, and allow convenient assembly, 
test, and maintenance. 

l The structure must transfer waste heat to the external 
environment. 

One of these two requirements will establish the larger but necessary 

equipment weight for each output power level and frequency. When the 

equipment weight is established by the first requirement, the curve of 

Figure C-8 was used to determine equipment weight from the calculated 

components weight. The ratio of equipment weight to components weight 

(Figure C-8) increases below a lo-lb components weight because com- 

ponent sizes approach a minimum limit independent of power. This 
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determination of equipment weight also establishes the minimum volume 

in which the components could be packaged. An average value of O.O5lb/in? 

was used to calculate the minimum volume. 

In order to make a quick determination if the equipment weight would 

be established by the heat transfer requirement rather than the mechanical 

requirements, the curve of Figur’e G-9 was used to determine the equip- 

ment weight from the power losses calculated using the equations of the 

previous sections. j?igur e C -9 was based upon the following assumptions : 

Heat is transferred away from the converter by conduction 
and radiation only, due to the vacuum environment. 

The ambient temperature is 50°C. 

The equipment temperature rise is limited to 20°C with 
an emissivity of 0. 9. 

The average heat conduction rate to the mounting base is 
0.5 w/in. 2 of base area. 

The average heat radiation rate is 0. 1 w/in. 2 
of surface 

area. 

The average equipment density is 0. 035 lb/in.3 

The equipment structure is cube shaped. 

The cube shape was chosen because it has the largest volume-to- 

surface area ratio for the most common packaging shapes. If the height 

of a rectangular shaped box is assumed equal to or less than the length 

or width, then a cube is also the limiting shape for the stated heat-transfer 

conditions. Whenever the equipment weight determined from Figure C-9 

is less or equal to the equipment weight established by Figure C-8, the 

required weight is not established by the heat dissipation, since any other 

desirable shape would provide a greater heat transfer. Thus, the correct 

weight is determined from Figure C-8. 

Figures C- 10, C- 11, C- 12, and C- 13 present the converter equipment 

weights as a function of power level, frequency, and packaging limitations 

for the four analyzed converter circuits. The solid lines represent the 

total packaged weight as determined from Figure C -8, when only 
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component and minimum structural weights are considered. The uniformly 

dashed lines, starting from their respective intersection with the solid 

lines, +epresent the total packaged weight as determined from Figure C-9 

when thermal dissipation requires an increase in surface area and, there- 

fore, an increase in volume and weight. Because the cube is the least 

thermally desirable rectangular shape, the dashed lines represent maximum 

equipment weight when the equipment becomes thermally limited. 

Analysis of the heat transfer parameters related to the package 

geometry disclosed a graphical method (Figures C-14 and C-15) for 

choosing the most optimum rectangular shape. The derivation and use of 

these curves is presented in Appendix D. The objective of the heat- 

transfer analysis was to increase the package thermal dissipation without 

unnecessary volume and weight increases. The assumed heat conduction 

and radiation rates, 0. 5 and 0. 1 w/in.2, respectively, were found to be 

on-the-average, representative of most spacecraft designs. Therefore, the 

rates were not varied for this analysis. Starting with a cube having a 

constant minimum volume set by components to be packaged, the surface 

area can be increased by reducing the height until a minimum height, 

set by the largest component, is reached. A further increase in surface 

area and, therefore, heat dissipation is accomplished by holding constant 

the minimum height and volume, and changing the base shape from a 

square to a rectangle. Maximum heat transfer for this minimum volume 

is reached when the length to width ratio is increased to its maximum 

practical limit. Figure C - 14 presents heat dissipation (watts) as a function 

of a square base area (length-to-width ratio K= 1), height and volume. 

Figure C- 15 presents similar data when the length- to-width ratio (K) = 5. 

A maximum ratio of 5 was considered practical for most designs. 

The converter weights represented by the uniformly dashed, 

maximum weight lines on Figures C-10, C-11, C-12, and C-13, were 

optimized, by using :Figures C-14 and C-15, to provide a true minimum 

volume, minimum weight design consistent with the required heat dissipa- 

tion. The irregularly dashed curves represent these optimum weights. 

The amount of heat dissipated for each converter design as a function of 

output power and frequency was obtained from the efficiency curves pre- 

sented in Figures C-16, C-17, and C-18. The basic efficiency and weight 

data given by these parametric curves were assembled using the previous 

equations. 
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APPENDIX D 

ELECTRONIC EQUIPMENT THERMAL 
PACKAGING OPTIMIZATION 

1. INTRODUCTION 

Packaging of electronic equipment for use in spacecraft presents 

new challenges for the designer because of the many parameteks requiring 
optimization. The following requirements are usually critical and thus 
provide a serious need for investigation, design analysis, and tradeoffs 
to determine the correct compromise which will provide the most optimum 

system design: 

l Minimum weight 

0 Minimum volume 

l Adequate heat transfer or insulation 

l Adequate mechanical strength to meet environmental 
specifications 

l Convenient shape. 

The minimum volume is usually established by the type and quantity 

of components to be packaged. If the heat dissipation required is not 
excessive, this minimum volume will also set the minimum weight required 

to meet the mechanical requirements. When the heat dissipation is above 

normal, increases in weight and volume usually result. The following 
optimization procedure is one method of directly determining the minimum 

weight and volume design when excessive heat dissipation is present. 
Knowledge of component sizes and weights, minimum structural weight 
necessary to meet the mechanical environment, and required heat dissipa- 
tion are prerequisites. 

2. GEOMETRICAL SHAPES 

The geometrical shape of an electronic equipment package is 
generally controlled by one or more of the following criteria: 

0 Quantity, size, and shape of components to be packaged 

l Weight, maximum temperature, and heat diraipation of 
components to be packaged 
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l Size, shape, and configuration of spacecraft in which 
equipment package is to be mounted 

l Heat transfer characteristics, ambient temperature, and 
thermal environment of the spacecraft. 

The more common shapes in use are the sphere, right circular 

cylinder, the rectangular parallelepiped. Each of these are briefly coneid- 

ered, with the rectangular parallelepiped shape selected as the basis of the 

optimization procedure. A similar procedure would be applicable to other 

geometrical shapes. 

The minimum surface area per unit volume for each of the above 

shapes is: 

Sphere .-$& = $ 
S 

Cylinder ze = $ 
C 

r = radius 8 

height hc = radius r 
C 

Rectangularv~~~~e = g , w r =hr=lr (width, height, length) 
r 

When these ratios are reduced to a common dimension, such as I r 
of the cube, their relative magnitudes are: 

4.8375 Sphere se.= pr 

5.8584 Cylinder ,se = f 
r 

Rectangular ,a6 = e 

The rectangular parallelepiped was chosen because it has the largest 

surface area per unit volume and is a convenient shape for packaging 

electronic components. The right circular cylinder may be more optimum 

for special cases since its base area is larger than the cube base area by 

a factor of 1.4646 for equal minimum volumes. 
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3. RECTANGULAR PARALLELEPIPED PACKAGING OPTIMIZATION 

3. 1 Design Considerations 

An electronic equipment package operating in a *spacecraft in space 
has two -means of transferring its waste heat.to the external environment. 

Radiation to the surrounding equipment, spacecraft, and space- usually 
accounts for 50 percent or less of the total heat transfer. Conduction to 
the mounting base or spacecraft heat sink is the predominate mode of heat 
transfer and may account for 50 percent or more of the total. The rate 
of heat transfer by conduction generally exceeds the radiation rate by a 

factor of 5 or more. When this is true, maximizing the mounting base 
area per unit volume will maximize the total heat transfer. Since the 
cube has the minimum surface area per unit volume of any rectangular 

parallelepiped, andif it is assumed that the height should not exceed either 

the length or width of the base, then the base area can be increased per 
unit volume in two ways. First, the height, h, can be reduced and the 

square base area increased proportionately until the minimum allowable 
height, established by the largest component dimensions, is reached. 
Second, this minimum height can be held constant and the length, 1, to 

width, w, ratio (K = I / w) increased from 1, until a maximum allowable K 

factor is reached, This final shape, having minimum height and maxi- 

mum K factor, provides the maximum heat transfer for a given volume 

whenever the base conduction rate is equal to or greater than the radiation 

rate. A reasonable maximum K factor is approximately 5. 

An electronic equipment circuit design establishes the type, size, 

weight and quantity of components to be packaged. Also, the heat dissipa- 

tion and temperature limit requirements can be calculated. The component 
information provides the minimum volume and weight, as well as limiting 
dimensions, such as the minimum height. Consideration of the mechanical 

environmental specifications further defines the minimum structure 
weight and packing factor. Data on this basic design can then be used to 

determine if sufficient surface area is available to transfer the required 

amount of heat. Determination of this fact is difficult because of the many 

variables involved. If it is determined that the surface area is insufficient, 

changing the basic package design to satisfy the thermal requirements and 
minimizing the associated penalties presents further problema. 
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The following assumptions and optimization method were derived to 

provide a rapid, simple, graphical method for solving these two problems. 

3.2 Assumptions 

The minimum volume and weight established by the mechanical design 

can easily be checked for thermal adequacy by considering the volume in 

the shape of a cube. If the surface area of the cube can transfer the 

required heat, then any other rectangular shape is more than adequate. 

The following heat transfer and configuration constraints were assumed: 

Heat is transferred away from the equipment package by 
conduction and radiation only, due to the vacuum 
environment 

The spacecraft average ambient temperature is 50°C 

The average equipment temperature rise is limited to 20°C 
with an emissivity of 0.9 

The average heat conduction rate to the mounting base is 
0. 5 w/sq. in. of base area 

The average heat radiation rate is 0. 1 w/sq in. of surface 
area 

The average equipment density is between 0.035 and 
0. 05 lb/cu in. 

The K factor (ratio of base length to width) ranges from 
1 to 5 

The height, h, is always equal to or less than the width. 

3.3 Optimization Method Derivation 

The mechanical and circuit designs provide the following parameter 

value 8: 
l Minimum volume 

l Minimum weight 

l Minimum permissible dimensions 

l Maximum heat dissipation. 
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Equation (1) relates three of these parameters for a rectangular 
parallelepiped within the constraints and assumptions previously listed. 

pT =CiAB+C2 
C 

2h(w+l)tAB 1 
pT =0.5ABtO.2h4- t 0.1 AB 

pT =0.6ABt0.2hl.~ 

(1) 

where 

pT = maximum heat dissipation, watt 

Cl = heat conduction coefficient, watt/ sq in. 

c2 = heat radiation coefficient, watt/ sq in. 

h = height of rectangular parallelepiped, in. 

w = width of rectangular paralleiepiped, in. 

4 = length of rectangular parallelepiped, in. 

AB = w4 = area of the base, sq in. 

K = 4/w = length-to-width ratio 

The minimum volume and minimum weight are related by equipment 

density coefficient as given by Equation (2). 

W 
V min 

min = Cg 

where 
V min = w4h = r2h/K = ABh, cu in. 

W min = minimum equipment weight, lb 

c3 = average equipment density, lb/cu in. 

(2) 

Figures D- 1 and D-2 present Fquation (1) as functions of PT, AB, 

h, and K. Figures D-l and D-2 hold K = 1 and K = 5 constant, respec- 

tively. Constant volume lines are shown for selected values of AB and h. 
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Figure D-l Structure-Thermal 
Optimization-K = 1 



Figure D-Z. Struchlre-Thermal 
Optimization-K q 5 



3.4 Graphical Solutions 

The mechanically limited minimum volume for a given electronic 

equipment is determined from Equation (2). Knowing the maximum heat 

dissipation, minimum volume; and limiting dimensions, the following 

steps can be used to determine the optimum minimum volume and shape 

for a thermally limited design. 

Step 1. 

Enter Figure D-l at the intersection of the known values of PT 
and Vmin. 

Read the value of h at this intersection point, i. e., h = hi. 

If hi is equal to or greater than hmin, the mechanically limited 
V min is thermally acceptable. Any rectangular parallelpiped 
having a height equal to or less than hi and volume equal to Vmin 
will meet or exceed the required thermal dissipation. 

Sten 2. 

lf hl is less than hmin, enter Figure D-2 (K = 5) for the same: 
values of PT and Vmin. At this point of intersection read the 
value of h, i.e., h = h2. 

If h2 is equal to hmin, read the corresponding value of AD at that 
intersection point. The optimum mechanical and thermal design 
is a rectangular parallelepiped having a height equal to h2, a base 
area equal to AD, a length 4 equal to 

(K AB) 1’2 

with K = 5. This design has the same minimum volume and weight 
determined by the mechanical requirements. 

SteD 3. 

If h2 is greater than h min, the minimum volume and weight 
determined by the mechanical requirements are adequate. The 
lowest acceptable value of K can be determined when h is set 
equal to h,. . K 
figures sim 1Er to”Ei” 

could be determined graphically if other 
zgure D-2 were plotted for values of K 

between 1 and 5. K would equal Krnin on that figure which 
contained an intersection for V = Vmin, PT, h = hmin, and 

An analytical solution is available by solving 
, knowing h = hrnins AD = Vmin/hmin* 
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Equation (3) provides the solution of Equation ( 1) for the correct 
value of K. 

K = (y2 - 2) t y(y2 - 4)1’2 
2 

where 

Kt 1 

y=Kllz= 

pT - 0.6 AB 

, hAB 

4, Step 

If h2 is 
volume 

less than hminn the mechanically established minimum 
and weight are not thermally acceptable, and the volume 

and weight must be increased. The optimum volume, weight, 
and shape meeting the thermal and mechanical requirementa are 
established by the optimum value of AB on.Figure D-2 where 
the given value of PT and h = hmin intersect. The optimum 
length (1) is equal to (K x optimum AB)l/2, i. e., 

4 = [: 5 (Aglopt 1 112 

The optimum weight is determined by Equation (4). 

(3) 

(4) 

The above steps provide the exact solution for the required minimum 
weight and volume design of a rectangular parallelepipedmeeting both the 

mechanical and thermal requirements. Similar curvea cm be plotted for 
other geometrical ehapee and/or assumed thermal corfficirntr, 
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“The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of hman knowi- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicabie and appropriale &semitration 
of information concerning its activities and the results thereof.” 

-NAnoNAL AERONAURG AND SPACE ACT OF 1958 
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