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EXECUTIVE SUMMARY

Purpose »f the Study

To develop computer models which ay# used to establish quantitative rela-
tionships between the total life cycle cost and technical parameters of Gallium
Arsenide solar cell arrays for earth orbiting spacecraft.

Background

Future NASA and USAF space programs will require significant increases in
electrical power requirements from the 1980 average for existing programs of
1 kW. These requirements are projected to increase to approximately 500 kW
by the year 2000.

Solar arrays appropriately sized for future requirements and configured
with today's technology will prove inordinately expensive in terms of projected
life cycle costs. These costs must be considered truly significant in that
they will command a disproportionate share of available resources thereby

constraining the numbers and types of future space proJgrams.

Accordingly, it is imperature that new technologies be developed for the
design of electrical solar grrays. Implicit in the development of these
technologies is the capability to analyze the impact on system life cvcle costs
resulting from varying design specifications. Every attempt must be made to
maximize system performance and minimize life cycle costs. The models pre-

sented herein are a first step toward obtaining this critical capability.

Methodg}ogz

A series of four baseline Gallium Arsenide solar arrays using today's
technologies were specified and hypothetically subjected to either a low eaxth
orbit (LEO) or geosynchronous earth orbit (GEO). The following matrix applies.

LEO GEO

SOLAR ARRAY 250 ki 50 kW

Planar ® o

Concentrator ] ®

BT SIIEE T TR e
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Algorithms representing life cycle costs were developed for each of the
four baseline solar arrays in their designated orbit. Each solar array was
then subjected to changes in design specifications and the resulting changes
in life cycle costs were computed. These iterations resulted in the develop-
ment of a series of mathematically expressed relationships between individual
system somponents/parameters and life cycle costs.

The resultant solar array performance and life cycle cost model is logi-
cally correct, internally consistent, and realistic. Its full effectiveness as
a design and budgeting tool will be even further enhanced when voids in empiri-
cal GaAs solar cell technical and cost data are filled.

For example, it is anticipated that advanced, high power arrays will be
lightweight and will use standard solar cell modules with wraparound solar
cells, light weight solar concer#yators, and printed circuit power distribution
networks. The module size will be optimized, considering transportation,
packaging, space assembly, electrical characteristics, maintainability and
production costs. The qualification and acceptance testing could, in large
part, be accomplished on the module or small groupings of modules, since each

module is a functioning entity, in itself a solar array.

The need for a large sheet of material, such as plastic film, to hold
cells in proper relative position and to provide connection integrity depends
on the basic module design. The modules could be designed for integrated
mechanical/electrical interconnection to permit direct attachment to the
structure to maintain planar geometry and required orientation. The integrated

module concept lends itself to automated production and high production rate.

Since many factors, or elements, are involved in obtaining an optimum
cell, module, and array configuration, the nature and extent of the many
inherent interdependencies must be determined. The complexity of these
interdependencies is a very significant consideration in determining the total

life cycle cost for a space electrical power system.

Coneclusions

A computerized performance/life cycle cost model provides an extensive

and detailed series of mathematically expressed relationships between individual
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system components/paranmei:2rs and life cycle costs. The objective is to define
a set of cost-technology relationships inherent in the electrical power system
for aerospace programs. These relationships are quantitative and include the
intexdependencies of various constituent technologies. Thus, the quantitative
impact of changing a single technology will be evident initially on all the
other technologies affected, and ultimately on the total life cycle cost of the
electrical power system. Collectively, these relationships would provide

NASA planners, engineexs, and scientists with a tonl for conducting the sensi~
tivity analyses and trude studies necessary for systematically identifying the
nature and extent of the cost driver technologies in an aerospace electrical
power system - that is, which technologies are contrxibuting the greatest por-
tion of the system cost, and how they can be changed to bring about gfignificant
reductions in the system life cycle cost. Once identified as such, it will

be these technologies on which NASA should focus its research and development

resourgces.

Recommendationm

Various &areas for study having high potential returns on investment are

readily apparent. Some of the more promising areas are:

e The conduct of comparative life cycle cost analyses on the development
of alternative component technologies and on the configuration of

alternative system designs.

® The use of computerized models, as guides, to plan and coordinate
future component/system development and test programs, thereby

maximizing the use of available resources.

e The use of computerized models to optimize specified solar array

performunce parameters for given levels of life cycle funding.

® The use of computerized models of discrete systems (e.g., Solar Array,
Energy Storage, Electrical Power System) to compile a model of a larger

system (e.g., space platform) for subsequent in-depth analysis.

® Development of a space solar array data center and a commensurate manage-

ment information system for futuré use on other comparable programs.
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1.0 INTRODUCTION/OVERVIEW

This "GaAs Solar Arxray Subsystems Study" was awarded to PRC under NASA
LeRC Contract NAS3-22667. The study purpose was to determine the impact of
technology variations upon the total life cycle cost of a Galliun Arsenide
(GaAs) space Solar Array Subsystem (SAS). The output of the contracted study
effort is a versatile cost estimating tool for NASA use. The combined per-
formance/life cycle cost model described herein, also provides the capability
to update the interrelationship of solar array performance and technology
piirameters versus total life cycle cost, by incorporating new test and/or
cost data as it becomes available.

1.1 PRC Organization and Activities

Since the estublishment of Planning Research Corporation (PRC) in 1954,
two of PRC's prime professional services to the Government have been the
performance of: (1) Systems engineering and concept design; and (2) al
aspects of engineering cost analysis. This latter service includes identifi-
catieil, location, ané collection and analysis of aerospace technical and cost

data, and the development of cost estimates and life cycle cost models.

1.1.1 PRC Systems Services

PRC Systems Services currently has 34 professional personnel in its
Huntsville, Alabama office. Since 1971, the Huntsville office has continuously
performed systems engineering, cost modelling, and estimating/analysis services
to NASA. As shown in Exhibit 1-1, the Huntsville office is qurrently per-
forming such work for five NASA Centers: Lewis Resgearch Center (LeRC), Goddard
Space Flight Center (GSFC), Marshall Space Flight Center (MSFC), Langley
Research Center (LaRC), and Jet Propulsion Laboratory (JLP).

For LeRC, PRC has developed five computerized performance and life cycle
cost mecdels, including the model develnped for the GaAs SAS Study. Two of the
models are for large space solar cell arrays and three are for large space
electrochemical energy storage subsystems (ESS). The solar array models
include silicon and GaAs solar cells, planar and concentrator array configura-
tions, and LEO/GEO space missions. The ESS models include nickel cadmium

battery, nickel hydrogen battery, and hydrogen/oxygen fuel cell/electrolysis
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cell subsystems. All models include the capability to analyze the effect of
variations in technology or technical parameters upon the total life cycle cost
of the respective subsystem.

For MSFC, PRC has cdeveloped five models which are related to the GaAs SAS
study. 1Two of these models - 25 kW Power Module and Solar Power Station (SPS)
- address large space platform systems with power requirements on either side
of the GaAs SAS. The third model -~ solar electric -propulsion system (SEPS) -
was also based on the space platform modelling approach, The other two models
define relationships which are critical to evaluating twe important aspects
of space hardware ownership costs - namely transportation costs based on STS
and Interim Upper Stage (IUS) costs, and in-space post-flight operations

activities costs.

For GSFC, PRC has performed numerous tasks as a team
professionals which provide engineering cost analysis service
government. The team efforts include data collection and analysis, and the
development of parametric cost models. PRC has helped to prepare cost esti-
mates for future aerospace programs, based upon the analysis of work breakdown
structure, leading to the development of parametric life cycle cost models.
Program hardware consisted of earth satellites with varicous scientific experi-
ments and instrument packages. Computerized cost modelling activities included
multiple variable regression analyses, a Space Transpoitation System (STS)
Reimbursement. Guide model, a Scientific Instrument Cost Model (SICM), a
Support Equipment Cost Model (SECM), and a NASA End-to~End Data System (NEEDS)

performance/cost model.

For LaRC, PRC has developed cost estimates and cost models for a variety
of future space programs, including a model to generate cost estimates for

various configurations and materials of large space structures.

For JPL, PRC is helping prepzre a planetary spacecraft cost model, which
is based upon data collection, analysis and cost estimating techniques
similar to those used to develop the earth orbiting space hardware models

described above, yet tailored to meet JPL'S specific requirements.
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1,1.2 REDSTAR

The Resource Data Storage and Retrieval (REDSTAR) is a data base system
designed and developed by PRC since 1971 under contract to MSFC. The purpose
of this system is to provide a systematic means for readily storing and
retrieving historical cost, technical, and programmatic data for use by NASA
systems engineers and cou¢tl: analycts in developing and exercising parametric
cost estimating relationships for future systems. Since developing the basic
library system, PRC has been under continuous contract to NASA to operate
and maintain REDSTAR. This includes collecting, analyzing, integrating new
data into the system, and then using this data to dewelop comprehensive
performance and cost models for use by various NASA centers in projecting the
costs of new programs and space hardware systems. Currently, REDSTAR is
comprised of over 5,000 documents which contain data at various levels - ranging
from program to compohent = pertaining to a broad base of aerospace hardware
systems, including electric power system spage hardware, radars, lasers, air-
craft, missiles, space satellites, telescopes, cameras, scientific¢ instrument

packages, and common/composite materials.

1.2 study Objectives

The objectives of this study are to:

e Define a set of cost/technology relationships inherent in large planar
and concentrated GaAs solar cell arrays, for two space power system
missions - one of 250 Kilowatt (kW) output in Low Earth Orbit (LEO)
and one of 50 kW in Geosynchronous Earth Orbit (GEO).

e Quantify the relationships and determine the interdependencies of the

solar array technologies.

e Provide NASA with a tool for conducting sensitivity analyses and
trade studies in order to identify the nature and extent of cost

drivers in large space solar arrays using GaAs cells.

1.3 Background

Future NASA and USAF space programs will require significant increases in

electrical power requirements from the 1980 average for existing programs of
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1 kW. These requirements are projected to increase to approximately 500 kW
by the year 2000.

Laxge electrical power systems appropriately sized for future space
requirements, and configured with today's technology, will prove inordinately
expensive in terms of projected life cycle costs. These costs must be con- ’
sidered truly significant, in that they will command a disproportionate ;
share of available resources, thereby constraining the numbers and types of

future space programs.

Historically, the solar array subsystem cost has contributed a .
significant percent of the total electrical power system (EPS) cost. This
makes the solar array a logical candidate for potential reduction of the total
life cycle cost. In the past, one of the most effective approaches to cost
reduction has been through technology advances. However, implicit in the
development of new technologies is the qapability to analyze the impact on

total life cycle costs resulting from varying design specifications.

Acceordingly, it is imperative that new technologies be developed for the
design of large space solar arrays; and one of the most promising solar array
technologies combines the use of GaAs solar cells and solar concentration.
Unfortunately, the analytical relationships between total life cycle cost and

these GaAs solar array technologies have not yet been adequately defined.

Therefore, as depicted in Exhibit 1-2, it is important to examine and
quantify the life cycle cost (LCC) benefits of GaAs physical, performance and
operational technologies, as applied to large solar array electrical power
systems, for use in high power LEO and GEO space missions. Every attempt
must be made to maximize hardware performance and minimize life cycle costs.
The GaAs solar array performance/life cycle cost model described herein is

a step toward obtaining this critical capability.

1.4 Study Methodology

An overview of the study methodology is presented in Exhibit 1-3. As
depicted, the methodology consisted of six tasks. The titles and outputs of

the tasks are discussed in subsequent paragraphs.
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l.4.1 Task I - Mission Identification

The purpose of this task was to develop a set of space mission requirements.

These requirements would include definition of a space sexvices platform, LEO
and GEO orbit parameters, a mission life cycle scenario, and the user system(s)
electrical power load requirements. These requirements are documented in

Section 2.0.

1.4.2 Task IT - Power System Definition

The purpose of this task was to develop and define the requirements for
an electrical power system based upon the mission requirements developed
in Task I. Included in the power system definition would be the power load
requirements, as well as the performance requirements for the power management,
energy storage, and solar array subsystems. The EPS definition is documented

in Section 3.0.

1.4.3 7Task III - GaAs SAS Baseline Design

The purpose of this task was to develop and define four baseline GaAs
solar arrays: (1) One planar array to provide 250 kW average in LEQ, (2) one
array with solar concentration {20 provide 250 kW average in LEO, (3) one
planar array to provide 50kW average in GEO, and (4) one array with solar
concentration to provide 50 kW average in GEO. The baseline definitions would
include a work breakdown structure (WBS), a solar array hierarchy, the
selection of comp¢nent/production technologies, and the quantification key of
airay performance and physical parameters. The baseline definitions would be
preliminary activities for development of the GaAs SAS performance model, which
in turn would result in numerous iterations. The final baseline definitions

are documented in Section 4.0.

1.4.4 Tagk IV - Life Cycle Cost Determination

The purpose of this task was to develop and exercise a life cycle cost
model (LCCM) for each of the solar array baselines defined in Task III.
Development of the LCCM would include the development of functional flow
diagrams for Design, Development, Test and Evaluation (DDT&E), Production,

and Operations and Maintenance (0&M). Also included would be the LCCM
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structure, as well as various ground rules and assumptions, and cost estimating
relationships for each major cost element. The LCCM is documented in Section 5.0.

1.4.5 Task V - Development of Cost/Technology Parameter Relationships

The purpose of this task was to establish the quantitative relationships
between total life cycle cost and the GaAs component/production technologies
defined in Task III. Implicit in this task was the development of a solar
array performance model, which modelled the use of GaAs solar cells and
various degrees of solar concentration. Development of the model would
include the modelling of key technology parameters to be analyzed, as well as
the relationships, sensitivities and interdependencies of numerous physical,
pexformance and technology parameters. The solar array performance modelling
is documented in Section 6.0. The results ¢f the various technology parameter

variations vs variations in life cycle cost are documented in Section 7.0.

1.4.6 Task VI - Reporting

The purpose of this task was to provide the necessary communication and
coordination between PRC and LeRC concerning contract status, the baseline
definitions, the LCCM activities, and in particular, the results of analyzing
the numerous technology/life cycle cost relationships. The reporting would
include a study work plan, monthly progress narratives, virious oral presenta-
tions, and a written final report. The study results and conclusions are docu-

4

ments 1 in Section 8.0.
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2.0 MISSION IDENTIFICATION

Mission identification is accomplished by a set of space mission require-
ments. The requirements include definition of a space services platform, LEO
and GEO orbit parameters, a mission life cycle scenario, and the user system(s)
electrical power load requirements.

2.1 Space Services Platform System (SSPS)

The SSPS has been hypothesized to create a system structure within which
a Solar Array Subsystem (SAS) can be defined to provide a baseline design for
cost~technology studies. The purpose of the SSPS is to provide services to
varied User System(s). The User System(s) may be engaged in materials pro-
cessing, astronomy, solar systems and earth observation, life sciences,
communications, or other operations. The User System(s) may be secured to
the platform or docked for servicing or short-term operations. The general
configuration of the SSPS is shown in Exhibit 2-1. The subsystems of the

SSPS, their functions and major interfaces are summarized in Exhibit 2-2.

2.1.1. Solar Array Subsystem (SAS)

During the sunlight period of the orbit, the SAS converts solar energy
into electrical power which in turn is provided to the Energy Storage and the
Power Management Subsystems. Including losses, the SAS provides sufficient
energy for the user system(s) and for internal SSPS power users as well as
energy to be stored and subseduently provided to the same users during the
eclipse period of the orbit. The SAS also provides outputs from on-array
instrumentation and responds to attitude c¢ntrol and power switching commands

from the Command and Data Subsystemn.

2.1.2 Energy Storage Subsystem (ESS)

The ESS stores electrical energy from the SAS during the sunlight period
of the orbit and provides electrical power to the user system(s) and other

SSPS subsystems during the eclipse period of the orbit.
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2.1.3 Power Management Subsystem (|PMS)

The PMS provides power conditioning and distribution of power to the
usex system(s) and to other SSPS subsystems.

2.1.4 Structural/Mechanical Subsystem (SMS)

The SMS provides (1) the structural mounting platform for User System(s) i
and for the SSPS subsystems, (2) drive power for the Solar Array Subsystem 2
axis/slip ring assembly, and (3) docking facilities for free flyers. The
attitude of the platform is maintained by thrusters of the Propulsion &
Control Subsystem (PCS), which are commanded by the Command and Data Sub- i
system (CDS). There are two interfaces of the SMS with SAS:

e structural mounting for the SAS 2 axis drive/slip ring i
e mechanical drive of the SAS attitude at the input shafts of the SAS

2 axis drive/slip-ring assembly.

2.1.5 Propulsion and Control Subsystem (PCS)

The PCS provides attitude control and orbit adjust thrust for the SSPS.
The thrusters are mounted on the SMS platform and at the end-booms of the SaS.

2.1.6 Command and Data Subsystem (CDS)

The CDS provides (1) the required attitude commands for the SMS and the
SAS, (2) analyses, status reports, and corrective action based on telemetry
data sensors located as required on the SSPS, SSPS subsystems and User Systems,
and guidance and navigation sensors, and (3) command & data relay communications

from external systems to SSPS and User System(s).

2.1.7 Qperations and Maintenance Crew Subsystem (OMCS)

The OMCS providec operations services and maintenance for SSPS subsystems
and the User System(sg). The OMCS is stationed on-board the SSPS SMS platform.

2.1.8 Thermal Control Subsystem (TCS)

The TCS provides thermal control capability for SSPS subsystems and the

User System(s) as required,

16




2.2 Orbit, Mission, and User Requirements

The mission requirements define reasonably typical mission scenarios
and SSPS system/subsystem requirements which are representative of projected
future LEO and GEO missions. The mission requirements are reflected by life
cycle scenarios for each of the LEO and GEO missions.

The orbit, mission and user requirements for the GaAs SAS are defined in
specification format, in Appendix A. Exhibit 2-3 is a summary of the specified
reguirements.,
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3.0 POWER SYSTEM DEFINITION

Power system definition which is based upon the mission identification in
Section 1.0, is accomplished by definition of the user system(s) power load
requirements and the performance requirements for the power management, energy

storage and solar array subsystems.

3.1 Power Load Reyuirements

The SSPS Electrical Power System (EPS) furnishes the power for the user
system(s) and for internal SSPS power users, including other SSPS subsystems.
The EPS is required to furnish a nominal orbital average power of 250 kW in
LEO or 50 kW in GEO for external (user system) loads during the lO-year life
of the system. Twenty~five percent (25%) of the rated output power must be
available at a nominal low voltage of 30 VDC and the remaining 75% at a
nominal high voltage of 120 VDC. 1In addition, 10% of the rated output power
nust be available to on-board SSPS subsystems also at a nominal low voltage of
30 vDC.

Exhibit 3~1 portrays typical End of Life (EOL) performance characteristics
of the EFS. The'composite efficiencies of the major elements and of the
distribution cabling are indicated. To minimize losses, it is assumed that
high efficiency components and large conductor sizes would be employed to
the maximum extent possible. Also because of orbit conditions and degradation,
the average available output power would be greater than the 250 kW LEO or
50 kW GEO requirements during maximum sunlight orbits, particularly early in
the SSPS mission. From this, it is agsumed that the distribution, power
conditioning, and battery capacities will meet 150% of the average requirements.
In addition, considering reasonable sizes and ratings for batteries and power
conditioning equipment, the EPS is subdivided in 12 electrical groups, called
power channels, whose outputs are combined to form the output distribution

buses.

3.2 Power Management Subsystem

The PMS provides power conditioning and distribution of power to the user

systems and to other SSPS subsystems. Power conditioning includes battery

19

s ST

T R

B i T

ege

e e

.,,_.,,..w”_.,,m,
o

;. A%

i



SW3L1SA58NS
SdSS

0E9 = L
S31TaN3SSY
Ad3illve

|
686 = L

savo1-A1| HOLNAIYLSIA
. 39v4H3LNI <

SQVO1°A'H . ¢

I-€ 1q19xq N . JONVWHO4HId NILSASENS HIMOd TVII14.LO313

oJd




charging and voltage vegulation. 'The functions of battery charging and voltage
regulation can be accommodated by taking advantage of the technology developed
by MSFC, which is nearing hardware readiness. The programmable power processor
(r3), a microprocessor-controllad multipurpose device, can, with appropriata
programming, sexrve both as a regulator and a chaxger., The input voltage

rangae of thase davicaes is from 26 to 375 vDC, with an output capability from

24 to 188 vDC, The units weight approximately 25 Kg. Overall dimensiohs of
the units are 63,5 em X 26.9 em X 16.5 em.

3,2.1 Battery Charxging

The P3's used as chargers are programmed te track solar array peak power
and then maintain a cumulative intagration of the battery state of charge
to provide optimum battery charging throughout battery life.

J.2.2 Voltage Ragulation

The P3's can be used for both 30 and 120 VDG regulation, with programmed
slopes and selectable open clrcuit voltage setbings to ensure proper load
sharing among the ragulators. Considexring a maximum input voltage swing of
50V and a maximum load variation of 50 to 100 amps per unit regulator, the

P3's will be able to maintain the output voltage to within * 1 percent of
the presat voltage.

3.3 Energy Storage Subsvstem

The ESS stores thae alectrical enexgy from the SAS during the sunlight
period of the orbit and provides electrical power to the user systems and to
other SSPS subsystems. The battery assembly efficiency indicated in Exhibit 3-1
is based upon nickel hydrogen tachnology and includes the efficiency of tha
P3 charger. Integral to each battery are special reconditioning and cell
protection circuits which will greatly extend the operational life of each
battery. The cell protection circuits also provide by-pass circuits which
allow each battary to continue to operate with as many as four cell falluras
out of 22 cells par battexy.
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3.4 Solar Array Subsystem

For an EPS with the internal efficiencies as indicated in Exhibit 3-1 to
provide 250 kW of continuous power to the user system during a LEO orbit of
444 km and 56° inclination, the SAS must provide approximately 650 kW of
electrical pewer during the sunlight period of the orxbit, For the same EPS
to provide 50 kW of continuous power during a GEO orbit of 35,786 km, the SAS
must provide approximately 70 kW during the sunlight period. The array output
will be held constant over the array life by controlling the sun vector angle.
Physical descriptions of the SAS baselines (planar and concentrator) for each

type of mission are contained in Section 4.0.



Il

e

LSy
£

speaer

o :.:f:v" -

4.0 SOLAR ARRAY BASELINE DESIGN

Solar array baseline design was accomplished by the definition of four
baseline GaAs solar arrays: (1) One planar array to provide 250 kW average
power in LEO, (2) one array with solar concentration to provide 250 kW average
power in LEO, (3) one planar 2zsay to provide 50 kW average power in GEO, and
(4) one array with solar concentration to provide 50 kW average power in GEO.
The baseline definitions include a WBS, a basic solar array configuration, the
selection of component/production technologies, a solar array hierarchy, and
the determination of key array performance and physical parameters. The values
of the key parameters were determined by exercising the solar array performance
model descyibed in Section 6.0.

4.1 Work Breakdown Structures

The GaAs solar ’rray subsystem WBS, which is shown in Exhibit 4-1, provides
the skeleton for the baseline SAS's. The WBS was developed initially to accom-
modate a general SAS configuration and then made more specific after a review
of current literature to determine reasonably typical GaAs hardware configura-
tions ror the LEO and GEO missions. A pictorial summary of the data base
contained in REDSTAR, which was available for this review, is depicted by
Exhibit 4-2.

The WBS identifies ths elements which are assembled to make up an SAS.
From a project standpoint, each element represents a design package. One major
function of the WBS is %o organize the various hardware element functions and
their sequencing, which include materials processing, manufacturing, integra-
tion, transportation, assembly and checkout. 1In addition, the WBS also provides
a basis for development of the functional flows and life cycle cost model

described in Section 5.0.

4.2 GaAs Solar Array

The bhaseline GaAs solar arxay is a two wing array as shown in Exhibit 4-3.
Each wing consists of two array blankets, with a single boom structure and tip
pieces which hold the blankets in tension. For LEO, the SAS is a fold-up
array, which will be shuttle transported and assembled in space. For GEO, the
SAS will be integrated with the SSPS, and both transported to LEO by shuttle, and
from there to GEQO by the Boeing Interim Upper Stage (IUS).
23
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The SAS electrical power goes to a centrally located slip-ring assembly.

sty
| s |

The bus conductors are supported by a semi-~conductor (300°) styrofoam segment
attached to the bottom of the boom, The slip-ring assembly is double~gimballed
to make the orientations and movements of the SAS independent of the user
platform, The array output can be held constant over the array life by varying
I the sun-vector angle, if it is not desirable to take advantage of the additional
power under array beginning-of-life (BOL) conditions.

f§ 4,3 Solar Array Module
re The solar array module is the basic SAS building block. The module size
ﬁ is determined by the array geometry and the SAS power requirement. The module

cross section, which is shown in Exhibit 4-4, consists of the following:

T
P

e Solar Cell

2cm = 4 em x 8 mil, wraparound contact (asgsumed), liquid phase
epitaxial (LPE) growth GaAs (developed by Hughes Aircraft Company),
18.1% efficiency (unglassed), 25°C ambient (AMO).

e Cell Cover
2cmx 4 cmx 6 mil, fused silica (Corning Glass 7940).

® Cover Adhesive

2 mil DC-923500.
e Substrate

taminated printed circuit, 1 mil copper rolled annealed interconnect.
Insulation is two sheets of 0.5 mil kapton/0.5 mil high-temperature

polyester adhesive.’

The cells are welded to the copper interconnect circuitry through the top
layer of kapton, which together with the lower layer, form a kapton-copper-
kapton sandwich. The basic pattern for the solar cell interconnects within
the substrate consists of three parallel strings of series connected cells.
The total number of series cells in the basic pattern is determined by the

array geometry and the SAS voltage requirement.
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4.4 Concentrator

The baseline concentrator, which is called a Truncated Pentahedral Pyramid
(rPP), is shown in Figure 4-5. The TPP provides a geometric concentrator ratio
(GCR) of 5, and with it, several desirable progerties. First, it provides a
uniform reflected beam distribution onto the solar cells. Second, its geometry
allows very dense a module packing factor (i.e., no wasted space betwaen
concentrators). Third, a tandem string of TPP's requires a fewer number of
tension lines and the positioning of "back-to-back" reflectors can be controlled
at the TPP corners. Fourth, the number of joints or pivots has been reduced
to a minimum, permitting crediblé repeat ability of deployment angles. Fifth,
an attractive folding scheme is possible which allows the TPP to be densely
packaged and stowed for space transportation in the Shuttle, plus provides a
deployed structure with good stability and stiffness. For a GCR of 5, the total
area of concentrator material is approximately 9X the illuminated area, and
the reflector depth ratio is 1.3, For the GaAs baseline, the concentrator is
constructed utilizing a spectrally selective reflector material (cold mirror).
{Lockheed Report IMSC - D715841).

4.5 Array Structure

The solar array structural design assumes two wings, each including an
astromast boom with tip-piece assemblies for tension, and a two-axis (pitch and
roll) slip-ring/drive assembly as shown in Exhibit 4-3. The basic wing/bzom
concept is shown in Exhibit 4-<6. The requirements and assumptions which apply

to the structure are:

e aluminum booms

e 2-axis drive

e maximum angular acceleration (in pitch and roll), & = 1.8 x 10-5
radians/s2

e maximum bend angle, © = 10° under 0.01G force applied at outboard tip
first natural frequency, w; = 0.04 radians/s

e ratio of compressive preload to critical buckling load, P/Pecr = 0.3
(NAS TN D-8376)
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ratio of blanket mass to boom mass, M = 6
mass of tip price << mass to boom Mtp << M
length of each boom

Ay = blanket length + 7 meters

For the 250 kW LEO arrays, the structure would be packaged separate from
the array blankets for space transportation aboard the Shuttle and then integrated
into a deployed arrxay during subsequent space EVA operations. For the 50 kW
GEO arrayi', a fold-up array configuration integrated with the SSPS would be re-

quired, which would allow Shuttle/IUS transportation to GEO and subsequent auto-
nomous deployment in orbit.

4.6 Solar Array Hierarchy

The solar array hierarchy, which is based on the WBS, quantifiesr the
number of elements which are assemblied to make up the solar array. Exhibit 4-7
depicts the hierarchies for the four baseline arrays, and also provides a size
comparison between common types of elements. The basic hieraxrchy for each

kaseline array configuration breaks down as follows:

250 kW 250 kW 50 kW 50 kW

LEO LEO GEO GED

Planar Cong. Planax Conc.
1 Array = 2 2 2 2 Wings
1l Wing = 2 2 2 2 Blankets
1 Blanket = 12 12 5 5 Channel
1 Channel = 2 4 3 4 Panels
1 Panel = 15 8 4 3 Modules
1 Module = 3,560 864 2,706 700 Cells

4.6.1 Array Blanket

The array blanket consists of panels which are mechanically interconnected
to fold up for transportation into space and subsequent deployment. For LEO
orbits, the blankets are transported separate from the structure and then inte-

grated with the structure during EVA operations. For GEO orbits, the blankets
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are integrated with the structure prior to launch and subsequent deployment in
space. While the size of the blankets may vary, the total number of blankets/

array is constant at 4.

4.6.2 Electrical Channel

Each electrical channel consists of array panels which are mechanically
and electrically interconnected to provide an independent electrical entity.
Thus each channel is, in effect, a separate solar array providing elegtrical
power thiough a separate slip ring channel to separate hardware elements in the
energy storage and power management subsystems. Electrically, each electrical
powexr channel will provide approximately 13.55 kW in LTO and 3.5 kW in GEO at a
minimum voltage of 180 VDC. These power levels are based on 650 kW total power
and 48 channels in LEQ, and 70 kW total power and 20 channels in GEO.

4.6.3 Array Panel

The number of array panels per channel is a function of the total number
of solar cells, as well as a function of the cell size and the overall array
geometry. While the panel size may also vary, the maximum dimensions are
constrained by the space transportation requirements. For planar arrays, the
size constraint is 18m x 3m in LEO and 6.75m x 2m in GE). For concentrator

arrays, the constraint in 18m length for LEO for GEO.

4.6.4 Concentrator

As stated previously, the TPP concentrator allows a very high module packing

factor, plus the capability for dense packaging for space transportation. To
take advantage of these features, the array panel for concentrator arrays will
consist of a single row of concentrators with the fold axis parallel to the
length dimension of the panel (i.e., the entire panel will fold up width-wise).
The total number of concentrators per panel depends upon the concentrator size

(1.e., GCR) and the maximum allowable panel length.

4.6.5 Array Module

For the 250 kW planar array in LEO, the number of array modules/panel is
fixed at 5 x 3 = 15. For the 250 kW concentrator array in LEQ, the number of
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modules is the same as the number of concentrators (i.e., one-to-one). For the

concentrator array (GCR = 5), the layout is 8 x 1 = 8. In GEO, similar consi-

derations apply, except on a smaller scale. For the planar array, the layout is

2 X2 =4, Por the concentrator array (GCR = 5), the layout is 3 x 1 = 3,

The actual module sizes vary depending on the number of solar cells per

module and the cell size. The maximum allowable module dimensionz, reflect the

space transportation requirements. The module for LEO planar has the maximum
dimensions of 3.5m x lm. The maximum.dimensions for the GEO planar module is
3.375 m x Im. For both concentrator array configurations (i.e., LEO and GEQ),
the maximum module size is Im x Im which assures that the size of the folded

concentrator/panel will meet the respective transportation requirement.

4.7 Solar Array Baselines

The four array baselines are summarized in Exhibit 4-8. The exhibit is a
computerized printout, which was generated by exercising the performance model
described in Section 6.0. The computer program for the combiried solar array

perfofmance and cost model is contained in Appendix C.
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5.0 LIFE CYCLE COST DETERMINATION

Life cycle cost determination was accomplished by developing and exercising
a GaAs SAS life cycle cost model. Development of the LCCM included (1) the
development of functional flow diagrams for DDT&E, Production, and 0&M; (2) the
development of the LCCM structure; (3) the definition of basic ground rules and
assumptions; and (4) the development of cost estimating relationships. Exer-
cising the LCCM included (1) estimating the LCC of the GaAs SAS baselines which
are defined in Section 4.0 and (2) quantifying the variations in LCC which
resulted from variations in S5 physical, performance and technology parameters
as described in Section 6.0. The LCCM input parameters are defiined by the
performance model. The input parameters consist generally of hardware quanti-

ties, weights, volumes, life, efficiencies and power outputs.

5.1 Functional Flow Diagrams

The basis for the LCCM structure is the DDT&E, Production and O&M functional
flow diagrams, which are shown in Exhibits 5~1, 5-2 and 5-3 respectively.
Although the DDT&E cost estimate was based on 35% of the production cost
(derived from historical program costs), a breakdown of DDT&E functions is
provided in Exhibit 5-1 for completeness and for possible future analysis (such
as estimation of design and/or testing costs as a function of SAS religbility).
The production flow (Exhibit 5-2) is consistent with the SAS work breakdown
structure described in Section 4.0. It should be noted that the production
phase for the LEO missions includes Shuttle transportation, as well as array
assembly and checkout in space; while that for the GEO missions includes Shuttle/
IUS transportation and automated array deployment. In the OaM flow (Exhibit 5-3),
the "produce spaces" block is null since the required number of spares (panels)
are assumed to be manufactured during production. However, this could be
subject to a trade analysis, and therefore the function has heen included for

completeness.

5.2 Life Cycle Cost Model

As defined by the functional flows, the GaAs SAS LCCM consists of three
phases: (1) DDT&E, (2) Production and (3) O&M. The LCCM structure, which reflects

both the functional flow activities (horizontal axis) discussed in the previous
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paragraph and the SAS WBS/hierarchy (vertical axis) discussed in Section 4.0,
is shown in Exhibit 5~4. 1In conjunction with the LCCM structure, various top-
level ground rules and assumptions, which were also used in the development

of the total LCCM, are listed in Exhibit 5-5. 1In addition, the data sources
used in the development of the GaAs SAS LCCM consisted of historical data from
REDSTAR plus cost/technical data which was collected from various space hard-

ware manufacturers as shown in Exhibit 5-6.

5.3 Design,»Development, Test and Evaluation Cost

The cost of the DDT&E phase of life cycle cost is estimated to be 35% of
the production phase cost. The DDT&E phase includes the following functions:
(1) designing the array and the manufacturing facility, and manufacturing the

e

prototype solar array subsystem; (2) designing the cevelopment and qualification

test requirements and plans, and performing development and qualification tests;

R

(3) designing the assembly/integration procedures, designing oparations and

]

maintenance procédures, developing training requirements and (4) testing and §

evaluating the solar array, subsystem for production decision.

5.4 Production Cost

The cost of the production phase is divided into two categories: (1) the
prelaunch manufacturing cost and (2) the cost incurred by NASA to deploy and
checkout the SAS in orbit. For LEO, the NASA incurred cost include the transport
of astronauts and array spares to LEO and the cost of space assembly and checkout.
Referring to the LCCM structure shown in Exhibit 5-4, the intersections of the
matrix represent cost elements, for which cost estimating relationships (CER's)
were developed as shown in Exhibit 5-7. Generally, the prelaunch production

manufacturing CER's included the costs of direct labor, materials and components,

process equipment, and wraparound costs such as burdens, fringes, overheads,
G&A, maintenance, and factory resources as summarized in Exhibit 5-8. Inputs
consist of the total numbers of solar cells, weights and volumes, and other
cost sensitive parameters such as attrition and number of spares required. An

example of a typical CER is shown in Exhibit 5-9.
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5.4.1 Prelaunch Manufacturing Cost

It is assumed that a prime contractor will manufacturer the solar array
subsystem using raw stock and off-the-shelf hardware that is presently obtain-
able. The total manufacturers cost consists of labor cost, non-labor cost,
Projert Management and Systems Engineering. The labor and non-labor costs for
each WBS item werg estimated. These estimates are dependent on the configura-
tion of the SAS.

5.4.1.1 Manufacturing Labor Cost

The total manufacturing labor cost consists of the labor cost associated

with each manufacturing process.

This cost was estimated based on the number of somponents required. The
number of components determined the number of labor liours. Refer to Exhibit
5-8 for the factors used to determine the labor hours required and the resulting

direct labor cost for each manufacturing process.

The labor rate used was $20/hr. The indirect rates, fringes, overhead
and other direct charges, were applied to the direct labor case to obtain the

total manufacturing labor cost.

5.4.1.2 Non-Labor Manufacturing Cost

The non-labor manufacturing cost consists of materials, equipment, special
equipment and surface transportation. These costs are also dependent on the

array configuration.

5.4.1.2.1 Materials Cost

The cost of materials required for each manufacturing process was estimated
based on the unit cost and amount required for the process. The unit cost is
based on vendor guotes and the amounts required are dependent on the configura-
tion of the SAS. A manufacturing burden to cover the expense of procuring and

warehousing materials is applied to the total materials cost.

5.4.1.2.2 Process Equipment Jost

The equipment costs for each manufacturing process for the baseline were
estimated based on the production rates required to manufacture the number of

components needed for the baseline SAS.
48
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5.4.1.2.3 Special Equipment Cost

The special equipment consists of containers for packaging the SAS blankets
and structures for shipment to the launch site and into the appropriate orbit
(LEO or GEO).

5.4.1.2.4 Surface Transportation Cost

Surface transportation costs consist of the cost of transporting the SAS
blankets and structures to the launch site from the manufacturing facility. It
was assumed the manufacturing facility would be located on the West Coast and
the launch site would be Kennedy Space Center. The cést is dependent on the
combined weight of the structure, blankets and the containers in which they are

packaged.

5.4.2 NASA Cost

For the LEO missions, the NASA incurred cost portion of the total production
phase cost includes: (1) the cost of transporting the SAS blankets, structure,
and astronauts (space assembly and checkout crew) to LEG abozrd the Space
Shuttle and (2) the cost of the assembly and chackout in space. For the GEO
missions, the NASA cost includes the cost of transporting the SAS integrated
with the SSPS into GEO using Shuttle/IUS space transportation.

5.4.3 Project Management

The cost of Project Management is estimated to be 5.8% of the sum of the
manufacturing labor and non-labor costs. Project Management includes planning,
organizing, directing, coordinating and controlling the project to ensure that

overall project objectives are accomplished.

5.4.4 Systems Engineering

The cost of the System Engineering is estimated to be 4.8% of the sum of
the manufacturing labor and non-labor costs. This function includes the appli-
cation of scientific engineering efforts to: (1) transform an operational need
into a description of system performance parameters and a system configuration;
(2) integrate related technical parameters and assure compatibility of all

physical, functional and project interfaces in a manner which optimizes total
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system definition and design; and (3) integrate the efforts of all engineering

disciplines and specialties into the total engineering effort.

5.5 Total Operations and Maintenance Phase Cost

The Operations and Maintenance Phase of the life cycle covers the ten year
life span of the SAS. There are two categories of cost in this phase: (L)
contractor cost for performing the sustaining engineering function and (2) for
LEO missions, the cost incurred by NASA to train the operations and maintenance
crew, transport the crew to LEO and perform maintenance on the SAS over a ten-

year hardware life period.

5.5.1 Total Contractor's Cost

It is assumed that. contractor housed at the launch site will provide
sustaining engineering for the SAS over a ten-year period. It is assumed that
one engineer working 2,040 hours a year at $20 an hour for ten years would
constitute the labor cost. The total contractor cost for sustaining engineering
is obtained by applying the fringes, overhead and other direct cost rates to the
direct labor base. A general and administrative rate is also included in the

total contractor's cost.

5.5.2 NASA Incurred Cost (LEO Missions)

+

For the LEO missions, the cost incurred by NASA in the O&M phase is the
sum of the cost of training the crew, transporting them to the S$SPS in LEO and

performing the maintenance over a ten-year period.

5.5.2.1 Training Cost

For the LEO missions, it is estimated that it will be necessary to train
one astronaut crewman per year for ten years. The cost for this training is

estimated to be $250,000 per year per crewman.

5.5.2.2 Maintenance Labor Cost

For the LEO missions, the crew that perXorms the maintenance on the array
is divided into two groups. One crew remains on the SSPS to perform scheduled

maintenance. The crew works for three month periods on the space platform and
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and is sent back to earth to be replaced by another crew. The unscheduled
maintenance is performed by an earth based crew that makes a number of unsche-

duled trips to the SSPS per year.

5.5.2.3 Space Transport Cost

For the LEO missions, four trips a year for ten years are required for the
crew that is housed on the SSPS. The cost is $250K per trip. The unscheduled
maintenance crew requires 1.75 trips per year @ $100K per unscheduled mainten-

ance.

5.6 Summary

The GaAs SAS LCCM provides a means of estimating the LCC of a SAS as shown
in Exhibit 5-10. The baseline SAS designs are summarized in Exhibit 4-8. The
corresponding LCC for the baseline designs are summarized in Exhibit 5=11. 1In
Section 7.0, variations in LCC are discussed which result from variations in

selected SAS physical, performance and technology parameters.
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6.0 DEVELOPMENT OF COST/TECHNOLOGY RELATIONSHIPS

The development of cost/technology relationships was accomplished by the i
development of a combined GaAs Solar Array Performance and Cost Model (SAPCM).

cemres

This effort included (l) establish technology parameters; (2) determine rela~-

=

tionships of physical parameters to technology parameters; (3) determine

sensitivity of performance parameters to technology parameters; (4) determine

I

interdependencies of physical, performance and technology parameters; and (5)

determine relationship of technology parameters to total life cycle cost. This

i et

section discusses the performance model and its inputs to the LCCM. The LCCM

itself is discussed in Section 5.0.

ey

Erae

6.1 Modelling Approach

The modelling approach, generally, was to

® define the solar cell,; cover, substrate and cell interconnect

circuitry (module cross section) .

e determine the value of the solar array factors which affect performance
and apply to the BOL cell/cover assembly to determine the EOL per cell

array performance.

e determine number of cell/cover assemblies required for baseline orbit

and load power/energy requirements.

e determine total array area, dimensions and structural requirements

(Array Configuration)
e determine array weight breakdown and totals

e determine life cycle cost.

6.2 Description of the Model .

A block diagram of the SAPCM is shown in Exhibit 6~1. A discussion of the

various blocks or functions is contained in the following paragraphs.

gz

6.2.1 Per-Cell EOL Module Performance

=5

The heart of the SAPCM consists of various solar array performance para-

meters which are used to determine the equivalent EOL per-cell module

ey

B

54

[ EEAwS |

e T B e e e o




L TS

i

INNTOA
AU LIELY
AVHUY

SIVINILVYN
AVildY

S1S00

Y
e
43 -}
O <
<>
[*Wed
—d
AR
=3
ﬁp
e TH
00

I-9 nq19=gq

WVIHILYN

A 4
ALILNVND

$35501

9MITIA
HNLYHIdWA

§35501
NOwuLNgid1sIa

$3SS01

ATSNISSY

T13D HY10S
[ 3

¥

BONVWHO4H3
1132703
INVIVAIND HNLYYIINIL

ONLLYY3IO)

$311H43404d
AVINH3IHL

SSYRN
IVWHIHL

SHILINVYHVd
AVYIISAHd

HONVYWHOIH3
113070

NOILYQVYHO3Q

NOLLVIOYY

xXn4
NOlLvIQvH

ONIQT3IHS
NOlLYIOVY

&

NOIL
—~VHIN3IONOD

]

NOILYNINNTT




performance. The individual parameters and their basic interrelationship are
shown in Exhibits 6-2 and 6-3.

Generally, the basic methodology for defining the per-cell EOL module

performance was to
e quantify the individual illumination factors

e determine the equivalent illumination as the result of these illumina-

tion factors

® determine the BOL per-cell performance given the equivalent

illumination
e quantify the individual performance loss factors
e determine the EOL per-cell performance

As shown in Exhibit 6-3, feedback loops which affect the array average
temperature and the main bus configuration lead to iterations in order to
arrive at the final result. The above relationship is used to determine the
average minimum power of the array at EOL for a unit area of 1 m2, which is
further scaled down on a per-cell module cross—section basis. The equivalent
EOL per-cell power is then used to size the array and thus determine the array
configuration. The per cell voltage is similarly calculated and used for

sizing.

The individual factors arz discussed in subsequent paragraphs; however,
for comparison with Exhibit 6-1, the array factors are further categorized as

follows:
e Radiation Degradation
e Temperature Derating

® Array Loss Factors
Assembly

Distribution (Diode, VIC)

Leakage

Temperature Cycling
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6.2.1.1 Module Assembly Cross Section

Ir

1[,‘

v The module assembly is the solar array building block. For each of the
ﬁF four GaAs baselines, the module assembly cross section is the same. The

J physical characteristics of the module assembly cross section are summarized

in Exhibit 6-4, for each material and assembly. The characteristics include
thickness (T), density (D), mass (M), area (A), and weight (W). .

6.2.1.2 Array Illumination

An average illumination summary for the GaAs SAS baselines is shown
below. The orbit maximums and minimums reflect minimum and maximum distances
from the sun respectively. The maximum albedo contribution in LEO and GEO
is 27% and 0.5%, respectively, o the solar illumination. The values for total

orbit averages were obtained by averaging the calculated values of the total
effective solar illumination for fixed periods of illumination in the respective
i orbit. The total averages include the effects of cover glassing, cover

degradation, concentration ratio and concentrator degradation as applicable.

LEO LEO GEO GEO
250 kW 250 kW 50 kW 50 kW
i Planar conc. Planar Conc.
,. Max. Avg. Illumination (W/M%) 1,249 5,995 1,198 5,753
Min. Avg. Illumination (W/M%) 1,169 5,609 1,122 5,383

6.2.1.2.1 Cover Glassing

The cover glassing factor is a measure of the optical impedance matching
between the cell cover and the solar cell. Nor only does the cover glass
material and cover adhesive determine this factor, but also the antireflective
coating applied to the solar cell itself. For each of the GaAs SAS baselines,

the cover glassing factor is 1.017.

6.2.1.2.2. Cover Degradation

The cover degradation factor is a measure of how the transmissibility of

the cover (and cover adhesive) degrades over the lifetime of the arrvay. This

. 59
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effect is caused by a cumulation of the following effects:
e ultraviolet radiation dose
e particulate radiation dose
e micrometeorites

For each of the GaAs SAS baselines, the cover degradation factor is .870.

6.2.1.2.3 Concentration Ratio

The concentration ratio is a multiplication factor for the solar illumina~
tion based upon the concentrator geometry and material optical effects such
as reflectivity, absorptivity and transmissability. For the planar array
baselines, the concentration rativ is 1. For the concentrator array baselines,

the concentrator ratio is 5.

6.2.1.2.4 Concentrator Degradation

The concentrator degradation factcr is a measure of how the reflectivity
of the concentrator degrades over the lifetime of the array. The effect is
caused by a cumulation of the same effects which cause cover degradation.

For each of the concentrator baselines, this factor is .960.

6.2.1.3 BOL Cell Performance

The BOL cell performance for each of the GaAs SAS baselines is as shown
in Exhibit 6~5. The unglassed efficiency is 18.1% (AMO 25°C). The cell
voltage at the maximum power increases linearly from .810V for an effective
concentration (CR) ratic of 1 to .851V for an effective CR of 5 (as seen by
the solar cell). This results in a voltage of .809V for the baseline planar

arrays (CR = .885) and .843 for the baseline concentrator arrays (CR = 4.247).

6.2.1.4 Physical Parameters

This function consists of calculating the parameters indicated in
Exhibit 6-4. These parameters are also used as inputs to radiation shielding,
thermal mass, main bus calculations as described in subsequent paragraphs.

The SAS baseline parameters are summarized in Exhibit 6-4.
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6.2.1.5 Radiation Environment

The radiation degradation factor is a measure of the tdgradation in solar
cell output due to high-eneérgy charged particles, e.g., electrons and protons
in the orbital environment. The degradation involved is a cumulative effect
measured over the lifetime of the array in orbit. The amount of degradation
is determine by the mumber of particles which have sufficient enexgy to
penetrate the solar cell and cause permanent damage. Hence, the primary
function of the solar cell cover is to reduce the quantity of particles which
penetrate the solar cell. The substrate materials also assist in reducing
radiation degradation. The methodology for determining this factor is

discussed in the next three paragraphs.

6.2.1.5.1 Radiation Shielding

First, the effective radiation shielding provided by the various solar
array module materials is determined. This analysis is accomplished by con-

verting all materials to equivalent fused silica density shielding.

6.2.1.5.2 Radiation Flux

Next, the protection provided by the radiation shielding is determined.
This is accomplished by the use of historical data for different thicknesses
of fused silica in a radiation environment similarléo that anticipated for the
baseline solar arrays. The output of this analysis is the cumulative fluence
of charged particles which will have sufficient energy to causé degradation of

the solar cell over the array lifetime.

6.2.1.5.3 Radiation Deégradation

Finally, the predicted solar cell degradaticn, which caused by particles
with sufficient energy to penetrate the radiation shielding and cause solar
cell damage, is determined. To accomplish this, the data in Exhibit 6-6 is
used. Based upon the equivalent fluence, a predicted degradation is determined.
For the LEO baselines, the power degradation factor is .891 for an array life
of 10 years, while the voltage factor is .968. For the GEO baselines and the
same array lifetime, the power degradation factor is .779 and the voltage

degradation factor is .963. This does not include annealing effects.
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6.2.1.6 Array Temperature .

The temperature derating factor is a measure of the effect of the average

operating temperature upon cell performance. The methodology for determining

ey

this factor is discussed in subsequent paragraphs. (See Appendix B for a more

thorough discussion of the methodology for determining the array average

=

i

» operating temperature.)

i |
4

6.2.1.6.1 Thermal Mass

o

The array thermal mass ig calculated as a function of temperature by

,13

summing the thermal masses for each of the array materials in the array module

e

cross section. The thermal mass for a given material is the product of the

‘fi

material mass and specific beat as a function of temperature. Thermal mass

is in turn used as a parameter in calculating the array average operating

5* temperature.
'

6.2.1.6.2 Array Thermal Properties
ﬂ‘ﬂ
o
o The array thermal properties to be calculated include the following:
ﬁ* e Effective thermal absorptivity for both the front and back of the
L array module
g’ e Effective thermal emissitivity for both the front and back of the
‘s array module

Total energy absorbed by the array module due to solar illumination,

PRS-
.
®

albedo, earth radiation and the SSPS
® Total energy emitted from the array module
e Total electrical energy produced by the array mcdule.

The above thermal properties are calculated for subsequent use in an
energy balance equation to determine the average array operating temperature

for a given mission and array configuration (See Appendix B).

ARTTRHETSE
% 3

6.2.1.6.3 Temperature Derating

[RE——
B

The most complex function of the SAPCM is determining the cell temperature

derating factor. Using the array thermal mass profile and the thermal

g 65




properties discussed in the preceding paragraphs, this factor is calculated

using the following procedure:

e Determine array temperature vs time profile during period of minimum
solar illumination (including effects of albedo, earth radiation,

and heat from the space platform).

® Determine average array temperature during same period.

v

® Determine array illumination vs time profile during period of minimum

solar illumination (including albedo).

e Determine average illumination during same period.

® Determine effect of cell cover glassing and degradation factors upon

effective illumination "seen" by solar cell.

e Determine power derating factor using the data summarized in
Exhibit 6-7, based on the average operating temperature and effective

illumination determined akove.

® Repeat same procedure for voltage derating factor for period of

maximum solar illumination, using average operating temperature only.

An average temperature summary for the GaAs SAS baselines in shown below.

*

LEO LEO GEO GEQ

250 kW 250 kw 50 kW 50 kW

Planaxr Conec. ~Planar Conc.
Max. Avg. Temperature (°K) 320.7 477.7 316.3 469.9
Min. Avg. Temperature (°K) 315.5 469.7 311.1 462.0

6.2.1.7 Assembly Factor

The assembly factor is a measure of the reduction in solar cell output
due to design and assembly processes. This factor is assumed to be .965 for

power and 1.000 for voltage for all GaAs baselines.

6.2.1.8 Distribdtion Loss Factors

Distribution losses include voltage drops and power losses due to blocking

diodes, various electrical interconnects on the array, the main bus
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conductor, and the slip ring assembly. These factors are discussed in the

following paragraphs.

6.2.1.8.1 Blocking Diodes iﬁ

This factor is a measure of the voltage drop and power loss due to blocking

diodes (3 in parallel for each array panel). For all GaAs SAS baselines, this

factor is assumed to be .993 for both power and voltage.

6.2.1.8.2 Solar Cell Interconnects

This factor is a measure of the voltage drop and power loss due to solar
cell interconnects. For all GaAs SAS baselines, this factor is assumed to be

.999 for both power and voltage. i

6.2.1.8.3 Module-To-Module Interconnects

This factor is a measure of the voltage drop and power loss due to
module-to-module electrical interconnects. For all GaAs SAS baselines, this

factor is assumed to be .992 for both power and voltage.

6.2.1.8.4 Panel-To-Panel Interconnects

&

This factor is a measure of the voltage drop and power loss due to panel-
to~panel electrical interconnects. For all GaAs SAS baselines, this factor

is assumed to be .999 for both power and voltage.

6.2.1.8.5 Main Bus Conductor

This factor is a measure of the voltage drop and power loss due to the -
main bus conductor. The methodology for determining this factor is as

follows:
e Determine sizes of conductors (optimized weight and volume).
® Determine conductor resistance @ 55°¢C (L/A = constant).
e Determine voltage drop and power loss.

@ Determine percentage of total output. §5



For an electrical configuration of 12 channels/blanket, there will bhe a
total of 12 pairs of conductors/blanket. For 5 channels/blanket, there will

be 10 pairs of conductors. The conductor material is 37/36 aluminum/copper

TS S el

alloy.

The Length/Area ratios for the bus conductors are the same throughout
each array and have been optimized for each blanket using the following para-
metric relationship (LSMC-D384250):

T 2
/PD X CD %x LL

L _
AN NXIZ2 xp

where PD = power density of module cross section
| CD = conductor density
| ZL2 = gum of conductor lengths
i N = number of conductors %
I = current g
» = conductor resitivity §

From the resultant L/A ratio, each conductor was sized assumed a constant
cable thickness of .060 in = .15 cm. For insulation, 1 mil kapton + 1 mil
high temperature polyester adhesive is assumed. The total weigh% of the
insulation and adhesive is assumed to be 2.5% of the total conductor weight.

For the GaAs SAS baselines, the main bus factors are summarized below.

LEO LEO GEO GEO

- 250 kW 250 kw 50 kw 50 kW

$ Planar conc. Planar Conc.

= Main bus power factor . 975 .927 . 988 . 967 2

= Main bus voltage factor . 925 .927 .988 . 967 g

" iy

E Y

Lo 6.2.1.8.6 Slip Ring Assembly

= This factor is a measure of the voltage drop and power loss due to the ;

& slip ring assembly. For all GaAs SAS baselines, this factor is assumed to be ;

- .988 for both power and voltage. \
4
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6.2.1.9 High Voltage Leakage

This factor is a measure of the voltage drop and power loss due to High
Voltage leakage currents in a plasma radiation environment. For all GaAs
baselines, this factor is assumed to be 1.000 for both power and voltage.

6.2.1.10 Temperature Cycling

This factor is a measure of the voltage drop and power loss due to
temperature cycling failures. For all GaAs SAS baselines, this factor is

assumed to be .800 for power and 1.000 for voltage.

6.2.1.11 Equivalent EOL Per~Cell Performance

The equivalent EOL per-cell performance is determined by applying the
solar array performance factors to the BOL cell/cover assembly. For the GaAs
SAS baselines, the cell performance factors are summarized in Exhibit 4-8.

This results in an eguivalent EOL per-cell performance as shown below.

LEO LEO GEO GEO

250 kW 250 kW 50 kw 50 kw

Planar Conc. Planar Conc.
EOL Cell Power (MW) 127 492 109 433
EOL Cell Voltage (V) .715 .514 . 726 .542

6.2.2 Maintenance Requirements

The maintenance requirements include the array life and also the paral-
leling of various electrical components to assure design reliability. For the

SAS baseline, this results in the following:

® l0-year array life (greater cell and cover degradation factors and

temperature cycling losses)
e mninimum of 3 cells in parallel
e two sets of interconnects/solar cell

e minimum of 3 blocking diodes in parallel/panel.
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- 6.2.3 Array Performance Requirements

The array performance requirements determine the number of solar cells
. required, which in turn determine the size and panel/channel configuration of
' the array. For the GaAs SAS baselines, these requirements are:

LEO LEO GEO GEO
250 kw 250 kW 50 kW 50 kW
Planar Conc. Planar Congc. i
i
Total Power Required (kW) 650.1 650.1 70.6 70.6
Total Voltage Required (V) 180.0 180.0 180.0 180.0

6.2.4 Solar Cell Quantity

The guantity of solar cells is determined by the interaction of the solar
array performance reguirements and the FEOIL equivalent per=cell performance.

v For the GaAs SAS baselines, the cells required to meet the array total power

g requirements are shown below. 3
LEO LEO GEO GEO
- 250 kw 250 kw 50 kW 50 kW
H Planar Conc. Planar conc.
an

Total Number of Cells 5,126,400 1,327,104 649,440 168,000

6.2.5 Transportation Requirements

The transportation requirements influence the array design in two ways:
® Fold-Up Array to fit in Shuttle (fold between panels)

4& e Size of Panel for LEO Arrays limited by size of shuttle bay (3m x
18m Max).

prrt

i

6.2.6 Array Design g

Bry
iﬂ The basic array design is a fold-up blanket/array which fits in the
shuttle bay. The resultant building block concept is depicted in Exhibit 4-7. i
I :
ekt 6.2.7 Array Materials 5
Variations in the quantities ¢of the various array materials very ;
71 i
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significantly affect the life cycle cost for a solar array, particularly one
as large as 650 kW EOL. The array inputs to the life cycle cost model are
summarized below.

® Total Number of Solar Cells

e Total Number of Modules/Concentrators
® Total Number of Panels

e Total Number of Blankets

e Blanket Weight

e Main bus Conductor Weight

e Array Structures Weight

6.2.8 Material Costs

Variations in the per unit material costs also significantly effect the
array LCC. The assumed costs of materials for the GaAsSAS baselines are

summarized below.

e Solar Cell ($/Cell) 29.30
e Cell Cover ($/Cover) 5.39
e Concentrator ($/M2) 900.00

6.2.9 Array Weight '

. The array weight determines the space transportation and LEO space
assembly/checkout costs. The array weights for the GaAs SAS baselines are

summarized below.

LEO LLEO GEO GEO
250 kW 250 kw 50 kw 50 kw
Planar Conc. Planar Conc.
Blanket Weight (Kg) 1,957 1,498 300 224
(one of four) )
Structure Weight (Kg) 2,19 1,740 287 221
(Incl. Main Bus)
Total Array Weight 10,024 7,732 1,487 1,117
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6.2.10 Array Maintenance

The LEO array maintenance scenario affects the cost of the operat.ions and
maintenance phase of LCC, as weall as the production phase cests. The »rimary
cost contributions are number of spares required and number of maintenance
trips and activities required. For the LEO GaAs baselines, approximately

10% of the total area is required, plus an average of 1.75 maintenance trips/
year during the array life of 10 years.

6.2.11 Life Cycle Cost

Tthe life cycle cost congists of three phases:
e DOT&E

e Production

e Q&M

The total manufacturing cost during the production phase is basically
a quantity related cost, while the NASA cost during the precduction phase is a
weight driven cost, The Life Cycle Costs for the Gahs 5AS baselines are
summarized in Exhibit 5-11,

6.3 Summary

The SAPCM is a very versatile tool which can be used to derive various
technplogy vs ICC relationships. Using assumed relationships, a basic model
has been developed. In Section 7.0, the results of varying various parameters
are discussed. It should also be noted, that the data bassys ‘ndicated for
radiation flux and radiation degradation, and for temperature derating can be
changed, to analyze tlie effect of newly acquired data in these areas. In
addition, the model can be furtlier expanded to address other pertinent factors

such as reliability, and other manufacturing and/or maintenance scenarios.
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7.0 'TECHNOLOGY VARIATIONS VS LIFE CYCLE COST

Assessment of technology variations vs life cycle cost’ was accomplished
by using the SAPCM described in Section 6.0 to quantify the results of the
analyses involved. Conclusions to be drawn from the results are valid in the
vicinity of the various baselines defined under the assumptions, requirements,
and scenarios of this study report. In particular, parameter intardependencies
and trends should he emphasized rather than actual numesival results,

7.1 Methodology

The study results were achieved by addressing each technology area sepa-
rately and varying key technology related parameters in the models to determine
the resultant variations in life cycle cost. The variations in numerous
performance parameters were also observed. This was accomplished for both
planar and concentrator arrays providing 250 kW average power in LEO and 50 kW

average power in GEO. The basic methodology consisted of the following:
e Selection of technology input parameters to be varied.
® Variation of one technology input parameter at a time.
e Determine resultant effect on performance and life cycle cost.
e Determine relative magnitude of effect on LCC.
e Plot and print in final format, the technology input parameters which

have the greatest effect on LCC. ¢

7.2 Technology Parameters to be Varied

With coordination, which included comments from LeRC technical personnel,
the following list of technical parameters to be varied was established for
the four GaAs SAS baselines.

® Cell Area

e Concentration Ratio
o Temperature

e Cell Efficiency

e Concentrator Degradation
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® Cell Degradation
e EHardware Life
e Reliability (Spares)

® Cell Cost

7.3 Discussion of Technology Parameters

Exhibits 4-8 and 5-11 in Sections 4.0 and 5.0 respectively, contain the
baselire printouts for the various missions and power levels. For each base-
line, a set of perfcrmance and life cycle cost parameters are listed which
describe the respective type of SAS (i.e., LEO or GEO, planar or concentrator).
To perform a technology variation, one of the performance parameters is varied
and the resultant effect on life cycle cost is determined. In terms of actual
output, this means that the parametér is varied through nine distinct values
and a set of "baseline printouts" are generated, one "printout" for each value
£ the varied parameter. The resultant output is a nine-column matrix with
SAS parameters corresponding to the list of parameter titles shown in
Exhibits 4~-8 and 5-11.

This is the basic process for determining the effect on a technology
variation on LCC (i.e., compute the nine distinct SAS configurations and
LCC's which result from varying a tschnology parameter over nine distinct
input valuas). As a result of this process, major technology parameters were
identified, which are discussed in subsequent paragraphs. The supportiﬁg data
fox these parameters is contained in the exhibits listed below, which are in
Apppendix C. Each exhibit consists of a standardized-format data printout and

2 graphical display corresponding to the data printout.

GaAs SAS Parameter Appendix C Exhibit #'s
1. Cell Area (Ribbon) 1l [a - d]
2. Cell Area (Square) 2 [a - d]
3. Concentration Ratio 3 [a - b]
4. Temperature (Average) 4 [a - d]
5. Cell Efficiency 5 [a - d]
6. Concentrator Degradation 6 [a ~ b]

75

L IR T

it o g o A E
SR | A N

= gl e



GaAs SAS Parameter (Continued) Appendix C Exhibit #'s (Cont.)

7. Cell Degradation 7 [a ~ 8]
8. Hardware Life 8 {a - d]
9. Reliability (Built-In Spares) 9 [a - d]
10. spares/Maintenance 10 {a = b)
11. Cell Cost 11 [a - 4]

7.3.1 Cell Area (Ribben) - Exhibits 1[a - d]

This technology variation consisted of varying only one dimention (length)
of the solar cell teo determine its impact on life cycle cost. The input
variation consisted of holding the cell width fixed at 2 cm and varying the
cell length from 2 cm to 18 cm, in increments ¢f 2 cm. The initial impact is
on the average EOL power per cell, which varies in proportion to the variations
in cell area. This in turn results in a fewer number of cells and a slightly
higher array packing factor. The resultaat cost impact is a slight decrease in
LCC as the cell area increases, based on the assuned cost/cell as shown. The
trade involved is two-fold. First, the unit cell cost increases with area,
while the number of handling and manufacturing functions decrease at the array
module level. Given a sharp increase {5 unit pell cost and a small decrease
in manufacturing costs, the LCC would actually increase with cell area. The
second trade is cell geometry versug array geometxy. The biggest impact heze
is the number of paneis/blanket. Also, for the same area, a longer/narrower
panel results in a shorter array boom and main bus conductor, which in turn
results in a cost reduction. The bottom line for this variation, is thai for
a given array power level, an optimum cell area (or configuration) exists
based on these two LCC trades.

7.3.2 Cell Avea (Square) - Exhibits 2[a - d]

This technology variation is a result of varying both cell dimensions
from 2 cm to 18 cm in increments of 2 cm, producing at all times a square cell.
As expected, the same basic comments as for the ribbon cell (7.3.1) apply to
this variation. Again the comment, that for a given array power level, there
is an optimum cell configuration based on LCC. Conversely, for a given cell
configuration and unit cell cost, there is probably an optimum applicaticn
for that cell in terms of mission and LCC considerations.
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7.3.3 Concentration Ratio - Exhibits 3{a - bl

The input for this technology variation consisted of varying the geometric
concentration ratio (i.e., size of concentrator) from 1 to § in increments of
.5: The results are obviously applicable only to the concentrator configura-~
tion baselines. It should also be noted that for GCR = 1, the resultant array
coniiyuration is not the same as the baseline planar array, but rather the lower
limit for the concentrator array geometry (See Exhibit 4-7, Solar Array Hierar-
chies). The initial impact is two-fold. First, the cell illumination increases
with concentration as expected. However, the array temperature also increases,
which results in lower cumula:ive EOL loss factors for both power and voltage.
Hence, while the power per cell does increase, it does not do so directly pro-
portional with the GCR. The next result is a decrease in the total number of
cells required, which in turn cause two conflicting effects. First, the array
area increases, since th; basic trade in a concentrator array is between total
active cell area vs total concentrator area. However, because the regultant
concentrator area is both lighter (i.e., less total array weight) and cheaper
{(i.2., lower manufacturing costs), the total LCC decreases for an increase in
GCR.

7.3.4 Temperature - Exhibits 3[{a - 4]

As previously noted in the concentration ratio variation, an increase in
array temperature causes a decrease in per-cell power. By itself, this effect
causes an increatie in the total number of cells, which in turn result in an
increase in total array area and total array weight. The end result is an
increase in LCC. (Note that this variation does not include any temperature

effects on solar cell self-annealing).

The converse statement {(i.e., a decrease in LCC for a decrease in array
average operating temperature requires two comments. First, the LCC shown
does not include any thermal control costs or change in array configuration to
achieve the decrease in temperature. Hence, it may not be cost effective to
operate at a lower temperature if this requires large radiators and/or a
complex thermal control system. The second comment pertains to array utiliza-
tion - in that immediately after eclipse, the array is coldest and thus its
power output is highest. Thus, it may be possible to take advantage of this
effect during a givizn mission, and even design to take advantage of it by

increasing the array thermal mass.
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7.3.5 Cell Bfficiency - Exhibits S{a - d]

This technology variation analysis c¢onsisted of varying the solaz cell o
efficiency from 11.1% to 19.1% in increments of 1%, while holding all other
performance parameters constant except for a very small resultant variation
in array cperating temperature:. Under these conditions, an increase in cell
efficiency decreases the total number of cells required, which then causes a

decrease in the total array area and weight. The end result is & decrease in

LCC for an increase in cell efficiency. The step decreases noted in the LCC %
curves, particularly for the GEO configurations, is due to step decreases in d
the total number of panels required as opposed to & further decrease in panel
area for the same number of panels. Note tb.t the unit cell cost is artificially
held constant, which would very probably rot be the case if a choice was being
made between two competitive cells. Given an increase in unit cell cost for a
increase in cell efficiency, the total LCC pyobably still would decrease,
although not as much - depending upon the relative c¢ost trends involved. This
technology area (i.e., increased cell efficiency) appears to be a promising
potential cost reduction area, depending upon the development costs (and

subseéuent unit cell costs) involved.

7.3.6 Concentrator Degradation - Exhibits 6[a ~ b]

This technology variation has the same effect as a variation in concentra-

PR

tion ratio. The diffesence is in the order of magnitude of the results.
Concentrator degradation is a second order effect which amounts to fine tuning
the BOL concentrator size; based upon the amount of degradation expected over
the life of the array. The bottom line is the less degradation the smaller the

increase in LCC.

7.3.7 Cell Degradation - Exhibits 7([a - d]

One potential advantage of the GaAs solar cell is the self-annealing
effect, which results in a lower cell degradation for a given array lifetime.
The approach used for this variation was not to gquantify the self-annealing

effect itself; but rather to guantify the effect on LCC for a given'amount of

Fr Rt

degradation. As expected, the less the degradation, the greater the decrease
in nCC. '

suns g
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7.3.8 ‘Hardware Life - Exhibits 8[a - &]

This variation in hardware life vs LCC combines the effect of numerous
degradations for a given array lifetime. Because of the many different types
of degradations which are involved, this variation is more difficult tg
quantify. However, the trend is obvious. The longer the array life, the
greater the LCC because of added components and consequently, additional
array area and weight. To assist in the evaluation of a maintenance concept,
particularly for LEO ~ all input variations are in multiples of 30 life years.
While not strictly accurate, a good ballpark estimation for the relative costs
of owerhauling an array a given number of times, can be achieved by multiplying

the' cost for a given input array life by the number of overhaul cycles required

to achieve the desired total life (i.e., multiply the l0-year LCC value by 3 and

compare to the 1l5-year value multiplied by 2).

7.3.9 Reliability (Built-In Spares) =-:Exhibits 9(a - 4]

This variation is a measure of how the LCC would increase due to manu-
facturing a larger array to compensate for various reliability failures and/oxr
degradations during the array lifetime. The approach is similar to that for
cell degradation. Rather than define an array reliability which results from
a multitude of various component reliabilities, the input parameter for this
technology variation consists of varying the percentage of built-in spai=s for
5% to 45% in steps of 5%. The resultant variation in LCC shows the expected
effects of array configuxétion constraints on LCC (i.e., step increases due
to step increases in the total number of panels vs lower-slope increases due

to small increases in the module and/or panel sizes).

7.3.10 Spares/Maintainability - Exhibits 10[a - bj

For LEO missions, an alternative to built-in array spares is to replace
faulty hardware in space. This can be accompliished by utilizing the Space
Shuttle o transport both hardware spares and the maintenance personnel to

the array in orbit, and then perform "on-site" maintenance. For this

variation, the hardware spares conszisted of array panels, and the maintenance

function that of hardware replacement at the parel level. Again the input

variation consisted of varying the percentage of spares from 5% to 45% in
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steps of 5%. Note the lack of a step increase in LCC for this variation in

contrast to the built-in spares variation. It should also be noted that the
LCC variations resulting from hardware "add-on" maintenance in LEO would be

very comparable, although probably somewhat less, than spares replacement

as defined in this variation.

7.3.11 Cell Cost - Exhibits ll[a - 4]

Due to the fact that GaAs solar cell technclogy is not an established
production technology, it is difficult to accurately preéict what the unit
cell cost will ultimately be. For the purposes of this study, a unit cell
cost of $29.30 was assumed, in order to be compatible with the data in
Rockwell International Report SSD80-0064. However, other estimates of unit
cell cost can go as high as $500/c¢ell. Therefore, the purpose of this
technology variation is to gquantify the effect of unit cell cost on total LCC.
As expected, the effect is quite substantial for planar arrays as opposed to
concentrator arrays. The input variation for this analysis consisted of
varying the unit cell cost from $5/cell to $500/cell while holding all other

performance and cost parameteérs constant.
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peu 8.0 SUMMARY AND CONCLUSIONS

x Ths results of the various technology areas vs LCC are summarized in
3 Exhibit 8-1. It should be emphasized that the results apply only within the
. immediate region of the baseline SAS's. It should also be noted that while the

individual results were obtained by varying only one independent parameter at a

time, it is possible to use the various results in various combinations. For

P e |
x.

example, given a solar cell which does not exactly fit one of the technology

variations vs LCC curves, it is possible to adjust the effect of a different

cell efficiency, cell degradation, and/or unit cell cost on the LCC by combining g

i)

the relative effects in conjunction with one another. However, it should also

s ey
| el

be emphasized that this method will give only approximate results, and should :

be used in only relatively simply combinations. fTo obtain a more accurate

=3

composite result, the Solar Array Performance and Cost Model should be adjusted

and/or exercised accordingly.
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The eleven parameters analyzed are graded according to the relative LCC

i
g? sensitivity. BAs can be seen, different applications (i.e., planar, concentrated, |
I i
45 LEO, GEO) produce different results. The parameter ratings are based on the i
" relative variation in LCC (max value minus min value) which resulted in the
2 analyses discussed in Section 7.0.
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9.0 RECOMMENDATIONS

During the course of this study, many potential uses of the Solar Array

Performance and Cost Model became evident. Some of these uses would be

i

des applicable with the models as they are presently configured, while other uses

- would require modification and/or expansion of the existing programs.

;n Exhibits 9-1 and 9-2 present the more significant uses/recommendations which are

as follows:

® Determine Potential LCC Savings vs Development Costs

e This recommeridation has two potential applications. First, direct
ﬁf effects on LCC for a given parameter would be determined. A second ap-

plication would allow the insertion of hypothetical or actual character-

istics into the solar array model to determine the potential LCC benefit
and/or compare competitive technologies. The point to be made is that

the models in this study were constructed based upon actual, state-of~the-

art interactions between parameters. Yet the use of these models must
not be limited accordingly. ©Not only is it important that models could
be used to determine "design" type trades for one given technology; it is
: equally important that competitive technologies be compared with respect
‘ to LCC. In addition, it is important that whoever is making a financial

decision has the appropriate insight into the total picture.

e Plan and Coordinate Development/Test Programs

During the development of the Solar Array model discussed in this
report, it rapidly became very evident that the available technical and
cost data was not necessarily obtained with the total life cycle cost
picture in mind. Too often, only the individual cell is addressed; and
even then, the data available for the various cell performance parameters
may not be a complete set. In addition, there are numerous other
materials and manufacturing technologies associated with a solar array
which, if uncoordinated, will inevitably promote a composite multitude
of different tests, rather than a planned and coordinated test program,
implemented specifically to provide a standardized data base. The

point is, that given a very limited budget, the models in this report

TogeEna
S

can be used to optimize the effective use of these monetary resources

L
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and achieve a coordinate and complete result.

Develop Optimized Solar Array

This recommendation has a very significant application. Given a
program which would provide an optimized configuration, it would be
possible to "work backwards" and arrive at a required configuration,
.from a predetermined life cycle cost figure. This would allow a
Program Manager to control his program and it would assist the designer

to get the most out of the resources available to him.

Develop Integrated Electrical Power System and/or Total Space Platform
Model

The Solar Array is only one part of the total electrical power
system. It is possible to optimize the LCC of a given solar array
configuration and not have an optimized LCC for the total power system.
An integrated mcdel would provide the same capability on the EPS that

was just discussed for the Solar Array.

The same comments apply as for a total space platform model. While
it would probably become exceedingly more difficult to have a complete
and accuxate model for such a large application, this problem could be
minimized by a LCC impact analysis,using integrated smaller models to
determine the most significant tu thnologies vs LCC; and then structure

the space platform model accordingly.

Develop and Use a Space Solar Array Data Center

Most of the comments previously made concerning the planning and
coordinating of development/test programs also apply to this recommenda-
tion. The point is that given limited monetary resources, it is very
important that there not be duplication or gignificant gaps in the
respective data base. The model described in this report could be used
to determine the most significant parameters, and to prioritize what
should be done if a choice must be made between two or more competing

courses of action.

&
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1.0 INTRODUCTION AND SCOPE

Under contract to NASA LeRC, baseline GaAs Snlar Array Subsystems
(GaAsSAS) conceptual designs are being developed for the purpose of determining
the influence of technology variations on the life cycle costs of the subsystem

and its interfacing elements.

This specification defines the requirements for the GaAs SAS, as a
subsystem of a Space Support Platform System (SSPS). This is a top level
subsystem 'specification. The relationship of this specification to the SSPS

hierarchy of specifications is contained in Section 2.0.

~

This specification defines the requirements for GaasSAS subsystems for
two missions:
(1) A Low Earth Orbit Space Support Platform System (LEO/SSPS) requiring
250 kW average power. This LEO/SSPS is to support User Systems which
are to be engaged in, for example, Materials Processing, Astronomy,

Earth Observation, Communications, Space Shuttle Operations, atc.

(2) A Geosynchronous Orbit Space Support Platform System (GEO/SSPS)
requiring 50 kW average power. The GEO/SSPS is to support User
Systems which are engaged in Astronomy, Communications, Earth

Resources Measurement, etc.

Changes to this specification, when required, will be accomplished by
change pages identified by date of issue and page or pages superseded, e.g.:

"1l July 1981 Change. (Supersedes basic)"

or

"] September 1981 Change. (Supersedes the 1 (fuly, 1981 Change)."
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2.0 AFPLICABLE DOCUMENTS

2.1

2.2

2.3

204

2.5

2.6

The SSPs System Specification Tree is shown in Exhibit 2-1.
JSC 07700 Volume XIV, Space Shuttle Payload Accommodations. i

Space Transportation System User's Handbook, NASA, July, 1977 f

(maintained by JSC, Everline).

Interim Upper Stage Users Guide (IUS/STS) Technical Operating
Report, D290-10078-1, Boeing Company, 1 February, 1978.

IUS Mass Properties Status Report, D290-~10048-49, Boeing Company,

28 November, 1980.

Solar Cell Array Design Handbook, Volumes I & IX, N77-14193/

CR-149364, JPL, October, 1976.
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3.0 REQUIREMENTS

3.1 System Level Requirements

These requirements apply to the system level (the Space Service Platform
System (SSPS) directly. The requirements on the Solar Array Subsystem derive
from the system level requirements and are specified in Sections 3.2 through
3.5' -

3.1.1 LEO and GEO SSPS System Level Description

The purpose of the Space Services Platform System (SSPS) is to provide
services to varied User Systems. The LEO User Systems may be engaged in materials

processing, astronomy, solar system and =arth observation, life sciences,

communications, or other operations. The GEO User Systems may be engaged in
astrehomy, communications, earth resources measurements, weather sensing, or
other GEO operations. The User Systems may be secured to the platform or

docked for servicing or short term operations.

The general configurations of the LEO and GEO SSPS is shown in Exhibit 3-1.
The subsystems of the SSPS, their functions and major interfaces are identified
in Exhibit 3-2. The User Systems will interface with the SSPS subsystems* as

follows:
e Electrical power - GaAsSAS + ESS + PDCS %
e Thermal control - TCS i
e Structure - SMS
® Mechanical - SMs
e Instrumentation - CDSs ,
e Operations/Maintenance - OMCS
® Gross Pointing Stability - CDS (Guidance)

PCS (Attitude and Orbit Maintenance)

3.1.2 Mission Requirements

The following characteristics shall be used in the system and subsystem

design.

* These acronyms are defined in Exhibit 3-2. - -
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Exbibit 34, LEO and GEO SSPS General Configurations.
(To Be Updated as Configurations are Developed)
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3.1.2.1 gGeneral
® System operational: 1985-1995
e State=of~the-art (1980) design
e Gallium Arsenide solar cells; 1 to 5 cententratiog ratio. ‘
e Mission Life: 10 years in LEO; 5 years in GEO
e Transportation to LEO: Shuttle
e Transportation from LEO to GEO: IUS.

3.1.2.2 Orbit and Mission Parameters ;

® LEO circular, 444 km. Inclination 56°.
- Orbital period: 93.4 minutes %
- Time in sun: 57.5 minutes, minimum
- Time in eclipse: 35.9 minutes, maximum
- HNumber of sclipses: 56.311 Ten Years
® GEO circular, equatorial, 35,786 km
= Orbital period: 24 hours
- Time in Sun: 23.8 hours, minimum
- Time in Eclipse*: 1.2 hours, maximum
- Number of Eclipses: 44 per season, 88 per year
- Total Eclipse: 81 hours of eclipse per year
3.1.2.3 Electrical

The following requirements are those imposed on the electrical power
subsystems entity consisting of the GaAsSAS, the ESS and the PDCS. Requirements T
(which derive from this requirement) on each of these subsystems are specified

in Section 3.2.1.

*This is an effective value to account for umbra and penumbra.




3.1.2.3.1

® 250 kW continuous from BOL to EOL shall be provided to the loads,
consisting of the User Systems, A maximum overload of 50% is to be
provided to the loads for one orbit maximum. Rapid restoration of
energy balance will be effected during ensuing orbits through
operational scheduling.

e The bus voltage and power levels for “he lcads shall be:

-

3.1'2'3'2

'astonomy, communications, earth sensing and high power subsystems:

LEO Mission

small experiment projects and low power subsystems: 30 Vbc/SO kW.

100~250 VDC/75 kW.

manufacturing processes experiments, materials processing, propulsion
testing: 1000 VDC/125 kW.

GEO Mission

® 50 kW continuous, from BOL to EOL, shall be provided to the loads

consisting of User Systems. A maximum ovarload of 10% is to be

provided to the loads for one orbit maximum. Rapid restoration of

energy balance will be effected during ensuing orbits through opera-
tional scheduling.

e The bus voltage and power levels for the loads shall be:

Astoromy - Provide 25 kW, 100 to 250 VDC, continuous power to an
astronomical sensor such as optical telescope with vidicon sensor,
video recording capability, and binary encoding for communications
relay to earth.

Communications - Provide 10 kW, 28 to 30 VDC, continuous power to
wide-band PCM transmitter (2200 MHZ) for data transmission.

Earth Resources - Provide 15 kW, 100 to 250 VDC continous to infrared

and visible earth resources sensors, encoders and associated pro-
cessing equipment for communications relay to earth. Power to be
provided at 30 VDC.

Subsystems - Provide 5 kW, 28 to 30 VDC continuous to SSPS Subsystems.

&
I
]



3.2 Subsystem Performance and Interface Requirements and Constraints ;

3.2.1 Elactrical Performance and Intarface Regquirements

T

The following requirements are imposed on the Gahs SAS subsystem performance,
and on the electrical interfaces with the ESS and PDCS,

3,2.1.1 GaAs SAS/ESS/PDCS Interfaces

e The GaAs SAS shall provide adequate electrical power and energy to the
ESS and to tha PLCS at EOL to meet the User Systems and SSPS subsystem
requirements specified in Section 3.1.2.4., The block diagram of

Exhibit 3=3 specifies the efficiencies presently allocated to the
intexfacaes involved,

3.2.1.2 Powar Losses

The total power losdes of the array shall not exceed 108, These losses )
include:

- assembly factor

- diode drop

- wiring (cell, module panel inter-connactions and main buses)
- 8lip xrings.

3.2.1.3 Degradation Compensation

The GaAs SAS shall be designed to achieve a constant electrical power
output by varying the angle of incidence of the sun vector on the nlane of
the array over the 10 year life in LEQ, or § vear life in GEO.

3.2.1.4 Environmental Degradation

The Gahs SAS shall not exceed 50% degradation over the operational life
of BOL maximum power output (at slip-ring output) under the environments
specified in Section 3.2.7. This applies to both LEO and GEO missions.,

3.2.2 Structural/Mechanical/Thermal Performance and Interface Requivements
and Constraintsg

3.2.2.1 GaAs SAS Structural/Mechanical Performance

e The GaAs SAS shall be capable of withstanding orbit changes of altitude
and inclination. :

10
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e lLoads:

pre

Rgsnis

-~ Parpendicular to plane of array: 0.01 G !

- Parallel to plane of array: 0.01 G

e

X

e The array shall be held within % 10 degrees of planar except during orbit
maintenance thrusting. §

[E——

3.2.2.2 GnRs SAS/SMS Intesface

5%
s

The SAS interfaces with the SMS shall Be: %

e Structural Attachment: The SMS shall provide the mounting assembly reo
which secures the GaAs SAS to the SMS mtructure, at the GaAs SAS two %= §
axis drive/slip ring assembly. ‘

S

e Attitude Control Drive Interface: The SMS shall provide the drive power
required to implement GaAs SAS attitude commands received from the
CDS. The interface shall be the two-axis drive assembly shaft at the
SMS drive power source. Maximum angular velocity and acceleration
required of the SMS drive power source shall be w = 1 °/sec, and
& = 1 °/se¢2 about the axes of pitch and roll, where pitch is motion
about the SAS boom axis.

3.2.2.3 GaAs SAS/PDCS Interface

e This mechanical intexrface shall be the electrical interconnects between
the 2 axis drive/slip »ing assembly output and the ESS/PDCS.

3.2.2.4 Galhs SAS/PCS Intexrface

e Thruster induced loads shall be consistent with structural/mechanical
requirements of Section 3.2.3.1.

e Contaminant and charged particle constraints and tolerances shall be
TBD.

3.2.2.5 GaAs SAS/TCS Interface

The SAS thermal control regquirements and mechanical interfaces shall be:
TBD
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3.2.2.6 GaAs SAS/CDS Interface

e The GaAs SAS shall provide mechanical accommodations for command and
data instruments which shall be components of the CDS. The CDS shall
provide electrical power for command and data channels which interfaca
with the GaAs SAS.

e The command and data channel list for GaAs SAS shall be: (1)

e Communication requirements for space assembly, check-out, operations
and maintenance activities will be: (1)

3.2.2.7 GaAs SAS/OMCS Interface

e This interface is covered in Section 3.2.7.

3.2.3 Transportation/Transportability

3.2.3.1 The GaAs SAS components shall be transportable to space by the Space
Shuttle.

3.2.3.2 The GaAs SAS shall incorporate fold-up solar panels and concentrator(s)

for space transportation.

3.2.3.3 The SAS design, as stowed for transportation shall meet the transporta-

ticn environment specified in Section 3.2.7.

3.2.3.4 The makimum dimensions and total weight including containers, of a
single~flight set or sub-set of GaAs SAS components (blankets, concentra-
tor(s), structural components, electrical and mechanical interconnects,
electrical buses, 2 axis drive/slip ring assembly) shall not exceed 4.57
meters in diameter, 18 meters in length, and 25,855 kg in weight. The
CG limits shall be as specified in JSC 07700 Violume }IV.

3.2.4 Life and Reliability

3.2.4.1 e LEO Mission - The GaAS SAS shall be designed flor a ten year opera-
tional period between blanket change-out with on-orbit scheduled
and unscheduled maintenance performed by ths OMCS. Over the

(1) Not required for the purposes of this study.

13




ten year period, the electri¢al output shall not degrade greater
than 50% of BOL subsystem electrical power output (this defines a
failure at the subsystem level).

e GEO Mission - The GaAs SAS shall be designed for a five year
operational life. The electrical output shall not degrade greater
than 508 of the BOL subsystem electrical power output (this defines
a failure at the subsystem level).

3.2.4.2 The design shall be such that failures will be non-proliferating. -

3.2.4.3 Reliability specifications shall be subject to the life cycle cost

trade analyses.

e

3.2.4.4 The design shall prowide that the number of panels whose output is
£ 928 P, (EOL) shall not exceed 5% of the array area at any one time
over the 10 year blanket life for the LEO mission and five year life for
the GEO mission.

3.2.4.5 The number of panels changed out for failure shall not exceed 12% of

the array area over the ten year blanket life.

3.2,4.6 Storage life is TBD.

3.2.5 gSafety

The GaAs SAS design and procedures for all phases of production, earth and
space integration, transportation and O&M, shall assure the chance of serious

injury or death over a ten year period is less than one in 10.7 man-hours.

3.2.6 Maintenance/Maintainabiligy

3.2.6.1 Logistics and Spares

e LEO Mission - The nnrmal supply mode shall be a set of on-hand (in space)
spares and materials sufficient for ten year's operation. The spares set
shall be delivered by the Space Shuttle.

The OMCS personnel crew shall be changed out every thrze months..
Transport mode shall be Space Shuttle.



® GEO Mission ~ Spares are required only to support pre-launch testing.
3.2.6.2 Overhaul

e LEO Mission - The GaAs SAS shall be designed for array blanket change-out

avery ten years.

e GEO Mission - No applicable.
3.2.28.3 Maintenance
e LEO Mission

- fThe blanket shall be modularized for panel removal and replacement

with a serviceable spare.

= In space (on-array) repair shall be limited to the panel level or
higher.

- In-space, Shop repair of panels at panel level or lower shall be:
TBD

-~ Panels shall be considered failed at 90% of expected P, at any given

time, and shall be changed out.

= The SAS design shall enable repair/replacement (and checkout) time

¢f 24 manhours per modular panel.

- fThe SAS design shall permit automatic fault isolation to the failed

panel {s).

- The Solar Array Subsystem (SAS) shall be capable of assembly and
checkout in space. B2Assembly will include hook-up and attachment
to the SMS and other subsystems of the SSPS system.

3.2.7 Enviyonment i

3.2.7.1 Natural Environment

The design shall meet the requirements of this specification within the
natural environment (worst case 20 year prognosis) of the earth orbit range
of: 1300 to 1900 km, all inclinations, for the LEO Mission, and 30,000 to

40,000 xm for the GEO Mission. This environment shall include effects due

R M R T A R AT
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to U.V.

3.2.7.2

3.2.7.3

radiation, solar flares, trapped radiation and micrometeorites,

Transportation Induced

Earth surface/air transport: TBD
Launch and ascent to LEO

- Axial acceleration of S5g

- Lateral acceleration of 0.5g

-~ Decaying sinusoidally of 7g at 16 Hz

- Sinusoidal vibration (three mutually perpendicular directions)
*1lg peak from 2 to 40 Hz

- Random vibration (gaussian amplitude distribution) 0.1 gz/Hz from
10 to 60 Hz, 0.4 gz/Hz from 60 to 2,000 Hz

- Acoustic noise (decibels Re: 0.0002 microbar) up to 150 db (3 minutes
duration) 45 to 11,200 Hz

Ascent Venting Profile - TBD

Ascent from LEO to GEO - TRBD

Operational Induced

The induced operational environments shall be as specified in Section

3.2 interface reguirements.

Contaminants - TBD
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3.3 Design & Construction

3.3.1 Materials Properties

3.3.1.1 Materials Compatibility

TBD

3.3.1.2 Outgassing
TBD

3.3.1.3 Insulation Resistance

T8D

3.3.1.4 Voltage Breakdown

TBD

3.3.1.5 Contaminants Sources

TBD




3.4 Verification Requirements

The requirements of this specification shall be as specified in Section 4.0,
verification. (Section 4.0 is TBD)

3.5 Personnel & Training Requirements

(1) '

(1) Not regquired for the purposes of this study.
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APPENDIX B

Discussion of Solar Array Thermal Modelling

FOR THE
GAAS SOLAR ARRAY SUBSYSTEMS STUDY

CONTRACT NAS3-22667
LEWIS RESEARCH CENTER
JUNE 12, 1981
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For a s

olar array, one of the most important technology relationships is

the effect of solar array temperature on sclar cell performance. The sources of

heat which influence solar array temperature include solar illumination from the

sun, albedo

(reflected solar energy from earth cloud cover), earth planetary

radiation (infrared), and heat exchange with the space platform. The basic

equation involved is as follows:

A(60 dr ; \ ’
3600 H T (m) at L PR L L WL R PRt
where
dT = temperature (°K) AT = T2 - Tl
dt = time (min) At = tz -t
m o (T) ™ array thermal capacity @ T = T, + T, (Average)
2
911 = heat absorbed as a result of golar il .umination
9, = heat absorbed as a result of albedo
Doy = heat absorbed as a result of earth radiation
qsp = heat absorbed as a result of space platform
qE(T) = heat emitted @ T = Tl + T2
2
The six basic cases for the above equation are as shown in Exhibit B-1 and
the following table (for an orbit of 444 km altitude):
(o) s
CASE g Af(mln) 9511 9a1 Qer
I -20.8° to 0° 0 to 5.05 front front | front
II 0° to 90° 5.05 to 26.86 front back back
111 | 90° to 180° 26.86 to 48,68 front back back
v | 180°to 200.8° 48.68 to 53.72 front front front
v | 200.8%o0 270° 53.72 to 70.49 -- - front
v | 270° to 339.2° 70.49 to 87.26 - - front
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The parametsrs involved in the above general equation are as follows:

1. solar illumination =
,(—-__ NA 7‘
a g I.-‘P op)arsscoa !
2. sarth albedo = ORIGINAL PAGE 1S :
a A (.368.) cos T :
S 2 i
3. earth planetary radiation = :
a A SP cos 5 | %
4, heat exchange with space platform =
e cnaesa s I
(75€.)e F. _A o (T ' -1 Y
. € -
HB S B~P B Aop Pop
5. front side emittance to space =
M
€E F__ A, o0m "
HF "F=8 F Aop
6. back side emittance to space =
M
(.7 ¢,_ ) F. _a o 1 " ,
* HB B~S B A :
°F
i
Where:
as = average solar absorptance of front surface materials .73
FP = solar cell packing factor .85.1%
op= solar cell operating efficiency at array operating temperature 18.1%
A, = array front side area (mz) 1 rnz (unit area)
Sg = solar illumination (W/mz) (See paragraph 6.2.1.2)
Px = angle of incidence of sunlight on array front side (varies with orbit)
1"2 = angle of incidence of albedo energy on array (varies with orbit)
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S, = earth planetary radiation (W/mz) 188 (LEO); 5 (GEO)

P

Iy = angle of incidence of earth planetary radiation on array I(varies with ‘
- orbit)
E%F“ average hemispherical emittance of array front side materials ,84
Fp g™ view factor of array front side to space 1 (I'm0°)

-2 ox-4)

0 = Stephan Boltzmann's constant (wm 5.81 x 10'8

TA = array operating temperature (°k) (See paragraph 6.2,1,6.3) ,
op i

eHB’ hemispherical emittance of array back side material .7

a = absorptance of albedo and earth lanetary radiation by array surface
.73 Front; .3 Back
A = array area for albedo and earth planetary radiation (1m2)

- view factor of array front side to space 1 (I = Q°)

Es = hemispherical emittance of space platform material .05

Fa-é’ view factor of array back side to space platform surface .7071 (' = 45°)

TP =operating temperature of space platform surface (323°K)
op

From these relationships aind parameters, the average operating temperature is
calculated for a given solar illumination (max, min, and/or average). From this,
a typical profile is as shown in Fxhibit B-2. The time in orbit is measured from
the 0° axis in Exhibit B-1,
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Solar Illumination H
Thermal eg Cases | thru VI ;
Average Solar Hlumination = 1353 w/m? 900

180° 0°
270°
; :
Exbibit B-1. Relationsbip of Sun, Eartb and Solar Array Subsystem in Eartb Orbit i
é
i
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This appendix contains data printouts and curves which are djscussed in @
Section 7.0 of the GaAs Solar Array Subsystems Study Final Report. The :
exhibits contained herein are as follows: '

GaAs SAS Paramater Anpendix C Exhibit #'s
1. Cell Area (Ribbon) 1 [a - d]
2. Cell Area (Square) 2 [a - d]
3. Concentration Ratio 3 [a ~ D]
4. Temperature (Average) 4 [a - d)
5. Cell Efficiency 5 [a - d)
6. Concentrator Degradation 6 [a -~ b]
7. Cell Degradation 7 [a - 4d)
8. Hardware Life 8 (a - 4]
9. Reliability (Built-In Spares) 9 [a - d]
10. Spares/Maintenance 10 [a - b)

11. Cell Cost 11l [a -~ 4]
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This appendix contains a "PLIST" of the HP-85 Computer program for the
GaAs Solar Array ‘Performance and Cost Model (SACPM), which is discussed in

vSection 6.0 of this report. The SACPM models the cost/technology relationships

for four GaAs Solar Array configurations: (1) 250 kW planar array in LEO,
(2) 250 kW concentrator array in LEO, (3) 50 kW planar array in GEO, and (4)
50 kW concentrator array in GEO. The modelling approach, generaily, is to

e define the solar cell, cover, substrate and cell interconnect
circuitry (iodule cross section)

e determine the value of the solar array factors which affect performance,
and apply to the BOL cell/cover assembly in order to determine the EOL

per cell array performance

e determine number of cell/cover assemblies required for baseline orbit
and load power/energy requirements

e determine total array area, dimensions and atructurql requirements

(aryay configuration)
e determine array weights and performance totals

e determine life c¢ycle cost for DDT&E, Production and O&M.
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