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FOREWORD

This is the final report on the Flexible Rolled-Up Solar Array
(FRUSA). The program was conducted for the Air Force Systems Command's
Aero Propulsion Laboratory, WPAFB, by the Hughes Aircraft Company,
Space and Communications Group, El Segundo, California, under Contract
F33615-68-C- 1676, Project B/682J.

The program was directed by Mr. L. D. Massie, Solar Power

Technical Area (POE-Z), Energy Conversion Branch, Aerospace Power
Division.

The Space and Communications Group of the Hughes Aircraft
Company was assigned the task of designing, developing, manufacturing,
and ground and flight testing a self-contained 1. 5-kw flexible rolled-up
solar array power system. The major objectives of the experiment were to:

0 Demonstrate the deployment, extension, and retraction of a
1. 5-kw flexible solar array assembly in an orbital environment

0 Demonstrate solar array tracking and lockon performance in an
orbital environment with changiig sun angles

* Demonstrate power generation capability in an orbital environ-
ment for a period of up to 1 year

* Verify dynamic behavior of the array system

* Obtain reference measurements from calibrated solar cells,
modules, and the main solar cell panels with respect to time

The flight test data were to be used to: Vj
* Develop a flexible solar array system design for a 5-kw

operational system

* Conduct parametric studies from 0.5 to 20 kw

* Demonstrate a 5-year capability

xp~flGI PAGE6 BLAWC-NOT lrIIEf
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ABSTRA CT

This report summarizes the design, development, qualification, and
flight test of a 1. 5-kw flexible rolled-up solar array power system. This
system was launched on a thrust augmented Thor/Agena vehicle system into a
400 nm polar orbit on 17 October 1971, has successfully completed a
6 month flight test, and continues to provide spacecraft power.

The criteria, design tradeoffs, and analyses that led to the configuration
of the 5. 5-by 32-foot solar array, the two axis sun acquisition and tracking
orientation mechanism, and the associated power electronics and instrumen-
tation units are described. The results of development, qualification, and
flight test are presented, as well as recommendations for design improvements
or developments for future similar applications. The recommendations
include principal parameters and performance data such as array aspect
ratios, weight, and natural frequency for systems ranging from 0. 5 to 20 kw.

The flight data illustrate the compatibility of the flexible solar array
concept with flight systems. Power output has been excellent with no evidence
of mechanical damage from boost, deployment, or operational environments.
Peak power degradation has been reflective of the normal reaction of solar
cells to the space environment. Spacecraft and array dynamic interactions
have been minimal and vehicle integration has proven straightforward and
effective.

In conclusion, the report illustrates the viability of the 1. 5-kw flexible
array design as a flight power system in its own right and also as a module of
power systems to the 20-kw level.

%P

v

= 7 7-7 M -, - . ,. -



CONTENTS

Page

I INTRODUCTION 1

II SUMMARY 3

Program Definition 3
Design Study and Analysis 3
Manufacturing 5
Qualification and Flight Acceptance 6
Flight Test and Data Analysis 6

III SYSTEM DESCRIPTION 9

Major System Design Requirements and Goals 9
System 9
Solar Array Subsystem Requirements 11
Solar Panel Assembly 11
Orientation Subsystem 12
Power Conditioning and Storage Subsystem 12 $
Instrumentation Subsystem 12

Design Description 13
Solar Array Subsystem 13
Orientation Subsystem 13
Power Conditioning and Storage Subsystem 13
Instrumentation Subsystem 16
AGE 16

IV DESIGN AND DEVELOPMENT 21
Solar Array Subsystem 21

Subsystem Requirements and Description zi
Drum Mechanism 21
Flexible Solar Arrays 39
Solar Array Subsys',:em Conclusions 54

Orientation Subsystem 54
Design Requirements 55
Descriptions 57
Tradeoffs and Design Changes 83
Development and Other Tests 96
Conclusions 105

Power Conditioning and Storage Subsystem 107
Subsystem Description 107
Tradeoff Studies and Analysis 113
Development Tests 121
Conclusions 121

Instrumentation Subsystem 122
Functional Requirements 122
Unit Description 122
Operational and Test Results 130
Conclusions 130

vii
3oTMII PAGE BLAWC-NQT FIUIfl.0



System AGE 131
Conclusions 132

V SYSTEM TEST 135

Qualification Tests 135
Ambient Functional Tests 135
Vibration Test 138
Solar-Thermal-Vacuum (STV) Tests 139
EMI/EMC Tests 141
Solar Array Deployment Tests 141
Summary of Test Results 145

Flight Acceptance Tests 145
Test Results 149
Summary of Acceptance Test Results 159

Integration and Prolaunch Tests 159
Qualification Model 159
Flight Model 159
Prelaunch Tests 160

VI FLIGHT TEST RESULTS 161

Mission Summary 161
Solar Array Panel Temperature Evaluation 163
Solar Array Power Performance 166
Solar Cell/Module Experiment Results 169
Array Dynamic Analysis 174

Structure Instrumentation 175
Dynamic Flight Data Evaluation 176
Finite Element Modeling 193

VII RELIABILITY/MAINTAINABILITY 197

In-Flight Anomalies 197

Recommendations 198

Maintainability 198

VIII FIVE-KW DESIGN STUDY 203

Design Criteria and Requirements 203
Subsystem Description 206

Orientation Mechanism 206
Solar Panel Description 209
Drum Mechanism 212
Array Dynamic Characteristic 217

5-kw Operational FRUSA Reliability 217
Orientation Subsystem 217
Solar Array 223
Instrumentation (Housekeeping) 223
Power Conditioning and Storage 223
Experience Factor 223

viii



IX PARAMETRIC DESIGN STUDY OF 0.5-TO 20-KW
SOLAR CELL ARRAY SYSTEMS 225

Flexible Solar Array Panel Design 225
Solar Cell 229
Cover Slide 230
Interconnections 230
Electrical Bus 230
Diodes Z31
Panel Electrical Connect 231

Solar Panel Support Concepts Z31
Solar Panel Support Boom 236
Flexible Solar Panel Stowage 239
Stowage Drum Assembly 2.9
Solar Array Support Structure Weight Optimization 246

Array Support Optimized for Bending Strength 246
Array Support Optimized for Stiffness 252
Array Support Optimized for Boom Buckling 253

Array Orientation Mechanism 256
Summary Solar Array Configuration Optimization 258

X CONCLUSIONS AND RECOMMENDATIONS 267

Conclusions 267
Recommendations 267

APPENDICES

A. Main Solar Array Current-Voltage Performance Data 269

B. Dynamic Analysis Data 275

C. 5-kw Design Drawings 291

D. Array Dynamics Analysis 299

ix



ILLUSTRATIONS

Page

2-1 Program Schedule 4

3-1 System Functional Block Diagram 10
3-2 FRUSA System Shown on Agena Spacecraft 10
3-3 Solar Array Subsystem 14
3-4 Internal Profile of Orientation Mechanism 15
3-5 Strain Gage and Accelerometer Installation 17
3-6 Location of Reference Cells and Modules 18
3-7 Deployment Test Setup 19
3-8 Flight Model Solar Array on Water Table 19

4-1 Solar ArraySubsystem 2Z
4-2 Drum Mechanism Details 24
4-3 Extendible Boom Actuator 26
4-4 Boom Length Compensator 26
4-5 Drum End Plate and Bearing Installation 28
4-6 Flexible Power Cable Arrangement 30
4-7 Boom Actuator Drive Arrangements 32
4-8 Cushion Take-up Drive Logic Tree 34
4-9 Required Drum Diameter for Several Substrate Materials and

0. 6 lb/ft Panel Tension 36
4-10 Weight Comparison of Array Storage Drum Materials 36
4-11 Solar Panel Components 40
4-12 Panel Weight Breakdown 40
4-13 Solar Array Power and Data Buses 42
4-14 Collector Bus Strips Arrangement 43
4-15 Elements of Solar Cell Assembly 44
4-16 Embossed Kapton Film Cushion-Rolled 46
4-17 Solar Array/Cushion Configuration and Storage Drum 46
4-18 Panel Tension Test Setup With Low Temperature Shroud

Removed 48
4-19 Thermal Shock and Cycling Test Specimen 51
4-20 Typical Thermal Cycle of Solar Panel Specimen 51
4-21 Cushion Fabrication Equipment 52
4-22 Cushion Forming Die Closeup 52
4-23 Vibration Test Solar Array and Cushion 53
4-24 Panel Segment Vibration Test Setup 53
4-25 Orientation Subsystem Elements 56
4-26 Orientation Subsystem Flight Operations 58
4-27 Orientation Subsystem Block Diagram 59
4-28 Orientation Mechanism 64
4-29 Orientation Mechanism Drum Axis Hardware 65
4-30 Orientation Mechanism Internal Profile 65
4-31 Orientation Mechanism Thermal Finish 66
4-32 Orientation Mechanism Housings and Shafts 68
4-33 Gimbal Bearing 70
4-34 Frameless Pancake dc Tachometer 71
4-35 Orientation Subsystem Drum Axis Data Slip Rings and Brushes 71

x

-! ..- ~- -r- - f~- -~



4-36 Orientation Subsystem Drum Axis Power and Data Slip Rings 72

4-37 Brush Arrangements 72

4-38 Deployment Mechanism 73
4-39 Sun Sensor Geometry 73
4-40 Sun Sensor Group 74

4-41 Acquisition Sensor 75

4-42 Tracking Sensor 75
4-43 Calibration of Sun Error Sensor 76
4-44 Partial Assembly, Control Electronics Unit 76
4-45 Control Electronics Unit Block Diagram 79
4-46 Orientation Control System Schematic, One Axis 81
4-47 Representative Root Locus of Array Control Loop 82
4-48 Acquisition Performancw 84
4-49 Noon Turn Performance 87
4-50 Ideal Array Angles 88
4-51 1. 5-kw FRUSA Normalized M.omenum Change Per Orbit With

and Without Partial Momentum Cancellation 89
4-52 Array Momentum Cancellation 90
4-53 Original Brush Design 93
4-54 Modified Brush Design 93
4-55 Typical Friction and Ring Noise Measurements, Support Axis 98
4-56 Deployment Test Setup 98
4-57 Effect of Temperature Extremes on Deployment Velocity 99
4-58 Deployment Mechanism Static Performance Development

Tests, Ambient Temperature 99
4-59 Deployment Mechanism Static Performance, Flight

Unit - Ambient Temperature 102
4-60 Orientation Subsystem Solar-Thermal-Vacuum Qualification

Test 102
4-61 FRUSA Revolution 10 Sun Acquisition 1.4
4-62 Power Conditioner and Storage Subsystem Functional

Block Diagram 106
4-63 Power Conditioning Unit 108
4-64 Solar Array Overvoltage Switch 108
4-65 ±Z8-Volt Inverter Pulsewidth Modulator 110
4-66 Boost Converter Pulsewidth Modulator Ill
4-67 400-Hz Inverter Waveform Generator 112
4-68 Battery/Charge Controller 115
4-69 Battery Charge Control Block Diagram 116
4-70 Load Bank Assembly 117
4-71 Load Bank Load Lines 118
4-72 Location of Reference Cells and Modules 128
4-73 Strain Gage and Accelerometer Installation 128
4-74 Single Line Cable Block Diagram/FRUSA System Tests 132
4-75 Ambient Functional Setup 133
4-76 Flight Model Solar Array Ambient Test Position 133

5-1 Operations Flow Chart 137
5-2 Ambient Functional Setup 137
5-3 Vibration Setup (Orientation Subsystem) 140
5-4 STV Endbell 140

xi

..... V. -- 7 -j -



5-5 Screenroom Setup for EMI/EMCTES 146
-4 5-6 Magnetic Moment Measurement Test Position 146

5-7 FRUSA Separation and Deployment Test 148
5-8 Deployment Test Setup (Without Support Springs) 148
5-9 Flight Model Units 151
5-10 Single Line Ctble Block Diagram - FRUSA System Tests 154
5-11 Orientation Subsystem on Vibration Table 154
5-12 FRUSA System Setup for Separation and Deployment Testing 155
5-13 FRUSA System Installed on C-4 Chamber Endbell Just Prior

1 Thermal Vacuum Tests 156
5-14 Random Vibration Test Requirements 157
5-15 Current Versus Voltage for Full Array 160
5-16 Power Performance for Full Array at Worst Case Temperatures 161

6-1 Anomalous (Offset) Tracking 168
6-Z Array Panel Temperatures 168
6-3 FRUSA Array 6 Month Performance Summary 172
6-4 Cell/Module Layout 172
6-5 I-V Data 175
6-6 FRUSA Accelerometer and Strain Gage Instrumentation 182
6-7 Calibration Curve for Boom Root Bending Load Cell 182
6-8 Accelerometer Time History During Array Deployment as

Measured by Transducer R304 182
6-9 FRUSA, Revolution 79 Anomalous Sun Acquisition Maneuver 185
6-10 Accelerometer Time Histories for FRUSA Slew Maneuver on

Revolution 79 186
6-11 Increase in Array Fundamental Bending Mode Due to Reduced

Fixity at Drum as Computed for Simplified Mass Model 189
6-12 Typical Fourier Analysis Frequency Decomposition of

Acceleration Time Histories From Revolution 79 191
6-13 Accelerometer Time History 192
6-14 Fourier Analysis Frequency Decomposition of Acceleration

Time History 194
6-15 Finite Element Model of FRUSA Flight Configuration 192
6-16 Out-of-Plane Bending and Torsion Modes of FRUSA Finite

Element Model 194

7-1 System Reliability Block Diagram 198

8-1 Comparison of Array Configurations for 5-kw Power System
Design 2)4

8-2 FRUSA Orientation Mechanism Cross Section 207
8-3 Solar Array Panel Configuration and Weight Breakdown 210
8-4 Solar Panel Assembly 213
8-5 FRUSA Drum Mechanism 21()

8-6 Orientation Subsystem Reliability Block Diagram 221 -'

8-7 Solar Array Reliability Block Diagram 221
8-8 Instrumentation Subsystem Reliability Block Diagram 222
8-9 Power Conditioning and Storage Reliability Block Diagram 222
8-10 FRUSA System Reliability Block Diagram 222

xii



9- Weight Efficient Power Ranges for Solar Arrays 227
9-2 Substrate Flexibility Parameter Versus Panel Contact Angle

on Rollup Stowage Drum 228
9-3 Power Collector Bus Weight Versus Array Voltage for

Varying Power Loss 232
9-4 Center and Edge Panel Support Configurations 234
9-5 Deployer Mechanism Weight For Collapsible Boom Type 235
9-6 Collaps.ble Boom Concepts 238
9-7 Specific Stiffness of Three Deployable Boom Types Normalized

For Diameter-to-Thickness Ratio of 200 240
9-8 Specific Strength of Three Deployable Boom Types Normalized

For Diameter-to-Thickness Ratio of 200 240
9-9 Critical Boom Bending Moment For Stainless Steel BI-STEM

Booms of Diameter-to-Thickness Ratio of 200 241
9-10 Stainless Steel BI-STEM Boom Stiffness Versus Specific

Boom Weight 241
9-11 FRUSA Stowage Drum Cross Section 242
9-1Z Drum Assembly Weight Variation With Panel Aspect Ratio 2e+4
9-13 Stainless Steel BI-STEM Boom Weight Versus Boom Diameter.

D/t between 168 to 250 248
9-14 Weight of Four Support Booms Versus Panel Aspect Ratio For

Variable Quasi-Static Load Factors 248 $
9-15 Boom Weight Versus Panel Aspect Ratio For Design Condition

of 0. 1 g Load Factor 249
9-16 Dual Boom Deployer (Two P r \rray) Weight Versus Panel

Aspect Ratio L/W For 0. 1 :uasi-Static Design Load Factor 250
9-17 Weight of Two Dual Boom Deployer Mechanisms Versus Panel

Aspect Ratio For Booms Dimensioned For 0. 2 g Quasi-Static
Loading 251

9-18 Weight of BI-STEM Steel Booms (Four) Required to Achieve
Specified Panel Frequency 254

9-19 Dual Boom Deployer (Two Per Array) Weight Versus Panel
Aspect Ratio When Panel Bending Frequency is Design
Criteria 255

9-20 Flexible Array System Configuration Optimized For 0.3 Hz 259
9-21 Array Structure Weight Variation With Panel Aspect Ratio When

Panel Bending Frequency is Design Criteria 260
9-22 Array Structure Weight (Drum Assembly, Booms, Boom

Deployers) of Array Modules Optimized for Bending Frequency 261
9-Z3 Roll-Up Array System Configurations Optimized for 0. 1 g 262
9-24 Array Structure Weight Variation With Panel Aspect Ratio

For 0. 1 and 0. 2 g Load Factors 264
9-25 Array Structure Weight of Array Modules Optimized for

Quasi-Static of 0. 1 g and 0.2 g 265

10-1 Comparison of Flexible and Rigid Array 5.2 kw Power
Subsystems for Near Term Low Earth Orbit Application 268

xiii
, -

&



TABLES

Page

1-1 FRUSA Requirements and Goals 2

4-1 Solar Array Subsystem Requirements and Goals 23
4-2 Boom Actuator Drive Tradeoff Summary 31
4-3 Boom Actua tor Motor Tradeoff Summary 31
4-4 Comparison of Sliprings and Flexible Cable 35
4-5 Cell Qualification Test Results 45
4-6 Orientation Subsystem Commands 60
4-7 Orientation Mechanism Slipring Assignments 61
4-8 Gimbal Axis Torquer Tradeoff Considerations 91
4-9 Torquer Sizing 92
4-10 Power Conditioning and Storage Subsystem Development

Test Summary 120
4-11 Solar Array Commutator A Telemetry 123
4-12 Solar Array Commutator D Telemetry 125
4-13 Orientation Subsystem Commutator B Telemetry Measurements 126
4-14 Power Conditioning and Storage Subsystem Telemetry 127

5-1 Qualification Environments 135
5-Z FRUSA Systems Test Results 136
5-3 Deployment Test Data 143
5-4 FRUSA System Test Results Summary 158
5-5 FRUSA Weight 160

6-]. RTD-806 Mission Operations 162
6-2 Flight Solar Array Temperatures, *F 165
6-3 FRUSA Array Radiative Properties For Baseline Analysis 166
6-4 Predicted (Normalized) Solar Panel Maximum Power

Performance Versus Time in Orbit 167
6-5 Measured (Normalized) FRUSA Solar Panel Performance

Versus Time in Orbit 169
6-6 FRUSA Test Cell/Module Description Summary 170
6-7 Comparison of In-Orbit Measured FRUSA Modes With

Analytical Predictions 175
6-8 Mission Events Summary For Significant Dynamics Data 176
6-9 FRUSA Extension Dynamics IS0
6-10 Peak Accelerometer Readings 180

7-1 FRUSA MTTR Estimate 199
7-2 Solar Cell Panel Actual Repair Time Estimates 200

7-3 Overall Solar Cell Panel MTTR Estimate 201

8-1 Weight Summary for FRUSA and 5-kw Array 205
8-2 Solar Panel Design Characteristics for Three Solar

Cell Types 211
8-3 Bending Moment Loading of Panel Support Boom (in.-lb) 216
8-4 Summary of Minimum Margins of Safety for 1. 5-kw FRUSA

Array System Design 218
8-5 Orientation Mechanism Reliability 223

xiv

, -s



9-1 Design Environments and Ground Rules 226
9-2 Array Area Utilization and Weight Penalty 229
9-3 Solar Cell Failure During FRUSA Testing 230
9-4 Solar Panel Support Concepts 233
9-5 FRUSA Stowage Drum Assembly - Weight Breakout 243
9-6 Two-Axis Orientation Drive Mechanism Weight 257

S " 1

ii

,I

xv

-. 7 777 77 '-- .- - - 7 - --



SECTION I

INTRODUCTION

The Flexible Rolled-Up Solar Array (FRUSA) program addresses the
need for a lightweight, low stowage volume, high power satellite power
source for the mid-1970's and beyond. The need arises from the continued
growth in payload capability and the attendant increases in spacecraft power
requirements in the face of the ever-present spacecraft size and weight con-
straints. As power requirements increase to 1 kw and beyond, economics
and launch vehicle constraints dictate the selection and use of deployable
planar solar arrays which are actively oriented perpendicular to the incident
sunlight. The FRUSA array concept, that of mounting the solar cells on a
lightweight, Kapton-fiberglass substrate and stowing this flexible solar panel
assembly on a drum in a manner similar to that used for a windowshade, was
developed in satisfaction of this need through a progressive series of contracts
sponsored by the Air Force Aero Propulsion Laboratory and conducted by
Hughes as outlined below.

0 An initial feasibility contract awarded in 1965 leading to
successful qualification testing of a 500-watt model in 1967
(Flexible Integrated Solar Cell Array Program; FISCA)

* The design and development in 1967 of a two-axis orientation
mechanism capable of orienting a 5-kw flexible array to within
10 degrees of the sun line (Orientation Linkage for Solar Cell
Array; OLSCA)

0 The design, development, qualification, and flight test of the
Flexible Rolled-Up Solar Array system (FRUSA), a contract
awarded in July 1968 and resulting in the successful .light of
the FRUSA aboard a Thorad/Agena, with launch on 17 October
1971.

The FRUSA system, as reported herein, although necessarily detailed
for compatibility with the launch vehicle and spacecraft employed in the flight
test phase (Thorad/Agena) was designed and configured for the more general
application to current and advanced planned A'r Force missions. Design
criteria, for example, vibration requirements, were shaped to represent
worst case comlbinations of the environments resulting from Atlas, Titan or
Thor boosters with Agena or Burner 11 class spacecraft. The 1. 5-kw array
configuration was further selected as an incremental building block or module
for systems ranging up to the 20-kw power level. The program included,
in fact, the generation of specific configurations and performance parameter
data on flexible array systems from 0. 5 to 20 kw.

This report, the final documentary report for the FRUSA program.
encompasses all program activities leading to the successful flight test of the

'iC~flGPA= BLAw~-NoT FIIbMEl.



FPXUSA as well as the results of analysis and evaluation of design, qualification,
and flight test data leading to specification of dynamic models, weight, stow%-
age volume, and other characterizing parameters of interest to designers of
the medium and large high powered spacecraft to which such a power systemn
applies. The major program goals and results are presented in Table 1- 1.

TABLE 1-1. FRUSA REQUIREMENTS AND GOALS

Item Requirement 3oal fStatus
Solar array weight* 35 lb/kw 46 lb/kw; goal achievable with

lightweight cells

3 3Solar array volume -2 ft /kw 2. 6 ft 1kw for 1. 5-kw system

Power output 1. 5 kw Same 1. 54 kw with full cell comnplemnent
at 130L (130 0 F)

Array segment weight* 0. 15 lb/ft 0. 192 lb/ft

Orbital environment 0. 1 g Same Design meets requirement

Extcn sion/ retraction 10 flight 25 ground 10 flight and 20 ground cyt les com-
cycles 10 flight pleted on flight unit; 380 cycles on

mechanism

Life 0. 65 probability 0. 60 probability Operational after 8 months
for I year for 3 years for

5 kw system

Compatibi lity Thor, Agena, Samei Verified by qualification and flight
Titan IIIC, tests
Blurner 11,
Atlas

Adaptability From 0. 5 to Same Verified by analysis
20 kw

Goals not achievable with cells which were economically acceptable for a flight test program.
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SECTION II

SUMMARY

The program for development and test of the 1. 5-kw Flexible
Rolled-Up Solar Array (FRUSA) system was divided into five major phases:

* Program Definition

* Design Study and Analysis

* Manufacturing

* Qualification and Flight Acceptance

* Flight Test and Data Analysis

As shown in the program schedule, Figure 2- 1, all program phases are
complete with the exception of the flight test phase, which has been extended
to 15 October 1972 to enable another experiment onboard the STP 71-2 space-
craft to provide additional data. The FRUSA, although its flight test was
successfully completed on 17 April 1972, is necessary as a power source
for the extended STP 71-2 mission and is performing well in this capacity.

PROGRAM DEFINITION

The program definition phase consisted of program planning, pre-
liminary design, and specification development activities necessary to
define the baseline system configuration and interface requirements in suf-
ficient detail for development of the individual unit designs and for use by
the booster/spacecraft/payload integration contractor (LMSC was selected
by the SAMSO STP office for this task). This phase was originally sched-
uled to last 2 months, but was reprogrammed and actually lasted 12 months,
concluding with issuance of qualification model, flight model, and Agena/
FRUSA interface specifications in mid-1969. The reprogramming resulted
from delays in the selection of the integration contractor and, other than
time and cost, had little effect on the evolution of Ihe FRUSA program.

DESIGN STUDY AND ANALYSIS

This phase was initiated concurrently with the program definition
phase to enable the development of a more comprehensive baseline design
and thus to provide a well defined configuration for ease of vehicle integra-
tion. As described in detail in Section IV, many component and subassembly
tradeoff analyses and tests were run in this phase, allowing full confidence
in the baseline design for the actual development. Items included in these

3
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evaluations were ac-dc boom actuator drive motors, single-multiple array
motors, brush-brushless orientation mechanism drive, component-unit-no
redundancy for the control electronics units, flexible cable-sliprings for the
solar array to stowage drum interface, solar array cushion configuration,
panel aspect ratio, bearing types, orientation mechanism torquer size, bat-
tery size and charge rate, and others. The intent was to evaluate all of the
building blocks of the final design that could be evaluated without unduly
freezing the interface configuration prior to the SAMSO selection of an inte-
gration contractor. With selection of the integration contractor, LMSC, in
mid- 1969, these a priori tradeoffs enabled a rapid and efficient progression
into detail design and drafting functions.

A large number of component development and life tests were also
conducted at the part or subassembly level. Included in this test phase were
tests such as temperature cycling of the drum/Negator ( /bearing assembly,
and of solar cell/substrate coupons and multiple extensions and retractions
of the boom actuator unit used to extend and retract the solar array assembly.
As a complement to the FRUSA testing, NASA/Lewis conducted 2100 thermal
cycles (+1890 to -163°F) tests on FRUSA cell modules without degradation.
With the confidence built by these tests, it was decided to forego the fabrica-
tion and test of a full development model and to proceed directly to the
re lease of drawings for the qualification and flight units, which occurred in
January 1970.

Also included in this phase were the conduct of design studies and
analyses of flexible array power systems ranging in size from 0. 5 to 20 kw.
These studies were initiated after the initial flight test activities and are
concluding with this report. This timing allowed the assimilation of all
development, qualification, and flight test experience into the selection of
alternate configurations and into the estimates of weight, power, and other
performance characteristics.

MANUFACTURING

Although there were a number of new processes, handling fixtures,
and tooling which had to be developed to fabricate the novel flexible array
panels, the fabrication effort proved to be a relatively straightforward
activity. Of particular interest with respect to this development were the
water table and test fixtures use,! to deploy the array in an earth gravity
field (see SYSTEM TEST SECTION). The solar array assembly, being
designed for a 0. 1-g environment, could not support the solar panel weight
in an earth gravity field. One of the solutions developed was to float the
panels on multiple floats in a 2-inch deep water table as the panels were
extending. Alternately, booms were decoupled from the panels and drum
fixtures were used to roll out the panels for such activities as solar cell
assembly and inspection.

|5



QUALIFICATION AND FLIGHT ACCEPTANCE

Upon completionof the assembly operations, qualification tests,
followed by flight acceptance tests, were conducted. During the qualification
tests, the principal problems encountered that were unique to the flexible
array concept were'the occurrence of a control loop instability when the
array was on one side of the Agena spacecraft and the susceptibility of the
system to EMI/EMC effects. While the EMI and EMC problem was resolved
by the addition of appropriate filters and chokes to sensitive or noisy cir-
cuits, this kind of problem bears close examination on future large array
designs because of the unusual degree of exposure of the bus-bars and the
extensive bus-bar lengths on solar array panels of the FRUSA size. The
control loop instability problem was eliminated by adding a position resolver
and logic to the spacecraft and to the FRUSA, which forced lockon to occur
on the side of the spacecraft where the FRUSA was stable.

The qualification tests and, later, the flight acceptance tests were
considered to be relatively free from anomalies for units of the size and
complexities of the FRUSA units. The water table proved to be an excellent
choice for extension and retraction tests of the solar array absembly, intro-
ducing little load or drag into the extension/retraction evaluations of panel
and boom actuator performance or into the preflight tensioning operation.
The vulnerability of the solar assembly to vibration, an early-program con-
cern, proved to be of negligible importance as an issue. A check of the flight
unit solar cells just prior to shipment revealed that the cells which had been
damaged as a result of all assembly and test operations after the initial
assembly of the cells onto the solar panels amounted to less than 0. 15 per-
cent of the total, or 52 defects out of 34, 500 solar cells. Of the suspect cells,
28 were replaced, although most of the replacements were made because of
conservatism rather than need.

With successful completion of flight acceptance testing, the flight
model was delivered to LMSC in July, 1971 for vehicle integration.

FLIGHT TEST AND DATA ANALYSIS

During the system integration and prelaunch testing the only signifi-
cant event was the retrofit of a new installation for the solar array isolation
diodes on the array drum. A late thermal analysis indicated that the diodes
would overheat in their original location when the array was supplying its
rated output of 1500 watts. As a result of this analysis, the diodes were
relocated from the storage drum interior to the outboard end of the drum
assembly so that a full view of deep space was provided, thus enabling ade-
quate cooling.

Orbital operations subsequent to the 17 October launch were success-
ful, with full operation of the FRUSA system being attained on orbit 10. In
orbit 80, however, it was noted that the support axis was oscillating over a
few degrees range and offset bout 20 degrees behind the sun. While the
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anomalous tracking behavior had little effect on the Agena or FRUSA perfor-
mance, the automatic tracking mode was disabled and command positioning
of the array was substituted pending full investigation of the phenomenon.
Fortunately, sufficient power was available to support the spacecraft bus
and all functions of the FRUSA experiment. Prior to this incident, power
output of the panel *as 1460 watts and the vehicle and FR'USA were stable
during normal acquisition and tracking modes. There were no significant
panel motions when the parent spacecraft was in either active gas or gravity
gradient control modes, or during the ten retraction and extension cycles
that were conducted late in January 1972.

Subsequent to the control loop anomally, orbital operations consisted
of occasional command positioning of the solar array about the longitudinal
axis of the Agena and the acquisition of solar panel and cell module data. In
February, the sun tracking mode was initiated and functioned properly. As
a result, the normal control electronics modes were used for array position-
ing for all operations for the rest of the flight. Other flight data also were
nominal. Of particular interest was the solar array power performance,
which decreased to 1200 watts. Since this reduction was a predictable
result of space radiation and increasing panel temperatures, at lower sun,'
orbit angles, it was concluded that damage from other launch and flight
environments or from the ten retraction/extension cycles was negligible.

The flight test phase was concluded on 17 April 1972. Sufficient data
were obtained to validate the flexible array concept and to develop models of
major parameters for future applications of larger flexible solar arrays.
As noted in Figure 2-1, however, the STP 71-2 mission has beer extended
to 17 October to enable acquisition of additional data on the spacecraft and
additional flight test data from another experimeht. For full support of these
additional data requirements, the FRUSA operation has been sustained and is
performing well as a spacecraft power source with about a 1200 watt capacity
as of the date of this report.

7
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SECTION III

SYSTEM DESCRIPTION

The Flexible Rolled-Up Solar Array (FRUSA) system is a 1. 5 kw
self-contained power system. It consists of 1) a pair of drum-nounted
16 by 5. 5 foot extendable/retractable flexible solar cell arrays to provide
primary power, 2) an orientation mechanism and control subsystem to
maintain the array in a sun-pointing attitude, 3) a power conditioning and
storage subsystem that provides the required regulated ac and dc voltages,
controls battery charging and supplies housekeeping power prior to panel
deployment and during eclipse periods, and 4) the instrumentation to monitor
structural, thermal, and system performance. The system block diagram is
shown in Figure 3-1, and an artist's concept of the deployed array on a three-
axis stabilized spacecraft is shown in Figure 3-2.

MAJOR SYSTEM DESIGN REQUIREMENTS AND GOALS

The purpose of the experiment was to prove the feasibility of provid-
ing large amounts of power (500 to 20, 000 watts) for an extended period of
time (greater than 1 year) while maintaining the capability of repeated (more
than ten) extensions and retractions of the solar cell array. The flight
model was to be capable of providing 1500 watts of electrical power from a
roll-up solar array at the beginning of synchronous orbital flight (array
temperature 130°F). No electrical power was to be required from the
spacecraft, since the FRUSA was to be self-contained, except for the
downlink telemetry and command receivers.

In a more specific form, the system and subsystem requirements
were as follows:

System

0 The design was to stress maximum reliability, low weight,
low stowed volume, and long life potential.

* The design would be sufficiently general to cover a wide range
of orbits and space.raft

* The flight design would be capable of withstanding 0. 1-g loading
in the deployed or operational configuration.

0 * The flight design would be capable of producing 1. 5 kw of power
at the array/vehicle interface at the beginning of flight for a
synchronous orbit

* The experiment would be designed for a mission lifetime of
12 months, with a capability of 3 years as demonstrated by
ground testing and analysis.
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a The flight "experiment would be conducted on a mission vehicle
of Agena or Burner II configuration w'th an Atlas, Thor, or
Titan IIIC booster (as an environmental specification).

0 The experiment had to be self-contained and depend on the
vehicle for telemetry and command only.

* The reliability goal for the experiment was to provide data
which would illustrate a probability of 0. 60 for successfully
completing a 3 year mission at synchronous orbit altitude for
an end-of-mission power requirement of 5 kw.

0 The maintainability goal for the program was to achieve mean
and maximum times to repair or replace individual solar cell
modules of 4 days and 14 days, respectively.

Solar Array Subsystem Requirements

* The solar array assemblies should have a maximum storage
volume of 2 ft 3 /kw, not including deployment and mounting
hardware (a goal).

* The weight of the qualification test model and the flight model
should be 35 lb/kw, not including the orientation subsystem or
electrical components associated with experiment monitoring
or energy storage (a goal).
The 1. 5-kw flight experiment was to be capable of a minimum
of ten deployment/retraction cycles in space.

* An array deployment/retraction capability of a minimum of
35 cycles was to be demonstrated (a goal).

Solar Panel Assembly

6 The solar panel assembly would be designed to provide a power
output of 1.5 kw plus losses in transmission between cell
collector buses and mission vehicle interface.

* The panels would have a solar cell area utilization factor of
95 percent (a goal).

0 The array segment weight should not exceed 0.15 lb/ft2 (a goal).

The models would utilize standard (8-to 16-mil) 2 x 2 cm solar
cells with 6-mil coverslides.

The solar array for the qualification model would be 10 percent
covered with live 2 x 2 cm solar cells with 6-mil glass cover
slides, sufficient to establish satisfactory electrical behavior. .
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The remaining area would be covered with simulated solar cell
masses.

* The flight models would be completely covered with standard
2 x 2 cm solar cells with 6-mil coverslides.

* Provisions for repair and replacement of array segments would

be included in the detail design.

Orientation Subsystem

* The orientation concept would be compatible with an earth
oriented mission vehicle.

0 The design would be sufficiently general to cover a wide range
of orbits.

0 Two axes of orientation capable of ±10 degree pointing accuracy
would be provided.

0 Rotational capability for each axis would be unlimited.

* Power transfer would be accomplished by using sliprings,
flexible cables, or other flight proven means.

* The design would not restrict the attitude of the vehicle in orbit.

" Mutual shadowing of arrays and vehicle would be avoided.

Power Conditioning and Storage Subsystem

* All power regulation and control required by the experiment
would be supplied as part of the FRUSA system.

* Experiment housekeeping power required for eclipse operation
would be provided as part of the FRUSA system.

* A 3-year life potential would be demonstrated through component
and functional life testing.

Instrumentation Subsystem

0 Instrumentation would be provided throughout the system at a
sufficienL number of points, and of such type, as to enable the
determination of system electrical, structural, and thermal
operating conditions throughout the life of the mission.

0 The only data conditioning and formatting to be provided would
be that required by the specific design of the FRUSA system.
Conditioning and formatting for compatibility with the launch
vehicle were to be mutually worked with the integration
contractor.



DESIGN DESCRIPTION

Solar Array Subsystem

The solar array subsystem (Figure 3-3) consists of two principal
units: drum mechariism and solar arrays. Included in the drum mechanism
are the storage drum, extendable boom actuator unit, cushion take-up roller,
Negator \V drum drive mechanism, flexible cable assemblies, and boom
length compensator devices with spreader bar. The solar array consists
of solar cells, substrate, bus bars, cell interconnects, and array cushion.
Also mounted on the subsystem are the orientation sun sensors, accelerom-
eters, strain gage, reference cells, and modules.

Orientation Subsystem

The orientation subsystem maintains the array in a sun-pointing
attitude. It is installed so that the array can maintain two degrees of
freedom without shading or colliding with the spacecraft, yet keeping the
mechanism simple. Figure 3-4 illustrates the internal profile of the
orientation mechanism.

The orientation mechanism comprises a two-axis gimbal system
supported in opposed, angular-contact, spring-loaded, dry-lubricated
ball bearings. Torquing of each axis is accomplished b, a frameless,
gearless, magnetically coupled dc torque motor installed with stator and
rotor integral with housing and shaft, respectively. Rate sensing and
control are accomplished by means of similar units operating as generators
rather than motors.

Slip rings transfer the electrical power from the solar array drum
to the spacecraft and transfer control and instrumentation signals. They
are required because of the continuous (360 degrees) rotation capability of the
orientation mechanism in both the drum and support axis. The rings used
on the mechanism are cylindrical, polished coin silver, and the brushes
are dry, self-lubricated, compacted Ag/MoSz/Cu. The control electronics
unit (CEU) attached to the orientation mechanism provides the logic and
analog computations for the various modes of operation. It derives error
signals from commands, sun sensors, and shaft rate sensors, and applies
correctional signals to the appropriate torque motor. It limits the torquing
rate in the sun search and acquisition mode using the rate sensor signals.
Logic control is provided by processing sun sensor data and command
inputs.

Power Conditioning and Storage Subsystem

The power conditioning and storage subsystem conditions the solar
array power for the FRUSA system. It also contains two 6-amp-hr batteries
which provide power to the experiment during eclipse'operation or when
the panels are retracted. The subsystem consists of the power conditioning
unit (PCU), the load bank assembly, and two battery/charge controller
assemblies.
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The load bank assembly contains the four resistors necessary to
allow measurement of and to dissipate the electrical power generated by the
solar array in the process of measuring the solar array capability.

Instrumentation Subsysten

A PCM compatible instrumentation system was designed for the
flexible rolled-up solar array. Current, voltage, temperature, accelerom-
eter, and strain gage measurement sensors were employed.

Periodically during the flight, the main panels are disconnected
from the bus and the power is fed directly into the load bank. The load bank
of four resistors is switched across the array in sequence so that 16
points on an I-V curve are obtained.

Each panel has a module of 7. 2-and 12-mil thick 2 x 2 cm solar cells,
as well as two 12-mil cells and two 7. 2-rail cells with 6-mil coverslides and
two 12-mil cells with 2-mil coverglasses. One of the 7. 2-rail cells is pre-
irradiated. These cells and modules have four load resistors sequenced
across them and 8 points measured so that I-V curves can be constructed
that are then compared to the main panel I-V curve.

Accelerometer and strain gage data were taken to analyze the
dynamic characteristics of the flexible panels and measure boom deflection.
The location of the principal accelerometers, strain gages, and cell groups
of the instrumentation subsystem is shown in Figures 3-5 and 3-6.

AGE

The FRUSA AGE equipment was designed to test the FRUSA system
and subsystems with the aid of auxiliary standard equipment such as
oscilloscopes, power supplies, and digital voltmeters. All system tests
were (onducted using telemetry signals to determine basic system perfor-
mance. The AGE was designed with command and decommutation iapability.

The mechanical support AGE consisted of a low friction water table
test bed to support the solar array panels (luring extension and retra tiun
tests. A second test fixture was designed to simulate the mounting of the
solar array and orientation mechanism on the spacecraft and verify drum
deployment. The water table test position and the deployment test setup
are illustrated in Figures 3-7 and 3-8.
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SECTION IV

DESIGN AND DEVELOPMENT

SOLAR ARRAY SU9SYSTEM

Subsystem Requirements and Description

The solar array subsystem consists of a storage drum mechanism
with two flexible solar cell arrays (see Figure 4-1). The flexible arrays
were wound on the storage drum during the launch environment and deployed
after the vehicle attained orbit. Deployment was accomplished by means of
boom assemblies mounted on the storage drum structure. Ten retraction
and extension cycles were required in orbit with an additional 25 during
ground test. Other key requirements of the subsystem are presented in
Table 4-1.

Drum Mechanism

Requirements and Description

The drum mechanism was required to perform the following functions:

* Store the solar arrays during the launch phase of the mission and
during any retracted mode of operation

0 Extend and retract the solar array panels in orbit

0 Provide equal tension across the width of the panel during
extension/retraction and during fully extended operation

* Transfer electrical power between the solar panels and the
spacecraft

The major elements of the drum mechanism (see Figure 4-2) are as
follows:

* Extendible boom actuator unit

* Boom length compensator mechanism

* Storage drum assembly

* Panel tension drive

* Panel cushion take-up drive

* Power and data transfer assemblies

21
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Extendible Boom Actuator Unit. The boom actuator unit shown in
Figure 4-3 with a shortened torque tube was built by SPAR, Toronto, Canada.
It is a completely dry lubricated device consisting of the following items:

1) Two actuators that store and form the 0. 86-inch diameter stain-
less steel Bi-Stem G booms

2) A single 115-volt ac, 400-Hz motor/gearhead to extend/retract
booms

3) An interconnecting torque tube between master and slave units
to allow for a single motor drive unit

Each of the four booms is approximately 16 feet long and deploys at a
rate of about 1/2 ips. Micro-switches are employed to indicate full exten-
sion or retraction. A strain gage installation is built into one of the boom
guidance assemblies to measure boom bending.

Boom Length Compensator Mechanism. This mechanism (Figure 4-4)
was used to ensure uniform tension on the solar panels in the event of uneven
extension/retraction of the individual booms. Such unevenness can develop
for the following reasons:

1) The extension rates of the individual booms are different because
of lost motion and friction within the actuator.

2) Each of the two panels extends to a different length because of
the dual-panel/single drum design.

Although the latter problem can be partially resolved by using different
length booms on each side of the drum, exact compensation is difficult
because of the unknown effective thicknesses of the panel and cushion. The
lost motion and friction problem within the cassettes could be corrected by
sprocket drives, servo systems, etc. Since these approaches all involve
complex modifications to existing flight-proven boom designs, the decision
was made to compensate for the differences in boom lengths by hardware on
the boom tips.

The mqchanism design uses dry lubricated ball bearings in pulleys
and rollers. A cobalt alloy (Elgiloy or Havar) tape is used between the boom
tips. Calibrated strain gages on the tape provide a direct readout of tension
in the solar panels.

Storage Drum Assembly. An 8-inch diameter, 70-inch long thin wall
magnesium cylinder was used for the storage drum. The end plates (see
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Figure 4-5) are a titanium/aluminum honeycomb structure. The bearings
used in the storage drum have the following characteristics:

Type Angular contact

Material 440C stainless steel

Bore 2.3122/2.3125

Lubrication Burnished MoS Z plus Duroid 5813 retainer

Preload 8 to 12 pounds

The installation shown in Figure 4-5 was designed to provide low
torque operation over the expected temperature ranges. with temperature
differentials between housing/shaft and inboard/outboard bearing pairs.
Axial differential expansion is accommodated by allowing one pair of bearings
complete axial freedom. In the case of differential temperatures between the
inner and outer races of particular pairs, a combination of wavy washer
springs and matched materials for housing, shaft, and bearings was used.

Panel Tension Drive. A constant torque Negator ( spring drive
was used to provide tension on the panels during extension and retraction.
The Negator G spring is a coiled stainless steel band wound on spools to
produce a torque essentially constant over the entire travel range. The tape
had to be modified by contouring because of the changing radii in the drum and
Negator kU spools. The contouring consisted of varying the tape width with
length to produce a slightly negative spring constant. Total two-panel tension
provided by this drive arrangement over the entire travel and temperature
range was 10 ±2.5 pounds.

Panel Cushion Take-up Drive. The cushion required to protect the
solar cells in the stowed condition, particularly during launch, was
embossed Kapton. The function of the cushion take-up is to roll up and store
the cushion when the panels are deployed and to deploy the cushion between
the two panels during the retraction cycle. The cushion tension provided by
this drive is between I and 2-1/2 pounds.

The system chosen for this task was a Negator k motor drive oper-
ating directly on the take-up reel, independently of the storage drum. As in
the case of the panel tension drive, this motor is a coiled metal band wound
on spools to produce a torque essentially constant over the entire travel
range.

Power and Data Transfer Assemblies. Transfer of power and data
signals within the storage drum is accomplished by means of flexible flat
cables. These cables employ copper conductors with 1 mil Kapton insulation.
Transition to conventional round wires is made at the hub of the drum to allow
use of conventional connectors at the spacecraft interface. For the power
cables, a printed circuit board was used as an interface with the panel wiring
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bus (see Figure 4-6). The data cable at the opposite end of the drum was
soldered directly to the flat solar panel conductors. The cables are wound
up onthe center spar of the drum when the panels are fully retracted. As
the panels extend, the cables unwind, then rewind in the opposite direction.
This feature permits shorter cable lengths and therefore. lower power losses.

Drum Mechanism Tradeoff Analyses

The significant tradeoff analyses performed to establish the drum
mechanism design involved the following areas:

0 Boom diameter

0 Single versus dual actuator motor

* AC versus dc actuator drive motor

* Boom length compensator

* Cushion take-up drive

0 Slipring versus flexible cables

* Storage drum and ezid plates

Boom Diameter' Study. The analysis to determine the boom diameter
considered the panel mass properties and dimensions as well as the orbital
maneuvers of the spacecraft specified to impose a maximum load of 0. 1 g.
The analysis concluded that two 0. 86-inch diameter booms constructed of
5-mil thick stainless steel (instead of 0. 75-inch diameter, as originally pro-
posed) were required to support the 16-by 5. b-foot panels. Booms of this
type have ample strength and stiffness to satisfy the requirements. In addi-
tion, this choice produces the following important design margins and
parameters:

1) Column buckling load of 9 pounds, which allows 5 pounds panel
tension

2) Boom tip deflection of approximately 3 feet, under a 0. 1-g
acceleration normal to the plane of the array

3) Boom bending moment of 12 ft-lb at boom root (allowable is
27 ft-lb)

4) Fundamental bending frequency of deployed panel of approxi-
mately 0.20 cps

5) Boom tip deflections of 2. 8 and 3. 3 inches in response to speci-

fied rotational control maneuvers of Agena orbital vehicle and
Orientation Mechanism, respectively
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Single Versus Dual Actuator Motor Tradeoff. The drive arrangement
tradeoff, although considering many drive systems, concentrated on the
schemes illustrated in Figure 4-7. Tradeoff criteria were volume, weight,
reliability, cost, and growth (see Table 4-Z). Based on these factors, the
single motor with torque tube coupling was confirmed for. the baseline
design.

AC Versus DC Actuator Motor Tradeoff. Before the 115-volt, 400-Hz
ac servometer was chosen for driving the actuators, an in-depth analysis of
two alternate types was performed. The alternates were the brush dc motor
and the brushless dc motor. Although brush wear for the original goal of
500 cycles would be reasonably low (0. 005 inch), it was considered signifi-
cant enough to eliminate the brush type motor for this particular application.
The brushless dc motor, while not presenting a brush wear problem was not
chosen because of its electronic complexity and its higher development cost.
A summary of the motor tradeoff study is given in Table 4-3.

TABLE 4-2. BOOM ACTUATOR DRIVE TRADEOFF SUMMARY

Single Two Motors and Two Motors and
Criterion Motor Two Motors Differential Clutches

Volume Least Intermediate Greatest Intermediate

Weight Least Intermediate Greatest Intermediate

Reliability Equal Equal Equal Equal

Cost Least Intermediate Intermediate Greatest

Growth Provides Provides Provides Provides
capability capability capability capability

TABLE 4-3. BOOM ACTUATOR MOTOR TRADEOFF SUMMARY

AC Motor and DC Brushless Motor and
Criterion Inverter Electronics DC Brush

Volume Equal Equal Equal

Weight Equal Equal Equal

Reliability Greatest Intermediate Least

Cost Intermediate Greatest Intermediate

Growth Equal Equal Equal
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Boom Length Compensator Design Study. The tradeoff study to
determine the most suitable boom length compensator system considered
equal tension on both edges of the panel a prime requisite. Equalization of
panel tension provides the greatest opportunity for the panels to wind evenly
on the storage drum without lateral displacement. Of the many mechanisms
considered, the device shown in Figure 4-4 best satisfied this requirement.
It also ranks high when compared to other schemes on the basis of weight,
volume, reliability, and cost.

Cushion Take-up and Panel Tension Drive Study. The system chosen
for both the cushion take-up and the panel tension driver was a Negator ®
spring arrangement. Other devices considered were torsion springs, electric
motors, and various pulley/gear mechanisms for the cushion take-up drive.
The logic tree for the cushion take-up drive is shown in Figure 4-8.

Flat Flexible Cable Versus Sliprings/Brushes. The 1500-watt FRUSA
system employed 8 power conductors and 100 instrumentation conductors
between the panels and the drum. On the basis of equal power losses, slip
rings would have been lighter for power transfer alone but considerably
heavier for the data transfer. By accepting twice the expected slipring/brush
system losses, a weight savings was realized with a flexible power cable. f
The higher power losses are dissipated in the flat cable over a relatively
large area and not localized as in the brush/slipring arrangement. Other
advantages of the flexible cable are the elimination of slipring noise, lower
cost, and decreased complexity of drum design. A summary of the tradeoff
for the power transfer task is shown in Table 4-4.

Storage Drum Tradeoff Study. The structural design of the storage
drum had to provide sufficient bending strength and stiffness to withstand
launch vibrations and quasi-static accelerations, and adequate stability to
withstand radial load induced during launch by a breathing mode of vibration
of the solar panel layers on the drum. In addition, the minimum drum diam-
eter had to be compatible with the solar panel flexibility, the panel tension
required for minimum array frequency, and the panel tension required for
the solar cells to survive the launch environment.

The storage drum diameter of 8 inches was established by tradeoff
analysis as follows:

1) The minimum diameter required to assure proper solar panel
wrapping onto a cylinder increases with decreasing panel ten-
sion and decreasing panel flexibility (Figure 4-9). The latter
depends on the substrate rigidity and the spacing between rows
of solar cells. A specified array area utilization of 95 percent
translates into an upper gap width of 0.027 inch for 2 x 2 cm
solar cells. The panel tension should be as low as the orientation
control mechanism allows from an array fundamental frequency
point of view. For stowage the panel tension should be as high as

necessary for intimate wrapping of the array on the drum without
exceeding the compressive strength of the deployment booms.
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Z) The fracture sti..:ngth of 8-mil thick solar cells with a 6-mi
coverglass was predicted and experimentally verified adequate
to sustain wrapping tension and vibration loading on a 8-inch
diameter storage drum.

3) The selected diameter resulted in relatively few wrapped panel
layers, which is desirable from the point of view of solar cell
dynamic loading, panel evenness in roll-up, and sizing of the
Negator ® tension spring drives.

The choice of the thin wall magnesium cylinder for the FRUSA stor-
age drum was made following a tradeoff study of aluminum, magnesium,
beryllium, and the fiber-reinforced epoxy composites of boron, graphite,
and fiberglass. The following conclusions were drawn from the structural
and weight analysis:

I) The choice between a thin wall cylinder and a sandwich cylinder
design, when evaluating weight, depends on the material used
(Figure 4-10).

2) Graphite/epoxy composite is superior to the lightweight conven-
tional alloys of aluminum, magnesium, and beryllium, or the
composites of fiberglass and boron/epoxy.

3) Use of a magnesium or graphite/epoxy cylinder would effect
weight savings of approximately 25 and 60 percent, respectively,
over an aluminum cylinder.

4) A weight-optimized beryllium storage drum has greatest stiff-
ness and high fundamental frequency - that is, small deflections
in response to dynamic excitations. It is an expensive design,
however.

A magnesium drum with titanium sandwich end plates was the prime choice
when weight and reliability were considered and state-of-the-art technology
utilized. The monocoque magnesium cylinder was originally dimensioned
for an estimated loading tEat would require 0. 030-inch minimum wall thick-
ness. As the final load analysis indicated lower bending moments however,
lightening holes were added to further reduce the weight. This approach was
selected in preference to a uniform wall reduction because the thin wall mag-
nesium shell would have been subject to handling damage and excessive local
flexibility.

Drum Mechanism Development Tests

In addition to the complete subsystem functional tests on the water
table, the following components and subassemblies were evaluated:

* Boom actuator units

* Bearing, Negator 0 , and flexible cable installation
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0 Boom length compensator mechanism

Boom Actuator Units. An engineering model of the boom actuator was

subjected to the following series of functional and environmental tests:

1) Sinusoidal vibration tests

2) Thermal. extension/retraction tests

3) Boom synchronization, straightness, alignment, and bending
evaluation

4) Boom bending instrumentation calibration

A single boom breadboard model of the actuator unit was also built
and subjected to a life test program. This program consisted of 314 exten-
sions and retractions in an ambient environment with simulated tip loading.
The successful demonstration of 314 cycles represents a capability to per-
form 35 cycles (25 on ground and 10 in orbit) with a 90 percent confidence
level.

Bearing, Negator '', and Flexible Cable. The development pro-
gram for the drum bearings, panel tension drive, flexible cable, and
cushion reel drive included the following:

" Drum bearings at room temperature, -150°F, and 230'F

" Drum bearings and simulated flexible flat cable at room tem-
perature, - 150'F, and 230 °F

* Cushion reel drive at room temperature

* Complete system (drum bearings, drum drive, cushion reel
drive, and flexible cable) at room temperature, - 150'F, and
230°F

" Drum bearings with inner race temperature 5°to 30'F higher
than outer races

The test results indicated adequate margins for all components
tested when operating in the expected thermal environment. The more sig-
nificant results and conclusions were as follows.

* Drum bearing torque levels for essentially uniform temperature
distribution (no temperature gradients between inner and outer
race) were 0. 13, 0. 22, and 0. 27 in. - lb per pair for room tem-
perature, -150°F and 230 *F, respectively.

* Drum bearing torque for the expected 5-to 10-degree differential
between inner and outer races was approximately 0.20 in-lb per
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pair. For AT = 30°F, the torque was 0.35 in.-lb, still within
the allowable limit of 1 in-lb.

* Flexible cable torque levels, based on a simulated cable with
representative Kapton/copper, were estimated to be about
2. 0 in.-lb maximum. This includes two pairs of data cables and
two pairs of power cables at -150'F.

* Cushion tension, provided by cushion reel drive, would be
between 1.0 and 2. 5 pounds. The larger value corresponds to
the empty reel condition where the largest tension is required
for proper rollup of the cushion.

* Drum negators, when contoured to compensate for changing
drum diameters, would provide total panel tension levels (two
panels) between about 8 and 12 pounds. Based on panel rollup
tests and the allowable boom loads, this range of panel tension
was considered acceptable.

A contoured negator was subjected to more than 4450 cycles at room
temperature before a bending fatigue failure occurred. This represents a
large margin over the 2500 cycle vendor guarantee and the 35 cycle (10 flight
plus 25 preflight ground test) life required for the experiment. Measure-
ments made after about 4000 cycles revealed no apparent change in the
negator torque characteristics over a typical cycle. These measurements
also verified that the contouring operation achieved the features desired.

Boom Length Compensator. The development test program on these
devices was performed at room temperature, -120*F and 275 °F. Results
of the tests indicated the maximum difference between the panel tension
from one edge to the other was less than 1 pound. This value was consid-
ered well within the difference allowable for satisfactory rollup of the
flexible arrays.

Flexible Solar Arrays

Description

The flexible solar arrays consist of the following components, start-
ing at the backside of the panel (see Figure 4-11).

1) Etched copper with Kapton insulation for collector bus
material

2) Bonded Kapton and fiberglass substrate base for supporting
cells

3) Solar cells connected together by soldered, expanded copper
mesh Z-strips
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4) Glass coverslides for environmental and radiation protection
of the solar cells

5) Embossed Kapton cushion for protecting cells in rolled-up
configuration

The percentage weight breakdown of the solar panel is shown in Figure 4-12.

Panel Bus. The bus systems,(see Figure 4-13) for power, as well as
for the reference cells/modules, temperature sensors, and spreader bar
instrumentation circuits, were fabricated from a -copper/ Kapton laminate.
This laminate was 1/2 ounce (0. 0007 inch) copper bonded to 0. 001-inch
Kapton. In order to provide for constant voltage operation from each sector
of the panel, the longest power buses had the widest conductors. Negative
and positive power buses were alternated to provide minimum electromag-
netic induction. Collector bus strips from the cell strings to the main power
buses were folded around the edge of the panel as shown in Figure 4-14.

Panel Substrate. The primary function of the substrate was to provide
sufficient mechanical support for the solar cells to maintain a planar config-
uration and physical alignment within the cell matrix. The substrate had to
carry all the required stresses to accomplish this function. Desirable sub-
strate characteristics are 1) high flexibility, 2) electrically insulating sur-
face, 3) resistance to damage from soldering and other manufacturing oper-
ations, 4) minimum elongation and high tensile strength, 5) stability in the
space environment, particularly with respect to hard vacuum, ultraviolet
radiation, and temperature extremes, 6) high transmissibility to infrared
wavelengths, thereby permitting radiant heat transfer directly from the solar
cell rear surface to space, 7) suitable surface for bonding, 8) high optical
transmittance to permit inspection of rear cell contact after array fabrica-
tion, and 9) low specific weight. The flexible substrate chosen combined the
qualities of two materials, using a 0.001-inch DuPont Kapton H-film bonded
to 0.001-inch type 108 fiberglass.

Fiberglass is susceptible to cracking if wrinkled or folded, but it
offers more tensile stiffness than film material. Kapton has a tensile
strength of 70-Ib/mil thickness and will redistribute the load if the substrate
is creased. The fiberglass prevents the Kapton from tearing, eliminating
the undesirable property of Kapton. The resulting composite therefore takes
advantage of the desirable properties of both materials.

Solar Cells. The elements of the solar cell assembly are shown in
Figure 4-15. The cell was 2 x 2 cm n/p silicon, 8 mils thick. It had silver-
titanium grids and contacts. The grids and N-contact bar were solder-plated
on the front side, while the rear surface contact was solder-plated over a
small zone. The characteristics of these cells as determined during a quali-
fication program at Heliotek are summarized in Table 4-5.

Each of the panels employed 81 cells across the width of the panel
(connected in series) and 222 cells (9 rows were taken up by reference
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8 6

9 7 5 1 mil FIBE RGLASS SUBSTRATE

ITEM DESCRIPTION TYPE

1 COVER 6 milMICROSHEET, Mg F AJRAND
UV FILTER

2 COVER RTV 602

IADHESIVE

3 SOLDER THIN, CLOSELY CONTROLLED AND
PRESSED OVER GRIDS AND BAR

4 'N'CONTACT Ag -T i

5 CELL sio
AIR COAT

6 CELL MAT'L 2fcm, CRUCIBLE GROWN, 8 mils

7 EDGE SMOOTH ETCHED. "PILLOW" FORM

8 'P'CONTACT Ag -T7i

9 SOLDER ZONE, THIN, CLOSELY
CONTROLLED AND PRESSED

F igure 4-15. Elements of Solar Cell Assembly
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TABLE 4-5. CELL QUALIFICATION TEST RESULTS

Average Current Average Output
at 470 my, Power,

Measurement ma mw

Initial 114.4 53.77

Post temperature-humidity 113.9 53.53

Post thermal shock 114.7 53.91

Final (post temperature-vacuum) 114.8 53.96

Percent change 0.35 0.35

cells/modules on the flight unit) along the length of the panel (connected in
parallel).

Glass Coverslides. The solar cells are protected from radiation
damage by slides of 0211 microsheet, 6 mils thick. An antireflective coat-
ing of magnesium fluoride was applied to the top surface of the cover and a
conventional UV rejection filter (Optical Coating Laboratory) was used on the
bottom surface. The glass coverslides were bonded to the cells with RTV60Z.

Solar Array Cushion. The cushion required to protect the solar cells
during launch vibration was embossed 2-mil Kapton (see Figure 4- 16). It
was interleaved between the alternate layers of the dual panel that lie
coverslide-to-coverslide when rolled on the storage drum, as shown in Fig-
ure 4- 17. Its primary function was to provide a means of distributing cell-
to-cell stress.

Z Strip. The interconnection between the solar cells was 2-mil
etched copper, solder-plated.

Cell-to-Substrate Bonding. The adhesive used to bond the solar cells
to the substrate was a Hughes developed modified two-part epoxy.

Solar Array Tradeoff Analysis

Most of the tradeoff studies and analyses for the solar array con-
struction and materials were performed prior to the contract award. Other
than design studies to determine dimensions, bus routing, conductor sizing,
etc., the only significant tradeoff concerned the distribution of active cells
to obtain 700 watts from a panel sized for 1500 watts. Since the contract was
changed to a flight panel completely covered with active cells, the tradeoff
study was invalidated.
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Figure 4-16. Embossed Kapton Film Cushion-Rolled
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Solar Array Development Tests

Solar Panel Materials and Processes Tests. The tests on various
solar array materials and processes included strength tests of materials
and adhesive bonded joints as well as thermal cycling tests of bonded joints.
Some observations are as follows:

* The strength of adhesive bonded joints was well above the
design requirements.

* The absorption of water by Kapton from a humid environment
has no effect on bond quality.

* Minor voids at the bond line have no effect on bonded joint
strength when loaded within a thermal-vacuum environment.

* No yielding or peeling of any adhesive joints was observed
when loaded beyond the maximum expected loads and sub-
jected to thermal cycling tests.

* Peeling strength of solar cells and bus strip material to
substrate exceeded peeling requirements by a high margin.

In addition, the following fabrication processes were developed and
evaluated prior to the fabrication of the array:

1) Etching of 0. 0007-inch copper foil bus strips on 0. 5-and 1-mil
Kapton base

2) Bonding of Kapton lap joints with liquid epoxy adhesive

3) Bonding of bus strips to Kapton

4) Bonding of fiberglass to Kapton in areas without cells

5) Bonding of small solar cell groups to substrate, including
areas over bus strips

6) Evaluation of thermal stabilization, surface preparation,
and humidity effect on bonding operations

Panel Roll-Up Tests. The test specimen for analyzing the panel ten-
sion required to wrap the array on an 8-inch diameter drum was 5 inches
wide, 25 inches long. It included cell interconnects and bus bars represen..
tative of a full-size array with regard to flexure characteristics. Since cell
thicknesses have negligible effect on panel tension/roll-up characteristics,
rejected 12-mil cells with 12-mil covers were used rather than the flight-
quality 8-mil cells with 6-mil covers.
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The test program to evaluate the roll-up characteristics of the
flexible array with various values of panel tension was performed at room
temperature and at -200°F (Figure 4-18). The significant results of these
tests are as follows:

0 The panel wound up satisfactorily on an 8-inch diameter drum
with as little as 0. 02-lb/in tension.

* The panel wound on and off the cylinder as well at -200'F as
it did at room temperature.

Panel Segment Thermal Cycling Tests. A representative panel seg-
ment (see Figure 4-19) was exposed to 100 thermal shock cycles over the
temperature range of approximately 2000 to -300°F. These tests indicated
slight electrical degradation from mechanical damage believed to be the
result of excess solder on the contact area of a single cell. After tighter
inspection procedures were established, additional samples were fabricated
for tests at the NASA Lewis facility. These samples were subjected to
2100 cycles between 1890 and -163°F at pressures of about 1 x 10- 7 Torr.
A typical cycle is 55 minutes at 189°F, followed by cooling to -163°F in
30 minutes (see Figure 4-20). No mechanical or electrical degradation was
noted in the test samples. Final test results submitted by NASA Lewis are
as follows:

Test Module TC- 1 Control Module TC-2

SCC, ma OCV, volts SCC, ma OCV, volts

Pretest 362 1. 696 363 1.695

Post-test 364 1.688 367 1.698

All data were corrected to 75 *F. The changes in OCV (open circuit voltage)
and SCC (short circuit current) were within the measurement accuracy.

Panel Cushion Development. The 2-mil Kapton for the panel cushion
was embossed by applring pressure to a heated forming die (see Figure 4-21).
A considerable development effort was expended before the proper die dimen-
sions (see Figure 4-22) and correct temperature/pressure combinations were
determined. Some of the initial efforts produced too little embossment and/or
large tears in the material.

After the production techniques were developed, cushion samples
were evaluated. The evaluation included measurement of spring rate and
recovery characteristics as a function of time and temperature. Tests wererun at room temperature and at 120', 150', and 175*F.

Panel Segment Vibration Tests. Reduced width solar panels with live
8-mil and dummy cells were subjected to random vibration levels correspond-
ing to the Titan IIIC environment (see Figures 4-23 and 4-24). Amplification
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factors were applied to simulate the expected environment at the center of the
storage drum. Some slipping of the panels with respect to the cushion was
noted during the test exposure. An examination of the live cells following the
test revealed about 3 percent of the cells/covers had sustained minor damage,
primarily small coverglass cracks. A comprehensive study following the
test produced the following conclusions: -

* The slipping was not a realistic condition for the full width
panel.

* The -mil cushion was inadequate for 8 mil cells.

" The 0. 53-lb/in. (35 pounds total for full width panel) panei ten-
sion was somewhat high for the 8 mil cells.

Action taken to correct the problem was as follows:

* The l-mil cushion with approximately 0. 030-inch high
embossment was replaced with a 2-mil cushion with
0. 040 to 0. 045 inch high embossment.

" Windup panel tension was reduced to 25 pounds total for a
full width panel.

* Support was provided to prevent unrealistic slippage due to
i-g bias.

A vibration retest of the panels resulted in two coverslide cracks in
the 406 live cells. Since the cracks noted were not expected to affect panel
performance, the 0. 5 percent coverglass breakage under worst conditions
was considered acceptable. An electrical check showed no performance
degradation. The 0. 5 percent was approximately the same as later noted on
the full size qualification model panel. Inspection of the flight panel prior to
flight indicated that less than 0. 1 percent of the cells had failed to an extent
requiring replacement after all handling and test operations. Most of the
cells replaced, in fact, were replaced more for confidence than for
necessity.

Humidity and Thermal Shock Tests of 8-mil Cells. Three test
samples of 8-mil solar cells with 6-mil coverglasses were subjected to tem-
perature, humidity, and thermal shock tests. The configuration of these
test samples was as follows:

Group 1 (46 cells) Fully soldered N contact, P contact, and
grids

Group 2 (51 ceils) Fully sodered N contact, zone soldered
P contact, and fully soldered grid lines

Group 3 (46 cells) Fully soldered N contact, zone soldered
P contact, and unsoldered grids
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The sequence of inspections and tests was visual inspection,
electrical test, temperature and humidity exposure, visual examination,
electrical test, thermal shock exposure, electrical test, and visual inspec-
tion. In general, the group 2 samples, the flight configuration, appeared to
show an insignificant degradation from the environments.imposed and were
the best of the three groups.

Flight Results and Observations. The complete details of the flight
data reduction are included in the flight test section. The flight data show
that the design of the solar array subsystem was adequate for the launch
environment. In addition, neither the ten full extension and retraction
cycles nor the numerous eclipse cycles degraded the solar panel perfor-
mance. The only recommendation is that, for a system requiring full
power output, an oversize coverglass or grouting be used to cover the
coverglass voids to prevent low energy proton damage.

Solar Array Subsystem Conclusions

The tradeoff studies and development tests on the drum mechanism
and solar array components resulted in a subsystem that performed well
during the development, qualification, and flight tests. Although satisfying
all requirements, the following improvements should be considered for sub-
sequent designs:

" Provide a positive drive system for booms and thereby
reduce the size and weight of the boom length compensator
mechanisms

* Use panel mounted diodes on each 3 by 81 string to reduce
thermal problems due to shadowing

ORIENTATION SUBSYSTEM

The orientation subsystem for FRUSA is a direct dbrivative of the
OLSCA (Orientation Linkage for a Solar Cell Array) design, whose back-
ground of theory, design, and development was presented in a previous
report.,, Modifications were made only as dictated b-,r the special require-
ments and constraints of the FRUSA program.

*OLSCA, Orientation Linkage for a Solar Cell Array, fechnical Report
AFAPL-TR-68-76, July 1968.

V
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Design Requirements

The FRUSA orientation subsystem was required to control automatic-
ally a 2-degree-of-freedom drive system so as to align the array panels
normal to the sun line of sight on initial sun acquisition and on emerging from
an eclipse. This alignment had to be maintained during all periods of sun
illumination for all orbital positions. Manual operation, controlled by
ground commands, was provided to permit the automatic control functions
to be deactivated or overridden in the event of a failure. The manual modes
were required to enable either axis to be torqued in either direction but not
simultaneously. Backup commands were specified for simulation of the sun
lockon signal. The orientation subsystem also had the responsibility for
deploying the solar array subsystem from the stowed launch configuration on
ground command and for transferring power and signals between the launch
vehicle and all subsystems of the FRUSA experiment. To meet these
requirements, the o.rientation subsystem was composed of an orientation
mechanism, control electronics unit (CEU), sun sensor group, and a filter
unit (see Figure 4-25).

The specific technical criteria or requirements which implement the

general requirements for the subsystem are as follows:

* Maintain array pointing within ±l0 degrees.

" Provide sun acquisition scan rates of 0. 5 deg/sec (2 axes).

* Impart minimum reaction forces to mission vehicle.

* inpose minimal maneuvering constraints on vehicle.

" Prevent possibility of collision between the solar array and the
spacecraft.

" Avoid array/vehicle mutual shading.

* Be compatible with a circular orbit, of any inclination, of
approximately 400 nm altitude.

• Meet specifications for minimum of 1 year, with a goal of
3 years.

0 Transfer 1.5 kw of electrical power.

0 Provide 30 data and command channels.

* Interface with Titan III-C/Agena or Thorad/Agena vehicle.
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Operations required of the orientation subsystem in orbit are
indicated in the functional flow diagram of Figure 4-26. The system must
first be deployed from its launch-stowage position; this is accomplished by
ground commands which blow pyrotechnic bolts holding the stowed arrays
against the payload structure, allowing the subsystem to.deploy the solar
array assembly into flight position (operation 1. 1). System operation is then
initiated by ground command to activate control electronics unit power (1. 2).
Data transfer starts at this time and is continuous thereafter unless the sys-
tem is deliberately shut down by ground command. When torquers are
activated, the system aligns itself to the sun (1. 3), the arrays are unfurled
(1. 4)-, and power transfer takes place (1.5). Airay sun tracking (1.6) is
maintained in the face of vehicle earth tracking motions until the earth's
shadow is entered (1. 7) in some orbits. At this time, the system reverts
to the sun acquisition slew mode (1.8) so that, regardless of orbit geometry
or eclipse duration, the sun will be automatically reacquired upon emergence
without further switching. Since the arrays are already extended, operation
1.4 is by-passed.

Descriptions

'Subsystem

The orientation subsystem units are illustrated in Figure 4-25. A block
diagram, including gross functions within the control electronics unit, is
presented in Figure 4-27.

Commands. In the interests of minimizing slipring requirements,
both "on" and "off" commands for any given function were designed to be
carried on the same path, the command state alternating with each command
pulse transmitted. The hindsight provided by flight experience indicated
that this "toggle" implementation was undesirable from an operational stand-
point because of the susceptibility to out-of-phase states and the accompany-
ing requirement for more careful monitoring. Future designs will, therefore,
incorpnrate discrete channels for "on" and "off" functions despite the slipring
penalty.

The subsystem command list is presented in Table 4-6.

Slipring Assignments. Power transfer across the gimbal axis is
effected by one power bus ring and one return ring on each axis. In addition, '

two rings are provided on the support axis to carry unregulated bus power to
the CEU for powering the torquer windings.

Thirty signal and command transfer rings are provided on each axis,
The lists in Table 4-7 indicate the individual functions serviced and illustrate
the complexity of this interface.

*Alternately, arrays may be extended prior to sun acquisition.
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TABLE 4-6. ORIENTATION SUBSYSTEM COMMANDS

Command
No. Command Name* Command Function

4-:- Manual Torque, Support X Apply plus torque to support X
Axis, OFF/POSITIVE axis drive until command off.

2.1- -  Manual Torque, Support X Apply minus torque to support
Axis, OFF/NEGATIVE X axis drive until commanded

off.

3-4 Manual Torque, Drum W Apply plus torque to drum W
Axis, OFF/POSITIVE axis until commanded off.

4-; Manual Torque, Drum W Apply minus torque to drum W
Axis, OFF/NEGATIVE axis until commanded off.

5 Control Electronics Unit Receipt of each command
OFF/ON alternately turns unit on and

off

6 Limit Override OFF/ON Receipt of each command
alternately removes or inserts
rate command limit in both
channels.

31 Manual Sun Lockon, Receipt of this command pro-
OFF/ON vides control Logic with appar-

ent sun lockon signal even
though not received from
tracking sensor's lockon cell.
Subsequent command removes
control logic.

33 Torquer Drive, Receipt of each command
OFF/AUTO alternately closes (AUTO) or

opens current path to
torquers if CEU is on.

"Command name is structured to denote which logic state is established
at initialization.

,"Receipt of OFF command leaves the torquer open circuited.

60

77- 777-7 =M-*



TABLE 4-7. ORIENTATION MECHANISM SLIPRING ASSIGNMENTS

Support Axis

Ring No. Function

1 Solar cell electronics unit Off/On command

2 Torquers off/on command

3 Manual sun lockon command

4 Limit O/R off/on command

5 CEU off/on command

6 Manual torque drum command-

7 Manual torque drum command +

8 Manual torque support command-

9 Manual torque support command +

10 Tracking mode

11 2-phase neutral
12 Phase 1 Array extension motor

13 Phase 2 J
14 "A" measurement

15 "D" measurement Data commutator outputs
16 "IB" measurement

17 Deployed and locked

18 Fully extended

19 Fully retracted

20 CEU unregulated bus

21 Structure ground

22 -28 volts dc regulated

23 +28 volts dc regulated

24 Regulated return 1

25 Regulated return 2

26 -z logic signal

27 Commutator index

28 Frame reset

29 Shaft temperature - support axis

30 Motor temperature - support axis

, 61



Table 4-7 (continued)

Ring No. Function

1 Solar cell electronics unit off/on command

2 Sun lockon

3 Drum axis error

4 Support axis error
Sun sensor signals

5 Negative acquisition 'and excitation

6 Positive acquisition

7 +15 volts dc 4
8 -15 volts dc

9 2-phase neutral

10 Phase 1 Array extension motor
power

11 Phase 2 p

12 "A" measurement

13 "D" measurement

14 Deployment switch, normally open
conne ction

15 Array fully extended

16 Array fully retracted

17 Structure ground

18 Regulator return 1

19 Regulator return 2

20 Regulator return 3

21 +28 volts dc regulated

22 Agena commutator index

23 Frame reset

24 Deployment switch, normally closed
connection

25 Spare

26 Motor temperature - drum axis

27 Motor temperature - drum axis

28 Shaft temperature - drum axis

29 Shaft temperature - drum axis

30 Spare
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Subsystem Telemetry. To provide sufficient information for
evaluation of subsystem status and performance without adding to the slip-

ring burden, a 45-word data commutator was incorporated within the CEU.
Circuitry was provided to buffer each signal and condition it to a 0-5 volt
level at the commutator input. No signals in this subsystem were super-
commutated, so all signal sample rates were equal to frame rate, approxi-

mately 4 per second. The telemetered signal list is in the Instrumentation
Section.

Orientation Mechanism

The orientation mechanism consists of a basic structure or central
gimbal assembly, the torquers and sensors required for orientation drive,

and the deployment hinge. Figures 4-28 through 4-30 illustrate various
details of the elements and the complete unit.

Basic Structure. The'basic gimbal structure cohnprises housings,
shafts, and bearings (Figures 4-29, 4-31, and 4-32). Housing shells are
machined from magnesium alloy forgings to a 6.45 inch diameter, with wall
thickness ranging from 1/10 to 1/8 inch. Cutouts providing access to the
brushes are closed with nonstructural sheet aluminum covers. End clos-
ures are titanium for a better thermal match with the steel bearings.

Aluminum alloy shafts are machined from tubular stock; final OD is
2.00 inches, with 1/8 inch wall thickness.

Bearing design is based on an approach successfully employed in
several Hughes rotating space mechanisms. A single 25-degree (nominal)
contact angle ball bearing is utilized at each end of the housing; one bearing
is fixed, the other floats against a wavy washer providing preload on both
bearings through the housing (Figure 4-33). This tolerates a =50' to 150°F

temperature range, with a radial difference of 25'F across the bearings.
Races and balls are burnished with molybdenum disulfide; the ball retainer
is Duroid 5813, a Teflon, glass-fiber, MoS 2 composite. The dry lube is
adequate for the light loads and low speeds involved, and does not outgas to
interfere with optical surfaces.

Static load capability of the bearings is 10, 000 pounds axially and
3, 650 pounds radially based on a conservative Hertzian stress limit" of
285, 000 psi. Bending stiffness of the assembly varies with applied load,
but is in the range of 0.5 to 1 x 106 lb-in. /rad.

Rate Sensor. A shaft rate sensor is utilized on each axis in the mech-

anism as a control feedback element during sun acquisition, as a rate limit-
ing element during sun tracking, and as a telemetry source. The main
components are a permanent magnet field, a multipole armature, a commu-
tator, and a brush assembly in a frameless, gearless, pancake configuration
(Figure 4-34). No electrical power is required, the rate of rotation generating
a proportional electromotive force with a nominal scale factor, in this applica-
tion of 13 mv/deg/sec. To minimize commutator/brush interface resistance,
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a) Deployed in Normal Operating Configuration
(Photo A28782)

b) Unlatched (Photo A28781)

Figure 4-28. Orientation Mechanism
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Figure 4-29. Orientation Mechanism Drum Axis Hardware
(Photo A28317)

i RATE SENSOR

MOTOR
0

POWER SLIPRING
E

SPACER

SIGNAL SLIPRING

SLIPRING

,4,

BEARINGS
ANGULAR
CONTACT

FORGING
MAGNESIUMMAGNEI IC SHIELD ALLOY

Figure 4-30. Orientation Mechanism Internal Profile
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eight brushes are used (six are redundant). Brush material is the same as
that used for other signal nd power transfer (see below). Following NASA
experience, the basic copper commutator bars are given a nickel strike fol-
Lowed by a thin plating of gold to minimize signal noise.

Torquer. The FRUSA gimbal torquers are frameless, gearless units
generically similar to the rate sensors. In the torquer, however, the coil
windings are energized to produce torque. Four brushes (two are redundant)
utilize a long-wearing, self-lubricating, sintered composite of molybdenum,
moly-disulfide, and tantalum, bearing on a bare copper commutator. This
combination has been extensively tested by both NASA and Hughes in similar
applications. Output, as employed here, is rated at 2.2 lb-ft at 118 watts.
Driver design is conservative, however, limiting the torque to 1. 8 lb-ft
(80 watts) to avoid any possibility of degrading the magnets by overdriving.
The motor provides an ample margin over the 0. 25 lb-ft of gimbal friction
torque specified and experienced in flight application.

Electrical Transfer. Sliprings and brushes are used for the transfer
of both power and data across the gimbals. The FRUSA hardware is illus-
trated in Figures 4-29, 4-35, 4-36, and 4-37. Designs and materials suit-
able for space use were developed over several years on a number of pro-
grams (e.g., OLSCA and several Hughes dual-spin satellites). In the present
application, brush travel is so low, even for long duration missions, that
wear is not a problem; the primary concern is good seating to minimize inter-
face resistance, and absence of sticktion. FRUSA rings employ coin silver;
the brushes are a sintered, self-lubricating composite of silver,moly-
disulfide, and copper (Stackpole SM 487), configured to provide a conserva-
tive apparent current density through the brush face of 75 amp/in2 (power
circuits). At this value, the brush interfaces contribute less than a tenth of
the measured overall (round-trip) subsystem power circuit resistance of
0. 023 ohm. Implementation of this design criterion required use of four
brushes in parallel on each power circuit ring; nominal brush pressure of
8 psi is supplied by cantilevered springs bearings on the upper brush surface.
Slot relief is provided to allow each brush to rock as required to effect a
full-face seat.

Data circuit rings carry minimal currents and are configured for
fabrication convenience and structural integrity. Each ring is serviced by
two brushes in parallel on cantilevered leaf springs.

Satisfactory flight performance of the design was observed at normal
tracking rates, in static conditions, and at resumption of tracking operation
following prolonged static conditions with full continuous power transfer.

Shaft Position. As an economy measure, shaft position detec tors

were not incorporated in the FRUSA orientation mechanism design, on the
principle that array position could be derived from the known position of a
stabilized vehicle in orbit, and the sun-error telemetry. The integration
contractor, however, imposed constraints based on view angle and
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Figure 4-32. Orientation Mechanism Housings and Shafts
(Photo ES28316)
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communication requirements of other experiments and installed, as a
minimum operational aid, a magnetic encoder with a 5-degree resolution at
the spacecraft/orientation-mechanism interface (support axis). The
information so provided proved invaluable during the mission. Because the
orientation control was deactivated for long periods, a similar device would
have been useful on the drum axis as well. This experience indicates that
position pickoffs should be incorporated as a basic feature of future designs.

Deployment Hinge. Simplicity of design and operation was the major
goal of the deployment mechanism. The deployment mechanism's function
is to swing the array subsystem out from its stowed position and lock it in the
flight position (see Figure 4-28a and b) when the pyrotechnic launch lock
devices (not part of this subsystem) are fired. The hinge is based on a
simple tongue and clevis joint, with ball bearings utilized to ensure low fric-
tion (Figure 4-38). Bearing lubrication is by burnished-in moly-disulfide,
with additional MoS Z in the Duroid 5813 ball retainers. Deployment energy
is furnished by two symmetrically mounted spiral springs concentric with
the hinge pin, wound at assembly to provide a margin adequate to tolerate
variations in bearing friction and cable stiffness due to wide ranges in
expected temperature at operation. Residual energy at the end of the stroke
is absorbed by bending of the drum axis shaft as a consequence of employing
a hard stop at the hinge. A door latch type device locks the hinge in the flight
position. The mechanism performed flawlessly during unit and system tests
and in flight.

Sun Sensors

The sun sensor group includes a two-axis tracking sensor and a set
of acquisition sensors, all mounted on a bracket at the outer end of the solar
array drum mechanism assembly to provide clear, reflection-free fields of
view. The general geometry is illustrated in Figure 4-39, an outline drawing
of the assembly in Figure 4-40, photographs of the sensors in Figures 4-41
and 4-42, and a calibration of one tracking axis (with ±15 v excitation) in Fig-.
ure 4-43. The slit-type sensors are insensitive to earth shine and are
employed during acquisition to avoid false lockon to bright bodies other than
the sun.

In operation, the solar array is first slewed about the support axis
until the sun appears in the field of view of one of the acquisition sensor
sectors. Rotation about that axis is then stopped, and rotation about the drum
axis is initiated in a preferred direction. At some point in this rotation, the N

sun will appear in the lockon cell field of view, whereupon operation is
switched to the normal tracking mode, with sun line-of-sight errors detected
by bridge circuits which incorporate suitably masked photoresistive cad-
mium sulfide cell pairs. The sequence is automatic, via logic and switching
in the CEU.

V
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Figure 4-33. Gimbal Bearing
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Figure 4-34. Frameless Pancake dc Tachometer

Figure 4-35. Orientation Subsystem Drum Axis
Data Slip Rings and Brushes (Photo ESZ8319)

.7
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Figure 4-36. Orientation Subsystem Drum Axis

Power and Data Slip Rings

'

POWER BRUSH SECTION SIGNAL BRUSH SECTION

Figure 4-37. Brush Arrangements "
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Figure 4-39. Sun Sensor Geometry
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Figure 4-41. Acquisition Sensor
(Photo Al13933)
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I
Control Electronics Unit

The CEU provides the logic and analog computations for the various
modes of operation. It derives error signals from commands, sun sensors,
and shaft rate sensors, and applies correctional signals to the appropriate
torque motor. It limits the torquing rate in the automatic modes by increas-
ing feedback of the rate signals. Logic control is provided by processing
sun sensor data and command inputs. Failure mode control torquing is
implemented by providing current directly to the torquers, bypassing all the
automatic control circuitry. A power conditioning unit develops secondary
voltages for use within the subsystem.

The unit weighs 12-1/2 pounds, with overall dimensions of approxi-
mately 7 by 7 by 12 inches. Seven circuit boards of five types are enclosed,
plus miscellaneous components on separate brackets. Total parts count is
about 900. Maximum input power requirements are:

+28 volts dc regulated 8 watts

-28 volts dc regulated 2 watts

Torquer unregulated power (switched)
during eclipse/daylight transitions
from solar array to internal batteries)
at 20 to 44 volts dc 100 watts"

CEU unregulated power (continuous
during all operational phases) at 24
to 44 volts dc 2. 5 watts

An illustration of the CEU and a mechanization diagram are presented in
Figures 4-44 and 4-45.

Filter Unit

A filter unit was designed and integrated into the subsystem to atten-
uate noise originating in the 3. 3-kHz switching amplifiers driving the
torquers. This noise tended to propagate into many of the data channels,
degrading the accuracy of the sampled outputs. All power and signal lines
except the boom drive power were, therefore, routed through feedthrough
filter capacitors in the filter unit, resulting in acceptable levels of noise
presented to the spacecraft systems.

This unit is approximately 4 by 5 by 7 inches, and weighs 2-1/2 pounds.

;:At torque peaks. Normally about 4 watts steady state.
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Subsystem Functional Control Design

Background theory for the functional design of the FRUSA orientation
control loops may be found in the OLSCA final report. The system com-
prises a linear, closed-loop, sun tracking mechanization. The acquisition

mode operates from a fixed rate command, with linear rate followup; no sig-
naL shaping is employed in this mode other than a half-second filter to atten-
uate noise. The tracking mode operates (except for rate limiting) entirely
from the optical sensor signals, with lead-lag shaping to provide inherent
loop stability, and with a significant added stabilizing contribution from the
essentially- Coulomb type axis friction.

Figure 4-46 is a functional block diagram of one of the two identical
control channels. Values of inertia for the load block range from 125 slug-ft2

for the drum axis to 175 to 300 slug-ft2 for the support axis, depending on
array position. Maximum gain of the "geometry" block is unity, which pertains
to drum axis tracking normally, and to support axis tracking for certain speci-
fic geometries. Normally, support axis gain is somewhat below unity, and in
the noon turn reaches zero momentarily; this has not proven to be an
operational problem. No dead bands were incorporated, as it is possible
to show that minimum changes in array momentum, and therefore mini-
mum disturbances to the vehicle, result from continuous linear control.

At least three design features tend to forestall any unstable coupling
between control modes and array structural vibration modes:

1) The control system bandpass is configured to cut off well below
the array fundamental vibration frequencies.

2) The loop does not incorporate an integral control term; as a
result, all roots lie in the left half plane (see Figure 4-47).

3) The Coulomb friction adds a substantial damping contribution,
equivalent to s3everal percent of structural damping.

To substantiate stability of the coupled system, array flexibility was
expressed as a dynamic moment of inertia (J as a function of s), taking into
account the first three array flexibility modes. For example, with the array
parallel to the vehicle and zero structural damping assumed, the equivalent
dynamic moment of inertia may be expressed as:

2 2 2 2 2 21
J = 175 x 0.47s + 1.20 s +1.59 s +2.81x 2 2 2s +1.13 S + 1. 20, s + 2.7
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A root locus plot for the loop so configured is illustrated in Figure 4-47, *hich
demonstrates confinement of the roots in the left half plane.

An analog simulation of the flexible system was set up which included
selectable amounts of structural damping and Coulomb fr.iction as well.
Comparison of Figures 4-48a and b illustrates the 6ffect of a fivefold
increase in structural damping. The even more pronounced effect of
Coulomb friction is evident by a comparison of Figures 4-48a and c. The
latter figure is reasonably representative of flight performance.

Performance in a noon turn with 1/4 lb-ft of Coulomb friction is
illustrated in Figure 4-49. There is some delay in the start of rotation as
the sun passes the zenith due to the friction and low geometric gain, but the
maneuver is seen to be smooth and without overshoot.

Ideal motions of the arrays relative to the vehicle for any orbit are

illustrated in Figure 4-50. When these motions are translated into inertially
referenced angular accelerations, it is apparent that, in the general case,
the arrays must be gently accelerated and decelerated throughout each orbit.
If the vehicle is not to be perturbed, counter-momentum must be applied in
some manner, either by operation of the vehicle's controls, or by an inde-
pendent source such as a controllable reaction flywheel. Magnitude of the
momentum change per orbit is illustrated in Figure 4-51. As most of this
change occurs about the support axis, a single reaction flywheel aligned to
this axis and driven proportionately is highly effective, as noted in the fig-
ure. Complete cancellation of the array steering momentum, if not coun-
tered by vehicle controls, would require two or three wheels, distributed
as in Figure 4-52.

As part of the FRUSA task, a single-axis momentum flywheel cancel-
lation subsystem, including electronic circuits, was designed. Since it was
not used on the mission, it is not described here.

Tradeoffs and Design Changes

During the course of the program, a number of design changes were
made as a result of tradeoff studies or evidence that the original course was
no longer suitable. The significant changes are described bfiefly below.

Torquers

The design developed during the preceding OLSCA study incorporated
brushless dc torquers. During FRUSA development it became evident that
torquer brush friction was a negligible portion of total friction and that brush
wear would be no problem. As a result, the economy and simplicity of conven-
tional brush-type torquers became attractive. The factors involved in this
tradeoff are summarized in Table 4-8. A brush type torquer is clearly the
choice.
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TABLE 4-8. GIMBAL AXIS TORQUER TRADEOFF
CONSIDERATIONS

Brushless Brush-Type

Complex drive'electronics" Drive ha's 1/4 to 1/2 number of
components of brushless motor

No brushes to wear Low total travel produces negli-
gible brush wear; less than
0. 0003 inch in 5 years

5-year reliability: 0. 91 5-year reliability: 0. 96

Emergency drive dependent Emergency drive direct to
on electronics motor

Torquer size was also the subject of a trade study. Under worst-case
off-design conditions, motor torque available can decrease significantly.
While the decrease is normally of no concern, it does represent a lessening
of the margin for coping with potential failure mechanisms such as a piece
of debris in the bearings. Methods of increasing the margin against such
failure include providing more (short-term) power to the motor, or enlarging
the motor. In general, a larger motor can produce equivalent torque for less
power, resulting in less stress on the electronic components and lower
demands on the power supply. Some of the cases studied are summarized
in Table 4-9. The larger motor appears desirable. Although heavier, it
results in a lighter total system. Case VI was the basis for final selection.

Power Brushes

During assembly of the first unit, a problem with the power brushes
indicated a need for a design revision in this area. The essence of the prob-
lem was that a precise geometric relationship was required between the
brush, the brush holder, and the slipring to ensure proper seating of the
brush on the rings. It is difficult to achieve this precise relationship initially
because of tolerance buildup. Extensive run-in would be required to achieve
the desired relationship and would be uneconomical if the tolerance buildup
was more than a few thousandths. Even if the assembly could be precise,
shifting of components during launch and thermal exposure could possibly
cause problems during flight. Therefore, the design was altered to include
flexibility for initial tolerance buildup and/or shifting of components during
flight. The modified design proved entirely satisfactory. Sketches of the
two designs are shown in Figures 4-53 and 4-54.

Eclipse Logic

Sun-present sensors were originally incorporated in the orientation
subsystem to provide an unambiguous signal that the FRUSA had emerged
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Figure 4-53. Original Brush Design
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Fig ure 4-54. Modified 1brush Design
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from eclipse so that the torquers, which had been dormant, could be
immediately reactivated regardless of solar array (and tracking sensor)
orientation. In the original design, it had been assumed that it would be
necessary to inactivate the torquers during eclipse to conserve battery
power. Analysis of system power requirements during eclipse, however,
showed this precaution to be unnecessary. The system was therefore sim-
plified by eliminating the sun-present sensors and initiating the support axis
search slew whenever the tracking cells went dark.

The portion of the logic used to hold the system in the tracking mode
during a noon turn, even if the lockon cell should temporarily go dark, was
first retained by deriving a different sun-present signal from the outputs of

the tracking error cells. Subsequently, however, a possibility of ambiguity
in this derived sun-present signal was noted because of uncertainty in the
level of the tracking cell's dark resistance. The actual need for the function
itself was therefore reviewed. It became apparent that disappearance of the
sun from the lockon cell's cone of view is an event of low probability because
1) the required flight geometry itself is rare and 2) the mechanism must have
developed a relatively high friction level. This double probability is excep-
tionally low. ' If the sun-present function were eliminated from the opera-
tional log'ic, therefore, the worst that could happen would be that the system
might undergo a few extra reacquisition maneuvers during noon orbit seasons.
This is a minor penalty to pay for the gain in simplicity. The probability of
loss of sun lock signal was lowered even further by increasing the apex angle
of the lockon cell's field of view another 10 degrees (to 40 degrees). All
sun-present logic functions, therefore, were eliminated.

Rate-Limit

To minimize array/vehicle momentum interchange, maximum angular
rate at which the arrays could be driven was originally set, somewhat arbi-
trarily, at 1 deg/sec. The integration contractor's studies of the gravity-
gradient/cmg - stabilized mode indicated a preference for a limit of
1/2 deg/sec. Limit-setting components in the CEU circuits were therefore
changed, decreasing the proportion of the dynamic range used in some of the
amplifiers. In the future, such changes would probably be implemented by
altering the gain of the rate sensor amplifiers.

Redundancy

The original design plans included use of redundant CEUs to augment
subsystem reliability. Because of the relatively short mission lifetime
specified, however (6 months to 1 year), and as an economy measure, CEU
redundancy was eliminated. A subsequent flight problem, although temporary
and not mission-critical, indicated that the redundancy would have been use-
ful to cope with the infant mortality type problems that can crop up in even a
short mission.

:Full system simulation by the integration contractor subsequently verified

this conclusion.
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Bearings

Although the despin assemblies which experienced in-flight failures
on the ATS and Intelsat III spacecraft were not Hughes designs, these anom-
alies prompted a review of the OLSCA gimbal bearing de-sign in light of what

i s known or surmised regarding those failures. The Intelsat III problem
was attributed in part to the effects of temperature on a thin-race duplex
pair (with preload set by race dimensions), similar to that first used at each
end of the Hughes orientation mechanism. Adoption of duplexed bearing
pairs originally resulted from requirements to reduce both friction and
weight to a minimum. Reestimates of the thermal environment, however,
indicated temperature ranges and gradients that the design could not be
expected to tolerate. The design was revised, therefore, to incorporate
larger (more rigid) angular contact bearings used singly, rather than in
pairs, and preload was provided through the housing by a spring, which
exhibits much less sensitivity to temperature variations. Further tolerance
was incorporated by changing the material enclosing the outer races from
magnesium to titanium. An added attraction of the new bearings is an
approximately doubled load-carrying capability, which reduces the possi-
bility of Brinelling the balls during the launch phase.

The floating end of the new gimbal design is illustrated in Fig-
ure 4-33; the other end has both races clamped to the supporting structure.
While the total change incurred a 3. 3-pound weight penalty, the increased
assurance of proper operation under environmental extremes was considered
to be ample justification. Test and flight performance confirmed suitability
of the final design.

Drum Axis Shaft

Changes resulting from LMSC's mission feasibility and integration
studies included a request to increase Lhe distance from support axis to inner
array boom from the original 40 inches tc 52 inches in order to provide clear-
ance for items which protrude outside the Agena's basic envelope. This
added standoff was incorporated in the drum axis shaft outboard of the deploy-
ment hinge. The change produced a minor increase in weight, and noncritical
decreases in support axis control gain and resonant frequency of the array
support arm.

Filter Unit

As noted under "Descriptions" above, this unit was a late addition to
the subsystem, required to clean up noise propagated into many of the leads
from switching transients inherent in the motor drive amplifiers. The fil-
ters produced acceptable signal quality as seen by the spacecraft, although
some noise was still evident on a number of channels. To avoid the penalty
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of the added components and weight of this unit, future designs may adopt
one of two alternatives:

1) Employ proportional, rather than switching-type amplifiers.
Proportional amplifiers are inherently less efficient in this
type of operation, however, and may introduce problems
with heat dissipation.

2) Segregate the motor drive circuits in a separate part of the
CEU, thoroughly RF insulated from the other circuits. This
appears to be the more feasible approach.

Development and Other Tests

A design verification test (DVT) unit was originally included in the
program. As an economy measure, however, this unit was eliminated in
favor of performing such tests, as required, on the qualification hardware.
This approach was successful, although it did result in several crash prob-
lem solving efforts late in the program.

Unit Level Tests

For testing convenience, the two axes of the mechanism were separ-
ated, each being capable of independent operation. A separate mechanism
test breadboard was built up and integrated into the test panel. This bread-
board provided the capability of driving the unit at selectable rates from
zero up to 60 rpm, thus facilitating accelerated run-in, as well as tests at
the design maximum of 1/2 deg/sec. Rate control was implemented through
a loop containing the unit's own rate sensor. Because dry-lubricated brush
friction is substantially lower in a'vacuum or a dry inert-gas atmosphere
than in normal air, most of the testing was conducted in a chamber contin-
uously purged with dry nitrogen. Due to delayed delivery of the 1500-watt
sliprings, the 700-watt electrical and thermal configuration was tested.
Qualification of the high powered version was based on 1) the 700-watt test
data, 2) analytic extrapolation to the 1500 watt case, and 3) verification of
the extrapolation during acceptance tests of the 60-ampere flight unit. Typi-
cal friction and ring noise results are illustrated in Figure 4-55.

Seven minor discrepances were uncovered during the tests:

1) Brush force was slightly low on six signal brushes. This is not
significant, was not correlated with noise, and was correctable.

2) Friction levels in air were high. The specification was intended
to apply only to vacuum conditions; the air measurement require-
ment was deleted.

3) A few signal brushes showed occasional (rare) noise spikes in
excess of the 5 mv specified. These measurements were made
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at a 5-deg/sec rate to reduce test time. It was demonstrated
that the noise was in specification at rates approximating the
1/2 or 1 deg/sec maximum flight rates. The specification
was changed to call for testing at 1 deg/sec.

4) On the drum axis, stall torque measurements were corrupted
by attached cables. A better test setup was devised for the
second unit.

5) Signal circuit resistance was over specification in some
channels. This was partly a matter of averaging the specified
allocation to each axis, and averaging the correction for test-
lead resistance. Specification and technique were refined for
tests of the flight unit.

6) Two temperature sensors (thermistors) were inoperative.
This was subsequently traced to a wiring error, and was
corrected.

7) Bearing preload was 13 to 14 pounds instead of the 20 (mini-

mum) specified. The actual preload was acceptable from a
performance standpoint, and was dispositioned "use as is" for
this unit. Following system level qualification tests, it was
decided to reduce the specification limit to 17 pounds and use
more care in selection of shim thickness during assembly of
the flight unit.

Deployment Test. Because of apparent clearance problems resulting
from LMSC's placement of their telemetry antennas, an initial series of
engineering tests was conducted of deployment arm performance using differ-
ent geometrical arrangements of the cable loop at the deployment hinge. As
the aim was simply to evaluate the effect of differences in cable routing, the
latch was removed and no simulated inertia load was provided. A timer was
connected to switches operated by the starting and stopping of the outer
(deployed) arm. Little effect of Loop size or placement was discernible at
room temperature, and an arrangement ensuring clearance of the LMSC
antennas was adopted.

Verification tests were subsequently conducted with simulated array
inertia, and the hinge enclosed in a thermally controlled box (see Fig-
ure 4-56). The results may be summarized as follows (see Figures 4-57
and 4-58).

The mechanism, with the two spiral springs adjusted to supply
28 in.-lb of torque with the arm in the stowed position, successfully deployed
an inertia equivalent to the arrays in approximately 15 seconds, over a tem-
perature range of 150°F to -50°F. At the extended position, the latch locked
the load in the normal operating position (0 degree position) with an impact
bending moment at the hinge of approximately 900 in.-lb. These results cor-
respond favorably with analytical predictions.
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The latching function was effective. During deployments, no latch
bounce was observed and there was no tendency for the latch to cam out
even under deliberately applied high torques in both directions. In some
cases, there was difficulty in unlatching the mechanism.

The mechanism would supply enough torque to the arm to rotate it
from any starting position to the 0-degree position and latch except under
cold conditions (-50°F). At cold conditions a small amount of additional
torque was required to move the arm to the latched position when the arm
was prevented from building up normal kinetic energy.

One of the spiral springs would successfully deploy the array when
started from the 90-degree position.

After review of the test data in terms of the design goals, two
design changes were found to be desirable and were implemented:

1) The two spiral drive springs were adjusted so that a 32 in.-lb
torque was available in the 90-degree position rather than
28 in.-lb. This change was desirable so that even under cold
conditions the mechanism can move the load to the locked
position regardless of the arm position with zero starting
velocity. The additional ene" gy results in a bending moment
of less than 1600 in.-lb at latch-up.

2) The spiral springs were coated with solid film lubricant. When
the springs were adjusted, the outer spring coils bears against
the adjacent coil on the same spring. (This is the reason that
the net spring torque measurement was not linear.) The lubri-
cant reduces the friction between the spring coils and precludes
metal-to-metal contact.

With these changes implemented, all design goals were satisfied.
(See the flight-unit data, Figure 4-59.)

Subsystem Level Tests

A number of problems were encountered during initial checkout and
tests of the qualification set of orientation subsystem hardware.

Noise. As also noted elsewhere, a persistent problem in the subsys-
tem involved the corruption of data signals with noise generated by the
switching power amplifiers driving the torquers. This type of drive was
selected originally because of its much higher efficiency (and therefore lower
thermal dissipation) than a comparable proportional dc drive. The 3. 3-kHz
switching rate, however, produced a ringing at about 1 MHz which was con-
ducted along various paths throughout the system. The noise was ultimately
reduced to tolerable levels by a combination of selected filtering and wiring
routing changes: a 0. 2-microfarad capacitor filter at the CEU commutator
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output, a similar filter at the data terminus in the test position, providing a
return for the commutator separate from the normal regulated returns,
grounding the commutator lead shields, and generalized improvement of
grounds in the mechanism. While these changes eliminated the problem at
the FRUSA level, the noise source remained a potential problem at the Agena
level, ultimately requiring the design and installation of the interface filter
unit d,: scribed previously.

Torquer Dropout. Initia,. functional tests disclosed an incompatibility
between the trip levels of the current limiters in the CEU, which protect the
motors from drive levels which cc.uilc degrade the magnetization, and output
capabilities of the rate control circuit amplifiers. Part of this problem
resulted from setting too low a current limit in the test power sup ply; voltage
drop under load then caused faulty CEU operation. Another part was the
result of operating without an inertia load on the mechanism; resultant limit-
cycle oscillations (expected) in the drum axis drive were at too high a fre-
quency for the motor drive to handle, so current increased unidirectionally
to the limit value. The oscillations also resulted in momentary adverse com-
binations of signals, yielding excess current when switching into the tracking
mode. Corrections comprised installation of limiting circuitry on the sums
of appropriate signals, so that excessive current demands are never possible,
adding a small inertia load on the drum axis arm, and providing a caging cir-
cuit for the torquer drive amplifiers.

Lockon Anomaly. Initial checkout indicated that the orientation sub-
system would not retain lock on the minus Z side of the spacecraft, but
would either break lock and reacquire on the opposite or plus Z side, or
hang up, in a low-amplitude stable oscillatory mode, at the edge of the lockon
cell's field of view. This was found to result from a design omission, in that
polarity reversal circuits were not incorporated in the logic associated with
certain lockon geometry. For the STP 71-2 flight, the conclusion was that
operational adjustment could be made to cope with this deficiency. The prob-
lem could have been resolved by mechanically biasing the acquisition sun
sensor slits from being normal to the drum axis to pbinting approximately
15 degrees outboard from normal. The fix was not mandatory and, in the
interests of economy, was not attempted.

Torquer Card Fault. Subsequent to subsystem vibration, a malfunc-
tion of the torquer drive electronics was detected which resulted in no
torquer current being delivered. The CEU was transported to the elec-
tronics laboratory where the malfunction was reproduced. The problem was
then traced to the torquer drive shaping card in the CEU. The card was
removed and the flight card installed, which resulted in normal operation.
The qualification model card was thoroughly cleaned and subjected to a
component-by-component detailed checkout. Meanwhile, to maintain delivery
schedules the flight model card was utilized to facilitate the solar-thermal-
vacuum tests. Detailed checkout of the qualification model card revealed no
deficiencies, and the card wa- reinstalled after STV. The consensus was
that the original problem was aused by contamination in the card connector.
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Data Commutator. Postvibration checkout showed no output from the
telemetry commutator in the orientation subsystem. The commutator was
removed and replaced by one of the flight model commutators. The malfunc-
tioning commutator was returned to the vendor for checkout, disassembly,
and analysis. The problem was traced to insulation cold. flow at a point of
contact with an assembly screw. Although the commutator is a potted
assembly, the wire was routed across the screw before potting; then during
vibration the insulation was agitated sufficiently to cause cold flow. The
wire routing within the commutator is not precisely the same for each com-
mutator. It was concluded that this was a random failure, as the vendor
attempts to ensure that wires are not routed across screws or sharp corners.
The same type of commutators have been used in a large variety of space
flight applications without similar failures. The unit was repaired and
reinstalled in the CEU.

False Manual Torque Commands. During electromagnetic compati-
bility tests a problem was encountered with spurious torquer commands
when conducted interference was applied to the unregulated bus. Filtering
was added to the CEU and proved adequate by subsequent test.

Solar-Thermal-Vacuum Tests

The qualification subsystem was subjected to system level solar-
thermal-vacuum tests. Selected thermocouple readouts are plotted in Fig-
ure 4-60. It is apparent that temperatures were well within the -50*F to
150°F design range. No anomalies were noted in this phase of testing.

Flight Performance

On revolution 10, sun acquisition and tracking were activated. Time
histories of selected data channels are shown in Figure 4-61. Performance
as designed is apparent in the support axis slew, drum axis slew, lockon,
and reduction of tracking error to within 1 degree of null.

Because of a warmer than specified interface, CEU temperatures
rose to about 150°F instead of the expected 120°F. At this temperature,
sometime around revolution 14-18, support axis control apparently reverted
to tracking the edge of the lockon cone, then tripped the torquer shutoff
switch on this axis. Because of the twilight orbit which commanded little
array motion, the problem was not noticed until revolution.79, when the CEU
was shut down, then reactivated for an array retraction-extension experi-
ment. When reactivated, a large initial negative torque transient was
observed, culminating in the system's again tracking the edge of the lockon
cone in a low amplitude stable switching-oscillation mode. Because the prob-
lem was not understood, automatic control was deactivated.

Tests with candidate malfunctions introduced in the qualification unit
hardware subsequently indicated that the fault was probably associated with a
poor connection to either the negative power supply or the inverting input of
the support channel rate limiting amplifier. It was postulated that it was

103



o I U
0

0 cc

IY TI
o . 0

0 C.0

I z
Ad 0

0
2 0 .y-f

fr z4
- U)0 0 7 L -

00 0

e
4  v

UJ 0 U) i

j) -Ir w Q

0 J4 0
r- CC -

0i 0
U) 0 00UlU

4D2 w-- <--a

( c0 0 -< 00 0

> t- 0- -0 0 0
<' WD

w 0 W4

4 <0 40

U) 1W

40 1- 04 1

).-

*. <0 Ln
U) <

00

D U)

U) U)
-2 0. j~C 

0 0CC

U) )1-WO

/c 104



associated with the unexpectedly high operating temperature in twilight orbit,
and might disappear later in the seaon when the CEU cooled down.

This proved to be the case. When automatic control was reactivated
on 8 February 1972, with the CEU temperature at 18°F, .entirely normal
performance was observed. Subsequently, many reactivations involving
considerable orbit time have been implemented, with consistent and normal
results.

It is concluded that the fault was a thermally sensitive connection, not
generic, and that subsystem performance was normally as designed.

Conclusions

It is concluded that the FRUSA orientation subsystem design was
sound in concept and implementaion, and resulted in a successful demon-
stration of the technology required to continuously maintain alignment of
flexible solar cell arrays normal to the sun and transmit the power so devel-
oped into a spacecraft to service both vehicle and experiment loads of large
magnitude.

FRUSA experience indicates that the following improvements would

be desirable in future subsystems of this type:

1) Provide discrete on and off command channels.

2) Incorporate rate limited, rather than fixed torque, manual
command modes.

3) Incorporate shaft position sensors (for telemetry) on both axes.

4) Incorporate redundant control electronics.

5) Provide for selective reversal of support axis control polarity,
so that the sun can be acquired on either side of the vehicle.

6) Segregate torquer drivers in an RFI-isolated section of the
electronics unit, and ensure that no switching noise is con-
ducted elsewhere. This will allow elimination of the extra
filter unit.
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POWER CONDITIONING AND STORAGE SUBSYSTEM

Subsystem Description

The Power Conditioning and Storage subsystem shown in functional
form in Figure 4-62 consists of the power conditioning unit, a pair of
battery/charge controller assemblies, and a load bank assembly. In gen-
eral, this subsystem provided regulated ac and dc voltages, controlled bat-
tery charging, and furnished housekeeping power prior to deployment and
during eclipses. Specific subsystem requirements were as follows:

* Provide operational power with a solar array power input
between 20 and 44 volts dc, and a battery power input
between 24 and 36 volts dc.

0 Provide unregulated dc power between 24 and 44 volts to
remainder of FRUSA units

0 Supply regulated dc of ±28 volts ±3 percent

* Supply regulated 400-Hz, two-phase, 115-volt square wave
ac for motor operation

* Enable switching between an external source, battery, and
the solar array as dictated by mission operations

0 Provide automatic controlled battery charge
control

* Provide battery -apacity for FRUSA operations and house-
keeping functions (12 amp-hr)

" Enable incremental dissipation of the 1. 5-kw solar array

output for panel performance evaluation.

Power Conditioning Unit

The Power Conditioning Unit (PCU), (see Figure 4-63) contains the
overvoltage sensing circuit, the solar array power switch, the -28-volt
converter/regulator, the 400-Hz motor drive inverter, and a boost converter
that provides regulated power for the battery/charge controllers.

Solar Array Overvoltage Switch. The overvoltage switch circuitry is
designed to operate from the batteries. The circuit accepts three ground
commands and one sun lockon command from the CEU. In the automatic
mode, a voltage comparator senses the solar panel voltage, and when the
voltage is less than 44 volts the solar array switch is closed. The switch
is implemented by using a latching relay.
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a) Without Cover b) Covered Configuration
(Photo ES29814) (Photo ES31342)

Figure 4-63. Power Conditioning Unit
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Figure 4-64. Solar Array Overvoltdge Switch
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The output of the overvoltage comparator along with a sun lockon
command and a solar array switch enable command, pulse the latching relay.
The comparator output can be overridden by the overvoltage override com-
mand. A second command provides a sun lockon override to simulate the
sun lockon command coming from the control electronics unit. The solar
array switch override command disables the automatic circuitry and resets
the latching relay to the battery position. Figure 4-64 shows the Boolean
mechanization.

±Z8-Volt Converter/Regulator. Figure 4-65 shows the pulsewidth

modulator used to drive the power stages of the 28-volt converter. The
oscillator provides a clock signal and a triangular wave, which is compared
with feedback voltage and the reference voltage to create a pulsewidth that is
"ANDed" with an output of a flip-flop. The purpose of the flip-flop is to
steer the pulsewidth to alternate sides of the output stage. The figures shows
the drive and output stage of the converter. The drive transformer is a fly-
back transformer that applies base drive to the output transistor when the
drive transistor is turned on. The energy stored in the drive transformer
causes voltage reversal at the transformer secondary when the drive transis-
tor is turned off, thus removing the stored charge in the base of the power
transistor causing it to turn off quickly. The output transistor switching
speed and the source for base drive power help to increase converter
efficiency.

Boost Converter. The pulsewidth modulator used in the boost conver-
ter circuit is shown in Figure 4-66. A sawtooth voltage, generated by the
output of the oscillator through an RC network, is compared with the differ-
ence between the feedback voltage and the reference voltage to create a pulse-
width that is steered to alternating sides of the power stage by the flip-flop.
This converter uses the same form of output stage as does the b28-volt con-
verter. The output voltage is added to the input voltage to produce a regu-
lated 42 volts output. The power converted by the booster is thus the differ-
ence between the input and output voltage times the output current. In this
case, any power loss in the converter is compared with the total output
power rather than the converted power and, hence, efficiency is relatively
high (>90 percent).

400-Hz Inverter. The 400-Hz inverter consists of a pair of driven
inverters. The two-phase drive signal is generated by an oscillator and
digital phase network. The pair of flip-flops shown in Figure 4-67 generates
the necessary two phase drive signal. A phasing diagram shows that the
required states are always generated in proper sequence. The figures out-
side of the circles designate input condition to the flip-flops prior to a clock
pulse from the oscillator. From the truth table it can be seen that each suc-
cessive state of the phasing diagram is generated. To reverse the motor
direction, the phase of one inverter is reversed by switching its input to the
inverse of the signal used in the normal state. The drive and output stages
are similar to the boost and ±28-volt inverter. Since the input voltage to the
power stage is regulated, the output voltage is held constant.
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Battery/Charge Controller

Each of the battery/charge controllers (see Figure 4-68) consists of
two packs of 12 NiCd- battery cells, each integrally mounted on one plate with
the charge control electronics. The batteries each have .a 6-amp-hr capacity.

Figure 4-69 shows the mechanization of the battery/charge control
electronics. The circuit consists of two control loops, one a current control,
and the other a cell voltage sensing circuit that provides the reference volt-
age to the current control loop. The battery charge current is sensed by a
resistor, amplified by the charge current amplifier, and compared with
a reference Voltage from the cell voltage control loop. The differential of
these two signals is applied to the constant current power stage to hold the
battery charge current at the level selected by the cell voltage circuit. The
cell voltage circuit measures a single battery cell and is compared with a
reference voltage by a voltage comparator that has built-in hysteresis.

When 1. 40 volts per cell is exceeded, the volt comparator drives a
relay that switches the voltage reference to the current loop from the
1 ampere position to the 0. 6-ampere position and holds it there until the cell
voltage drops below 1. 28 volts per cell. A battery overtemperature protec-
tion circuit is implemented using a thermostat switch. This switch applies
a bias to the cell voltage comparator simulating a voltage in excess of
1.40 volts. The reference select relay is driven to the 0.6 ampere position
and, at the same time, a second relay is actuated that reduces the reference
voltage to the current controls to almost zero, thereby removing battery
charge. When the cell voltage decreases to 1.28 volts per cell, the two relays
are reset and a 1 ampere charge is initiated. Two command signals provide
battery charge shutdown and overtemperature lockout enable or disable.

Load Bank Assembly

The load bank assembly shown in Figure 4-70 employs four banks of
power resistors that can be selected in any of 16 combinations by command.
Sufficient data points are obtained through operation of this device to prodace
I-V characteristics of the panel (see Figure 4-71).

Tradeoff Studies and Analysis

Among the significant studies performed on the power conditioning and
storage subsystem were the following:

* Battery charge rates and depth of discharge analysis including
charge termination methods

0 Resistive value selections for the load bank assembly

* Power circuits analysis for input or outout regulation and
power conversion at 10 kHz for all but motor power
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* Capacitive phase shift versus a two-phase pulse width
modulator tradeoff for 400-Hz inverter

* Temperature rise and thermal cutoff limits analysis for
the load bank

Battery Sizing

The principal consideration in sizing and establishing the depth of
discharge of the battery was reliability. Battery life is a sensitive function
of discharge depth. For the application, an installed capacity of 12 amp-hr
was considered conservative in size and acceptable in weight. In addition,
redundancy was provided by configuring the battery as two 24-cell, 6,amp-hr
units.

To maintain energy balance in the event of a battery failure, a charge
rate of 1. 0 ampere is required. This rate, however, was considered to be
.oo high a rate for continuous overcharge of a single 6-amp-hr battery. The
highest acceptable continuous charge rate was 0. 6 ampere. The charge
controller was, therefore, required to initially provide 1.0 ampere to each
of the two 6-amp-hr batteries. When the voltage of a cell of either battery
increased to a preset value, indicating approach of the full charge, the
charge rate of the battery was automatically reduced to 0. 6 ampere. Auto-
matic redundancy is provided, because if one battery failed the remaining
battery would be discharged deeper, and yet would accept more recharge at
the high rate before reaching the switch-back set point. Thermal runaway
was prevented by means of an overtemperature sensor which cut off all
charging if temperatures exceeded 120'F.

As a further measure of conservatism, the cell's specified included a
newly developed design feature which permitted continuous overcharge at
much higher rates than could be accommodated by previous designs without
the development of excessive internal oxygen pressure. Employing the new
cell design was considered necessary because of the relatively high charge
rates, 1.0 and 0.6 ampere, required to maintain energy balance in the near
earth orbit application.

Load Bank Resistor Selection

The load bank assembly uses fixed resistors that are connected by
relays to the solar panel in various combinations to provide a variety of
known resistive loads to the panel. Four resistors were found to be ade-
quate to produce 15 different resistive loads, a number sufficient to define
the current-voltage operating curve of the panel with good precision.
Resistor values were chosen to produce a concentration of load points near
the knee of the curve. This region is of most interest because it is the
normal operating (maximum power) part of the curve.
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a) Units (Photo ES31340)

b) Circuitry (Photo ES29816)I

Figure 4-68. Battery/Charge Controller
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a) Closed (Photo ES 31341)

b) Open (Photo ES29818)

Figure 4-70. Load Bank Assembly
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Power Cond'tioning Unit

Two major factors were pertinent in establishing the power circuit
configurations and converter frequencies for input or output regulation.

The first consideration was the wide input voltage range for the boost
converters and for the ±28-volt regulated converter. The main question was
whether a switching preregulator, followed by conventional dc/dc converters
would be better than individual pulse width modulated dc/dc regulated con-
verters. The losses of a pulse width modulated dc/dc regulated converter
were shown to be lower than a switching preregulator followed by a conven-
tional dc/dc converter for the ±Z8-volt converter needs, and the boost con-
verters for battery charging and motor power inputs followed the same
approach. The battery charge boost circuits fed separate series regulators
(one for each battery pack set) which regulated battery charge currents. A
preregulated input to these series regulators reduced the range of power
dissipation in each of the BCCU's. The regulated input voltage for the motor
drive inverters also allowed good square waves to be generated for the array
motor drive operation instead of pseudo-square waves which would have had
higher EMI content and larger unknowns for motor operation.

The second considera'tion was to optimize the compromise between
decreased filtering requirements for higher frequency converter operation
and increased efficiencies in the drivers and power transistors at lower fre-
quencies of converter operation. The 10-kHz frequency was determined as a
good frequency to provide reasonably high efficiencies without unreasonably
large filtration requirements.

Another power circuit tradeoff was the evaluation of capacitive phase
shift in comparison to a two-phase pulse width modulator for the 400-Hz
inverter. Our uriginal conceptual approach to generate a two-phase, 400-Hz,
115-volt (rms) square wave output for motor power used a capacitor to change
the phase by about 90 degrees from the reference signal. This study showed
that the phase shift would have to be obtained before the signal was delivered
to the load, that is, not on the main output to the motor itself. This fact
was based upon the nonresitive and nonlinear type of impedance presented to
the electronics by the motor. Waveform distortions due to variation in motor
impedance at idle and at stall was also a problem. The solution was to phase
shift earl.er in the signal generation chain and provide separate output chan-
nels thereafter. A digital approach was then considered to develop the two
signals and was found to be superior to the original capacitive phase shift
approach. The truth table shown in Figure 4-6" illustrates how the digital
logic elements were connected to assure proper phasing and synchronization.

Also of significance was a tradeoff to optimize the relationship
between load bank temperature rise and thermal cutoff limits. This trade-
off wa& performed to select the best thermostatic switch setting for protection
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against excessive temperature rise in the load bank. The power resistors
were capable of very high temperature operation, and the power relays and
other parts also were capable of reasonably high operating temperatures.
It was desirable to use a thermostatic switch setting that operated at as high
a temperature as could be tolerated so that maximum opexational flexibility
could be obtained. The expected duration of operation, thc thermal time
constants, the baseline temperature, and the component capabilities were all
considered in the final choice of a 140°C thermostat.

Development Tests

Subsystem Circuit Performance Tests

The battery/charge controller was tested within a temperature range
of -5' to 156°F, although the normal expected operating range is from 40 °

to 80°F. The data showed that the nominal values for the current switching
periods were not adjusted properly, but the required tolerance was met.
The solar array switch circuit was tested from -50' to 125'C and performed
well within the specified required levels. The data during the 400-Hz inver-
ter load tests show that, from stall to no load, the motor voltage changes
from 112 to 115 volts, which is well within the 5 percent required regulation.
The Z8-volt inverter regulated the outputs to within 1 percent and meets the
transient response requirements. The inverter efficiency of 80 percent at
full load gives a margin of 5 percent over that required. Table 4-10 sum-
marizes the test results.

Battery Development Tests

To evaluate the performance of the battery cells under simulated
orbital operating conditions, the following test parameters were employed:

Charge time 54 minutes
Discharge time 46 minutes
Charge current 1. 0 and 0. 6 ampere".
Discharge current 0. 65 ampere
Expected temperature range 40 to 80°F
Temperature range for tests 30 ° to 90'F

Conclusions

Experience with the power conditioning and storage subsystem has
been excellent. All power functions related to these units were performed

"Switched from 1. 0 to 0. 6 automatically when cell voltage reached 1.45 volts.
The breadboard charge controller with two cells from the qualification model
lot were used for the tests. A total of 174 simulated orbits were run during
the program. The performance of the subsystem was normal at all test
temperatures.

121



to specification without incident in both ground and flight testing operations.
Future similar applications could profit by use of the FRUSA power elec-
tronics and battery units without change.

INSTRUMENTA rliON SUBSYSTEM

Functional Requirements

The instrumentation subsystem includes sensors, signal conditioning
circuits, and data commutators that provide a means of monitoring and eval-
uating experiment performance with respect to mission objectives. The
outputs of the instrumentation subsystem were required to be compatible
with the space ground link subsystem (SGLS) in the spacecraft.

Five general classes of data were required:

1) Subsystem health and housekeeping information

2) Solar array dynamic and strain gage data

3) Thermal data

4) System configuration status

5) Voltage-current data from special experimental cells and
modules and from the main solar panels

Unit Description

Solar Array Subsystem

The solar array subsystem instrumentation signals are conditioned
by instrumentation amplifiers, the instrumentation conditioning unit (ICU),
and solar cell electronics unit (SCEU). The outputs of the conditioning units
are multiplexed in PCM-compatible PAM commutators. The commutator
outputs are supplied to the spacecraft telemetry system through the drum
axis sliprings, the support axis sliprings, and the orbital equipment rack
wiring harness. Tables 4-11 and 4-12 list the telemetry.

Orientation Subsystem

All orientation subsystem instrumentation signals are conditioned in
the control electronics unit (CEU). The conditioned signals from the CEU
are multiplexed ina PAM commutator and applied to the spacecraft telemetry
system through a support axis slipring and the orbital equipment rack wiring
harness. Table 4-13 lists the telemetry.
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TABLE 4-11. SOLAR ARRAY COMMUTATOR A TELEMETRY

Data Channel Function

A- 1 Zero calibration
A-2 Full-scale calibration
A-3 Boom tip inboard accelerometer (V-axis)

panel 1
A-4 Boom tip outboard accelerometer (W-axis)

panel 1
A-5 Boom tip inboard accelerometer (V-axis

panel 2
A-6 Boom tip inboard accelerometer (U-axis)

panel 2
A-7 Boom tip outboard accelerometer (W-axis)

panel 2
A-8 Boom length compensator strain gage,

panel 1
A-9 Boom strain gage
A-10 Drum mechanism inboard accelerometer

(V-axis)
A-11 Boom length compensator strain gage,

panel 2
A-12 Array position indicator (pulse count)
A- 13 Spreader bar 1 temperature
A- 14 Solar array fully extended
A-15 Solar array fully retracted
A-16 Spreader bar 2 temperature
A-17 Drum bearing temperature
A-18 Boom tip inboard accelerometer (V-axis)

panel 1
A-19 Boom tip outboard accelerometer (W-axis)

panel 1
A-20 Boom tip inboard accelerometer (V-axis)

panel 2
A-21 Boom tip inboard accelerometer (U-axis)

panel 2
A-22 Boom tip outboard accelerometer (W-axis)

panel 2
A-23 Boom length compensator strain gage,

panel 1
A-24 Boom strain gage
A-25 Drum mechanism inboard accelerometer

(V-axis)
A-26 Boom length compensator strain gage,

panel 2

A-27 Solar array subassembly released
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Table 4- 11 (Continued)

Data Channel Function

A-28 Solar array motor temperature
A-29 Spare
A-30 Solar array voltage
A-31 Solar array return
A-32 Spare
A-33 Boom tip inboard accelerometer (V-axis)

panel 1
A-34 Boom tip outboard accelerometer (W-axis)

panel 1
A-35 Boom tip inboard accelerometer (V-axis)

panel 2
A-36 Boom tip inboard acceleromater (U-axis)

panel 2
A-37 Boom tip outboard accelerometer (W-axis)

panel 2
A-38 Boom length compensator strain gage,

panel 1
A-39 Boom strain gage
A-40 Drum mechanism inboard accelerometer

(V-axis)
A-41 Boorhi length compensator strain gage,

panel 2
A-42 Solar array 2 current
A-43 Solar array 1 current
A-44 Synchronization
A-45 Synchronization

Power Conditioning and Storage

All power conditioning and storage subsystem instrumentation signals
are conditioned to a 0- to 5-volt format. These signals are applied directly to
the spacecraft telemetry system via the orbital equipment rack wiring bar-
ness. Table 4-14 lists the telemetry.

Sensors

The instrumentation sensors are of the following general types:

* Voltage sensors

0 Current sensors

* Temperature sensors

* Strain gages

* Accelerometers
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TABLE 4-12. SOLAR ARRAY COMMUTATOR D TELEMETRY

Data Channel Function

D-1 Zero calibration
D-2 Full-scale calibration
D-3 Mid-scale calibration
D-4 Drum mechanism outboard accelerometer (V-axis)
D-5 Drum mechanism outboard accelerometer

(W-axis)
D-6 Boom tip outboard accelerometer (V-axis) panel 2
D-7 Boom tip outboard accelerometer (V-axis) panel 1
D-8 Spare
D-9 Spare
D-10 Cell/module selection bit 1
D-11 Cell/module selection bit 2
D-12 Cell/module selection bit 3
D-13 Cell/module selection bit 4
D-14 Array panel 1 temperature, root outboard
D-15 Load condition bit I
D-16 Load condition bit 2
D- 17 Load condition bit 3
D- 18 Array panel 1 temperature, midpoint inboard
D- 19 Drum mechanism outboard accelerometer (V-axis)
D-20 Drum mechanism outboard accelerometer (W-axis)
D-21 Boom tip outboard accelerometer (V-axis) panel 2
D-22 Boom tip outboard accelerometer (V-axis) panel 1
D-23 Spare
D-24 Spare
D-25 Solar cell electronics unit temperature
D-26 Array panel 1 temperature, root inboard
D-27 Array panel 1 temperature, root outboard
D-28 Array panel 1 temperature, outer sector,

outboard
D-29 Array panel 2 temperature, root outboard
D-30 Array panel 2 temperature, midpoint inboard
D-31 Array panel 2 temperature, outer sector,

inboard
D-32 Cell/module voltage
D-33 Cell/module current

D-34 Drum mechanism outboard accelerometer (V-axis)
D-35 Drum mechanism outboard accelerometer (W-axis)
D-36 Boom tip outboard accelerometer (V-axis) panel 2
D-37 Boom tip outboard accelerometer (V-axis) panel 2
D-38 Spare
D-39 Spare
D-40 Solar cell electronics unit power
D-41 Array panel 2 temperature, root inboard
D-42 Array panel 2 temperature, midpoint outboard
D-43 Spare
D-44 Synchronization
D-45 Synchronization
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II

TABLE 4-13. ORIENTATION SUBSYSTEM COMMUTATOR B
TELEMETRY MEASUREMENTS

Data Channel Function

B-1 Zero calibration
B-2 Full-scale calibration
B-3 Spare
B-4 Acquisition sensor, positive
B-5 Acquisition sensor, negative
B-6 Tracking sensor, lockon cell

B-7 Tracking sensor, drum axis error
B-8 Tracking sensor, support axis error
B-9 Sun sensor excitation, +15 volts dc
B-10 Sun sensor excitation, -15 volts dc
B-11 Drum axis torquer current (high level)
B-12 Support axis torquer current (high level)
B-13 Control electronics unit, +5 volts dc
B-14 Control electronics unit, +28 volts dc
B-15 Control electronics unit, -28 volts dc
B-16 Solar array subassembly deployed and locked
B-17 Drum axis tachometer voltage
B-18 Support axis tachometer voltage
B-19 Drum axis torquer temperature
B-20 Support axis torquer temperature
B-21 Drum axis housing temperature at bearing,

2 o'clock
B-22 Drum axis shaft temperature at bearing
B-23 Control electronics unit temperature A
B-24 Control electronics unit temperature B
B-25 Support axis shaft temperature at bearing
B-26 Support axis housing temperature at bearing,

2 o'clock
B-27 Drum axis housing temperature at bearing,

6 o'clock
B-28 Drum axis brush temperature
B-29 Drum axis housing temperature at bearing,

10 o'clock
B-30 Support axis housing temperature at bearing,

6 o'clock
B-31 Support axis brush temperature
B-32 Support axis housing temperature at bearing,

10 o'clock
B-33 Filtered unregulated bus No. 1
B-34 Drum axis torquer current (low level)
B-35 Support axis torquer current (low level)
B-36 Manual torque drum axis negative
B-37 Manual torque drum axis positive
B-38 Manual torque support axis negative
B-39 Manual torque support axis positive
B-40 Torquer drive command
B-41 Manual sun lockon
B-42 Limit override
B-43 Spare
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TABLE 4-14. POWER CONDITIONING AND STORAGE
SUBSYSTEM TELEMETRY

Data Channel Function

C-1 Zero calibration
C-2 92 percent calibration
C-3 28 volt regulator input
C-4 +28 volt voltage
C-5 -28 volt voltage
C-6 +28 volt current
C-7 -28 volt current
C-8 Array motor current
C-9 Battery charge regulator output, volts
C-10 PCU internal temperature
C-11 Overvoltage override enable/disable
C- 12 Power switch enable/disable
C-13 Sun Lockon override enable/disable
C-14 Retract logic override enable/disable
C-15 Deploy and extend override enable/disable
C-16 SA motor enable/disable
C-17 Battery 1 charge current
C-18 Battery 1 discharge current
C-19 Battery temperature 1A
C-20 Battery temperature IB
C-21 Battery temperature iC
C-22 Battery temperature ID
C-23 Battery 1 voltage
C-24 Battery 1 temperature cutoff enable/disable
C-25 Battery 2 charge current
C-26 Battery 2 discharge current
C-27 Battery temperature 2A
C-28 Battery temperature 2B
C-35 Battery temperature 2C
C-36 Battery temperature 2D
C-31 Battery 2 voltage
C-32 Battery 2 temperature cutoff enable/disable
C-33 FRUSA unregulated voltage
C-34 Motor drive regulator voltage

Precision voltage divider networks or precision shunt type current sensors
with conditioning amplification were used for voltage and current sensing.
Thermistors, platinum wire, and semiconductor sensors were employed
for temperature measurements. All were conditioned to aO- to 5-volt format.
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The three solar array subassemblyr gage measurements consisted of
four bridge-connected sensor elements on each boom length compensator
tape to measure the array panel tensile force and four bridge-connected
sensors to measure the panel bending moment at the root of the panel 1
inboard boom. Three strain gage amplifiers were used to amplify the low
level output signal of the strain gage elements to a 0- to 5-volt format. The
amplifier also provided a 15-volt excitation source for the strain gage
bridge network. The boom compensator strain gage amplifiers were located
at the inboard boom tips. The other amplifier, whichi processed the strain
measurement at the inboard boom root of array panel 1, was located on the
inboard boom actuator.

Ten force balance ±O. 1-g servo accelerometers were required on
the FRUSA experiment. Three units were located on solar array panel 1,
four on solar array panel 2, and three units on the drum mechanism. The
array panel accelerometers measured the dynamic reactions in the U, V,
W directions of the inboard and outboard boom tips. The drum mechanism
accelerometers measured the dynamic reactions of the inboard (V axis) and
outboard (V and W axes) boom actuators. Each accelerometer is an inte-
grated unit, consisting of the sensing element and amplifier in a single case.
The accelerometer output was in the 0- to 5-volt range, suitable for commu-
tating, and required no additional signal conditioning. Locations of the prin-
cipal solar cell and cell models and the accelerometers and strain gages
are shown in Figures 4-72 and 4-73.

Instrumentation Conditioning

Instrumentation conditioning is performed by the ICU and the SCEU
for L e solar array and by the CEU for the orientation subsystem. The ICU
conditions the following temperature measurements on the solar array
subassembly: solar array motor, spreader bar No. 1, spreader bar No. 2,
and drum bearing temperatures.

The solar array voltage and current are shaped by a voltage divider
network, In addition, the ICU conditions several digital signals originating
from microswitches located on the solar array subassembly: array position,
array fully extended, array fully retracted, and solar array subassembly
released signals.

The SCEU conditions all array temperature sensors (with the excep-
tion of the spreader bar temperatures) and the internal SCEU temperature.
In addition, the SCEU generates two reference voltages to be used for full-
scale and mid-scale calibration of solar array data.

Upon receipt of a dual ground command the unit provides a load cycl-
ing for identifying the I-V characteristics of the special solar cells and mod-
ules. This function includes: sequeritially selecting and loading the ten
reference cells and four reference modules located on the two arrays;
measuring the voltage and current characteristics of each cell and module
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for the selected load condition; and generating a three word identification of
the load conditions and a four word identification of the cell or module being
measured.

Operational and Test R.esults

During the system test phases and initial orbital operations the
FRUSA instrumentation was adequate to determine system performance.

During the first 6 months of orbital operation two of the three PAM
commutators failed. Both were on the solar array. The principal data lost
were solar panel temperatures, accelerometers, strain gages and the test
cell and module data. Fortunately, however, enough infofmation was
obtained prior to the failures to determine the major performance character-
istics of the system in the technical areas affected.

There were some minor instrumentation problems during tests which
are mentioned in Section V.

Conclusions

From an overall point of view, the instrumentation subsystem
proved adequate. In future designs, however, consideration should be given
to the following:

1) Array position indicators should be included for both
orientation axis positions and for the amount of array
extension. The orientation axis position data would have
been quite useful for nonstandard mission operations where
the sun tracking system was inoperative or in an eclipse
situation (in such cases the array position was indeterminate
with the current FRUSA design). The solar panel position
indicator (one indication for each drum revolution) was too
coarse an indicator for some of the nonstandard panel posi-
tions that were necessary on the STP 71-2 mission for Agena
bus voltage regulation.

2) A more reliable commutation device should be used or the
requirement for remote data commutation should be waived
in favor of additional sliprings in the orientation mechanism.
This tradeoff would change in an operational system where
the number of data rings could be quite small compared with
an experimental mission of the type flown by FRUSA, where

the experimental data requirement was an order of magnitude
larger than the operational data requirement.
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SYSTEM AGE

All FRUSA system tests were conducted using the normal system
telemetry signals to determine system performance. These signals were
calibrated at the subsystem (or unit) level and were not affected by connec-
tion into the system. The equipment used for system tests consisted of an
AGE panel, power load simulator, solar array simulator, digital voltmeter,
oscilloscope, water table test facility, and deployment test fixture.

The AGE panel contained circuits for:

1) Selecting one of four PAM commutation outputs to be displayed
on an oscilloscope: the SCEU, solar array, CEU, or PCU com-
mutator outputs. The PCU commutator was not part of the
system but was provided in the AGE panel itself.

2) Generating frame and word synch for PAM commutator
synchronization.

3) Selecting a desired PCU telemetry point for digital voltmeter
reading.

4) Generating a selected command for activation of the FRUSA
commandable functions.

The power load simulator was used to supply a load for the simulaLed
panel power in order to test the current carrying capabilities of the system
wiring, sliprings, relays, etc.

The solar array simulator consisted of regulated dc power supplies
connected in parallel, supplying up to 50 amperes to simulate the solar
array in testing.

In addition, a digital voltmeter was used to measure the PCU telem-
etry and a standard laboratory oscilloscope was used to measure the telem-
etry from the SCEU, solar array, and CEU PAM commutators on a point-by-
point basis.

The primary pieces of mechanical AGE were the water table test
facility and deployment test fixture. The former was built to enable the
extension and retraction functions 'to be tested without overloading the rela-
tively fragile solar panels and booms. The tables consisted of two 9- by
18-foot tables with shallow water trays on top. The solar array was then
supported, as it was extended, by numerous urethane floats riding on
1-1/2 inches of water. Full extension and retraction were performed on this
facility in addition to final tensioning for flight.

The deployment test fixture simulated the mounting of the solar array
and orientation mechanism on the spacecraft. The array was suspended on
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spring-loaded cables and allowed to deploy as it would in space. A block
diagram of the AGE hookup is shown in Figure 4-74 and the ambient test
positions are illustrated in Figures 4-75 and 4-76.

Conclusions

The telemetry signals were sufficient to test the electrical per-
formance of the FRUSA when used in conjunction with the above test equip-
ment and facilities. In addition, the simple oscilloscope reading of PAM
telemetry proved to be a workable scheme.

FRUSA FRUSA FRUSA FRUSA

SYSTEM TEST PCU LOAD BCc BCC
EQUIPMENT BANK128V28_ D. SOLAR '( l -

ARRAY

SIMULATOR ISYSTEM TEST HARNESS

POWER
LOAD
SIMUOLATORRUNA

MECHANISM

LM FRUSA 

[

AGE

~FRUSA
I ARRAY

SCOPE SOA

L1
Figure 4-74. Single Line Cable Block Diagram/FRUSA System Tests
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Figure 4-75. Ambient Functional Setup
(Photo ES31338)
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Figure 4-76. Flight Model Solar Array Ambient
Test Position (Photo A31408)
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L.4

SECTION V

SYSTEM TEST

The system tests consisted of the conventional trilogy of tests for
aerospace hardware- qualification, acceptance, and integration. The
qualification and acceptance tests were conducted at the Hughes El Segundo
facility in February through June of 1971, while the integration tests were
conducted in the LMSC facilities at Sunnyvale (for Agena integration) and at
Vandenberg AFB (for Thorad integration). Procedures and results from
these tests are presented in the following pages.

QUALIFICATION TESTS

The qualification model wa& subjected to ambient functional, vibra-
tion, and solar-thermal-vacuum (STV) tests in accordance with the sequences
and levels presented in Table 5-1 and Figure 5-1. A summary of the test
results is presented in Table 5-2.

Ambient Functional Tests

During the initial ambient functional tests (Figure 5-2), two problems
were encountered with the orientation subsystem, one problem with the solar
array subsystem, and one problem with the power subsystem.

TABLE 5-1. QUALIFICATION ENVIRONMENTS

Tests/Analysis

Requirements Performed

Environment Titan Thorad Analysis Test

Quasi-static 1Z E3.8 g 15 ±2. 5 g Yes No

Acoustic 145 dB 145 dB No Covered'.-"

Pyro shock Squib Squib No Yes

Broadband 19.5 g rms 13 g rms Yes Yes
random

Sine 5-18 cps 0.5 in. double amplitude
vibration 18-22 cps 8 g

None 22-400 cps 5 g Yes Yes
400-2000 cps 7.5 g

Deployment Yes Yes Covered Yes

Electromagnetic MIL-STD-461A Yes Yes
compatibility I I

-FRUSA was considered' qualified by similarity to the prior developmental solar array, the
500-watt FISCA, which was tested to 155 dB.
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---------------------------------------------------.j
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Figure 5-1. Operations Flow Chart

Figure 5-2. Ambient Functional Setup (Photo ES31338)
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Orientation Subsystem

The first problem encountered with the orientation subsystem was a
current tripping or dropout during acquisition and/or tracking operation.
Although current limiting was included in both the error channel and the
feedback channel, under certain conditions these two channel outputs were
additive and would therefore exceed the current trip value. A design change
was incorporated, which in effect limited not only the individual channels but
the summation as well. Subsequent test proved the validity of the modification.

The second problem discovered was that the orientation subsystem
would not retain lock on the -Z side of the spacecraft, but would break lock
and reacquire on the opposite or +Z side. This was found to be a design
deficiency in that polarity reversal circuits were not incorporated in the
logic associated with the tracking sensors. For the STP 71-2 flight, a
circuit was added to the spacecraft which prohibited locking on the -Z side
of the spacecraft. Although a FRUSA design fix was not attempted in the
interest of economy, future CEU designs could be modified to preclude this
problem (see Orientation Subsystem Section IV).

Solar Array Subsystem

The solar array driye motor wiring was found to be reversed, so
that when an extension command was issued the array actually retracted.
This wiring error was corrected on the unit and proven by subsequent test.

Power Subsystem

The problem encountered with the power subsystem was excessive
electromagnetic noise. This noise blanked out the telemetry when the solar
array was being extended or retracted. A design modification was made to
install filtering in the power conditioning unit. Subsequent test indicated
the FRUSA telemetry operated normally during extension/retraction
exercises.

Vibration Test

After the FRUSA system completed ambient functional checkout suc-
cessfully, each subsystem was in turn subjected to qualification level
vibration (Figure 5-3). As each subsystem completed vibration, it was
subjected to an ambient checkout to evaluate any malfunction or degraded
performance induced by the vibration environment. Each of the subsystems
experienced one malfunction as a result of postvibration functional checkout.-

Orientation Subsystem

A malfunction of the torquer drive electronics was detected, which
resulted in no current being delivered to the torquer. The CEU was trans-
ported to the electronic's laboratory where the malfunction was reproduced.
The problem was then traced to the torquer drive shaping end card and to
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Fr
contamination in the card connector. The card was cleaned and returned to
the unit after the STV sequence.

Solar Array Subsystem

During postvibration functional test, telemetry indicated no output
from the panel 2 temperature sensor. The problem was traced to a broken
wire at the temperature sensor. A change was made to equivalent flight
model installations that provided support for the connecting wires by applying
conformal coating material as a support to the wire junction.

Load Bank

During postvibration functions checkout, the load bank could not be
commanded on. The problem was traced to a broken wire on the control
relays. The wire was repaired and engineering generated to provide support
for the susceptible wire connections using conformal coating in a manner
similar to that employed on the solar array temperature sensor.

Instrumentation Subsystem

Postvibration checkout showed no output from the telemetry commu-
tator in the orientation subsystem. The commutator was removed and
replaced by one of the flight model commutators. The malfunctioning
commutator was returned to the vendor for checkout, disassembly, and
analysis. The problem was traced to insulation cold flow at a point of con-
tact with an assembly screw. The unit was repaired and reinstalled in the
CEU.

Solar-Thermal-Vacuum (STV) Tests

The power and instrumentation subsystems each experienced one
malfunction during STV (Figure 5-4).

Power Subsystem

The power conditioning unit voltages failed after 16 hours of STV
testing. In order to complete the tests, the flight model PCU was installed.
The problem was traced to a broken wire resulting from a workmanship
error in assembling the unit.

Examination of photographs taken just before potting compound was
applied to the PCU showed that the wire was partially severed, apparently
the result of trimiing performed on an adjacent terminal. Subsequent
thermal stresses then broke the remaining strands of wire.
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Figure 5-3. Vibration Setup (Orientation Subsystem) (Photo A30631)

Figure 5-74. STV Endbell (Photo A30737)
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Instrumentation Subsystem

The strain gage amplifier on panel 1 boom length compensator failed
during STV testing. In order to chill the orientation subsystem to its lowest
qualification temperature, the strain gage amplifiers were subjected to
temperatures that far exceeded their specifications. The amplifiers were
specified to survive only to -65°F, but during the chill operation they were
subjected to -135°F. Although the other strain gage amplifiers were
unaffected, the failure was attributed to the excessive temperature stress.
The coldest temperature that the amplifiers encounter in flight is 0°F.

EMI/EMC Tests

During electromagnetic compatibility tests (Figure 5-5), a problem
was encountered with the orientation subsystem. All other subsystems
operated normally in the EMI environment, even though some of the units
were radiating more than specified by MIL-STD-461A. The problem with
the orientation subsystem was that spurious torquer commands were
encountered when conducted interference was apolied to the unregulated
bus. Filtering was added to the CEU and proven adequate by subsequent test.

During the course of EMC testing, an eighth-scale mockup of the
solar array panel was assembled to verify the magnetic moments introduced
by the system. This was of particular interest on the STP 71-2 flight because
of the "softness" of the gravity gradient/CMG technique used for long-term
stability of the parent Agena spacecraft and the sensitiVity of the ONR-001
experiment to magnetic fields. The field intensity proved to be less than
0. 1 milligauss in a location modeled to simulate the ONR-001 installation,
that is, on the other or aft end of the spacecraft. The setup and the
instrumentation used are illustrated in Figure 5-6.

Solar Array Deployment Tests

In addition to the formal qualification tests discussed above, special
deployment tests were instituted to evaluate the FRUSA/Agena interface
during the deployment phase. The objective of these tests was to provide a
quantitative assessment of the capability of the elbow-like deployment
mechanism of the orientation subsystem to deploy properly the solar array
from the stowed position to the operational attitude. Qualification models
of the orientation and solar array subsystems and LMSC installation hard-
ware such as the actual Lockheed flight brackets, studs, and pyro assemblies
were used. Of additional interest were the dynamics of separating from the
Agena spacecraft a..d the assurance of freedom from rotational or transla-
tional modes which would "snag" the assembly after firing the pyrotechnic
separation bolts.

Three manual deployments under panel tensions of 7, 30, and 50
pounds were made. These deployments were conducted on the systemtest
fixture using overhead support cables and soft (Og) springs for support during
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Figure 5-5. Screenroom Setup for EMI/EMCTES (Photo A30740)
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the 90 degrees of horizontal travel from release to the deployed and locked
position. Operation was monitored by appropriate accelerometers, high
speed cameras, position potentiometers, and displacement gages as shown
schematically in Figure 5-7 and pictorially in Figure 5-8.

One pyro firing was conducted before vibration testing, and five
additional firings were conducted after vibration. The suppoirt brackets
were mounted to a 1 inch thick magnesium plate, which was required to
maintain the physical relationship between brackets during transportation,
after vibration, to the deployment fixture. Table 5-3 shows the results from
each of the manual and pyro deployment/separation tests. Deployment times
were all within specification and no solar array hangups or other undesir-
able array motions were experienced.

TABLE 5-3. DEPLOYMENT TEST DATA

Panel

Deployment Tension-', Time to Deploy,
Type pounds minutes Comments

Manual 1 14 0.22

Manual 2 36 0.23

Manual 2A 3 0.23

Manual 3 45 0.215

Pyro 1 51 0.22 Full set of squibs.

Pyro 2 0 0.24 Postvibration, full set of
squibs.

Pyro 3 60 0.25 Half set of squibs installed;
aft bracket misaligned
I degree.

Pyro 4 50 0. 221 Half set squibs installed.
Misalignment 0. 11-inch aft
bracket toward forward
bracket. One pyro had
prebroken wire.

Pyro 5 50 0.22 Aft bracket misaligned
I degree counterclockwise.
Mounting raised 0. 15 inch.

Pyro 6 60 0. 220 Same misalignment as 5 with
1/8-inch additional shim
both fore and aft.

:'Nominal launch tension was 50 pounds.
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Summary of Test Results

The system tests on the FRUSA qualification model resulted in the
basic system design and fabrication being qualified for space flight. The
major problems disclosed in these tests were involved with EMI. Some
susceptibility to conducted interference was observed and conducted emijsion
was found. Prior to launch, changes were made to the flight model to lower
both the susceptibility and emissions to within acceptable limits. These
changes consisted principally of the addition of both internal and external
filtering in the PCU and CEU. Details of the test results may be found in
the FRUSA Qualification Model System Test Report, dated 7 May 1971.

FLIGHT ACCEPTANCE TESTS

The flight acceptance test sequence consisted of a complete ambient
system functional test including extension/retraction of the solar array and
a closed loop sun acquisition and tracking checkout, deployment test, and
panel illumination tests. After completion of the ambient functional tests,
the system was exposed to vibration, one subsystem at a time, and thermal
vacuum tests. After each environmental exposure the system was subjected
to an ambient functional test to evaluate the degradation, if any, resulting
from the environmental exposure.

Test conditions were designed to demonstrate workmanship and
equipment capabilities for orbital flight under environmental stresses
predicted for launch and orbital conditions. These conditions were not
intended to exceed predicted conditions or to excite unrealistic modes of
failure. The units under test are illustrated in Figure 5-9.

Two major deviations were made to the planned sequence:

0 Since the total system was not delivered to the systems test
laboratory at one time, subsystems were checked out as
they became available.

* Due to problems with the solar array booms, the solar array
subsystem vibration test was delayed until completion of the
thermal vacuum tests.

The test equipment and system configuration block diagram are
shown in Figure 5-10 and several of the test positions are illustrated in
Figures 5-11, 5-12, and 5-13. Tha major test equipment used for electrical
functional testing consisted of the following:

1) FRUSA AGE panel. This panel contained circuitry to send
commands and providB telemetry signal switching, as well as
special circuits for test cell/module calibration and telemetry
point calibration. A test telemetry commutator and a switchable
DVM were included in order to read out the telemetry data which
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-4 were not commutated in the FRUSA system but were normally
sent to the Agena telemetry system directly.

2) Power load simulator. Switchable resistive loads to simulate
external FRUSA loads were provided in the power load simula-
tor (PLS). In addition, switches for actuating battery power
and the Agena interface relay were contained in this panel.

3) Solar array simulator. The test equipment included a 28-volt
(adjustable 0 to 45 volts), regulated 50-ampere power supply
to simulate the solar array or the launch stand umbilical power
supply.

The above equipment was used to conduct the following tests before
and after each environmental exposure:

1) Orientation subsystem

* Manual torque

* Sun acquisition mode

* Sun tracking mode using sun sensor group and "sun gun"

* Commanding and verification

0 Complete telemetry assessment

2) Power subsystem

* Battery mode

* Battery charge through umbilical

* Battery charge through orientation mechanism cable

* Regulator operation at maximum and minimum voltages

* Overvoltage circuits and override

* Minimum voltage battery takeover

* Load bank test

* External load test running full power through orientation
mechanism cables and slip rings

* Complete command repertoire

* Complete telemetry assessment
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Figure5 -9. Flight Model Units
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3) Solar array subsystem

* Full extension and retraction of array

* Strain gage calibrati6n

* Cell/module check and telemetry calibration

* Accelerometer identification

* Complete command check

* Complete telemetry assessment

4) Telemetry subsystem - complete telemetry assessments

Test Results

Vibration Tests

Each of the three major subsystems was subjected to 10-g rms
broadband random vibration along each principal axis in accord with the
spectrum presented in Figure 5-14. The units were in a nonoperating
condition during vibration, since the system is not operated during the boost
phase, which is the main source of the dynamic environment.

Postvibration functional tests were made, consisting of the appropri-
ate parts of the overall system tests outlined above. These checks disclosed
nc failures due to vibration.

During the first tensioning operation prior to vibration of the solar
array, however, the booms of panel 1 were damaged. The damage was
severe enough to require replacement of both booms. Analysis of the failure
indicated that the problem resulted from excessive side loads produced by
uneven winding of the array on the drum at the high tension levels required
for boost phase vibration survival. Consequently, a new procedure for
tensioning was devised. In this procedure the array is physically discon-
nected from the booms, and is extended and rewound on the water table with
the tensioning force applied by a hand-operated winch.

Subsequent to vibration, the array was mounted on the water table,
the drum tension was released, and the array extended and retracted in a
normal manner (orbital panel tension) without incident.

Inspection of the solar cells of the FRUSA panels following environ-
mental test exposures indicated 52 defects (of 34,500 cells), none of which
would affect solar panel performance. Twenty-eight of the solar cells ,vere
replaced, however, since their defects might progress to the point where
further damage would occur during the prelaunch tensioning and boost
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vibration. The defects found included 43 cover cracks and chips, 8 cover
adhesive delaminations, and 1 solar cell crack. Distribution of the defects
by panel is as follows:

Percent of

Panel 1 Panel 2 Total Full Array

Defective cells 24 28 52 0. 153

Replacement cells 12 16 28 0. 081

As this inspection was the first full panel mechanical inspection after
initial assembly of the panels on the array drum and thus'included many
handling and extension/retraction cycles as well as the vibration exposure,
the low level of defective cells was considered exceptionally good for the
flexible array and suggested that in-flight degradation due to the roll-up
configuration would be miminal.

Deployment Tests

The special set of test fixtures used on the qualification model to
demonstrate solar array separation from the Agena and deployment of the
drum mechanism was used to test deployment of the flight model (Fig-
ure 5 12). The solar array was mounted on a 1-inch thick magnesium plate
using the LMSC engineering model mounting brackets. The orientation
mechanism was mounted horizontally on the fixture in a position simulating
its relationship to the array on the Agena. The array was coupled to the
orientation mechanism deployment arm and supported by two spring-loaded
cables from the ceiling of the test area to simulate as far as possible the
O-g environment. The support cables were pivoted at the top so that when
released from the brackets, the solar array was free to swing out from the
mounting as it would in orbit.

Manual separation was utilized and the motion of the array during
deployment was observed and timed. Deployment was normal, with full
deployment occurring in 12. 7 ±0.3 seconds.

Thermal Vacuum Tests

The entire system was subjected to a simulated space environment
in the Hughes thermal vacuum chamber (see Figure 5-13). A temperature
controlled mounting plate was provided for the battery charge control (BCC)
units to maintain a temperature between40*and 80°F at the mounting inter-
face per the requirements of the Agena interface specification. The test was
scheduled as a 20-hour test, including chamber conditioning time. Chamber
walls and floor were maintained at approximately 0°F for 6 hours after con-
ditioning and then reconditioned to 100°F and held for 6 hours to produce the
unit temperatures anticipated during eclipse and illuminated orbits. Ambient
pressure during this test was about 10 - 5 Torr or less.
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Figure 5-12. FRUSA System Setup for Separation and Deployment
Testing (Photo 20338-85)
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Figure 5-13. FRUSA System Installed on C-4 Chamber Endbell Just

K Prior to Thermal Vacuum Tests (Photo 20338-86)
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Functional tests were performed on the system after mounting on the
chamber endbell at ambient conditions. Functional tests were also performed
on the system while in the chamber and at space environment conditions.
These tests included a partial array extension and retraction. Performance
was nominal with one exception. During the 0°F portion Qf the test, BCC
S/N 003 could not be commanded into the charge condition, while BCC S/N002
functioned normally. Checks were made at the chamber endbell penetration
plate and the command was functioning up to this point. The test was con-
tinued and at 100°F, BCC S/N 003 functioned normally. After the test, the
cables and connections were carefully examined for intermittence, but no
abnormality was detected. Subsequent to the thermal vacuum system test,
BCC S/N 003 was subjected to a number of environmental cycles and the
trouble could not be duplicated.

During subsequent final system functional test, just prior to shipment,
a similar commanding difficulty was experienced with the BCC in the test
position designated "BCC 2. " In this case the trouble was traced to the
AGE. Further detailed examination of the AGE and the cable designated
"BCC 2" disclosed identifiable faults, so that both the final system test prob-
lem and the thermal vacuum problem were attributed to the AGE test equip-
ment and not to the flight hardware.

Panel Illumination Tests

In addition to the tests called out in the formal procedure, a solar
panel illumination test was run. For the power cells, the panel was illumi-
nated in sect6rs by a calibrated pulsed xenbn light source, and voltage and
current data were taken. For the test cells and modules, a constant ampli-
tude calibrated light source was used and data of the voltage-current charac-
teristics were taken via the end-to-end telemetry data from the solar cell
electronics unit (SCEU).

Panel power performance on the basis of these tests at the base of
the orientation mechanism (i. e. , the Agena interface) for median solar
intensity and without environmental degradation is illustrated by Figures 5- 15
and 5-16. Using the worst-case temperature situation (high sun, noon orbit
for temperature, and low sun for power output) as illustrated by Figures 5-15
and 5-16, and assuming 192 watts of FRUSA housekeeping loads, reduces
the worst-case estimate of power to the Agena interface to 1040 watts
(worst-case requirement is 940 watts). Under more favorable orbital
conditions such as full load on the panel and with low earth albedo such as
for the initially planned twilight orbits, the gross output would be nearer
the performance of Figures 5-15b or 5-15c, and the system power output
would, accordingly, be 200 or 300 watts higher.

Special EMI Tests

Because of schedule constraints, it was necessar-r to conduct EMI
tests with qualification hardware and an external filter unit which was provided
to correct some of the conducted emissions observed during qualification test-
ing. These tests we re conducted in the Hughes El Segundo screen room.
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Figure 5-16. Power Performance for Full Array at Worst Case Temperatures
(See Figure 5-15a)
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TABLE 5-4. FRUSA SYSTEM TEST RESULTS SUMMARY

U

Test Orientation Power Instrumentation
Phase Mechanism Solar Array Subsystem Subsystem Problem Solution

Ambient Problems 5 Problems 2 Successful Problems 1, 1. Boom strain gage 1. Installed new
functional and 7 and 4 3, and 6 poldrity reversed strain gage and

rewired

2. Boom extension 2. Vendor installed
not even and boom new booms
damage

3. Commutator "A" 3. Cleaned and
intermittent reinstalled

connector

4. Root inboard test 4. Resoldered con-
module panel nection at drum
inoperative

5. Deployed'and 5. Rewired
locked switch
wired incorrectly

6. Wire rever al at 6. Rewired
2P2

7. No commutator 7. Wiring reversed;"A" output rewired,
rechecked

Vibration Problem 2 Problem I Successful Successful I. Panel 2 root 1. Checked OK, test
inboard cell readout error
inoperative

2. Screw at base of 2. Reinstalled and
orientation lockwired
mechanism fell out
during vibration

Thermal Successful Successful Problem I Successful I. BCC S/N 3 could 2. Problem defi-
vacuum not be commanded nately identified

to charge mode at to intermittent
low temperature AGE connector

Deploy- Successful Successful NA NA None None
ment

Prelaunch NA Problem I Successful Successful I. Booms on panel I 1. Replaced
tensioning damaged during booms; changed

tensioning tensioning
procedure

Final Successful Problem I Problem 2 Sucressful I. Acquisition 1. Ilandling damage;
system sensors 2 and 4 repaired.
test would not function recalibrated and

tested.

2. Failure to coin- 2. AGE and test
mand properly cable problem
in BCC 2 not flight
position ha rdwa re:

fixed AGE
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All of the EMI correction filters were added to the qualification units
to make them identical to the flight units and a flight model external CEU
filter unit was added to the system.

The tests indicated that the EMI was within acceptable limits and

the unit was sent to LMSC to be installed with the flight model on the Agena.

Summary of Accepftahce Test Results

Results from the flight model acceptance tests are summarized in
Table 5-4, which also illustrates the anomalies or problems that developed
during the test sequence. Many of the problems noted have not been dis-
cussed in the preceding text because of their minor importance or the
self-explanatory nature of the solutions,

As a result of the tests the flight model was accepted by the Air Force
at Hughes, El Segundo on 19 June 1971. The units were subsequently delivered
to LMSC and integrated with the Agena for flight as reported in the following
subsection. Weights of the flight units as shipped are summarized in
Table 5-5.

INTEGRATION AND PRELAUNCH TESTS

Qualification Model

After completion of the tests on the qualification model at Hughes the
system was shipped to LMSC, Sunnyvale, for preliminartr integration with the
Agena spacecraft. Just prior to installation a complete "bench" system test
was performed. After installation the integration tests consisted of a quick
functional test and the FRUSA portion of an overall STP-71-2 test sequence.
This series of tests confirmed the mechanical and electrical interface of the
FRUSA with the Agena subsystems.

Subsequent to the removal of the qualification model from the
spacecraft a special EMI test was conducted at LMSC to determine if the
FRUSA would be affected by the RF radiation of the ONR experiment on
the STP-71-2 spacecraft. There was no evidence of any problems and
the qualification model was returned to Hughes for EMI tests with the new
PCU and CEU modifications and the CEU filter unit.

Flight Model

The flight model was "bench" tested at LMSC prior to integration
with the spacecraft. During initial FRUSA turn-on with the EMI filter unit
installed with the system on the Agena the solar array motor drive filters
in the filter unit shorted, causing severe damage to the PCU. Both the
filter unit and PCU were returned to Hughes for trouble analysis and repair.
It was decided that the qualification model PCU would be upgraded to flight
status. This was accomplished, along with a design change in the filter unit
and both units were returned to LMSG for the successful completion of
integration tests.
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TABLE 5-5. FRUSA WEIGHT

Unit Actual Weight, pounds

Battery charge controller (2) 42.46

Power conditioning unit 18.31

Load bank 27.13

Orientation mechanism and control electronics unit 74. 17

Solar array 82.20

Filter unit 3.50

Total weight 247.77

Prelaunch Tests

Tests at VAFB consisted of the FRUSA portions of overall STP-71-2

tests both in the Agena assembly area and on the launch stand. During the

stand tests a thermal problem was discovered on the solar array. This was

found as a result of thermal analysis of a similar design on another program

and not as a result of VAFB stand tests. It was necessary to remove the

solar array from the Agena and return it to Hughes for modification. This

was accomplished without delay to the launch schedule. All subsequent

prelaunch tests at VAFB indicated normal FRUSA operation.
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SECTION VI

FLIGHT TEST RESULTS

MISSION SUMMARY

Early orbital operations after the October 17 launch of the system
were nominal in all respects except timing (see Table 6-1 for an operations
summary). As the result of a thermal runaway of one of the spacecraft pri-
mary batteries, a decision was made to pitch down the spacecraft in orbit 8
rather than orbit 16 in order to deploy the FRUSA so that the spacecraft could
be supported by the FRUSA power, thus enabling the spacecraft primary cells
to cool and providing for the safety of the spacecraft in the event of total fail-
ure of the primaries. By orbit 10, extension and acquisition had been achieved
with totally nominal performance of the FRUSA. Power output was approxi-
mately 1460 watts at the peak power point, which compares well with accept-
ance test data for a panel temperature of about 130°F. The panels were
dynamically quiet with no significant response noted by the accelerometers.

After several days of operation and to facilitate charge regulation of
one of the spacecraft buses, it was decided to retract the array about 1/6 or
1/3. A trial retraction was accomplished during the Vandenberg station pass
in order to calibrate the retraction rate and to develop a retraction signature.
Precision retraction was a necessity, since array temperatures could reach
350'F (solder melting temperatures) in the rolled-up sectors of the panel if
power were being supplied in that configuration. If any particular panel sec-
tor was fully shadowed, such damaging temperatures could be obviated. The
trial retraction (40 percent) was successful and the panel was later retracted
1/6 using the time of shading a solar cell module as a signature. This retrac-
tion modulated the power output sufficiently to enable efficient power manage-
ment of the SAMSO-002 bus. Power output in this condition is about 1200 watts
at the peak power point.

Subsequent to the trial retraction on orbit 79, however, an oscillatory
motion of the panel was observed on orbit 80. This oscillation results from a
loss of bias to an amplifier in the support axis rate limiting circuit. The effect
of this loss is to change the rate circuit performance such that when the sys-
tem is in a sun acquisition motion about the support axis (0. 5 deg/sec) and
when the field of view (FOV),of the sun lockon signal is entered, a negative
current of large magnitude is generated that causes the FRUSA to be rejected
from the field of view. As soon as this rejection occurs, the system switches
back to an acquisition mode. This cycle repeats at about a one-half cycle per
second rate without significant effect on the FRUSA or the spacecraft. The
panel "wiggles" about ±10 to 15 milli-g at the tips, and the interface relay
opens and shuts because of its dependency on the sun lockon signal. The
latter effect was overcome by sending a manual sun lockon command. While
such a limit cycle oscillation was benign as far as system and FRUSA effects,
it was decided to disable the control electronics unit (CEU), and thus to leave
the array in its last fixed position, 327 degrees, or about 20 degrees off the
nominal sun tracking null position (see Figure 6- 1). This approach was taken
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TABLE 6-1. RTD-806 MISSION OPERATIONS

Operation Orbit

First status checK 2

Pitchdown and FRUSA deployment 8

Extension of solar array panels 9

Sun acquisition 10

Application of FRUSA power to spacecraft bus 10

Thirty-six loadbank and SCEU tests Various (I 1
through 2639)

Retraction of FRUSA panels 1/3 79
and re-extension

Retraction of FRUSA panels 1/6 to 171
reduce spacecraft power

Failure of commutator A 197

Re-extension of panels 621

Repositioning of support axis to 835
047 degree position

Repositioning of support axis to 838
297 degree position

Retraction and extension of FRUSA 936
panels 947

948
949
950

1136
1137

Panel 1138

in J1143
eclipsell 1144

Failure of commutator D 1478
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SECTION VI

FLIGHT TEST RESULTS

MISSION SUMMARY

Early orbital operations after the October 17 launch of the system
were nominal in all respects except timing (see Table 6-1 for an operations
summary). As the result of a thermal runaway of one of the spacecraft pri-
mary batteries, a decision was made to pitch down the spacecraft in orbit 8
rather than orbit 16 in order to deploy the FRUSA so that the spacecraft could
be supported by the FRUSA power, thus enabling the spacecraft primary cells
to cool and providing for the safety of the spacecraft in the event of total fail-
ure of the primaries. By orbit 10, extension and acquisition had been achieved
with totally nominal performance of the FRUSA. Power output was approxi-
mately 1460 watts at the peak power point, which compares well with accept-
ance test data for a panel temperature of about 130°F. The panels were
dynamically quiet with no significant response noted by the accelerometers.

After several days of operation and to facilitate charge regulation of
one of the spacecraft buses, it was decided to retract the array about 1/6 or
1/3. A trial retraction was accomplished during the Vandenberg station pass
in order to calibrate the retraction rate and to develop a retraction signature.
Precision retraction was a necessity, since array temperatures could reach
350'F (solder melting temperatures) in the rolled-up sectors of the panel Lf
power were being supplied in that configuration. If any particular panel sec-
tor was fully shadowed, such damaging temperatures could be obviated. The
trial retraction (40 percent) was successful and the panel was later retracted
1/6 using the time of shading a solar cell module as a signature. This retrac-
tion modulated the power output sufficiently to enable efficient power manage-
ment of the SAMSO-002 bus. Power output in this condition is about IZ00 watts
at the peak power point.

Subsequent to the trial retraction on orbit 79, however, an oscillatory
motion of the panel was observed on orbit 80. This oscillation results from a
loss of bias to an amplifier in the support axis rate limiting circuit. The effect
of this loss is to change the rate circuit performance such that when the sys-
tem is in a sun acquisition motion about the support axis (0. 5 deg/sec) and
when the field of view (FOV).of the sun lockon signal is entered, a negative
current of large magnitude is generated that causes the FRUSA to be rejected
from the field of view. As soon as this rejection occurs, the system switches

'back to an acquisition mode. This cycle repeats at about a one-half cycle per
second rate without significant effect on the FRUSA or the spacecraft. The
panel "wiggles" about ±l0 to 15 milli-g at the tips, and the interface relay
opens and shuts because of its dependency on the sun lock-on signal. The
latter effect was overcome by sending a manual sun lockon command. While
such a limit cycle oscillation was benign as far as system and FRUSA effects,
it was decided to disable the control electronics unit (CEU), and thus to leave
the array in its last fixed position, 327 degrees, or about 20 degrees off the
nominal sun tracking null position (see Figure 6-1). This approach was taken
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TABLE 6-1. RTD-806 MISSION OPERATIONS

Operation Orbit

First status check 2

Pitchdown and FRUSA ceployment 8

Extension of solar array panels 9

Sun acquisition 10

Application of FRUSA power to spacecraft bus 10

Thirty- six loadbank and SCEU tests Various (I 1
through 2639)

Retraction of FRUSA panels 1/3 79
and re-extension

Retraction of FRUSA panels 1/6 to 171
reduce spacecraft power

Failure of commutator A 197

Re-extension of panels 621

Repositioning of support axis to 835
047 degree position

Repositioning of support axis to 838
297 degree position

Retraction and extension of FRUSA 936
panels 947

948
949
950

1136
1137

Panel 1138
in 1143
eclipsel 1144

Failure of commutator D 1478
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because enough power could be made available to the spacecraft without
autotracking, and the reluctance to depend on the stability of a failed compo-
nent in the CEU. Further slewing of this axis to maintain a sufficient
average power level was accomplished by locking the control electronics in
an acquisition mode, which .generates a 0. 5 deg/sec excursion of the support
axis. As desired positions are attained, the CEU is commanded off and the
slew stops.

While the support axis tracking anomaly and the later intermittency of
commutator A (revolution 197) and failure of commutator D (revolution 1478)
were annoying in the sense that nonstandard and time consuming operations
such as command positioning of the solar array became necessary, the basic
test objectives of establishing the principal structural, thermal, and power
characteristics of a flexible array are continuing as discussed in the follow-
ing performance evaluation analysis sections of this report.

To this point in the mission (eighth month), it appears that degradation
of the overall solar cells and modules is consistent with the effects of space
radiation (indicating little mechanical damage), that solar array thermal per-
formance is about 7*F cooler than anticipated, and that dynamic response of
the panel system is small to the point of being insignificant during deployment,
tracking, or the ten retraction extension operations which were performed
late in the third month of the mission. The panel stability is so exceptional
that it became necessary to plan a special test for late in the mission to
stimulate dynamic modes. This test would consist of applying torque pulses
about each control axis such that the panel modes would be stimulated to the
point of rising above the noise level.

SOLAR ARRAY PANEL TEMPERATURE EVALUATION

A comparison of flight solar array panel temperature data with pre-
flight predictions (Figure 6-2) shows the array panels to be operating up to
7*F cooler than anticipated for the applicable twilight orbit and electrical
output conditions.

The flight data that have been used for comparison are given in
Table 6-2. These data indicate that panel 2 is consistently warmer than
panel 1, apparently resulting from the Agena albedo, since panel 2 is parallel
to and alongside the Agexna. As such effects were not included in -I- analytic
model, only panel 1 data were used in evaluation of the analytic r , '.

Since all data cor. .. spond to twilight environmental conditions (P=80 degrees),
the variations of the mean panel 1 temperatures between orbits is almost cer-
tainly due to the sun line being other than normal to the panel surface. Com-
paring revolution 12 data with that from revolutions 18 and 76, and with the
knowledge from other data that the panel was normal to the sun line tor
revolution 12, it can be shown from the temperatures that the panel normal
was the order of 25 degrees off the sun line for revolutions 18 and 76. This
compares reasonably well with the analysis of the support axi" tracking
anomaly discussed earlier which indicated that the panel was about 20 degrees
off the sun for these orbits.
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TABLE 6-2. FLIGHT SOLAR ARRAY TEMPERATURES, °F

Revolution

Location 12 18 76

Panel I

Middle inboard 131 125 125

Middle outboard 131 123 125

Root inboard 137 128 124

Root outboard 127 124 124

Average 131.5 125 124.5

Panel 2

Middle inboard 141 137 135

Root outboard 136 135 133

Average 138.5 136 134

Using the revolution 12 panel 1 data as most representative of twilight
orbit flight performance and a preflight analysis based on the properties of
Table 6-3 results in the comparison shown in Figure 6-2. The noon orbit
case was extrapolated from the twilight orbit data by assuming that the 10°F
difference in performance is due to either the effective emittances and/or
the front side solar absorptance being different from those used in the analy-
sis. However, other factors affecting the flight data, such as the ±2-degree
measurement uncertainty in panel sun angles, or temperature and efficiency
uncertainties could also account for the difference. Uncertainties in backside
solar absorptance, which do not enter into the twilight case, also can affect
the noon orbit flight performance. In any case, it is reasonable to assume
from these data that the nominal prediction for noon orbit temperature will
not be exceeded in flight and that the temperature may be up to 80 to 10°F
lower as indicated by this analysis. Unfdrtunately, data acquisition problems
have not allowed the foregoing conclusions concerning the noon orbit maxi---
mum temperature to be verified. Commutator D was lost on Orbit 1478,
approximately 17 days before the noon turn occurred. This commutator car-
ried the panel temperature and its loss terminated data retrieval from these
sensors. In addition to this difficulty, all available flight data prior to
Orbit 1478 were for vehicle orbital positions close to the earth's terminator.
In this condition no significant panel albedo loads existed. The panel tem-
perature results for all these cases were similar to those presented in
Table 6-2 for the twilight orbit case.
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TABLE 6-3. FRUSA ARRAY RADIATIVE PROPERTIES FOR
BASELINE ANALYSIS

(Specific heat at 70'F = 0. 19 Btu/lb°F).

Effective Solar Absorptance, Total Hemispherical.
Location a Emittance

Solar cell side 0. 81 (no electrical load) 0. 83

0. 75 (full electrical load)

Back side 0.52 0.81

SOLAR ARRAY POWER PERFORMANCE

The el-ctrical performance of the main solar array has been monitored
periodically since the eleventh revolution of the mission. This performance
provides an important means of checking on the condition of the array. Flight
data for the first 6 months of operation (reduced to standard conditions of Air
Mass Zero illumination, normal sun incidence, and panel temperature of 130°F)
are summarized in Figure 6-3. Early postlaunch performance (revolution 11)
matches prelaunch performance within the precision normally obtained between
ground measurement and early space performance on other spacecraft. Per-
formance after 6 months of operation (revolution 2639) was somewhat less;
power had degraded about 10 percent, a magnitude consistent with the degrada-
tion predicted to be caused by particulate radiation. This result gives overall
confidence that the array is functioning as expected. No evidence of mechan-
ically induced damage was observed for either launch or roll-out/roll-in
maneuvers.

Data from the first 173 revolutions were obtained with good precision
using the instrumentation intended for this purpose. The failure of commuta-
tor A on revolution 197 precluded direct measurements of panel voltage and
current on subsequent revolutions. Acceptable data for these latter cases
were obtained by measuring the load voltage and then using the values of the
various load resistors to deduce the panel current. Corrections were made
to allow for voltage drops in the orientation mechanism and leads as well as
for the current used by the load switching relays and for battery charging.
Corrections were also made for seasonal changes in the sun/earth distance.
Data were corrected for panel orientation angle and earth albedo effects
through revolution 1147 using LMSC supplied data.

For subsequent revolutions, where LMSC data were not available,
reasonable assumptions were made for these effects. For the special case
of revolution 173, when one-sixth of the panel was kept retracted (i. e. five-
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sixths of the panel was illuminated, corrections were made to show panel

power as if the panel had been fully deployed. Thus, for all revolutions, the

data were reduced to the standard conditions of a fully deployed pair of panels

operating at 130°F and oriented normilly to sunlight with no earthshine addi-

tions to the power. When thus normalized, any differences observed in per-

formance from one revolution to another could be attributed directly to panel

degradation. Comparison of Table 6-4 and Table 6-5 shows that measured

degradations are consistent with predicted radiation effects. Therefore,
these 'data support the conclusion that the launch ccnditions, initial full

deployment, subsequent partial retraction/extension and the ten full retraction/

extension operations as well as the many sunlight/earth shadow induced

TABLE 6-4. PREDICTED (NORMALIZED) SOLAR PANEL (1)

MAXIMUM POWER PERFORMANCE (2)
VERSUS TIME IN ORBIT

Penetrating Damage,
Penetrating Penetrating Damage Low Energy Protons

Damage Plus Low Energy and 0211

Months in P and e- Protons Coverslide DarkeningP/Ph i Pt/P Pt/P

Orbit t t 0 Pt/P

1 0.994 0.974 0.955

2 0.982 0.953 0.934

3 0.970 0.931 0.912

4 0.960 0.913 0.895

5 0.950 0.898 0.880

6 0.940 0.884 0.866

12 0.900 0.833 0.816

1 )Utilizing 2 by 2 cm 2 ohm-cm 8-mil n/p solar cells with 6-mil microsheet
cover slides.

( 2 )400-nm , 90-degree inclining orbit, NASA SP-3024 radiation
environment.

(3)Cover glass and adhesive degradation assumed to occur very early in life.

I%
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TABLE 6-5. MEASURED (NORMALIZED) FRUSA SOLAR PANEL
PERFORMANCE VERSUS TIME IN ORBIT

Months V
in Rev. SC, • OC, • I @ 28V, I /I

Orbit No. amperes ISC/ISCO volt VOC/VOCO amperes 28/Z80

0 Prelaunch 53.7 1.0 40.9 1.0 50.5 1.0

0 11 54.0 1. 006 41.0 1. 002 49. 9 0.988

0. 16 76 53.5 0. 996 40.5 0.990 49.8 0. 986

0.4 173 52.0 0.968 41.0 1. 00z 49.4 0.978

1.7 735* 51.0 0.950 39.5 0.966 48.4 0.958

2. 6 1147"" 54. 1 1. 007 40.0 0.978 48.8 0.966

4.0 1762 49.8 0. 927 40.0 0. 978 45.9 0.909

5.4 2365 50.6 0.942 38.0 0.929 44.8 0.887

6.0 2639 49.0 0.912 40.0 0.978 44.5 0.881

Severe data scatter.

temperature cycles did not produce any measurable degradation of the elec-
trical power capability of the FRUSA. The tuin retraction/extension cycles,
performed between revolutions 735 and 1147, are particularly noteworthy in
that some of these occurred while the panels were cold in eclipse conditions.
The current-voltage curves for representative revolutions, as well as the
data points used to generate these curves, are shown in Appendix A.

SOLAR CELL/MODULE EXPERIMENT RESULTS

The 14 test cells and modules on the FRUSA were monitored individu-
ally for electrical performance. The types of cells and covers included in
these test samples are listed in Table 6-6; the positions of the samples on the
panels are indicated in Figure 6-4. Cells and module performances were
monitored periodically from revolutions 13 through 1348. Beyond this, the
data became too erratic to be of any use. By revolution 1478, the data com-
mutator failed completely.
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TABLE 6-6. FRUSA TEST CELL/MODULE DESCRIPTION SUMMARY

Cell
Number Cell Type Cover Type

2,9 Ion Physics, 10 ohm-cm n/p, 2 x 2 cm 2-mil integral

7,4 Heliotek, 2 ohm-cm n/p, Zx 2 cm, 8-mil 0211 microsheet
thick 6-mil thick

8,1,3 Heliotek, 10 ohm-cm n/p, 2 x 2 cm, 0211, 6-mil thick
10 12-mil thick

11,0 Heliotek, 2 ohm-cm n/p, 2 x 2 cm, 8-mil 0211, 6-mil thick
thick, irradiated with 1-mev electrons
before ]aunch

12,6 Heliotek, 10 ohm-cm n/p, 3 x 8 cell 0211, 6-mil thick
module, 12-mil thick cells

5, 13 Heliotek, 2 ohm-cm n/p, 3 x 8 cell 0211, 6-mil thick
module, 8-mil thick cells

Early performance (through revolution 173) of these cells was as
expected, showing no significant degradation duiing this short period. Data
from subsequent revolutions also showed little or no degradation. However,
the noise in these latter data precluded the precision required to resolve
small differences in performance that may have existed by revolution 1348
(3 months after launch). The performance of typical cells and modules is
shown in Figure 6-5 (the remaining cell and module data are shown in
Appendix A). All data in this figure have been reduced to standard conditions
of Air Mass Zero illumination, normal sun incidence, and panel temperature
of 130°F.

The cause of data noise is not known but is suspected of being incipient
trouble with the data commutator. Panel temperature data, monitored by this
same commutator, also were erratic. Since these temperature measurements
were used as a basis for correcting all cell and module current-voltage data
t_ the standard 130°F condition, the erratic nature of the temperature data is
reflected in the values of the normalized cell and module data. This effect
is most pronounced with voltage data and is believed to be the cause of some
cells and modules showing an increase with time of open circuit voltage.

The only two modules showing significant deviation from full power
output were modules 5 and 12 during revolution 173. These two modules were
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partially shadowed at this time by the cushion takeup roller and by the drum,
respectively, due to the condition of 1/6 panel retraction maintained between
revolution 171 and 621.

ARRAY DYNAMIC ANALYSIS

in support of the dynamic analysis phase of the flight experiment com-
plete analytic models of the flexible array were developed. These models
included the effects of compression loading in the supporting booms and finite
tip deflections in tbhe determination of vibration frequencies and modes. In
this analysis, the support booms are treated as cantilevered beams of uniform
mass and stiffness with the flexible panel suspended as a wide string of uni-
form mass tensioned between the storage drum and the tip of the booms. The
two support booms deflect in the same direction in bending modes, and in
opposite directions in torsional modes (differential bending). The equations
of motion for this analytical model were derived and solved in closed form.

To the extent of completeness dictated by consideration of small
strains but not necessarily small deflections, the above treatment includes
all significant features that are germane to the basic dynamic representation
of the FRUSA type structure. Further analysis effort was expended for
investigating the array panel behavior under combined substrate bending and
membrane loading conditions as well as alternate boom mounting constraints
and nonuniform boom stiffness. A finite element modeling technique is
employed for this latter analysis.

Verification of the analytical modeling by ground testing of the flexible
roll -up array is difficult at best. The FRUSA flight experiment was there-
fore instrumented with the accelerometers and three strain gages for measure-
ment of array dynamic characteristics in orbital flight. The primary objective
for this flight instrumentation is to validate and to improve the analytical
modeling of the array structure system for use in future array applications.

FRUSA accelerometer data indicate that the array is exceptionally
stable with no significant dynamic interaction with the Agena space vehicle
control system. A comparison of predicted array modes and frequencies
with those derived by Fourier analysis of flight data shows excellent agree-
ment (see Table 6-7). The first three array modes are identified for the
fully extended panel and partial panel extension. Close spacing of bending
and torsional vibration and coupling between both frequencies makes it dif-
ficult to separate clearly the modes in the flight data. The frequency of the
predicted fundamental cantilever beam mode as shown is expected to be
lower than the measured first mode frequency because the drum was not con-
strained from motion as assumed in the analysis. The damping of the funda-
mental vibration mode was determined from flight data to be about 2 percent.

In conclusion, the model representation of the flexible array for dynamic
analysis as a cantilevered beam with a tensioned string proved to be excellent
for fundamental vibration modes. For analyzing lateral panel bending modes
(chordwise deflections), a finite element computer routine was developed.
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TABLE 6-7. COMPARISON OF IN-ORBIT MEASURED FRUSA MODES
WITH ANALYTICAL PREDICTIONS

Fully Extended 5/6 Extended 2/3 Extended
Array Array Array

Frequency, ~ Hz Frequency, - Hz Frequency, - Hz

Order Mode Analysis* Flight Analysis Flight Analysis Flight

I Boom- B 0. 209 B 0. 291 0.3 to B 0.424 0.5 to
cantilever 0. 25 0.4 0. 6

T 0. Z35 T 0. 34 T 0.49

2 Panel B 0.545 B 0.663 0.6 to B 0. 853 0.8 to
0.55 0.73 0.86

T 0.56 T 0.702 T 0.946

3 Panel B 0.909 1 to B 1.087 0.8 to B 1.35 1 to
1.18 . . 3

T 0.917 T 1. 11 T 1.4

The bending (B) and torsion (T) mode frequencies are predicted to be close.
Mutual coupling makes it difficult to separate both modes in the flight
data.

Structure Instrumentation

The location of all structural instrumentation on the FRUSA panels is
illustrated in Figure 6-6. The sensitive axis of each accelerometer is indi-
cated by an arrow. The number assignment is stated as used by the STP 71-2
data recording code. The accelerometer and strain gage signal flow employs
two commutators. RIXX instrumentation channels are routed through the
FRUSA inboard commutator A, and R3XX channels utilize the commutator B
which is mounted to the FRCISA outboard actuator housing. All measurements
are conditioned to a 0 to 5 volt format by amplifiers, commutated, and sup-
plied to the Agena telemetry subsystem for processing into SGLS PCM for-
mats. The data sampling rate is 11 23/32 per second.

The Systron-Donner Model 4311 accelerometer was used on the flight
experiment. This model has a measurement range of ±0. 1g, an excellent
frequency response up to 10 Hz, and provides a signal accuracy of about 2
percent of full.-scale. Since the transducer signal output is digitized by an
8-bit system, a minimum acceleration measurement increment of *-0. 00087 g
is possible.
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Strain gage load cells are used for measuring the boom No. I bending
moment at the actuator housing, and the tension in both array panels. The
root bending load cell employs a temperature compensating circuit bridge
arrangement. Figure 6-7 shows the calibration curve for the boom bending
load cell. The nonlinear shape of this curve LS caused by the changing cross
section of the boom as the bending moment changes direction. However,
because of a slight offset between the boom axis and the vector of the panel
tension, the load cell is generally being utilized in its linear portion of greater
sensitivity.

The tension for both array panels is generated by a single constant
torque spring motor which is placed between the array mechanism spar and
the roll-up drum. As knowledge of the panel tension is essential for predict-
ing the array dynamic behavior, provision has been made for measuring panel
tension. This measurement is effected by a tension strain gage mounted to
.c- steel t-, of each boom lengt h compensator mechanism. The FRUSA
panel tension measured in orbit is 5.8 pounds.

Dynamic Flight Data Evaluation

Data from flight events with expected structural array dynamic con- }
tent have been investigated. Table 6-8 summarizes these mission events
which are discussed in the following paragraphs. Fully as well as partially
extended panel configurations have been studied.

TABLE 6-8. MISSION EVENTS SUMMARY FOR SIGNIFICANT
DYNAMICS DATA

Actual Time
Event (revolution) Comments

Deployment 8 Deployed and locked in 12.2 seconds

Extension 9 Extension time, 5 minutes

Sun acquisition 10 Sun acquisition normal

I Roll in array 1/3 79 Retraction/extension normal

I and re-extend

Reacquisition 79 Tracking at edge of lock on
cone

Roll in array 1/6 171 Retraction successful

Fully extend array 621 Extension successful
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Array Deployment

The rolled-up solar array was separated from the Agena equipment
module after activation of two pyro bolts and was deployed into a position
normal to the Agena axis by. two torsion springs mounted-at the hinge on the
drum axis shaft; all operations were performed in a nominal manner. The
initiation of the deployment was clearly indicated by all accelerometers on
the array. Levels of about 0. 1-g peak were monitored a~t separation, and
the oscillatory motion damped quickly, as can be seen in Figure 6-8 for
accelerometer R304.

The panel pretension is reacted by an off-center antirotation lock that
stays with the space vehicle as the array moves away into the flight position.
The offset between the drum axis and the reaction force on the lock introduces
a rotation of the entire array assembly. This rotation was monitored by
accelerometer R106 with sensitive axis normal to transducer R304. Presence
of array rotation proves that the panel pretension was maintained during
launch and, therefore, solar cell damage should be as negligible on the flight
array as it was found to be in array qualification and acceptance vibration
testing. The period for the 90-degree deployment motion between separation
release and hinge latchup impacts is 12. 2 seconds, as indicated by accelerom-
eter response (see Figure 6-8). This deployment time of 12. 2 seconds cor-
relates well with 12. 5 seconds as measured during flight acceptance testing.

A bending frequency of 2/3 Hz is indicated in Figure 6-8 for the array
on its structural support arm. This frequency is slightly lower than predicted
due to orientation mechanism structure flexibility which was not accounted for
in the analysis. There is, however, sufficient frequency separation between
the array and its support structure to ensure low dynamic coupling. The
damping of the impact motion was approximately 3 to 4 percent as determined
by the amplitude decay of array vibration when it had been damped to below
accelerometer saturation. The peak acceleration at latching impact was
computed to be :-0. 25 g, and the bending moment on the support arm is then
predicted to be less than the expected maximum value of 1600 in. -lb for this
extrapolated g-factor.

The good correlation of analytical predictions, ground test results,
and in-flight data provides confidence in future array deployment mechanism
design.

Panel Extension

The array extension on the ground was performed with the aid of a water
table and closely spaced floats. The sag of the panel and the booms in between
the support floats and the associated structural deformations caused the
accelerometer axes to slope sufficiently so that 10 percent of the 1-g field
saturated the transducers. The FRUSA roll-out in revolution 9 and the
recorded accelerometer data, provided the first real demonstration of the
functional performance and the dynamic characteristics of the roll-up array
concept. The start of the panel extension saturated the accelerometers with
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sensitive axis (u,w) in the plane of tha panel. Acceleration normal to the
solar panel peaked at about 70 milli-g. During roll-out co the fully extended
panel length of 16 feet, the accelerations averaged about 15-to 30-milli-g-peak.
Termination of the roll-out did not generate any noticeable dynamic excitation,
as shown by low acceleration values in Table 6-9.

Fully Extended Array Response

In its orbital flight, the fully extended FRUSA has experienced periods
of complete quiescence (no control maneuvers conducted by the array and
Agena space vehicle), maneuvers of sun acquisition and sun tracking, as well
as oscillatory excitations caused by malfunctioning of the support axis control
electronic system of the orientation mechanism. Table 6-10 lists peak accel-
erometer readings for the nominal events. Panel 1 tension was measured as
5. 8 pounds, which agrees with a nominal setting of the panel tension as
defined by ground testing. The boom bending moment (gage R 109) of 26 in.-lb
is also nominal. The amplitudes of structural dynamic response during these
sustained events proved too low for extraction of array modal configurations
and damping factors with a sufficient degree of confidence. Start up of the
support axis oscillations in revolution 79 produced dynamic data which is
used to verify the array dynamic modeling.

Support Axis Acquisition Slew in Revolution 79

At the beginning of revolution 79, the fully extended array was posi-
tioned with its panels parallel to the Agena space vehicle axis and the array
plane about 40 degrees off the sun line normal with respect to the support
axis. In order to achieve sun pointing, the mechanism control system for
sun acquisition was, therefore, initiated. The support axis torquer responded
with a peak torque of 1. 8 ft-lb, a level maintained for 13. 5 seconds due to a
malfunction in the control electronics. The sustained acceleration imposed
by the 1. 8 ft-lb of motor torque (reduced by a friction torque of about 0. 2
ft-lb) on the array is predicted and exhibited by the accelerometer data to
be approximately Z. 5 inilli-g. After 13. 5 seconds, the torquer current was
switched in polarity when the array passed the sun normal position as defined
by a sun lock-on sensor cell. This torque reversal provided again a step
impact to the array. About 10 seconds later, the array movement about the
support axis had been reversed and the lock-on sensor once more triggered
the torquer current switch as the sun normal array position was transversed.
During this array slewing, the space vehicle rotated in an opposite direction
to the array in accordance with the law of conservation of momentum. This
array cycling repeated itself with ever shorter periods and, finally, oscilla-1
tory motion at 0. 5-Hz frequency remained about the sun normal axis.
Figure 6-9 illustrates the anomalous array maneuver.

A summary of nine accelerometer transients is provided in Figure 6-IC
for the initial 23. 5 seconds; that is, the two initial slew torque steps of sus-
tained array acceleration. The transients for accelerometer R166 (sensitive
axis along panel axis) and the* strain gage transducers are not shown bicause
of their low reading during the maneuver. The panel tension was essentially
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TABLE 6-9. FRUSA EXTENSION DYNAMICS

Peak Accelerations
Start of During End

Direction of Acceleration Extension Extension Extension

U direction (Saturated) 59.1 18.3

V direction 70.4 32.2 23.5

W direction (Saturated) 27.0 13.9

TABLE 6- 10. PEAK ACCELEROMETER READINGS

Tracking Oscillatory
Quiescent Mode Malfunction

(Revolution 9) (Revolution 10) (Revolution 80)

Peak accelerations,
milli- g

U 10.3 12.0 6.8

V 8,5 iZ. 9 21. 0

W 9.4 10.3 4.2

Panel tension, pounds 5.9 5.9 5.9

constant at a nominal value of 5. 8 pounds. The boom root strain gage did not
indicate any load variation during torque step one. After torque reversal,
step two, four variations bending moment readings were recorded which
exceeded the data printout aperture.Since these values occurred at time
intervals of approximately 2 seconds and since a change in the boom moment
reading can be correlated with a vibration mode, the 2-second spacing indi-
cates a vibration mode at 0. 25 Hz.

The dynamic array response to the relatively violent slew maneuver
was low as measured by the accelerometers. As mentioned above, the steady
state acceleratLon associated with the motor torque is predicted to be 2. 5
milli-g. The measured maximum dynamic V-axis responses at the drum
(Rll0, R304) and the panel tips (R103, R105, R306, R307) were about 3 and
15 milli-g, respectively.
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A 4- to 5-Hz structural frequency was monitored by all transducers
upon torque step applications. The amplitude of this high frequency vibration
was most dominant at the drum inboard accelerometer, and was reduced in
level at the oatboard drum accele'rometer. The panel tip transducers show
considerably lower response in this 5-Hz vibration. It is. assumed that the
drum and support shaft bearing assemblies were the source for this vibration,
since considerable damping was indicated in the decay of this vibratory mode.
This high frequency vibration seems to be superimposed on a fundamental
array mode of about 0. 25 Hz, as exhibited by the transient time histories of
Figure 6-10.

This measured frequency compares with a predicted first panel Uend-
ing frequency of 0. 21 Hz for a support boom of EI = 60, 000 in2-lb stiffness.
The prediction, however, was based on a rigid panel support at the drum. As
can be seen by superposition of the transients from the transducers R103,
RIIO, and R105, as well as from R307, R304, and R306, the drum is moving
out of phase with respect to the panel tips (first flopping mode). Analysis of
a simplified three-mass model which assumes the array completely freed
from the space vehicle does show that the first bending frequency increases
when the panel constraint is reduced, as exhibited by reducing the dynamic
inertia of the drum mass M (Figure 6-11).
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Figure 6-11. Increase in Array
Fundamental Bending Mode Due to
Reduced Fixity at Drum as Computed
for Simplified Mass Model.
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The amplitude of array dynamic tip response to a step excitation of
2. 5 milli-g applied at the drum end was predicted to be about 4 inches. The
measured tip deflection as computed by using the boom tip accelerometer
dynamic response is considerably less because of the greater fundamental
frequency of 0. 25 Hz. This low dynamic deflection response is further
borne out by the boom root bending load cell, which showed only once during
the array slew in revolution 79, a bending moment change of 2 in. -lb.

The damping of the 0. 25-Hz frequency mode is computed to be about
2 percent on the basis of the 23 seconds of transient traces. This level of
damping is about an order of magnitude greater than was expected by account-
ing for boom damping only. The relatively high level of damping reduced the
dynamic response of the array considerably.

The array instrumentation is mainly arranged to allow monitoring of
the fundamental array modes (bending and torsion). It appears, however,
from the Fourier frequency decomposition analysis (see Figure 6-12 and
Appendix B) that the accelerometer transducers show a significant response
at about 0. 55 Hz, which is predicted to be the frequency of the second sym-
metric bending mode. This mode is principally a panel mode (booms essen-
tially rigid). The third vibration mode is predicted to fall at 0. 91 Hz. This
mode is also indicated in the flight data reduction, however, with a considerably
lower amplitude (Figure 6-12).

Partially Extended Array Response

Changes in the power demand required -reduction of the flexible arrays
to 5/6 and 2/3 of their full panel length during the FRUSA mission life. The
array dynamic responses for the reduced panel sizes were monitored; how-
ever, there were no specific control maneuvers, nor active sun tracking
while the array was partially extended. In the search for periods of some
array dynamic motion, transducer time histories immediately at termination
of retraction were chosen for analysis. These time histories (acceleration
versus time for the out-of-plane, tip accelerometers) are illustrated in
Figure 6-13 and the Fourier decomposition is shown in Figure 6-14. Although
the transducer response is extremely low and the duration of indicated array
vibration is only about 15 seconds, modal analysis has yielded useful results.
The frequencies identified by Fourier analysis for the first three array
vibration modes agree well with predictions (Table 6-7).
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Figure 6-15. Finite Element Model of FRUSA Flight
Configuration
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Finite Element Modeling

The continuum mechanics method of predicting vibrational frequencies
of the unfurled FRUSA has proved its worth, as shown by the comparisons of
predictions with observed in-orbit data (Table 6-7). However, it was felt
that, in order to adequately investigate some aspects of flexible solar array
designs, a finite element approach to FRUSA dynamics would be worthwhile.
This would permit study of the effects of unequal boom stiffnesses, panel
bending stiffness, and flexible supporting structure on the vibrational behavior
of flexible arrays.

An existing Hughes program, the MARS (Matrix Analysis Routine for
Structures) finite element computer program, was modified to accommodate
flexible array structures. The modifications consisted of adding incremental
stiffness matrix routines to the program; these routines add new terms to the
element stiffness matrices to account for the stiffening or weakening effect
of preloads in a structure'. These preload effects have a strong influence
on the dynamic bebavior of FRUSA structures.

The finite element model of the FRUSA flight configuration generated
for these investigations is shown in Figure 6- 15 (this figure is taken from a
CRT Computer Graphics Terminal display). The model consists of 36 mass
points, connected by 25 beams and 12 plate elements. The initial investiga-
tions incorporated the flexibility of the OLSCA support structure, but the
freedom of motion afforded by the bearing/motor combinations was neglected.
These first runs assumed fully extended solar panels.

The results obtained from computer runs using this model yield,
first, a group of four close frequencies representing out-of-plane bending
and torsion modes of the FRUSA. The mode shapes for these four modes are
shown in Figure 6-16. The numerical values of the lowest bending modes
are quite close to those obtained from the continuum mechanics analysis.
Further, study of the Fourier decompositions of flight data did indeed reveal
the presence of several frequencies near the frequency range for the four
lowest modes predicted by the present analysis.

As for higher order modes, the finite element analysis predicted fre-
quencies of 0. 42 and 0. 57 cps for the second and third out-of-plane bending
frequencies, as compared to the continuum mechanics predictions (partially
verified by the flight data) of 0. 55 and 0. 9 cps, respectively (Table 6-7).
These large errors are due to the relative crudity of the finite element model.
These higher modes involve, principally, large scale ripplings of the ten-
sioned panel; and these modes are inadequately approximated by the small
number of nodes on each panel in the model. Hence, a more accurate repre-
sentation of the higher order bending modes of the FRUSA will require a more
detailed finite element model of the structure, using perhaps twice as many
nodal points.

Przemieniecki, J. S. , Theory of Matrix Structural Analysis, McGraw-Hill
(1968), pp. 383-407.
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Thus, although the finite element method shows great promise for use
in investigating effects, such as support structure flexibility and degrees of
freedom, which cannot be easily treated by continuum mechanics methods,
much more detail must be employed in the finite element modeling than has
been used in these initial studies. These studies also indicate that the con-
tinuum mechanics approach is adequate and, indeed, is more efficient for
preliminary design studies of conceptual FRUSA systems. However, for
more advanced design stages, such as control system syntheses, for which
flexible solar array structural transfer functions are required, the finite
element approach promises to provide much more accurate numerical values
of these parameters than does the continuum mechanics method.
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SECTION VII

RELIABILITY/MAINTAINABIL .TY

The reliability goal for the FRUSA program was 0.. 65 for I year.
The reliability estimate for each subsystem is shown in Figure 7-1. The
total system reliability is shown to be 0. 695 for a 1-year mission life.
Re-estimated for an operational system, without the instrumentation sub-
system, the reliability estimate for the present FRUSA is 0. 742 for a 1-year
mission life.

The anomalies observed on the FRUSA flight do not invalidate the
above estimate because of their nature, as discussed in section VIII of this
report.

IN-FLIGHT ANOMALIES

Thiree equipment anomalies were observed during the FRUSA flight.
Commutator A, which was located on the solar array inboard actuator
housing, and Commutator D, located on the outboard actuator, failed. These

tcommutators, while not required for overall system performance, provided
dynamic, thermal, and electrical performance data of the solar array
subsystem.

Except for a vendor modification to permit external clock pulse
synchronization to enable compatibility with the spacecraft PCM system,
the commutators were standard 45-word PAM that had been flown on numer-
ous space vehicles. The failures of these units have been attributed to a
breakdown of the silicon oxide coating in the MEM R-S-T flip flop circuit
added to accept external clock pulses. Failure of this circuit would prevent
proper reset of the commutator clock. Possible causes of the breakdown
are poor quality control procedures at manufacture, excessive heat load
of the device, or high EMI pulses due to insufficient filtering of system noise
(in particular, that resulting from another spacecraft experiment, the
ONR-001).

The third anomaly involved the control electronics unit (CEU) which
was mounted to the orientation mechanism. This unit showed anomalous
behavior when subjected to excessive heat loading. Although operated at
35°F above qualification temperature (120°F), the unit would be expected to
operate in a normal manner. The problem appears to be a poor connection
to or inside a microcircuit that is heat sensitive, as demonstrated by later
flight experience wherein the CEU has operated normally on every sun acqui-
sition or tracking operation when the unit is operated within the qualification
temperature range.

These failures do not invalidate the previous reliability analysis, since
the CEU was subjected to exc-ssive heat loading. In addition, although the
commutators are not requireid for operational mission success, quality
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ARRAY CONDITIONING INSTRUMENTATION GRIENTATIO'I
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MISSION TIME 112 YEAR
RFRUSA 0.856

Figure 7-1. System Reliability Block Diagram

assurance of the MEM device can be improved and confidence tests run,
now that the failure mode is understood.

RECOMMENDATIONS

On future systems, stringent quality control requirements would be
imposed on the commutator vendor in addition to requiring unit redundancy
for critical data.

Although the CEU operated normally within its qualification specifica-
tion environment, future systems would have redundant CEUs qualified at a
higher temperature.

MAINTAINABILITY

A final estimate has been made of the mean time to repair. The
analysis is in accordance with the requirements of MIL Handbook 472,
Procedure IV (Maintainability Prediction). For the purpose of this analysis,
MTTR is defined as the average corrective maintenance time to isolate a
failure, remove the failed item, install an interchangeable item or repair
the failed item, and retest to assure that the equipment has been restored
to the same status that existed prior to the failure.

The MTTR estimate, Table 7-1, shows that the design goal of 4 days
will easily be met. Table 7-2 lists, for the various modes of failure of a I
solar cell panel, estimates of the minimum, mean, and maximum times to
repair. The overall solar cell panel MTTR estimate was calculated as
shown in Table 7-3.
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TABLE 7-1. FRUSA MTTR ESTIMATE

Number MTTR i , 5
FRUSA Subsystem Unit of Units hours Xi (per 10 hours)

Solar Array Subsystem

Drum mechanism 1 56 1. 8

Array panel 2 6.0 0.001

Power Conditioning and Storage
Subsystem

Battery assembly 2 4.5 0.910

Power conditioning unit 1 40 0.604

Charge controller 2 4.5 0. 223

Instrumentation Subsystem

Accelerometer 1 3.5 0. 0625

Instrumentation conditioning 1 20 0. 033
unit

Commutator 2 20 0. 255

Orientation Linkage System

Orientation mechanism 1 56 1.2

Control electronics unit 1 40 2. 2

Sun sensor 1 3.0 0. 0045

15

MTTR = i MTTR. = 3 0 0. 1 x 10- 5  33.83 hours
15 8. 87 x 10-5

i-1
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TABLE 7-3. OVERALL SOLAR CELL PANEL MTTR ESTIMATE

Case MTTR. (hr.) x. (per 105 hr) MTTR. x. (per 105 hr)1. l .

1 5.75 .OX 5.75X

2 5.25 1.5 X 5. 25k

3 4.25 0. ix 0. 425k

4 2.25 0.05X 0. 112k

5 2.00 0. ix 0. 200x

6 7.00 0.01X 0.070X

7 6.00 0.01X 0.060X

8 5.50 0.01% 0.055k

Z.28X 11.9Z2X

8

i "  MTTRX.\4TR = 11. 922k x 10- 5

TT5, 2 hr (not including admin-
8 Z. 28k x 10-5  istrative and logistic

I 
downtimes)

MTTR = 5. 2 + 0. 8 = 6. 0 hr. (including administrative and logistic
downtimes)
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The FRTJSA mean time to repair was calculated from: '
ki .MTTR.

MTTR ____ -

nI

where

MTTR. subsystem unit mean time to repair

X.=subsystem unit failure rate

n number of subsystem units of the FRUSA
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SECTION VIII

FIVE KW DESIGN STUDY

The configuration selected for the 5-kw array system and the
qualitative tradeoffs that led to the selection are illustrated in Figure 8-1.
The system employs a central orientation mechanism and an array on each
side. Each array consists of two 5. 5- by 25-foot panels. The panels are
wound onto two 8 inch diameter drums, which in turn are nested alongside
the space vehicle during launch. These drums are sequentially released in
orbit from their space vehicle support brackets by activating explosive tie-
down bolts. When both drums are positioned and locked normal to the ori-
entation mechanism support axis, the array panels are unrolled by four
25-foot long extendible booms on each array assembly.

The orientation and drum mechanisms of this 5-kw array system are
essentially identical to those of the flight-qualified FRUSA design. In order
to accomplish the 5-kw power output, the number of array panels has been
doubled and the panel length increased from 16 to 25 feet. The current
FRUSA panel width is maintained because of the assumed design requirement
for an identical array voltage. A weight breakdown and summary are pro-
vided in Table 8-1 for the 5--kw array system. These weights are realistic
since they are based on flight-qualified hardware without relying on lightweight
cells. On the general figure of merit scale, as expressed by watts of power
per pound of weight, the 5-kw array achieves 26. 2 and 18. 5 w/lb for the
solar array exclusive and inclusive of the orientation mechanism, respec-
tively. The array stowage volume figure of merit is 1. 75 ft 3 /kw, which
compares with the requirement of 2 ft 3 /kw.

The design goal of 30 w/lb foi roll-up solar arrays can be achieved
merely by using lightweight solar cells. Further improvement of the figure
of merit is possible by using lightweight materials in the drum and boom
actuator structure assemblies.

DESIGN CRITERIA AND REQUIREMENTS

The general criteria and requirements for the 5-kw array system
were assumed to be identical to those for the FRUSA system. In particular,
the panel voltage and electrical design, the retraction capability, and the
two-axis sun acquisition and tracking features are retained. The orientation
subsystem provides for continuous, 360-degree sun-normal tracking of the
solar array panels. A complement of sliprings for power transfer between
the array and the space vehicle and for control system signal transfer across
the axes of rotation is provided.

The array and its support structure must be capable of sustaining
0. 1-g quasi-static acceleration loading in orbit. The structural design
requirements for the array during launch and ascent are those specified for
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TABLE 8-1. WEIGHT SUMMARY FOR FRUSA AND 5-KW ARRAY

FRUSA 5-kw Array Remarks

Orientation Subsystem

Housings 4.3 4.3
Shafts 3.6 5. Z
Deployment mechanism 3.2 6.4
Bearings 5.8 5.8
Motors 10.4 10.4
Tachometers 3. Z 3.2
Slipring assemblies 11.0 13.0
Sun sensors 1.0 1.0
Miscellaneous hard-

ware and cabling 13.8 16.0
Electronics 15.0 15.0

71.3 80.3

Solar Array Subsystem

Solar panels 30.1 97.5 2 x Z cm, 8-mil cell
and 6-mil cover.

Composite substrate 4.3 13.8 Includes cell bonding
adhesive.

Cushion 1.5 4.8
Storage drum 3.4 8.4
Bearings and housings Z. 8 5.6
Spar 1.5 3.0
Torque springs 1.3 4.6
Power cable 0.7 1.4
Boom actuator

assembly 17.4 39.2 Includes booms
Cushion reel and

supports 1.0 1.9
Cushion reel drive 0.5 1.5
Spreader bars 1.9 3.0
Boom length

compensator 0.6 1.2
Miscellaneous

hardware 2.Z 3.6
Arm, orientation

mechanism 0.4 0.7

70.1 190.2

Total 141.4 270.5
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component design for Titan IC payloads. In brief form, the random
vibration requirement is 19. 5 g rms; the quasi-static acceleration levels are
±10 g in the longitudinal and ±2. 5 g in the lateral direction relative to the
boost vehicle axes. (These quasi-static load levels were augmented to
±13. 5 and 3. 8 g in the FRUSA design in order to cover the STP 71-2
Thorad/Agena specific loading conditions.)

Stowage volume requirements are 2 ft 3 /kw and the figure of merit
weight objective is 30 w/lb for the solar array assembly (excluding orienta-
tion components).

SUBSYSTEM DESCRIPTION

A complete array power system consists of the solar panels, the
drum stowage and panel support structure, an array orientation mechanism,
and battery/power conditioning subsystems. The battery/power condition-
ing subsystem is excluded from this design effort because its design is

K more dependent on space vehicle payload requirements than on array size
or configuration. The individual subsystems and the tradeoffs which influ-
enced their configuration and sizing are described in the following paragraphs.

Orientation Mechanism

The two-axis orientation mechanism employed by the 1. 5-kw FRUSA
flight experiment was designed for a 5-kw array size. In its present con-
figuration (see Figure 8-2), it is adaptable for a two-wing array system by
merely extending the drum-axis shaft to both sides of the support axis shaft.
A duplicate for the array deployment linkage is needed. Bearings and other
structural elements have been dimensioned for stiffness rather than strength
and therefore are adequate for the larger array size.

Sun sensors are functional units unaffected by system power. The
unit developed for the 1. 5-kw FRUSA is employed for a 5-kw system without
change.

Control electronics for the 5-kw system are similarly identical to the
1. 5-kw unit. Because of the large number of components, this is the least
reliable unit in the orientation subsystem; for mission lifetimes in excess of
1 year, provision of a redundant unit is indicated. This can be accommodated
by an additional pair of support pads on the opposite side of the support-axis
housing, with appropriate intercabling and command switching.

Structural details of the mechanism, aside from the obvious two-way
extension of the drum axis shaft, change little from the 1. 5-kw design. The
primary change required is to open up the passages in the component spacers
to accommodate an increase in the number and total cross-sectional area of

the power conductors.

206



13.3-

-~TORQUER POWER SLIPRINGS - 20.0

SYMMETRICAL

SUPPORT AXIS

7207

_ _________



DEPLOYMENT
MECHANISM

ARRAY
INTERFACE



Longer booms present no problem to the orientation controls per se.
However, it will be necessary to maintain the frequency separation between
fundamental boom vibration modes and upper end of the control-loop band-
pass. Adjustment of control parameters is implemented by selection of
relative sizes of a few components, such as resistors and capacitors, rather
than by any fundamental design changes.

Torquer size, for the restricted range from 1. 5- to 5-kw mechanisms,
is primarily a function of axis friction and the torque margin desired over
worst case conditions. Friction is contributed by the gimbal bearings and
the power and signal transfer brushes. Secondarily, the time to accelerate
to slew speed is a function of motor torque, but this time is so short for the
1. 5-kw FRUSA (on the order of 1 second) that a moderate increase due to
greater 5 kw array inertia is of little consequence to performance.

Bearings and bearing friction will be identical for both 1. 5 and 5 kw
designs. Approximately the same number of signal rings would be used,
with a similar contribution to friction. Additional power-transfer rings and
brushes will tend to increase axis friction if the same brush pressure is
maintained. The 1. 5-kw system was conservative in this respect; brush
pressure and friction could be reduced by a factor of two, thus compensating
approximately for the added number of brushes. In short, 5-kw system
friction should not significantly exceed that of the 1. 5-kw system, allowing
use of the same 2-lb-ft torquer. The FRUSA system, however, is also
designed to accept the next model number torquer rated at 4 lb-ft. This
unit will certainly cover any contingencies.

Adequate slipring space for a 5-kw system power transfer require-
ment exists in the 1. 5-kw unit housing provided the arrays are not sub-
divided into too many independent sections, or reqjuire many independent
circuits for automatic power regulation. Two independent circuits for each
of the two arrays, for a total of four circuits (eight sliprings) will be
accommodated with the present size housing and conventional power ring
designs.

Solar Panel Description

The 1. 5-kw FRUSA system employs two solar cell panels, each
66 inches wide and 182 inches long. The width of the panels is essentially
defined by the number of cells required in series to achieve the array design
voltage of 28 volts. Since the 5-kw array system is to be configured for the
same average voltage level, the width of its panels will also be about 5.5 feet.
Multiples of 1. 5 or 2 of this basic width might be considered for possible
weight savings, but at the expense of the more complicated electric collector
bus layout. Minor adjustments in panel width result from the particular
choice of solar cells. The FRUSA flight experiment used 2 x 2 cm cells of
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0.006 MICROSHEET WEIGHT BREAKDOWN,
GLASS OCVER %_________

ULTRAVIOLET ANDC
ANTIREFELCTIVE
COATINGS 0.150gqm/CELL 33.04

ADHESIVE
RTV 602 0.010 gm/CELL 2.21

2X2 cm SOLAR CELL
__________0.008 THICK 0.210 gm/CELL 46.35

-.*~-ADHESIVE AND 0.014 gm/CELL 3.09
_Jr FIBERGLASS

1)0.0082 gm/CELL 1.81

0.001 KAPTON 0.01 69 gm/CELL 3.73

COLLECTORS AND BUS
0.0007 COPPER WITH

INTEGRAL KAPTON
(0.001) OVERLAY 0.0214 gm/CELL 4.72

SOLAR CELL
INTERCONNECT
0.002 ETCHED
COPPER MESH 0.0224 gm/CELL 5.05

Figure 8-3. Sol.ar Array Panel. Configuration and Weight

Breakdown
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nominal 8-mil thickness. Presently, array designs such as proposed by
Hughes for forthcoming Air Force satellite programs are being configured
to use 2 x 6 cm solar cells of 8- or 12-mil thickness. Advanced array sys-
tems of extremely lightweight design will use 4 miI thick cells with
integral cover sheets. The panel width and other pertinent panel design data
for these three types of solar cells are listed in Table 8-2. All cell per-
formance data are shown for synchronous orbit conditions (130'F cell
temperature) and at the beginning of life (BOL). Details of the panel/
substrate configuration are shown in Figure 8-3. This configuration is
identical to the FRUSA design.

TABLE 8-2. SOLAR PANEL DESIGN CHARACTERISTICS FOR
THREE SOLAR CELL TYPES

Large Size Lightweight
FRUSA Cell Cells Remarks

Cell size 2 x 2 2x6 2 x 2

Thickness cell/ 8/6 8/6 4/2 Thin cell not
cover, mils currently avail-

able in production
quantities

Number of cells 81 81 82
in series

BOL power out- 10 10.2 9.0
put, w/ft2 ':

Panel width, 66 66 67
inches

Specific weight, 0. 19 0.19 0.13 Includes substrate
lb/ft2  and interconnects

BOL power, w/lb 52 53 70

"Cell resistivity is 2 ohm-centimeters.
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The cells are interconnected in groups of three in parallel by 81 in
series. Instead of installing the blocking diodes that electrically isolate the
sectors at the drum end of the panel as was done on FRUSA, flat solar cell-
like diodes will be installed on the front of the panel at the positive terminal
of each group.

Along the 25-foot panel length, 124 groups are placed with the series
direction running along the panel width. The groups will be aligned so that
adjacent groups have reversed electrical polarity; the resulting opposite
flows of current tend to cancel induced magnetic moments, thus minimizing
the net magnetic moments. As with FRUSA, groups will terminate along
each edge of the panel. The positive and negative group terminals are then
connected to the back side of the panel by 0. 0007-inch thick copper ribbon
buses; these termination buses wrap around the substrate edge and are
soldered to the main conductor buses.

Placing the electric buses on the back side of the panel permits the
solar cells to cover completely the front side of the panel. There will be
buses running to ten sectors, i.e., each sector will pick up the parallel
outputs from 12 or 13 groups. Each sector has four main buses, two nega-
tive and two positive. Dividing the panel into ten individual sectors provides
redundancy in the main bus systems. The power collector bus is dimensioned
such that panel power loss is limited to 5 watts or 1.25 percent loss of the total
array power.

On FRUSA, the area covered by the bus material increased toward the
root end of the panel. Approximately 35 percent of the 5. 5-foot wide panel
was covered with the bus material. The panel will be about 65 percent
covered with electrical conductor at the root end.

The details of the solar panel are shown in Figure 8-4.

Drum Mechanism

The design concept proposed for the 5-kw array system uses two
drum mechanisms of the FRUSA flight-qualified design. This configuration
is superior to alternate concepts illustrated in Figure 8-la through 8-ic.
The Figure 8-la concept is in its flight configuration identical to the 1. 5-kw
FRUSA experiment with the solar panels extended to an overall length of
53 feet for added cell area. The drum mechanism weight for this concept,
however, increases considerably due to the boom size required for sustaining
a five-fold increase in bending loading at 0. l-g gravity. The boom bending
loading is somewhat improved for the alternate single drum concept shown in
Figure 8-lb which uses about an 11-foot wide panel of 26 feet length. This
array layout, however, requires complete redesign, analysis and testing for
all components of the drum mechanism. Additionally, a cylindrical stowage
volume and structural support for a relatively long drum are not readily
available on space vehicles.
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Figure 8-ic illustrates a tandem drum assembly for the 5-kw array
system which attaches to one side of the orientation mechanism drive.
Disadvantages apparent for this arrangement as compared to the preferred
configuration 8-id are that the:

0 Inboard drum mechanism structure hao to support the outboard

unit (added strength and stiffness required)

* Electrical power has to be conducted across a drum mechanism

* Wiring for deployment locks is not tied to the space vehicle

0 Direct coupling of the arrays is not favored from a dynamic
point of view

The most compelling reason for the selection of a dual drum arrange-
ment with the orientation drive in the center is the symmetry inherent to
this configuration for a 5-kw array system. This symmetry provides a
great saving in design, analysis, fabrication, and qualification testing of
the array. Also, interchangeability of hardware increases design reliabilityand reduces cost.

Because the drum mechanism for the 5 kw array is very similar to
that of the 1. 5 kw FRUSA flight system and because the design requirements
are identical, the 5-kw structural analysis was minimal. The principal
elements examined were the boom and actuator assembly and the stowage
drum. Loads on these element were higher due to the increased panel
weight and boom length. The analysis shows that when using 8-mil thick
solar cells on the 5-kw array, the boom strength capability will be marginal
with respect to the applied bending moment at the specified 0. 1-g gravity
(see Table 8-3). The applied loading margins are considerably improved by
selecting a lightweight 4-mil thick solar cell with 2-mil integral cover or
by a reduction in the requirement. Recent flight experience on the STP 71-2
mission indicates that a 0. 05-g flight requirement would be sufficient.

In addition to quasi-static bending loading, the extended booms are
loaded in compression under nominal on-orbit conditions. The solar cell
panels are tensioned between their stowage drum and spreader bar. This
tension load is in the FRUSA drum mechanism design generated by a set of
constant torque springs (negator springs) which are dimensioned for a mini-
mum panel tension of 4 pounds. Friction, uneven boom extension, and panel
winding established an upper limit of approximately 7 pounds panel tension.
This same maximum level of panel tension would exceed the buckling strength
for the boom when it is extended to 25 feet. The present design approach
can be maintained by specifying the maximum panel tension for the fully
deployed panels to be about 3 pounds. This tension level is adequate for
contouring the flexible solar cell panels to the stowage drum, and it will not
exceed the buckling potential of the 0. 86-inch diameter stainless steel boom.
As the panel is being rolled up, the tension increases, but so does the
buckling allowable. It is therefore possible to utilize the dual boom actuator
mechanism developed and flight-qualified by the FRUSA 1. 5-kw array.
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TABLE 8-3. BENDING MOMENT LOADING OF PANEL
SUPPORT BOOM (in-lb)

1.5 kw 2.5 kw 2.5 kw
FR.USA FRUSA Lightweight Remarks

Bending Moment
Contributor

Panel 88 204 130 FRUSA array uses
2 x 2 cm 8-mil
cells and 6-mil
cover sheets

Boom 12 33 33 For 0.86 inch
diameter boom
(0. 087 lb/ft)

Spreader bar 11 16 16
and boom length
compensator

Instrumentation 20 - - Accelerometers
-attached to FRUSA

boom tip

Total 131 252 179 247 in.-b allowable

Boom 2.0 to max. max. 7.3 and 3. 2 pounds
Compressive 3.5 2.2 2. 2 maximum allow-
Loading, lb able for 16-and

25-foot boom
length

The weight of the boom actuator assemblies is 19. 6 pounds. which
includes two dual boom actuators, a drive motor, and the connecting torque
shaft between master and slave unit, and the weight for a total of 106 feet of
boom element.'

The larger panel area for a 2. 5-kw wing of the 5-kw array system
produces a 60 percent increase in drum loading in accordance with the panel
wing weight ratio of 55 pounds versus 34 pounds for the FRUSA flight experi-
ment. Since the FRUSA magnesium drum is dimensioned for buckling
strength, it is necessary to increase its wall thickness by the square root
of the load ratio, that is, by 27 percent, or to consider materials of greater
E modulus such as beryllium or fiber composites. At this point, it seems
most attractive to maintain the magnesium drum design and. utilize the
developed fabrication technique by increasing the drum thickness at a weight

'The present actuator cassette will. stow 23 feet of boom. The redesign
effort for housing about 30 feet of boom should be minor.
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increase of 0. 8 pound per array wing. Detail trade studies, however, have
been performed which indicate potential weight savings by use of beryllium
or high modulus fiber composites. In case of extremely weight-critical appli-
cations, these sources might be called upon. Table 8-4 summarizes structural
margins of the 1.5 kw FRUSA array and shows adequate growth potential for
all other elements of the drum mechanism subsystem. D~tail FRUSA drawings
(see Figure 8-5 and Appendix C) and weights generated are therefore applic-
able with only minor adjustment for the 5-kw drum mechanism design.

Array Dynamic Characteristic

The dynamic characteristic of individual solar panels of the 5-kw
array system has been determined by the analysis technique success-
fully employed in the FRUSA flight experiment. A listing of three bending
and torsion modes and frequencies, as well as appropriate sets of coupling
coefficients is provided in the Appendix for use in control system design and
spacecraft stability analysis. The first array bending frequency is 0. 082 Hz
for the 5-kw array panel size and compares with 0. 2 Hz computed for the
1. 5-kw FRUSA array.

5 KW OPERATIONAL FRUSA RELIABILITY

The operational FRUSA design is similar to that of the existing
FRUSA. The differences, aside from the larger power capacity, are chiefly
in the reduction of sensors and con-mutators for telemetry, and the doubling
up of the orientation control electronics, commutator, and power condition-
ing to provide redundant operation. The reliability of a 5-kw FRUSA has
been estimated to be 0. 849 for a 3-year mission. Although this figure for
3 years operation might be considered unnecessarily high, the risk in making
the control electronics nonredundant is considered unwise. A reliability
estimate of each subsystem is shown in Figures 8-6 through 8-9; Figure 8-10
is the reliability model and block diagram of the complete system.

The subsystems have been modified in the following ways to make
them suitable for a 3-year mission.

Orientation Subsystem

The control electronics is duplicated so that one unit is redundant to
the other. This will greatly increase the reliability over the 3-year period.
The sun sensor will remain the same. The reliability of the orientation
mechanism has been recalculated (see Table 8-5). Hughes' experience in
testing sliprings and the use of sliprings on satellites in space over the past
year have shown a greatly reduced failure rate; hence, the failure rate of the
orientation mechanism has been reduced correspondingly.
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Solar Array " ,

The failure rate of the mechanical parts remains the same. The
drum mechanism reliability is the same for the 3-year mission as it was on
the previous FRUSA estimate since the number of times it will operate is

still ten. The array panel will have additional cells attached to it to compen-
sate for radiation degradation. The additional cells will be more than enough -

to maintain the reliability of 0. 999.

TABLE 8-5. ORIENTATION MECHANISM RELIABILITY

Spring 0. 999

Bearing 0.974

Tachometers (two) 0.995

Torquers (two) 0. 999

Power sliprings* (six) 0. 999

Signal slipring assembly' (two) 0. 999

Connectors 0. 997

0. 962

-Laboratory experiments have shown that the failure rate of sliprings is
2.3 x 10-12.

Instrumentation (Housekeeping)

One accelerometer willbe usedinsteadof six as previously. The condi-
tioning unit is identical to that used before, butthe commutators are of a new design.
The commutators are made redundant which brings the reliability up to 0. 99.

Power Conditioning and Storage

Fifty-two battery cells are required at beginning of life, based on an
end of life requirement of 48 cells. This assumes a failure rate of 420 x
10-9 for cells, slightly higher than that used previously. The charge con-
troller and power conditioning units are identical in design to those used
previously. However, the power conditioning unit is made redundant.

Experience Factor

The reliability of electronic units has decreased slightly due to a
change in the experience factor "E", a factor which is calculated from
experience of electronic parts operating in space on synchronous satellites
having increased from 0. 475 to 0. 53.)

V
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SECTION IX

PARAMETRIC DESIGN STUDY OF 0. 5 TO 20 KW
SOLAR CELL ARRAY SYSTEMS

The purpose of this parametric design analysis is to provide
guidelines and preliminary design criteria for solar array system designs
from 0. 5-to 20-kw power output. These objectives are approached by identi-
fying the relationships between pertinent design parameters and by establish-
ing combinations which yield optimal performance characteristics. Experi-
ence and knowledge gained from the 1. 5-kw FRUSA flight experiment are being
utilized extensively and they provide the primary point of reference. FRUSA
design requirements are shown in Table 9-1.

The use of the flexible array concept for large solar power require-
ments has been demonstrated by the flight of FRUSA. Based on weight
studies performed at Hughes, it appears that the FRUSA type solar array

becomes competitive at the 0. 5-kw power level with cylindrical body mounted
and rigid substrate paddle-type solar arrays (Figure 9-1).

The major subassemblies of a flexible roll-up solar array system are
the 1) solar panels, 2) drum mechanism, 3) support booms and their deployer,
4) array orientation mechanism, and 5) interconnecting structure between
array drum and orientation drive. These subassemblies and their parametric
design factors are analyzed in the following sections.

The study is limited to the solar array and orientation elements since
other conventional components of a power subsystem (battery charge controls,
batteries, power conditioning electronics) are dependent on spacecraft and
payload power requirements rather than on array type.

FLEXIBLE SOLAR ARRAY PANEL DESIGN

A solar array panel consists typically of a flexible substrate, the
electrically interconnected cell stack and a power bus.

The substrate material developed for the 1. 5-kw FRUSA system is a
composite of 0.001 inch of kapton-H film and 0.001-inch fiberglass cloth of
great flexibility. Panel flexibility is of concern in the packaging of the solar
panels for launch and it is most important if array roll-up is required on
orbit. The less flexible a solar panel is, the greater will be the panel ten-
sion and cell loading in the roll-up array. Increased panel tension reflects
on the support boom and stowage drum sizing which ultimately means greater
weight for structural elements. Since flexing of the solar panels essentially
occurs in the gaps between strings of solar cells, a tradeoff exists between
greater panel tension or drum diameter and increase of flexibility by enlarg-
ing the gap width. The relationship between these tradeoff parameters - panel

*FGODIIf PAGE BLOMC-NOT FIIMl~l



TABLE 9-1. DESIGN ENVIROMENTS AND GROUND RULES

Me chanical

* Launch loads as specified for Titan IIIC payload components:

Static ±I0 g axial, ±2. 5 g lateral

Vibration: 19.5 g rms random

0. 25 g2 /Hz from 300 to 1200 Hz

+3 dB roll-up from 20 to 300 Hz

-6 dB roll-off from 1200 to 2000 Hz

* Array control maneuver loads are generated by the orientation
mechanism only.

0 Orbital perturbation loads are assumed not to exceed 0. 1 g
quasi-static acceleration.

* Maximum array tip deflection due to thermal and dynamic loads,
6, for any boom length, L, shall be such that 6/L _< 0. 1

* Array structural stiffness is considered a design parameter.

* Design factors on ultimate strength and buckling is 1. 5.

* The array must be a structurally self-sufficient component
with minimal interfaces to space vehicle structure.

* Modularized design concepts are preferable.
3

* Array specific stowage volume is < 2 ft /kw.

* Controlled array extension in orbit.

* Partial extension should be possible.

* Retraction capability is required - 500 cycles.

* State-of-the-art fabrication and material techniques will be
employed.

Electrical

* A maximum "watts per pound" figure of merit is the goal.

* Design life is 5 years (any orbit).

* Silicon solar cells of 2 cm maximum width should be
used.

* Thin solar cell (4 mils) must be acceptable.

* Array area utilization goal is 95 percent.
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tension T, drum diameter 2R, panel rigidity El, and gap width S - is
illustrated in Figure 9-2. The drum rotation e, which is required before
the panel will contact the drum, is used in this figure as a design
variable.

The 0 angle employed in the FRUSA design was selected to be
30 degrees. An upper physical limit for contouring a solar panel to the
stowage drum is 180 degrees. Realistically, 0 should always be kept
below 90 degrees to ensure proper panel roll-up. When the gap width is
varied in order to accomplish panel contouring to the drum, the area utiliza-
tion of the array will decrease and the array weight will proportionally
increase. A sample calculation of the weight penalty is summarized in
Table 9-2 for the 5-kw array system design. It shows that doubling of the
nominal design gap width of 25 mils will produce an array weight increase of
about 4 pounds. The area htilization factor will decrease by 2 percent.
The alternate approach is to vary TR 2 /EI from a value of 2 to 3. 2 as delin-
eated in Figure 9-2. If it is assumed that this change is accommodated by
increasing the panel tension, the thickness of the support boom must
increase accordingly, and a weight penalty of 10 pounds is predicted. If
the stowage drum diameter were increased by 27 percent, the more rigid
panel can be handled at the cost of adding 1. 5 pounds drum weight. The
latter approach, however, results in an increased stowage volume.

Solar Cell

The solar cell selection in spacecraft design is generally based on a
tradeoff between cost, weight, and area specific power output at beginning and
end of mission life. Since the flexible array concept eliminates mounting area

TABLE 9-2. ARRAY AREA UTILIZATION AND WEIGHT PENALTY

Weight Penalty for
Area Utilization, Gap Width Between Strings, 5-kw Array System,

percent inches pounds

95.5" 0

93.6 0. 025 Design point (ref)

93.0 0.030 1.2

92.5 0.040 2.1

91.5 0.050 4.0

"A minimum gap of 0. 022 inch between 2 by 2 cm cells in series and
a 0. 050-inch minimum assembly gap between groups of three cells
in parallel is used.

,,
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as an essential design constraint, lightweight solar cells of a slightly lower
power efficiency become attractive. The 1. 5-kw FRUSA flight experiment
utilizes 7. 2-mil thick, 2 by Z cm cells. The failure rate of this cell in
handling and mounting to the substrate was not different from that of the
12-mil standard cell. Additionally the breakage rate in mechanical
(Table 9-3) and thermal qualification testing was extremely low. In an
earlier development program, 30-cm long dendtri'ic cells' were used without
any inherent difficulty. It is expected that even thinner cells of 4-mil thick-
ness may be utilized for further weight savings. The cell width should be
kept at about 2 cm.

Cover Slide

The cover slide selection is of lesser importance in a flexible array
application than it is for a rigid array. A thick cover glass will provide
more front protection against low energy electrons and protrons. The cell
backside is protected only by the flexible substrate.

Inter connections

Solar cell interconnectibns on the FRUSA panel are of 2-mil thick,
etched copper ribbon which is soldered to the cell contacts for connecting
three parallel cells into a series string.' Interconnect flexibility and its
resistance to temperature cycling between +250' and -300°F are of primary
concern in flexible array applications. Welding as well as soldering is suc-
cessfully utilized for attachment. The cell interconnections for flexible
solar arrays appear to present no more problems than for rigid substrate
cell mounting.

Electrical Bus

The electrical bus routing and sizing depends largely on the array
voltage and the panel sector layouts. The bus is bonded to the backside of
the flexible substrate and the strings of cells are connected at the panel edges
to the bus. In the 1. 5-kw FRUSA experiment a 0. 0007-inch thick copperclad

TABLE 9-3. SOLAR CELL FAILURE DURING FRUSA TESTING

Number of Cells Failure Percent Failure

Qualificz.tion vibration 3,400 21 0.6

Qualification deployment 3,400 4 0. 12

Acceptance vibration 34,400 52 0. 15

*The defect was severe enough only in 28 cells to warrant replacement.
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sheet mounted on l.-mil thick kapton was used. The cross section (width)
of the bus depends on the panel voltage, array size and the power loss con-
sidered acceptable from a design point of view. A parametric relationship
is shown in Figure 9-3 which correlates electric bus weight and array volt-
age for various panel sizes.

Diodes

Diodes are required to protect the solar cells strings against reverse
current type failures which can be caused by short circuits and shadowing.
On the FRUSA design, each group of strings had a separate bus and the pro-
tective diode was installed on the drum. This arrangement required a mul-
tiplicity of buses and flex-cables in the drum. Future development in the
diode technology will allow the utilization of panel mounted diodes. These
essentially will be similar to solar cells in size and appearance. Their area
will be 1 by 2 cm and they will have the same thickness as the solar cells.
Plans are to place single or multiple parallel diodes in series with each of
three parallel cell strings, depending on reliability requirements. With this
diode arrangement, a minimum number of buses will be needed on the panel.

Panel Electical Connect

The roll-up array stowage concept requires sliprings or flexible
cables for power transfer from the solar panels to the drum support struc-

ture. In the 1. 5-kw FRUSA system, flexible flat cables of copper ribbon
embedded in 1 mil kapton insulation are used for the power transfer as well
as panel instrumentation signal transfer. The flexible cable was found by
tradeoff -nalysis to be weight-effective and it has greater reliability. The
results of this trade study are summarized in Table 4-4 for array modules
up to 5 kw.

SOLAR PANEL SUPPORT CONCEPTS

Three basic considerations require evaluation in selecting the panel
support concept which is most suitable for a particular array size and appli-
cation. These considerations concern the joining of the flexible solar panel
to its support structure, the approach being taken in achieving torsional
rigidity of the array/support structure system, and the location from which
the in-orbit deployed array panel'is supported. The essential alternates
available for selection are listed in Table 9-4. The advantages and disad-
vantages of the competing concepts have been thoroughly weighed in arriving I
at the FRUSA design.

In the FRUSA flight experiment configuration, the panel substrate
ties to a pair of extendible support booms only at their tip via a rigid leading
edge member, the spreader bar. The flexible substrate is tensioned between
this spreader bar and the stowage drum to maintain panel flatness, provide
for even panel roll-up and deployment on orbit, and to achieve control of the
array dynamic characteristics.
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TABLE 9-4. SOLAR PANEL SUPPORT CONCEPTS

FRUSA Concept Alternate

Panel/support Panel ties to tip of Panel ties uniformly
interface support structure to support structure

Torsional rigidity Support structure Torsional rigidity
provides torsional derived through
rigidity panel tensioning

Stowage (support) Center of panel End of panel
mechanism
location

A basic consideration in designing array systems of up t. Z0-kw
power output must concern the location of the array support in orbit. The

tradeoff is between a single-sided panel mount and the center drum two-
panel support concept. These concepts are illustrated in Figure 9-4, for a
roll-up array configuration. In the single-sided panel concept, the flexible
solar panel cantilevers to one side of the stowage drum. In the FRUSA con-
figuration the stowage drum mec.hanism is placed in the middle of the array
from which two shorter panels extend.

The prime tradeoff between these array concepts is the pa -el support
structure. The length of booms for a center panel support is half of the
overall array length and each boom will have to carry half of the array panel.
The reduced boom length as compared with that of the single-sided array
concept results in less weight and greater efficiency. The actuator mechanism
for a dual boom mechanism, however, is heavier than a single boom actuator
as shown in Figure 9-5. A parametric companion of the weight for the
extendible booms and actuator system has been developed for the 5-kw array
design with respect to strength and stiffness design criteria.

An extendible boom of this design is do = 0.86 inch in diameter, and
weighs w o = 8.7 pounds, and is approximately 100 feet long. The two dual
unit actuators weigh 10. 9 pounds for a total of 19. 6 pounds for the system.
The bending load in an equivalent single-sided supported array system of
50 feet panel length will be four times as great. Since the bending strength
of a boom is proportional to the third power of its diameter, the diameter of
the longer boom is d = do (4)1/3 = 1. 38 inches. The specific weight of this
boom is proportional to the square of the diameter ratio. The total weight
predicted for the larger booms and their deplover is 32.4 pounds, which
compares with 19.6 pounds computed for the center array support
configuration.
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A different parametric relationship applies for the support boom
system if the boom is designed for column buckling. The boom buckling
strength is inversely proportional to the square of boom length (that is, a
factor of 4 exists in fairor of the center drum arrangement). This factor
might be cancelled by increasing the boom moment of ine"rtia and enlarging
the boom diameter. Since the section moment of inertia of a thin wall,
deployable boom is proportional to its diameter to the fourth power, a four
times greater boom stiffness requires a diameter increase of about 40 per-
cent. The total weight for the larger booms and their two actuator mecha-
nisms is predicted to be 26. 1 pounds. Therefore, if column buckling is the
critical design criterion, the center support concept has a weight advantage
of 6. 5 pounds.

The weight comparison is most dramatic for an array design of equal I
array bending frequency. In a first approximation, the fundamental bending
frequency f is expressed by

fZ 3 El (1)2 M

where

El = boom bending stiffness (-d 4 )

= support boon-m length

M = array panel weight

The alternate support concepts differ by a factor of 2 both in their
boom length and panel weight. The 2 3 M term is therefore 16 times greater
for the single-sided support configuration. To maintain the same bending
frequency by the single-sided boom, diameter must be doubled. The resulting
weight comparison for the 5-kw case is 49. 8 pounds versus 19.6 pounds in
favor of the center mounting method.

In conclusion, the weight tradeoff shows the center mounting far
superior from a support structure point of view and it should be preferred in
array design.

SOLAR PANEL SUPPORT BOOM

In general, the loading imposed on the panef support structure in
orbital flight is relatively small and the primary criteria for selection are
structural stiffness, compact stowage, and dependable extension and retrac-
tion capability. Cylindrical booms are available which satisfy these require-
ments effectively. The Bi-STEM boom employed in the 1. 5-kw FRUSA flight
experiment is one of the deployable cylindrical boom family. The Bi-STEM
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boom (shown in Figure 9-6a) is formed by nesting two or more overlapping
circular shells which are typically stowed as flat ribbons on two separate
reels. An alternate design is the STEM unit which accomplishes the same
circular tube cross section with a single metallic sheet, as shown in
Figure 9-6b. Advantages of the Bi-STEM system derive from the narrower
ribbon which reduces the packaging dimensions and allows a shorter distance
for transition from flat to cylindrical configuration.

The STEM and Bi-STEM are of open cross section and are there-
fore essentially without torsional strength. Tubular extendible models
have been made which have mechanically interlocking or hinging ribbon
edges for enhanced torsional boom rigidity. The prototype for a torsion
rigid, closed section boom is the NASA collapsible boom (Ref. NASA
TM-8-1137). Figure 9-6c illustrates the typical configuration of this boom.
Two quasi biconvex metallic ribbons are welded along their edges to form a
closed section.

The high yield strength of beryllium-copper, high 'strength steel, and
titanium, the materials from which collapsible booms are made, allows elas-
tic flattening and coiling of booms with low diameter (D) to ribbon thickness
(t) ratio. (The minimum value for D/t is typically 200.) This ratio D/t = X
appears in the boom weight (W), strength (M)*, and bending stiffness (El)
equations as expressed by

2 1
W = klpDt = klpD - ()

X
M = k EtI D3 __1

2DD 2 2 (3)

4 1
El = k E D (4)

3 x
where kI, k2, and k 3 account for geometrical and empirical shape factors
peculiar to the cylindrical tubes; Z is the modulus of elasticity; and pis the
material density. The specific bending strength and stiffness formulates
from these equations to be

M EE

W 4 P X

Elk E D 2  
(6)W = 5 I

The ratio E/p is about the same for most conventional metal alloys. Factors
k and k. are ratios of k /k 1 and k 3 /k 1 , and they express boom configuration

,!,The strength of a thin wall tube is limited by the thin shell buckling rather

than material strength.
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related characteristics. These characteristics are evaluated in Figures 9-7
through 9-10. As shown in Figure 9-7, the Bi-STEM concept ranks superior
in bending stiffness to the overlap stem and the torsion rigid NASA boom.
On the basis of specific bending strength, the overlap stem boom becomes
preferable to the Bi-STEM as shown in Figure 9-8. The .closed section boom
design is inferior to the STEM and Bi-STEM for both figures of merit.

To approximate the weight and size of deployer mechanisms for the
0. 5-to 20-kw power system configuration tradeoffs, typical dimensions for
deployer mechanisms have been scaled from existing designs. The resulting
empirical relationships for single and dual boom deployer mechanism
weights as a function of boom diameter are shown in Figure 9-5. Data pre-
sented in this figure represent actual hardware produced by various
manufacturers.

FLEXIBLE SOLAR PANEL STOWAGE

The flexible solar array substrate does not have sufficient structural
strength or stiffness to protect the solar cells in ground handling and during
space vehicle launch. A separate support structure is therefore needed. In
the 1. 5-kw FRUSA experiment, this support structure is a thin wall magne-
sium cylinder 8 inches in diameter.

The primary reasons for using a drum are 1) controlled panel
motion in roll-up and deployment, and 2) simple panel packaging. Drum
rotation during panel extension and retraction can readily be controlled,
which assures minimum disturbance on the space vehicle control system.
Additionally, partial array deployment provides an attractive feature
in system design for regulating power output, conducting crucial space
vehicle maneuvers, and balancing drag or solar pressure.

STOWAGE DRUM ASSEMBLY

The parametric analysis conducted for the drum uses the 1. 5-kw
FRUSA design configuration as a baseline for extrapolations over the 0.5-to
Z0-kw power range. Elements of the stowage drum assembly are shown in
Figure 9-11 and their actual weights for the FRUSA flight hardware are
listed in Table 9-5. The scaling of these individual drum assembly elements
for larger array sizes and for panel length-to-width ratios from L/W = 1 to
L/W = 8 was conducted by computer analysis which employed geometric,
section property, and weight factors.

The primary structural design criteria for the stowage drum
assembly derive from boost accelerations, staging transients, vibration
dkring transonic flight, and from ground handling environments. The FRUSA
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TABLE 9-5. FRUSA STOWAGE DRUM ASSEMBLY - WEIGHT BREAKOUT

Weight,
Item Description pounds

Drum 8-inch diameter, 0. 030-inch thick, 3.46
70-inch long, magnesium cylinder

Drum end plates 3/4-inch honeycomb disks, 2. 22
titanium facesheets (includes reel
for torque spring motor)

Spar 2-inch diameter, 75-inch long, 1. 57
aluminum

Cushion reel and Reel 1. 5-inch diameter, 0. 020-inch 0.98
support wall, aluminum. Support,

magnesium

Torque shaft 0. 75-inch diameter, t = 0. 050-inch 0.74
wall, aluminum; connects drive
and slave.

Spreader bars 1.5-inch diameter, 0.018-inch 1.50
wall, aluminum (2 required per
drum in dual panel system)

Torque spring motors Constant torque springs. Negator;@ 1. 7
for panel tensioning and cushion
reel drive

Miscellaneous Includes flex cable, electrical fit- 3.87
hardware tings, thermal cover, boom length

compensator (0. 6 pound) bearings
and miscellaneous structural
hardware

Drum assembly Total 16.08

design requirements for those environments are summarized in Table 9-1.
A stowage drum diameter must be chosen which ensures that the solar cells
will not break when bent around the cylinder and that flexible solar cell panels
will wind properly under low panel tension. A small drum diameter is desired
to achieve minimum array stowage volume. The drum diameter of 8 inches
was found suitable for roll-up of 2 by 2 cm, 8-mil thick solar cells, as was
exhibited by extremely low failure rates (see Table 9-3) during FRUSA test-
ing. This drum diameter is therefore maintained. The cylinder wall thick-
ness is then determined by analysis to provide 1) sufficient overall buckling
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strength, bending strength, and drum bending stiffness and 2) adequate
stability for sustaining radial load connected with a breathing vibration mode
of the panel layers on the drum during launch.

The parametric computer analysis routihte initiates the drum optimiza-
tion by finding the minimum wall thickness for a magnesium drum and a trape-
zoidal lateral load distribution of 5 g at the drum ends and 50 g in the drum
center. This simplified load pattern was also used in the FRUSA preliminary
design phase. Next, the peak bending stress and the drum bending frequency
are calculated. If the bending stress exceeds the magnesium yield limit, or
the drum assembly bending frequency is lower than the design goal of 30 Hz,
then the cylinder thickness will be increased. Jn a parallel computation,
properties of beryllium are substituted (41 x 101 psi E-modulus as compared
to 6. 5 x 106 psi for magnesium) to bound the minimum weight achievable for
the 8 inch diameter drum when drum stiffness is critical in design.

The honeycomb drum end closures are dimensioned for an accel-
eration of 30 g in the direction of the drum axis applied to the drum and solar
panel mass. The drum weight is then computed for parameter combinations
of array sizes of 0.5, 1. 5, 2.5, and 5-kw power output, area specific panel
densities of 0. 1, 0. 2, 0. 3, and 0.4 lb/ft2, and panel length-to-width ratios
up to L/W = 8.

Similar weight scaling was performed for the remaining elements of
the stowage drum assembly which are listed in Table 9-5. With the exception
of the torque spring motors (negator) and miscellaneous hardware, the weight
of all items depends on the array size, area density, and the array length-to-
width ratio L/W. The spring motor weight is a function of the array size
only because the panel tension is maintained constant per unit panel width
and the negator spring torque is essentially independent from the number of
spring turns. The miscellaneous hardware items were assumed to vary with
array size only.

Results of the weight analysis for the storage drum assembly are
summarized in Figure 9-12. This figure shows the drum structure assembly
weight for four array sizes and panel densities versus the panel length-to-
width ratio L/W. It is apparent that the L/W ratio is of minor importance
for array sizes of up to about 2-kw power. For larger array sizes, the stow-
agi -tructural elements get to be relatively long for small L/W values.
Their weight increases considerably in order to maintain adequate structural
stiffness. When array panels of great width are used and minimum weight is
desirable, the design effort should concentrate on providing enlarged stowage
volume or use of advanced structural materials becomes mandatory.

The drum assembly weights shown in Figure 9-12 will be used in the
following as part of the array system weight toward finding the optimized
array system.
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SOLAR ARRAY SUPPORT STRUCTURE WEIGHT OPTIMIZATION

The major objective of this parametric optimization analysis is to
determine the lightest weight support structure for factors of most concern
in preliminary array design.

* Support structure bending strength

. Minimum deployed panel frequency

0 Support structure buckling due to panel tensioning

The weight optimization was conducted for these design parameters
as a function of the panel length to width ratio (L/W). The largest array
module employed in this weight optimization is that of 5-kw power output.
Array sizes up to 20 kw are achieved by assembling array modules of
optimized size into an array system.

The solar cell panel density is maintained as a design parameter
because solar cell and cover slide thickness is usually optimized for mission
specific requirements. Similarly, the collector bus and cell layout on the
flexible substrate is mission-related. The weight of the cushion material
is about 1 to 2 percent of the panel weight and is assumed to be included in
the panel weight.

Array Support Optimized for Bending Strength

In the FRUSA flight experiment design, a quasi-static load factor of
0. 1 g was employed to account for all steady state and dynamic acceleration
peaks anticipated in orbital flight. This design factor proved to be conser-
vative in nominal flight as demonstrated by flight data (see Section VI). Dur-
ing malfunctiohing of the space vehicle, however, accelerations greater than
0. 1 g were experienced.

Omnidirectional quasi-static acceleration may impose tension, com-
pression, and bending loading on the support structure. The bending loading
caused by uniform acceleration is considered here for parametric analysis.
The peak bending moment in the support boom occurs at its deployer exit
(boom root). For a dual panel array, this moment M is defined by

M W f+ . Ws1) (7)

P~&W 2 B 25S

where

g = load factor in g

f = panel length in inches

Wp = total array panel weight (includes two panels)
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WB = Bi-STEM boom weight in pounds (w * 2)BP

W S = spreader bar weightin pounds

Stainless steel Bi-STEM booms are assumed here for parametric evaluation.
Their bending strength MB is determined from Figures 9-8 and 9-13 as well
as the following equations.

3/2
MB C(w) (8)

MB

w= c 2 D (9)

The constants CI and C2 depend on the boom material (density, E-modulus),
the diameter to thickness ratio D/t, and the ribbon overlap factor. The
Bi-STEM boom property data employed in the analysis are those provided by
SPAR Aerospace normalized for a D/t ratio of 200 and reduced by 25 percent
for added conservatism. Their values for C 1 and C2 are 9500 and 3000 when
MB is measured in in.-lb, w in lb/ft, and D in inches. $

By combining Equations 7 and 8, and expressing panel weight,
spreader bar weight, and panel length in terms of array power P, panel den-
sity p, and aspect ratio L/W = R, an equation is found for computing the
weight w per linear foot of boom;

C1 w 3 / = 60 g [Z5p P P+ 5 PRw +P] (10)

The weight W for a complete set of four booms is then

W = 40 w F PR (pounds) (1i)

and the associated boom diameter is determined from

D = 3. 17 ./T (inches) (12)

Equations 10 through 12 were solved by computer analysis. The results of
this analysis are illustrated in Figures 9-14 through 9-17 which show the
boom weight and diameter respectively for the design parameters of panel
size, panel density, and load factors versus the panel aspect ratio L/W. By
knowing the boom diameter, the depLoyer mechanism weight is found from
Figure 9-5. The total weight of an array designed for quasi-static loading is
gained by adding drum assembly weight (Figure 9- 12) and the solar cell panel
weight. This summing will be performed later in the system configuration
analysis.

247

.. . .. ..- - .T~~ - - , -- C . .r ' ' . , i ' '. 
. '

-" " ' '1 . "



200

m BUCKLING LIMITS I

00.5

50

20.

04

00'

0.4 - 00

200 .0

0, 2

OX 0. 0.1___
00 0.080

a~0.61I 2

1

1-0 4 15-. c 0

j 0.2 -

2 2

0 0.08 0.1___ _

1-. 0.24
0.1 0.2 .5 1 2 50. 2kw 81

BOOM DAMETER INCHE PANEL ASP ECTA ILY

0.8

0. 0. 0.. 25024681

BOOM*. DIMTR.NHSPNE SETRTO /



10010

50 -I___ ____ ___ ___

PANEL DENSITY 0.3 lb/flt~ 5 kw .

0.2 J

0

0.

n z0.5 kw
0I

0.

0.1.

2 3 4 5 6 7 8

PANEL ASPECT RATIO, L/W

Figure 9-15. Boom Weight Versus

Condition of 0. 1 g Load Factor

249

-. 7~7XYTI tIns.*.



50-___

PANEL DESITY lb/ft2  
1%

0.3C

30 0.2

z
a oo,0.1

1 0.3

C,' 0.1

I. 10
Wi 1. 0.3

0.2
0 0.1

0.1 g DESIGN LOAD
FACTOR

5 _____ _____

0 2 4 6 8 10

PANEL ASPECT RATIO, L/W

Figure 9-16. Dual Boom Deployer
(Two Per Array) Weight Versus
Panel Aspect Ratio LIW For 0. 1 g
Quasi-Static Design Load Factor

250



50

D

30

3: 0

z
0

W 5 kw

> 2.5 kw
0
J
0.1.5 kw

00 q.5 kw

to 10

LOAD FACTOR 0.2 g
PANEL DENSITY
0.2 lb/ft2

0 2 4 68
PANEL ASPECT RATIO, L/W

Figure 9-17. Weight of Two Dual Boom Deployer
Mechanisms Versus Panel Aspect Ratio For Booms
Dimensioned For 0. 2 g Quasi-Static Loading

251



Array Support Optimized for Stiffness

A computer routine has been developed for analyzing torsional and
bending frequencies of a tensioned flexible solar cell panel which is tied at
one end to cantilevered support booms of uniform bending stiffness and which
is anchored to the roll-up drum at the opposing end. This program has been
successfully used for predicting the 1. 5-kw FRUSA flight characteristics
(see Section VI, Flight Test Results). A simplifying assumption was made
that the fundamental panel bending frequency is defined for a cantilevered
boom of uniform mass and stiffness with a tip mass representative of the
panel loading. The fundamental bending frequency predicted by this approach
compares reasonably with results obtained by the above computer technique
provided the panel tension is not too low. The bending frequency f of this
simplified model is given by

f _L 1158E /2(3
f ( WP + _ w S + 0.23 wB) (13)

By substituting the equations for boom stiffness, boom weight, panel weight,
and panel size as expressed by

EI= C 3 D 2w
EW C D 2

4 X

W B=W L

W - 100 pP

2P

S =R

L = 5 OPR

Nomenclature is the same as above; C3 1. 16 x 106; C4 20 (see
Figures 9-11 and 9-13); a parametric relationship is developed between the
boom diameter and array bending frequency:

4450 D4 141.5 i/2 2 5 0 (14

fZ P3/ - (PR) 1 D- (50 pP + ) o (14)
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Knowing the required boom size for a specified frequency the weight for four
support booms of an array is then predicted from

400 D (15)

and the boom deployer weight is found as discussed above. The boom stiff-
ness employed in the analysis was reduced to 80 percent of the reference
data. Results of the parametric computations are illustrated in Figures 9-18
and 9-19. These results can be used for any parameter combination for
array system weight optimization. A sample calculation will be shown later
in the Summary Solar Array Configuration Optimization section.

Array Support Otpimized for Boom Buckling

The roll-up flexible array concept employed as baseline design in this
parametric study requires panel tension for maintaining the array planar,
contouring the panel to the stowage drum in roll-up, and for control of the
array dynamic chracteristics. This panel tension produces compressive
loading onto the support booms which must have sufficient strength to resist
column buckling. Since the compression force vector will always be
aligned from the boom tip to the boom root (bow-string model), the critical
Euler buckling load is expressed by

ir 2 EI
F = 2(16)

2

This buckling load may be reduced by a minor offset between boom root and
panel termination, as well as by lateral boom loading. To account for such
conditions, a reduction factor of 2 is introduced in Equation 16.

Optimization of the boom dimensions and weight for buckling follows
essentially the same procedure used for strength and stiffness optimization.
By parameter substitution for EI and I in Equation 16, formulas are derived
for the required specific boom weight w and the total weight W of four sup-
port booms:

PRF 1/2
w = (0. 025 ---- (17)

W = 28.3 w _R (18)
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If the tension force is assumed to be proporcional to the panel width the
parametric boom design might be extended as shown:

= z = (19)
2 2 RP

where H is the panel width and q is the panel tension per linear foot. With
19 in 17, a parametric relationship is obtained for boom weight and specific
panel tension

R3 R1/2 '0
w = (0.885 q (20)

If the minimum value of q is assumed to be 0. 5 lb/ft as required for proper
winding of the FRUSA type panel, then the weight for buckling-limited booms
can be computed from Equation 18. Results of such calculations were entered
in Figures 9-14 and 9-18. By comparing buckling boom weight with that
required to accomplish either a specified panel frequency and/or to comply
with a design load factor, the critical design criteria are found. When boom
buckling is the critical design condition, the panel aspect ratio is defined by
the intersection of buckling and frequency or strength parameter lines.

ARRAY ORIENTATION MECHANISM

The final link in this parametric analysis of array sizes from 0. 5 to
20 kw is the orientation control drive for sun pointing of the array in orbital
flight. The two-axis drive employed by the 1. 5-kw FRUSA exDeriment was
developed for array sizes up to 5-kw and it presents an excellent reference
point for system studies when primarily size and weight are of interest. The
scaling in any specific application, however, must be exercised with care
since many factors bearing on the problem could lead to unrealistic results.
Questions arise such as:

1) Shall the space vehicle grow proportionally to the array
moment of inertia (upon which motor size depends)?

2) Is a massive 20 kw array required to acquire the sun
in the same time as a 0. 5 kw array?

The simplest approach, and one which is entirely practical if design
criteria are allowed to vary over reasonable limits as size varies, is to
employ the nominal 5-kw design for all applications between 0. 5 and 20 kw.
The 5-kw design thus becomes a universal design. For application to the
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smaller arrays, if they are structure-limited to a fixed value of applied
acceleration, it is a simple matter to limit the motor-driving current
accordingly. In the larger sizes, the primary concessions that must be
made are to allow slower acquisition and slew maneuvers and to allow the
brush current density to increase. Without adding brushes, the nominal
design would then pass 150 amp/in. 2 at 10 kw, and 300 amp/in. 2 at 20 kw.
It should be noted that the brush materials used have been found to operate
satisfactorily at this level in tests and in space (on the Nimbus satellite).
The thermal-control design would also be affected in the larger sizes, with
possible requirements for added radiating area and/or application of heat-
pipe thermal transfer techniques.

Should the design approach preclude adaptation of the 5-kw design,
the approximate size variation with power n nay be estimated if assumptions
are made that: 1) the array size will vary, but not the diameter of the
vehicle which the panels must clear, 2) motor size will depend primarily on
drive function in the smaller sizes, and on maintaining a fixed torque-to-
inertia ratio in the larger sizes, and 3) the number of power brushes will be
varied to keep the current density at 75 amp/in. 2 . With these ground rules,
motor weights vary significantly and estimated mechanism weights are as
follows (Table 9-6):

TABLE 9-6. TWO-AXIS ORIENTATION DRIVE
MECHANISM WEIGHT

System Power, kw Weight, pounds

1 52
2 55
5 69

10 100
20 176

The weights quoted may appear heavy for the application, but it must
be remembered that the design has the capability for unlimited motion on two
axes, and sufficient redundancy to ensure a high probability of a 3-to 5-year
lifetime. Elimination of mechanical redundancy would cut the weight by about
1/8th, with an associated low risk of reducing lifetime, and elimination of
electronic redundancy would save 7 to 8 pounds, with about an 8 percent
reduction in probability of meeting a 3-year requirement. For shorter life-
times, elimination of both redundancies is a logical step.

A single-axis drive mechanism should weigh approximately half of the
tabulated weight since the mechanism components are quite similar for both
axis drives. Since the control electronics is relatively independent of the
system power, the weight of the FRUSA control electronics, 15 pounds, may
be used for parametric studies.
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SUMMARY SOLAR ARRAY CONFIGURATION OPTIMIZATION

The array optimization analysis and its results have been presented
for the individual subassemblies of the drum mechanism, the solar panel sup-
port structure and its deployment mechanism, and a two-axis array positioner
mechanism in order to:

1) Assess the relationships which exist between array perfor-
mance characteristics and design parameters

2) Provide the designer with parametric data which allow him
to determine an optimum roll-up array configuration for a
wide range of design requirements and array sizes between
0.5 and 20 kw.

The application of these parametric data is illustrated.in the follow-
ing by determining array dimensions, weight, and configuration concepts for
array sizes of 0.5, 2.5, 5, 10, and 20 kw. The optimization is illustrated
for a 0.3-Hz minimum panel frequency and a 0. 1-g in-orbit loading require-
ment. A panel density of 0.2 lb/ft 2 is used which is representative of
8-mi solar cells and 6-mil cover glasses as employed by the FRUSA flight
experiment.

Figure 9-20 summarizes the essential results of this sizing optimiza-
tion for 0. 3 Hz minimum frequency. The weight optimal array configurations
were determined from Figure 9-21 and 9-22, which summarize the parametric
weight computations performed for the stowage drum, boom deployer, and the
panel support booms. Figure 9-21 depicts the solar array weight for discrete
array sizes and design frequencies as a function of the panel aspect ratio.
As shown, the aspect ratio for optimized array weight varies widely with the
frequency parameter, but it is relatively independent of the array size. By
cross-plotting the weight minima versus array size, Figure 9-22 is obtained.
The important result to be gleaned from this figure is the optimum array
module size for any specific power level and array stiffness requirement,
e. g. , a 3-kw array system dimensioned for 0. 3 Hz bending frequency will
weigh the same when configured as a single or double module system. For
smaller array sizes, the single module approach is weight-effective, and
conversely larger array systems of minimum weight should use multiple
array units on the basis of array panel weight optimization. In the system
evaluation, however, the weight for the orientation mechanism .. well as
the array deplo-'nent hardware and fittings for joining modules - .t also be
considered. The weight for various sizes of orientation mechanisms was
tabulated above. Estimates for array module support arm and fittings join-
ing the orientation mechanism as well as individual arrays in their deployed
position are shown in Figure 9-20.

The system performance as rated by the specific power output varies
between 6 and 16.8 watts per pound for the depicted array configuration. It is
noted that the 20-kw array system does not utilize the optin'zed panel size
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which would reduce the array weight by about 100 pounds. This indicated
array weight saving all but disappears on a system basis for added module
fittings and array module support hardware. When the 5-kw array module is
substituted in the 10-kw system, a weight increase of 32 pounds on a system
basis is predicted. This weight penalty might look favorable when array
stowage space and deployment complexity are considered.

Array configurations optimized for the design criteria of 0. l-g
quasi-static acceleration loading are summarized in Figure 9-23. The
method of optimization followed the above approach (Figures 9-20 and 9-24).
The strength optimal array module size is that of 4. 5-kw as shown in Fig-
ure 9-25. This module is used in systems above 5-kw output. Specific
power output of about 26 and 19 watts per pound weight are predicted for the
array and the complete power system respectively. These figures of merit
are based on a 0. 2-lb/ft2 panel density which can be improved by using thinner
solar cells and cover glasses. To achieve array systems of extremely light
weight, less stringent design criteria must be acceptable in array design.

The packaging figure of merit, cubic feet of array stowage volume
per kilowatt power, will for array sizes above 2. 5 kw be equal or better
than the design goal of 2 ft 3 /kw on the basis of the 2. 5-kw module size which
has been shown in section (5-kw array design) to accomplish 1. 75 ft3/kw.
The packaging volume for the 5-kw module will approach 1 ft 3 /kw. When
the stowage volume is of primary importance in the array application, a
minor weight penalty is incurred associated with a module size, which is
not optimized for weight.
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SECTION X

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

A 1. 5-kw oriented flexible rolled-up solar array system was designed, A
developed, fabricated, qualified for flight, and successfully flown on Space
Test Program Vehicle 71-2.

Integration of the system with the spacecraft has proved simple and
the analytical techniques and dynamic model used in the design have proved
valid. During cyclic retraction/extension operations, and eclipse operation,
as well as periods of sun acquisition and tracking, the array has been dynam-
ically stable and has not adversely interacted with either the pneumatic or the
control moment gyro/gravity gradient attitude control system of the parent
three-axis stabilized Agena vehicle.

The flight proven FRUSA concept offers substantial weight and volume
savings over oriented rigid array concepts for meeting a wide range of power
requirements from 0.5 to 20 kw and beyond. Figure 10-1 illustrates a weight
comparison of a 5. 2 kw (EOL) flexible versus rigid array power system.

RECOMMENDATIONS

Although the flight of the FRUSA was an unqualified success, certain
improvements, as discussed in detail in the subsystem area of this report
(Section IV), would be incorporated in a follow-on system. While most of
these improvements are simple, a few (listed below) would require advanced
development so that they may be available for use in a timely manner.

!) On-panel-diode - to prevent panel failure when panel strings
are shaded and preclude the need for large
radiators

2) Positive-drive - to eliminate the need for boom length con-
boom deployment pensators yet allow equal panel extension/

retraction

3) Extension only - to reduce complexity, cost, and weight for
boom actuator systems which do not require panel retraction
mechanism capability

4) Slew rate - to minimize vehicle perturbations for large
programmer area array systems by preventing the need

for reacquisition after each eclipse period
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In addition to the above hardware development, studies should be
c'onducted to evaluate:

* Control system interaction for various size and type arrays,
control systems, and spacecraft. Subsystem-/vehicle integration
should be included in these studies so that the data would be
usable in preliminary spacecraft designs.

. Weight, size, reliability, and cost tradeoffs of single versus
numerous deployment type systems. This study would include
other than flexible roll-up systems.
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APPENDIX A. MAIN SOLAR ARRAY CURRENT-VOLTAGE
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APPENDIX B. DYNAMIC ANALYSIS DATA
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APPENDIX D. ARRAY DYNAMICS ANALYSIS

In generating a set of general expressions for mass coupling
coefficients associated with rigid body motions of the boom-panel combination
for each of the normal modes of the combination, the following coordinate
system is used: Index 1 denotes uniform lateral displacement of the entire
combination; index 2 denotes motion corresponding to a root rotation about
an axis perpendicular to the spanwise direction of the panel; and index 3
denotes the motion due to a normal mode. The coupling coefficients become
then

I - ( AI "-s i n hL a s + -cosha 1 -cosp3
zM(l, 3) -ML (rnA sn1 r+ B + JI a L5 a2 +  2+

+ (m2 L) 1 cos+ M3 sin y
'y3

YL

0,oIoI 12\ nha sin I lcosha I cos3
TM (2, 3) imL2) (A aI

2+Bl a-- 1S3 a5 .3
4a

+Bcosha cos sinha sin
[2 2 a3 3]

+(rnL 2 ) (siny - y cosy)/y 2 + M 3 L, sin y

M (3, 3) 1(mlL) 2 rSinh2 a + sin2_P asinhacosP + Pcoshasin, +
~M3,) ml~k L4a 413 p

+ 2[sinh2a +sin213 +L sinhacos3 coshasin23 p+ 3 4p3 p a P p q 2

ABsinhg sin13P1
+ ABi

+ (m2L) -2Jfyco / 2 + M3 (sin y)2
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I
where

PL 2

- 2 + w2o
p V mlL /EII

y = wLv/-m/

E1 = 59000 lb/in 2 bending stiffness of a single boom

L = 25.5 ft = length of the boom e
mI = 0. 087 lb/ft = mass per unit length of the boom

m 2 = 0. 523 lb/ft = mass per unit length of ha!f of the panel

P = 2 lb = rigging load in the boom

M 3 = 0.35 lb = mass of half of the spreader barI3
= slope of the panel at the unsupported end of the boom

LM) Li
3
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Transfer functions have been developed for space vehicle/array
dynamic control studies. These transfer functions are summarized below
for contributions from a two-panel assembly extended to both sides of the
stowage drum. These contributions from the panels to equations of motior
about the drum axis 4 and about the support axis qf are as follows:

21 Mb (2' 2) - DN12 (3)2 M =(W + i /S

R2 Mb(1, 1) + sin- b(2,2) b,(2,3 ) ]

b'''~ s~~b, + (W bi 1 /s

R 2 Mb(,32 (h2 ) 2
Cos 2  M 11) R1Mi ) ) [Mt.l 3)](W - (wbi/s) + (Wti/s)-

The coordinates and angle assignment are illustrated in Figure D-1. Mass
inertias connected with the drum mechanism, the orientation mechanism, and
their structural tie are not included. Note, that in-plane bending and out-of-
plante bending are identical in this analysis by virtue of modeling the panel as
a string.

Values of M for i up to 3 are given in the following. Subscript (i)
refers to the order of the modes. The i~ng 4 is measured about the drum
axis from a reference position when the plane of the panels contains the sup-
port axis.
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FISCA VIBRATION MODES

Panel: 25. 6364 by 5. 5 feet; 0. 192 lb/ft2
Boom: 0. 86 inch by 5 mils; 0.28 lb/in3 ; E = 30,000,000
Spreader bar: 0. 715 pounds

BENDING MODE

Boom Euler load = 2. 73617 pounds; boom load = 2 pounds

MODE ORDER 1

Frequency = 0.515482 R/S = 8.20415 E-2 Hz

Boom Modal Function

X/L M, slugs Z, feet B.M., pounds

0 2.58816 E-3 0 23.5496
0. 1 5. 17632 E-3 1.79973 E-2 24.5313
0.2 5.17632 E-3 7.27533 E-2 24.6318
0.3 5.17632 E-3 0.164419 23.8496
0.4 5. 17632 E-3 0.291823 22.2168
0.5 5.17632 E-3 0.452518 19.7974
0.6 5. 17632 E-3 0.642882 16. 6853
0.7 5. 17632 E-3 0.85825 13. 0003
0.8 5.17632 E-3 1.0931 8.88412
0.9 5.17632 E-3 1.34128 4.49457
1 2.58816 E-3 1.59619 1.16890 E-7

Panel Modal Function

X/L M, slugs Z, feet

0 2.10186 E-2 0
0. 1 4.20373 E-2 0.204709
0.2 4.20373 E-2 0.40649
0.3 4.20373 E-2 0.602458
0.4 4.20373 E-2 0.78981
0.5 4.20373 E-2 0.965867
0.6 4.20373 E-2 1.12811
0.7 4.20373 E-2 1.27422
0.8 4.20373 E-2 1.40211
0.9 4.20373 E-2 1.50995
1 3.21211 E-2 1.59619

303



7

MODE ORDER 2

Frequency 1. 89339 RiS 0.301342 Hz

Boom Modal Function

X/L M, slugs Z, feet B.M., pounds

0 2.58816 E-3 0 -24.7626
0. 1 5. 17632 E-3 -1.85987 E-2 -24.50120.2 5. 17632 E-3 -7. 39124 E-2 -23.3711
0.3 5. 17632 E-3 -0.164251 -21.4441
0.4 5. 17632 E-3 -0. 286735 -18. 8411
0.5 5.17632 E-3 -0.437471 -15.7249
0.6 5. 17632 E-3 -0.611802 -12.29340.7 5. 17632 E-3 -0. 804597 - 8. 76892
0.8 5. 17632 E-3 -1.01059 - 5.38762
0.9 5. 17632 E-3 -1.22473 - 2. 388131 2. 58816 E-3 -1.44253 1.29365 E-8

Panel Modal Function

X/L M, slugs Z, feet

0 2.10186 E-2 0
0.1 4.20373 E-2 0.646037
0.2 4.20373 E-2 1.16927
0.3 4.20373 E-2 1.470260.4 4. 20373 E-2 1.49177
0.5 4.20373 E-2 1.22972
0.6 4.20373 E-2 0.733933
0. 7 4.20373 E-2 9. 86349 E-2
0.8 4.20373 E-2 -0.555412
0.9 4.20373 E-2 -1.10389
1 3.21211 E-2 -1.44253
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MODE ORDER 3

Frequency = 3. 19551 R/S = 0. 508582 Hz

Boom Modal Function

X/L M, slugs Z, feet B.M., pounds

0 2.58816 E-3 0 31.1125
0.1 5.,17632 E-3 2.27463 E-2 28.3144
0.2 5. 17632 E-3 8. 79248 E-2 24.5406
0.3 5. 17632 E-3 0.189894 20.0319
0.4 5. 17632 E-3 0.321919 15.1147
0.5 5. 17632 E-3 0.476658 10.1789
0.6 5. 17632 E-3 0.646746 5.65187
0.7 5. 17632 E-3 0.825435 1.97123
0.8 5. 17632 E-3 1.00725 - 0.4417
0.9 5. 17632 E-3 1.1886 - 1.20589
1 2.58816 E-3 1.36839 - 1.30979 E-7

Panel Modal Function

X/L M, slugs Z, feet

0 2. 10186 E-2 0
0. 1 4.20373 E-2 1.02001
0.2 4. 20373 E-2 1.50405
0.3 4.20373 E-2 1.19778
0.4 4.20373 E-2 0.262125
0. 5 4.20373 E-2 -0.811262
0.6 4.20373 E-2 -1.45837
0.7 4. 20373 E-2 -1.33916
0.8 4.20373 E-2 -0.516288
0.9 4..20373 E-2 0.577873
1 3.21211 E-2 1.36839
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I
FISCA VIBRATION MODES,

Panel: .25. 6364 by 5. 5 feet; 0. 192 ib/ft2

Boom: 0. 86 inch by 5 mils; 0.28 lb/in3 ; E = 30, 000, 000 psi
Spreader bar: 0. 715 pounds

BENDING MODE

Boom Euler load = 2.73617 pounds; boomload = 2 pounds
Tip deflection /boom span = 0

M[, I], slugs = 0. 966477 [or 31. 1205 pounds]
MR,2], slug-ft = 12. 6731 [or 408. 074 lb-ft]
M[2,2], slug-ft2 = 221.459 [or 7130.99 lb-ft2]

MODE ORDER 1

Frequency = 0. 515482 R/S = 8.20415 E-2 Hz

M[1,3] = 0.859037; M[2,3] = 14.7708; M[3, 3] = 1.0

MODE ORDER 2

Frequency 1.89339 R/S = 0. 301342 Hz

M[1, 3] = 0.293777; M[2, 3] = -1. 15124; M[3, 3] = 1.0

MODE ORDER 3

Frequency = 3. 19551 R/S 0.508582 Hz

M[1,3] = 0.185483; M[2,3] 0.507811; M[3,3] = 1.0
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TORSION MODE

Boom Euler load = 2. 73617 pounds; boom load = 2 pounds
Tip deflection/boom span = 0

M[l, 1], slugs = 0. 415 [or 13. 364 pounds.]
M[1,2], slug-ft = 5. 4148 [or 174.36 lb-ft I
M[2,21, slug-ft = 94. 167 or 3032. 17 lb-ft2]

MODE ORDER 1

Frequency = 0.0855 Hz

M[1,3] = 0.547; M[2,3] = 9.544; M.[3,3] = 1.0

MODE ORDER 2

Frequency 0.3048 Hz

M [1,3] = 0. 0649; M[2,3] : -2.384; M[3,3] : 1.0

MODE ORDER 3

Frequency = 0. 513 Hz

M[1,3] = 0. 1922; M[2,3] 2. 0495; M[3,3] = 1.0

R = see Figure 8-6

h/2 = 2.75 feet

M (1,1) = 2(m 1 + m 2 )L + 2M 3b IM

Mb(2 , 2 ) = 2(m I +m 2 )L 3 + 2M 3 L 2

h2Mt ( I , I ) = (II)

NOTE: Subscripts b and t indicate bending and torsion, respectively.
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