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1.0 INTRODUCTION

This report is a design handbook of consolidated data collected or generated during
the Space Station Solar Array Technology Evaluation Program. It presents the para-
metric information needed for the design of a complete flexible solar array and its
associated structure, orientation drive and power transfer equipment. In no sense

of the word, however, should it be considered a Yprocedure' on how to achieve the
required design--only the combined effort of a number of experienced pecple can
accomplish that. The sole purpose of this report, therefore, is not to provide a
textbook, but to provide a handbook of guidelines, cons iderations, data, figures and
suggestions that will be a useable tool to experienced solar érray system designers.
As much as possible, the information is presented in as general a form as possibl_e

in order that designers of both large and small solar arrays could use the information.
In some cases, however, the scope of the Space Station Solar Array contract precluded
investigations into certain designs, materials, sizes, etc. It will be obvious .in these
instances that the information presented is applicable to only one particular design or
class of designs and should not be generalized without careful attention to the logical

governing constraints,

Throughout this report, numerous references are made to the information presented in
the First Topical Report and the First Topical Report Update of this contract. Each
of these reports contain a categorized bibliography with a combined totsl of over 700
documents that are specifically applicable to the flexible solar array sulbjeév These
two reports must be consulted and used in conjunction with this Design Handbook for

they provide a history of design approaches--an alwayé valuable source of information.

The format of this report was prepared so that use may be made of each section with
as little reliance as possible on other sections, Nearly every section has a table of
design considerations and its own set of supporting data and figures. In addition,
references specific to the text of that section are provided at the end of the section
so that page shuffling is minimized. The philosophy of this report and/or the limited

space availability did not allow a detailed design guide for some components, e.g.,

11
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bearings, gears, and motors. The design of these components (and others) have been
very adequately covered in numerous other books. In these sections, therefore,
referral is made to the appropriate vendors and the text references at the end of the

section.

The three-ring notebook binder has again been utilized to provide an easily accessible
and updatable source of information. Section 2,0 discusses all of the major components
of a solar array and drive system with emphasis on information that is of a design data
nature. (Ball Brothers Research Corporation did not prepare any part of this report,
However, the source of the information in Sections 2.3, 2.4 and 2.5 is their work
performed under contract to LMSC). Section 3.0 contains design and sizing infor-
mation necessary to fully optimize the solar array's weight, cost, performance, etc.
Section 4. 0 contains a conversion table for the user's convenience because of the

recent requirement that all NASA contracts be reported in metric units. The included

document, The International System of Units: Physical Constants and Conversion

Factors, was written by E. A. Mechtly and is approved and updated periodically by

the General Conference on Weights and Measures.

1-2
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2.0 SOLAR ARRAY COMPONENT DESIGN DATA

Although the Space Station Solar Array (SSSA) is nearly two orders of magnitude larger
than any array ever flown, the components used for this application are very basic to
the design of any solar array. The following excerpt from the Second Topical Report
of this contract should provide an introduction to the operations and relationships of

the major components,

"The initial deployment sequence of the solar array is shown in Figure 2-1
starting with the position of the stowed quadrants which are packaged within
the 14 ft. maximum envelope, a basic requirement of the design, Initial .
deployment of the quadrants outward is accomplished by a Jackscrew
mechanism as shown. Once this phase of the deployment has been accom-~
plished, the upper portion of the structure (the OSA-outbhoard support

assembly) begins major array deployment."

1 T g W
e e e b

JACK SCREW
LEVER ARMS

Figure 2~1 Initial Deployment Sequence

2-1
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"The major structural elements of the solar array are shown in Figure 2-2
which also depicts the next step in the deployment sequence. Two inboard
solar array strips, on either side of the hoom, deploy in this initial sequence
to provide power for the artificial "g" mode which is the initial mode assumed
to be employed in the operational station. The inboard and outboard supports,
which also form the upper and lower supports for the packaged array during
launch, contain the tensioning mechanisms required for proper support of

the arrays. These support assemblies also provide housings for the guide
wire assembly which is used for solar array strip alignment and assures
retraction capability. Once all ten solar array strips have been deployed,
subsequent retractions are accomplished with the structure and all solar
array strips being retracted together. An attachment point is provided for
support of the inboard support assembly during ascent and artificial "g'" as

shown."

OUTBOARD SUPPORT

ASSY (OSA) ADAPTER CAP ASSY

EXTENDIBLE TRUSS BEAM

SOLAR ARRAY
STRIP ASSY

GUYWIRE

ASSY lISA} ORIENTATION DRIVE AND
POWER TRANSFER (ODAPT)

GUIDEWIRE / : \T\POWER BOOM

/ -~ RN ASCENT & ART. 'g"
HOLDOWN

Figure 2-2 Basic Structural Elements

2-2
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Figure 2-3 shows the deployed arrays with guy wires in place and the inset shows .
further details of the packaged array prior to deployment. As shown, the solar
modules are folded accordion style into the structural package. In areas where the
solar cells are face to face in the package, protection is provided (not shown) by
means of embossed Kapton pads. The wiring harness, whose purpose is to collect
power from the solar cells, runs along each side of the entire length of each strip.
The substrate module joint not only provides the mechanical connection between the
array modules, but also provides a hinge line which becomes the refold memory for

array retraction,

SOLAR CELLS
COVERGLASSES

WIRING
HARNESS

FOLDED SOLAR
PANELS

COMPRESSION

BASEPLATE
COVERS i

SUBSTRATE
MODULE JOINT

Figure 2-3 Array Wing

Section 2.0, then, will discuss each of the major components of a solar array system
and present data not only generated during this program but also déta that has been
selected from other sources. As indicated on the facing page to this section, the dis-
cussions on the following pages will be divided into five major areas: Solar Array

: Strlicture, Solar Array Substrate Assembly, Solar Array Drive Systems, Power and

Signal Transfer Devices, and Lubrication.
2-3
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2.1 SOLAR ARRAY STRUCTURE

Perhaps the most difficult design task in the total flexible solar array system is the
design of the structural mechanisms. This hardware must package, release, deploy,
tension, and {in some cases) retract the solar panels. In addition, interface must be
made with a tracking system (where applicable) so that maximum power can be obtained
from the array. The inability to perform any one of these tasks can result, at best,

in greatly reduced solar array output or, at worst, total failure of the mission. It is
imperative, therefore, that good design practices be used in all phases of the structural
design. In addition, as a check on the final design, a qualification test program should
be executed under simulated mission conditions so that operation in space will be

assured,

Of all the structural devices mentioned previously in Section 2.0, only the deployfnent/
retraction structure will be given an appreciable émount of space in the following sub-
sections. This is because it is the most basic component of the entire structural
assembly. In addition, whereas the other designs are usually very mission specific
in nature, the design of a deployment/retraction structure can in some cases be a
choice among existing designs, e.g., the Spar Bi-Stem boom, the Fairchild Hiller
Hingelock TEE, the Astromast extendible truss, etc. Therefore, the major purpose
of Section 2.1 is to familiarize the designer with the types of deployment/retraction
devices available (see Section 2, 1.4) so that the selection and interface of the device
1o the appliéation can be simplified. The design of the other structural mechanisms
will be briefly covered in the section on Solar Array Stracture’ Design Approach (see
Section 2.1.1). In addition, a short section covering three techniques of packaging
flexible solar arrays will be presented to familiarize the designer with the basic
tradeoffs involved in each (see Section 2.1.2). Finally, the section on Candidate
Structural Materials will survey the materials most frequently used in space appli-

cations {see Section 2.1.3).

. 2-5
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Solar Array Structure Design Approach

LMSC-D159618

The objective of the solar array structural design is to provide hardware that will

meet all of the specific array design requirements. Table 2.1.1-1 presents a design

approach that is suggested as a starting point.. The major considerations given should

be suitable for most applications. The details of each mission, however, will always

be the final guide and obvious changes in approach will be self-evident,

TABLE 2.1.1-1

SOLAR ARRAY STRUCTURE DESIGN CONSIDERATIONS

REQUIREMENT

METHOD OF RESOLUTION

DATA REQUIRED

Determine the most
satisfactory configura-
tion compatihle with
other spacecraft,
components and
environments

Prepare layout of solar array
configurations and perform
tradeoffs on the systems
including function, weight,
reliability and cost. The
configuration tradeoffs
include the results of the
major component tradeoffs

1.

2.

Power requirements
expressed in area
for ascent and orbit.
Electrical module
size options.

3. Array orbital position

requirements relative
to vehicle axes.

4. Fixed or tracking
arrays. '

5. Retraction require-
ments,

6. Panel flathess and
alignment require~
ments.

7. Space allocation and
spacecraft interfaces.

8. Panel tension realign-
ment,

9. Hold-down require-
ments. '

10. Articulation require-
ments. '

(a) Select Boom Type Review available types of booms 1. Major external orbital
and select or develop those loads developed from
which will meet the configura- altitude and space-
tion and environment require~ craft operation.
ments. Evaluate the booms and 2. Substrate tension

integrate the results into the
configuration tradeoffs and
layouts.

2-7

requirements to
satisfy dynamic
natural frequency
requirements.
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Table 2.1.1-1 Solar Array Structure Design Considerations (Cont.)

REQUIREMENT METHOD OF RESOLUTION DATA REQUIRED

3. Boom stiffness
requirements.

4, Orbital temperature
variations of the
boom which may
cause thermal bend-
ing.

5. Retraction require-
ments.

6. Space allocation and
solar array mechani~
cal and electrical
interfaces,

7. Reliability redundancy
requirements.

(b) Select Substrate Review the available systems 1. Access to existing
Packaging System cousidering the function, solar array systems
space allocation, reliability, definition.
weight, and configuration 2. S8pace allocation
positioning requirements. and interface
Integrate results into con- requirements.
figuration tradeoffs and 3. Ascent and orbital
layouts. environments.
(¢} Select Tensioning Review available systems of 1. Tension magnitude.
System Type substrate tensioning and per- 2. Required travel to
form tradeoffs to develop a accommodate sub-
system which accommodates strate stretch and
the tension, travel and con- thermal expansion
figuration requirements. and contraction.
Integrate results into con- 3. Substrate alignment
figuration tradeoffs and and planearity require-
layouts. ments. (This is
generally related to
orbital altitude.)
(d) Select Tracking Review available types of tracking { 1. Tracking rates.
System systems and perform tradeoff 2. Tracking torques.
evaluations to develop a system 3. Ascent and orbital
which will meet the tracking rates environments.
and loads, the orbital environ- 4. Mission duration.
ment and the mission duration. 5. 8pace allocation and
Integrate results into configura- golar array mechani-
tion tradeoffs and layouts. cal and electrical
interfaces.
6. Reliability redundancy.

LOCKHEED MISSILES & SPACE COMPANY
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Table 2.1.1-1 Solar Array Structure Design Considerations (Cont.)

REQUIREMENT

METHOD OF RESOLUTION

DATA REQUIRED

{e) Select Release
System

Review available systems and 1.
components and perform
tradeofls with developed

Access to pyrotechnic
and release system
data.

systems concerning function, 2. Reliability redundancy

weight, reliability, contami- requirements,

nation and shock. Integrate 3. Predicted tempera-

results into configuration tures.

tradeoffs and layouts. 4. Sensitivity of sur-
rounding components
to pyro shock.

2-9
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2.1.2 Packaging Technigques of Flexible Solar Arrays

Historically, three basic methods have been used to package flexible solar arrays--
the drum roller, the flat spindle, and the flat fold. Table 2.1.2-1 lists these three
methods and discusses each in the major categories of packaging characteristics,
ground handling capabilities, ascent capabilities, tie-down and release, tensioning
method, stowage volume and reliability. In addition, overall general comments are
given, This chart should provide a summary soﬁrce of information adequate for use
in initial tradeoffl analyses. Reference 1 should be consulted if a more complete dis~

cussion of each method is desired.

Preceding page blank
“ l o 2-11
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TABLE 2.1.2-1
FLEXIBLE SOLAR ARRAY PACKAGING METHODS

AND ASCENT=SHOLLD HAVE A PELEASABLE LOCK.
EXISTING STATE-OF-THE-ART METHODS ARE APPLICAME.

STOWAGE METHOD DRUM ROLLER FLAT SPINDLE FLAT PACK
« 1 2 3
z
[*]
=
: @_,_a—f—* S— M\/\/
&
g
BROTECTIVE PADDING FOR SOLAR CELLS DURING PRESENT STATE-OF<THE-ART METHODS ARE APPLICABLE; | SAME AS DEUM ROLLER EXCEPT FEP COVERS AHD THE SAME A5 DRUM ROLLER EXCEPT CUSHION MATERIAL
FLIGHT ANI GROUND HAMDLING BECAUSE OF LARGE DEPLOYED AREA, MANUFACTURING | SPIMDLE FLAT SURFACE COULD ELIMINATE USING UST BE OM CELL SIDE OF EVERY OTHER PANEL, CELL
PROBLEMS , COST, ETC, ARE INCKMSED. CONSIDER QUSHIONING MATERIAL, AREA 15 DECREASED IF CUSHIGHIMG BUTTONS, STRIPS,
OTHER POSSEB\LITIES BOND SHEET OF EMBOSSED ORWINDOW FRAME SECTIONS ARE USED, REMOVABLE
KAPTON TO ENTIRE REAR SURFACE, FEP COVER SHEET, CASIONING SHEET AETWEEN CELL-TC~CELL FOLD FOR
RESIDES RADIATICN PROTECTOR, COULD REPLACE EX- HANDLING AND ASCENT PROTECTICN ONLY.
ISTIMG CUSHICMING MATERIALTESTS (14 PROG RESS
SHOULL: INCLUDE WiBRATION. DRUM CURVATURE MAY
REQUIRE LSE OF CLISHIONING MATERIAL,
DEPLOYMENT/RETRACTION VERY GOOD FOR ROLLING UP LARGE SURFACE AREAS, | SAME AS 1| EXCEPT INCREASED TENSIOMN DOES NOT 1F PARTIALLY DEFLOYED DURING ARTIFICIAL *G * A
% IF PARTIALLY BEFLOYED DURING ARTIFICIAL *G¥, 1.) AFFECT STOWED CELLS, INDEXING OF PAMEL BEND HOLD-DOWN FRAMEWORK DEVICE KEEP STOWED
£ DRUM MUST BE RESTRAINED TO PREVENT mTATION AREA TO SHHDLE 15 CRITICAL PROSLEM DURK PAMELS IN PLACE. INCREASED TENSION DOES NOT
o AND 2.) INCREASED PANEL TENSION RESULT IN TN~ TRACTION . UNEVEN (JERKY) RATE OF IJEFLDYMENT AFFECT STOWED CELLS, AS FROVEN BY TRW,
s ﬁlﬂf\{g&:ﬂé?DlNG GF STOWED CELLS AND DAMAGE DLE 7O CHANGIM G MOMENT ARM. RETRACTION IS FEASIALE,
& | DRUM/SPINDLE END SUPPORT END SUPPCRTED LSING PRESENT STATE-CIF-THE-ART SAME AS ABCVE EXCEPT SLPPORT HEIGHT FROM THE MNOME REQUIRED.
HODS. SUPFORTS ARE CRTICAL STRFSS AND THER- | BASE TC THE € 15 GREATER.
MN. AREA. ADVERSE CONDITIONS WILL NOT INTERFERE
WITH POSITIVE DEPLOYMENT/RETRACTION,
ATTACHMENT TC STRUCTURE ATTACHMEMT 15 IN THE AREA OF EMD SUPPORT RE- SAME A5 ). MOUNTING HOLES DISTRIBUTED AS REQUIRED, EASY
SULTS M CONCENTRATED SYSTEM LOADIMG.REMOYVAL TO REMOQYE UNDESIRABLE RESOMNANT FREQUENCIES,
MDES|RABLE RESOMNANT FREQUEHCIES 8Y STRLIC- (ADD MCRE ATTACHMEMTS)
TURkL CHANGES DIFFICULT 7O ACHIEVE,
POWER TRANSFER PRESENT STATE-OF-THE-ART METHODS ARE APELICABLE. | SAME AS 1. NONE REQUIRED .
POWER TRANSFER FQLIPMENT CAN BE ELIMINATED dY
DEPLOYING DRUM, BUT ALSO RESULTS IN HIGH TIP
LOAD. .
MANLUFACTURING HANDLING EASY TO STORE SQLAR PANEL WITH MINIMUM NUMBER  § EASY TO STORE SOLAR PANEL WITH MINIMUM HOQ, OF |ADDITIONAL PERSONNEL FEQUIRED TO FOLD PANBS.
OF PERSOMNEL, TEMSION FOR TIGHT PANEL WRAP |5 1 PERSOMNNEL, ADJUSTABLE PAMEL RESTRAINING FORCE. | ADJUSTABLE PAMEL FESTRAINING FORCE, PAMELS
HOT AD RSTABLE AND ARJY CHAMNGE REQUIRES RE- PANELS CONTAINED IN BOX, ALWAYS FROTECTED. COHTAINED IMN A BOX, ALYAYS PROTECTEDLPANELS
a EXTENSION, WULMERABLE TO DAMAGE, 50 A PRO- CAN BE CHECKED AND/OR FEPLA.CED WITHQUT
H TECTIVE CONTAINER MUST BE PROVIDED, EXTENDIN
= | GROUND TEST HAMDLING VULNERABLE TQ DAMAGE ONCE QUT OF CONTAINER. | PANELS ARE COMTAINEDPROTECTED DURING TEST, SAME A5 2 EXCEPT N DIFFICULTY TO [INSTALL INSTRU-
z DIFFICULT TG INSTALL INSTRUMENTATION ON DRUM. | DIFFICULT TC INSTALL INSTRUMENTATION OM SPINDLE | MENTATION . EASY TC VISUALLY ¢HECK FOR DAMAGE
< DURING AND AFTER VIERATION TEST: |,)EXTENSION IF WEEDED. PANEL RESTRAINING FORCE EASILY AD- TQ CELLS, INTERCCNNECTS, ETC. WITHOUT EXTENGING
3 OF PAHELS REGUIRED TO CHAMGE TIGHTNESS OF WRAP | JUSTED DURING TEST, REQUIRE EXTENSION 70 VISU~ | PANELS.
0 OR CHECK FOR DAMAGE TO CELLS, INTERCDMMNECTS, ALLY CHEZK FOR DAMAGE TO CELLS, INTERCONNELTS,
r ETC. 2.} DIFFICULT TG VERIFY SMALL ROTATIONAL
E MOVEMENT BETWEEN PANEL WRAPS,
g EFFECT QF LONG TERM STORAGE SLIGHT EFFECT QN INTERCONNECTS AND CELLS DUE N EFFECT OH INTERCORNECTS OR CELLE SIGWED SAME AS 2.IN ARRITION SHARP BEHODS IM FEEDER HARNMESS|
. CURVATURE. TIGHT WRAP MAY: 1.JRESULT IN A ON FLAT SURFACE, PANEL RESTRAINING FORCE EASILY | WILL RESULT IN "KINKS® WHEN EXTENDED, DISAPPEARING|
a “SET" OF QUSHIONING PAD CAUSIMG A CHANGE IN REMOMED, REAPPLIED, AND REALUSTEL . 1IN
F4 THE RESTRAINING FORCE, 2.) CAUSE UNDUE BENBING
2 STRESSES ON THE SOLAR CELLS, DR 1.) CA
g STRATE EDGE CLIRL FOR LARGE ASPECT IATIDS.
© | PROTECTION FROM CONTAMINATION AND PROTECTIVE BLANKET CAMN BE ADDED TO THE PANEL . | PANELS ARE COMTAIMED IM A BOX. ALWAYS SAME AS 2,
DAMAGE FOR THE FINAL WRAF ON THE DRUM. ADDS LEMGTH TO [PROTECTED.
THE EXTENDED ARRAY . EXPOSED DURING FEST. NO
PROTECTION FROM FALLING O8JECTS.
| LOADS AMD DYNAMIC EFFECTS FOSSIBLE DRUM PRE-ROTATION IF NOT LOCKED. IF PANELS ARE OONTAINED IN A BGX WITH SPIMDLE HELD | PAMELS ARE COMTAIMED M A BOX, EASY 1O READJUST
(3= LALNCH AXIS IS PARALLEL TO DRUM €, WRAPPED IN PLACE. EASY TO READ)UST RESTRAINING FORCE RESTRAINING FORCE (ASCENT PRE-LOAD). MINIMUM
é = PANELS COULD "FUNMEL" DURING ASCENT. (ASCENT PRE-LOAD), HUMBER MOVIMG PARTS
% | THERMAL UMLESS THERMALLY PROTECTED, TEMPERATURE GRA- PAMELS CON AWNED N BOX. UMLESS THERMALLY PRO- | PANELS ARE CONTAINED MM A BOX, ALWAYS PROTECTED,
< 3 DIENT BETWEEN THE INNERMOST TO THE OUTERMOST TECTED, OUTGASSING OF LUS, SEALS, ETC. OR THER-
FANEL WRAPS, OUTGASSING OF LUB, SEALS, ETC., OR |MAL DISTORTION OF MOVING PARTS MAY OCOUR.
THERMAL DISTGRTION OF MOVING PAKTS MAY OCCUR.
TIE-DOWN AND RELEASE DRUM PRE-RGTATION MAY GECUR DURING LAUNCH PRICR TO PASEL DEPLOYMENT, CONTAINER BASE ROTATE| SAME AS 2 EXCEFT CONTAINER BASE 15 STATIOMARY.

180°, EXISTIMG STATE-OF -THE-ART METHODS APPLY,

TEMSION METHOD

IF PARTIALLY stmven numNE ARTIFICIAL G * RE=

LEASABLE LOCK {DRUM DRAKE} REACTS PANEL TENSION.

RESULT IN H IGHEST RESTRAINING TCRGUE (FUNCTICN

OF THE WRAPPED DRUM RADIUS-LARGEST MOMENT
R}

IF PARTIALLY DEPLCYED CUMMG ARTIFICIAL "G AND
SPINDLE FARALLEL TQ PARTIALLY EJ(TENDED PARELS
[SMALLEST MOMENT ARM), RELEASARLE [OCK, (SPINDLE
BRAKE) REACT FAMEL TENSION. RESULT e LOWEST
RESTRAINING TORQUE.

PANEL TENSIOMS ARE NOT PRESEMT DUAING DEPLOY ~
MENT. IF #ARTIALLY DEPLOYED DURING ARTIFICIAL *G*
A CUSHION SACKED FRAMEWORK HOLDDGWN THE RE-
HAINING STCWED PANELS. NO MOYING PARTS AND
118 PRESET PRIOR TO LAUNCH.

STOWAGE WOLUME

MOST RELATIVE STOWAGE VOLUME

INTERMEDIATE RELATIVE STOWAGE VOLUME

LEAST RELATIVE STOWAGE VOLUME

GENERAL DESIGMN COMMENTS

UNCERTAIMTIES OF ACTUAL FRICTION COEFFICIENTS
BETWEEN ADJACENT WRARS MAKE IT VERY DIFFICULT 10
PELIABLY ESTIMATE THE AMOUNT OF TENSION RE-
QUIRED ON THE PANELS TQ PREVENT DAMAGE DUE 10
ASCENT VIBRATION, THE TENSION REGIUIRED 101 RE-
STRAIN THE PANEL {5 NOT ADIUSTASLE AND s MERY
DIFFICULT TO CHANGE. UNDESIRABLE RESONANT
FREQUENCIES ARE DIFFICULT TO R.EMC\VE THE END
RTS ARE CONSIBERED TO A CRITICAL AREA AND IT
RiseT WITHSTAND ADVERSE CONDITIONS {ASCENT
LOADING AND THERMAL DETORTICN) TO ASSURE

TH TCKNESS 15 DETERMINED B'V: STIFFNESS RECHUIREMENT,

UNDESIRABLE RESOMAMT FREQUEMCIES ARE DIFFICLLT
TO REMOVE. EMD SUPPORTS ARE CONSIDERED TO BE &
CRITICAL AREA AND IT MUST WITHSTAND ADWERSE CON-
DITKONS {ASCENT LOADING AND THERMAL DISTOITIDN)
TO ASSURE POSITIVE DEPLOYMENT, CRE

STRATE MATERIAL AND CHANGING WIRTHS OF THE BEND
AREA MUST BE KEPT WITHIN A TOLERABLE RANGE 70
MINIIZE INDEXING PRCALEM. HOWEVER, THERMAL
EXPANSION/COMTRACTION AMD HIGH TENSIGNS
DURING ARTIFICIAL "G* INCREASE THE FROBLEM.

UNDFSIRABLE RESOMAMT FREQUENCIES CAN BE ELIMI-
NATED BY SIMPLE STRUCTURAL CHAMGES SUUCH AS
ADDING MO K2 MOUNTING BOLTS. CONTAINER BY
ITSELF 15 VERY FLIMSY, HOWEVER WHEN THE PANEL
SUPPORT (CONTAINER BOTTOM), PANELS, AND COVER
ARE ASSEMBLED, {T BECOMES VERY RIGID. SIDE AND

DL
MENT OF PANELS D\N BE DONE WITHOUT EXTENSION.

BTI96STU-DSIT
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2.1.3 Candidate Structural Materials

Material selection for solar array applications involves consideration of many environ-
mental and fabrication factors. The materials used in these applications must be
capable of withstanding the environments of the ground handling phase as components.
during fabrication and assembly and as systems 'during various test phases; of the
boost phase when the materials will experience compression, tension, shear, hending,
and fast changes in pressure; and of the orbital phase which will subject the materials
to additional factors such as fatigue, large temperéture extremes, temperature cycling
and exposure to high vacuum and radiation. In addition to the environmental factors,
the material costs, development status, and producibility must be considered to assure

that a cost and time-effective design is produced.

These considerations leading toward a low cost, easily producible, lightweight, high
strength and high modulus material demand a constant search for new materials and the
development of their fabrication techniques. Table 2.1.3-1 lists the most commonly
used materials and includes some new materials being considered for spacecraft appli-
cations. The chart reviews the ambient physical properties and includes present costs,
predicted costs, and a produciBility rating. In general, compoéites 100k very promising
as structural materials, especially graphite/epoxy. It is lighter than aluminum, 2-1/3
times as strong and 5 times as stiff. In addition, it can be fabricated with the tech-
niques presently developed for the epoxy/fiberglass materials. It is the most cost-
“effective, advanced composite and is presently being applied to many structural com-
pbnents in the aireraft industry. U‘nfortunately, the physical characteristics data of
this and ‘several of the other materials in the space environment are limited. Therefore, .
a choice for a space application might require additional gqualification tests to insure

mission success.
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TABLE 2.1.3-1
AEROSPACE MATERIALS

COEF OF THERMAL
p EYPANSION VAPOR_PRESS MATBRI AL PRODUCIBILISY RATING
DENSITY Fu Feu By o Eg Fefp 10-° IN/IN/OF | AT 10~9 MILL. COST/LB COST/IN3 COMPARTSON MALRIX
{p/n3Y | Gesi) | Gest) | (x 26° pei)|  {x 109 pei) {x 105 pat , LONG | TRANSYV | OF Hg, KELVIN| 2970 1972 | 1970 | 1572 (1) socD, (10) POOR
1h5/3n3
ALIMINGM
7178-T6 108 g8 78 10.4 10,5 102 13.0 13.0 e {LIQUID) 1 1 1.02] 1.0 1
202),-T3 100 6L 5k 10.5 10,7 105 13.0 13.0 | %50 (LIQUID) 1 1 1.00] 1.00 1
MAGNESTUM
A331B-H2Y V08l L2 26 6.3 8.5 102 1h.0 1L,0 | L0 1 1 Nn RN 3k
CRES
301 .286 1 U1 26 28 91 9.0 %.0 | 1350 5] 1.5 L3 L.3 1
TITANTUM
T4 13V-11Cr-3AL 175 125 120 1.5 * a3 4.8 h.& * 1 b 2h,5 | 2L.g 5
Pure 163 50 L2 15.5 16 95 53 5.3 | 1330 W | w | 22.8 | 22.8 5
LOCKALLOY
£2-38 AL 076 57 L2 28 28 370 5 8 950 200 | 200 [is2.0 f152.0 7-8
BERY LLTUM 067 78 53 L2 L2 627 é.L &.h | 970 200 | 200 l13y.0 [13Lh.0 10
EP(KY -FIBERGLASS+# 085 L5 L35 3.5 3.5 5L 5.5 6.1 * 2 2 1.3 1.3 2
g
GRAPHITE/EFQXT % L0568 1686 pinn Lo L0 800 -5 16 * g8 50 o7 29 2.5
BORI /EPONY 35 070 200 200 i 30 L3o 2,75 16.0 { 2650 250-425 | 150 |236.0 |150.0 2
BORQH /& LUMENUM 096 165 165 33 33 kL 2.0 13.0 | 950 w00 |1z5 980 |1zo 7
FRD-Li%
LUPONT FIBER 050 210 L5 17 12 240 ~2.6 2.0 # 50 2.5 3.5
-EPOXY

%  RELTABRLE NUMBERS3 NOT AVAILABLIE

st 608 FIEER VALUES
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2.1.4 Deployment/Retraction Structures

This section summarizes the evaluation of current extensible structures technology
and is presented in a fashion to facilitate trade-off and systems selections. Eight

Tables have been prepared for this purpose:

Table 2.1, 4-1 . Basic Beam Cross-Section Forms

Table 2.1.4-2 Beam and Beam Member Cross Section Variations
Table 2,1.4-3 Truss Configuration Variations

Table 2.1. 4-4 Basic Stowage Methods and Variations

Table 2.1.4-5 Extension/Retraction Methods

Table 2. 1. 4-6 Deployable Structures Survey

Table 2.1.4-7 Characteristics of Spar Aerospace Stem-type Booms
Table 2.1, 4-8 Characteristics of Astro Research Astromasts

These should provide sufficient information to perform a preliminary analysis of the
applicability of a deployment/retraction structure to specific mission requirements.
To facilitate this analysis, the tables have been functionally grouped and are presented

in the pages that follow.
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2.1.4.1 Basgic Structure Forms

Table 2.1.4-1, Basic Beam Cross Section Forms, shows the common forms of heam
members. Each member has advantages, as indicated, and the selection of one over
the other should involve trade-offs of weight, strength, cost, availability, and manu-
facturability. Table 2.1.4-2, Beam and Beam Member Cross-section Variations,
presents some of the possible variafions in beam form. It should be noted that these
variations are generally the result of functional considerations and not purely structurat
oneg, i.e., the fubular variations result from the reqguirement that the member be
flattened for stowage and/or extension and/or retraction, and the solid variations result
from efficiency considerations. The structural characteristics of the members vary
considerably from those of their basic form. The last table to be presented in this
section is Table 2.1,4-3, Truss Configuration Variations. Trusses are defined as a

combination of members so arranged and joined as to form a rigid framework. They

TABLE 2,1.4-1
BASIC BEAM CROSS SECTION FORMS

STRUCTURE | FORM STAUCTURAL CHARACTERISTICS . COMMENTS
$QLID G000 TENSION MEMBER, MOMENT OF INERTIA ECONOMICAL MATERIAL SECTION, FLAT SUR-
L3} CHANGES IN QRTHOGONAL DIRECTIONS FACES FACTLITATE FABRICATION QF TRUSS
STRULTURES
FAT SECTION SUITABLE FOR HIGH SHEAR PRIMARILY USED IN MECHANISMS; HOWEVER
[:] " LOADS USEFUL FOR SHORT BEAMS QR STRUTS
FAT SECTION SUITABLE FOR HIGH SHEAR ECONDMICAL MAT'L SECTION, BEAM END FIT-
(:) LOABS, CONSTANT HMOMENT OF IMERTIA INGS FABRICATED WITH SIMPLE DRILLED
HOLES
MOMENT OF INERTIA CHANGES IN ORTHOGONAL| USUALLY A FORGED SHAPE;USED EXTENSIVELY
(:::::) DIRECTIONS AS A SIMPLE BEAM
TUBES TORSIONALLY 600D, PROVIDES DIFFERENT WIDELY USED IN ANTEWNNA STRUCTURES WHERE-
[:::] MOMENT OF TNERTIA IN ORTHOGONAL AXIS IN WAVEGUIDE SERVES ITS NORMAL MICROWAVE
FUNCTION AS WELL AS STRUCTURAL SUPPORT
TORSIONALLY GOOD, PROVIDES EQUAL USED IN STRUCTURES WHERE FLAT SURFACES
[::] MOMENT OF INERTIA IN ORTHOGONAL AXIS FOR MOUNTING OR FABRICATIGN ARE DESIRED
TORSTONALLY STLFFEST TGO WEIGHT FORM ECONOMICAL, WIDELY USED FORM COMMERCI-
© AVAILABLE , CONSTANT MOMENT OF INERTIA ALLY AVAILABE IN A BROAD SELECTION OF
MATERIALS AND ALLOYS
TORSTGNALLY 600D, PROUVIDES GIFFERENT USUALLY PRODGUCED IN FABRICATION SHOGF BY
(::::) MOMENT OF TNERTIA IN ORTHOGOMAL AXTS FLATTENING A ROUND TUBE
TRUSS TORSTIONALLY GOOD, PROVIDES DIFFERENT COMMONLY USED IN BRIDGE TRUSSES OR ANY
BEAMS [ | MCMENT OF INERTIA IH ORTHOGONAL AXIS TRUSS WITH UNSYMMETRICAL LOADING
TORSIONALLY GOOD, PROVIDES EQUAL COMMONLY USED WHERE LODADS ARE SYMMETRI-
[:] MOMENT OF INERTIA IN OQRTHOBGONAL AXIS CAL SUEH AS RADIC TOWERS
TORSIONALLY GODD, MOMENT OF INERTIA GENERALLY USED FOR SYMMETRICAL LOADS,
fo MAY BE VARIED IN ANY OF THREE DIREC- HOWEVER CAN BE MADE ASYMMETRILAL FOR
TIGNS SPECIAL CONDITICNS
2-16
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TABLE 2.1.4-2

BEAM AND BEAM MEM BER CROSS SECTION VARIATIONS

F
HEAM FORM | VARIATION COMMENTS
LOW OUT OF PLAME STIFFNESS LIMIT THIS TO LOW BENDING AKD TORSIONAL
— LS LOAD APPLICATIGNS,
OPEN
SECTIONS oW TORSTGRAL STIFFNEES, WIGH DYNANIC DANFING, EVEN WAEN MADE 10 OVER-

LAP, WIDELY USEC AS SMALL DIAME,ER, LONG MEMBERS FOR ELECTROMAGNETIC
ANTENNA. SEVERE THERMAL BENDING PROBLEMS.

CUTTAR L FOn ETIFTEN

BROAD RANGE OF SIZES AND MATERIALS AVAILAZLE,
OR COMPONENT PARTS OF A BUILT-UP BEAM OR COLUMN.

SIMILAR TO ABOVE WITH SLIGHTLY IMPROVED BENDING STRENGTH.

WIDELY USED AS STRUCTURAL BeAMS, IGEAL FOR HIGH BENDING LOADS ABOUT
THE MAJOR PRINCIPAL AX1S

AS ABOVE EXCEPT HIGHER FLANGE BUCKLING HAZARD. SHEAR CENTER NOT
COINCIDENT WITH [.G.

C
=
=
=
=

o | O

O

APPROACHES THE STRUCTURAL CHARACLTERISTICS OF A THIN WALLED TUBE. EXACT
MECHANICAL PROPERTIES DEPERD UPON INDIVIDUAL DESIGN. USUALLY <6 IN Dla
AND WITH APPROX 25031 DIAMETER TO THICKNESS RATIC. CRITICAL REVIEW CR

ROUND APPLICATIONS ARE REQUIRED TQ MINIMIZE THERMAL BENDING FROBLEMS.
TUBE
USUALLY }N THIN WALLED SECTIONHS, BENOING LOAD CAPACITY VARIES WiTH
[@ =T LATERAL CURVATURES. TEST DATA LIMITED, ANALYS1S METHOD MOT DEVELCP FOR
i GCAM WITH SEALED EDGES. CENTER PIECE HELPS STABILTIZE SHAPE, HENCE
FLATIENED INCREASES STRENGTH AND STIFFNESS. HDWEVER INCREASED DRUM WEIGHT SHOULD
TUBE 2 BE STUDIED IN A TRADE-OFF.
~
) USUALLY IN THIN WALLED SECTIONS ANO LIMITED IN SUZE TO 6 [NCHES PER
TURILAR SIDE.
DELTA

TABLE 2.1.4-3
TRUSS CONFIGURATION VARIATIONS

CONFIGURATION

COMMENTS

INNNN

DIAGONALS AND BATTENS BOTH SUBJECTED TO COMPRESIOK AND TENSION
LOADS .

2 SAME 45 ABOVE
NN \

3 DIAGONAL MEMBERS SUBJECTED TO BOTH COMPRESSION AND TENSION,
— e — CONSEQUENTLY MEMBERS MUST BE HEAVY ENGUGH TO RESIST COLUMN

4 REDUKDANT DIAGONALS SUBJECTED TO BOTH COMPRESSION AND TENSION,
m OFTEN USED WHEN TRUSS IS TO 8E FOLDED.

5 LEGHTWEIGHT DESTIGN, SHORT BaTTENS SUBJECTER 7O CGMPRESSION

LOADS LONE DIAGONALS SUBJECTED TO TENSION LDADS.

FIGURES 1,2, AND 3 HAVE APPROXIMATELY THE SAME STRENGTH AND WEIGHT,
THE COMBINATION OF FIGURES 4+ AND 5 TRUSS FORMS MAKES A FEASIBLE

STRUCTURE.
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are the most efficient structures in terms of stiffness, weight, and material economy.
Trusses also have the geometry required to allow the beam to be folded, and yet be
strong, stiff and lightweight when extended.

2.1.4.2 Basic Structures Stowage and Deployment Methods

The three basic methods of stowing beams--folding, rolling, and telescoping--are
presented in Table 2.1.4~-4. Folding is mechanically the simplest and most versatile
stowage method and, as a result, is the method most frequently used for general
extensible structure applications., Rolling beams on or in drums is a possible low
volume solution to some stowage problems and is 2 method that can be used for stowing
beams of a variety of cross-sectional shapes. The thickness and therefore strength

of the beams, however, is limited by the coiling stresses. Telescoping of beams,

the 1last method, is a relatively common method of stowage and has been used for a
variety of applications. Although the stowage efficiency ratio of stowed-to-extended
height is low, it may be increased by either increasing the number of telescoping
sections or combining the telescoping method with the folding method. Both alternatives

are at the expensc of weight and/or beam stiffness.

In Table 2.1.4-5 are presented several basic methods of extending or refracting the
above beams. The prime movers can be changed in accordance with design constraints.
For example, it is conceivable that pneumatic or hydraulic motors could be interchanged
with eleciric motors to produce rotary motion but they cannot be reversed. Whatever
the case, the most effective or available energy source and the motion required deter-

"mine the method or energy/motion transducer used.
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TABLE 2.1.4-4

BASIC STOWAGE METHODS AND VARIATIONS

EXTENGING BUT USUALLY MOTOR DRIVEN

TELESCOPED

USUALLY SELF EXTENDING BY STORED-
SPRING ENERGY,ALTHOUGH SOME MOTER
DRIVEN MODELS HAVE BEEN USED

METHOD VARIATICNS CHARACTERISTICS COMMERTS
STOWS BY DISPLACEMENT ONLY, STOW SIMPLE, EFFECTIVE, AND WIDELY USED,
VOLUME IS APPROX. EQUAL TO LIGHT WEIGHT FOR MORE HEAVILY LOADED
Qttljtétb EXTENDED VOLUME, SYSTEMS.
STOWS VERY COMPACT, REQUIRES MULTIPLE HINGE JDINTS REQUIRE PRUDENT
| LATCHES TO DEVELGP RIGIDITY, DESIGN TO MINIMIZE LOOSENESS. USUALLY
FOLDED :%€><><>{ EXCELLENT DEPLOYMENT DEVICE SPRING LOADED AGAINST A DAMPER MECHAN-
IsM.
STOWAGE CAPABILITY DEPENDS UPDN KO JOINTS GR LATCHES REQUIRED 10 PRG-
FHE MATERIAL ALLOWABLE STRESS VIDE A RIGID STRUCTURE. COGLUMN STRENGTH
gzégggéééz AND THICKNESS. INFLATIBLES USING IS LIMITED BY MATERIAL THICKNESS, S5TOW-
METAL FOILS STOW YERY COMPALTLY ED CONFIGURATION, AND ALLOWABLE STRESS.
NO REMOTE RETRACTION,
BEAM IS WRAPPED ARGUND A REEL USUALLY CAPABLE OF MANY EXTENSIONS AND
\ AND ITSELF. REQUIRES A SECTION OF| RETRACTIONS WITHOUT DEGRADING PERFDRM-
THE BEAM REMAIN EXTENDED BUT ANCE, DEVELOPS FULL STREMGTH AT PARTIAL
Y STOWS COMPACTLY., C[AN BE SELF EXTENSION. COLUMN STRENGTY IS LIMITED
ROLLED ¢ BY MAT'L THICKNESS $T0W CONF1G & STRESS

CAPABLE GF MANY EXTENSIONS OR RETRA(T-
IONS WITHOUT CEGRADING PERFORMANCE.
COLUMN STRENGTH 1S VERY LIMITED.

g

STOWED YOLUME FROM 20 TQ 50
PERGENT OF EXTENDED VOLUME.
DESIGNS READILY ADAPT TO DEVELDP
ALL USABLE STRENGTH OR INDIVIDUAL
MEMBERS

STMPLE, FEW PARTS, MAKE DESIGN VERY
RELIABLE. MAY BE TRUSSES, TUBES DR
COMBINATIONS OF THE TWO
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TABLE 2.1.4-5
EXTENSION/RETRACTION METHODS

T PRIME STOWAGE BEAM SECTION|

MOYER METHOD FORM CHARACTERISTICS

ELECTRIE REMOTE ACTUATION, CAPABLE OF MULTIPLE EXTENSIONS AND
MOTOR RETRACTIONS. SOME MODDELS INCORPORATE TWQ STORAGE REELS

THAT ARE INTERCONNECTED AND ORIVEN BY A COMMON MQTOR.

O

.

REEL STORED

REMOTE ACTUATION, CAPABLE OF MULTIPLE EXTENSIONS AND
RETRACTIUONS. USES THREE STORAGE REELS INTERCONNECTED AND
DRIVEN BY A COMMON MOTOR.

REMOTE ACTUATION, CAPABLE OF MULTIPLE EXTENSIONS AND

< e RETRACTIONS. A SINGLE STORAGE REEL I5 DRIVEN BY THE MOTOR.
R

WIRE TRUSS IS FOLDED AND ROLLED UP OW A SIMNGLE, MDTOR
GRIVEN REEL.

REMDTE EXTENSION MAY BE ACCOMPLISHED BY MDTOR DRIVEN WLNCH
© D ACTION OR A MDTOR DRIVEN HYCRAULIC SYSTEM. BEAM SECTIONS
MAY BE SOLID OR TRUSS.
TELESCOPING A-
L
REMOTE EXTENSION MAY BE ACCOMPLISHFD BY MOTOR DRIVEN WlNCH
é g ACTION OR BY A MOTOR DRIVEN SCREW JACK [USUALLY IN CONJUCT-
10N WITH MECHANICAL SPRINGS).
2 YARIOUS
FOLDING
MECHANICAL SAME BEAM SPRING MOTOR POWERS EXTENSION ONLY, MANUAL RETRACTION
SPRINGS : SECTION MSED REWINDS MOTOR.
¢ AS ELECT.
(e JMDTOR CONFIG

REEL STORED |
= SFRINGS ORK SFPRING MOTOR POWERS EXTENSION ONLY, REGUIRES
© 5 MANUAL RETRACTION. GENERALLY USED WITH A DAMPER- 7O CON-
= TROL EATENSION DYNAMICS,
A
TELESCOPING -.—’ .

SPRINGS AT EACH JOINT EXTEND STRUCTURE, MANUAL RETRACTION REGO.
gé ,5 MAY BE USED IN CONJUNCTION WITH AN ELECTRICAL MOTOR THAT
2 YARIOUS

WILL ASSIST IN EXTEMSIQN AND CONTROL EXTENSION OYNAMICS,

FOLDING
ENEUMATIC ; SLIDING SEALS MAKE TELESCOPIC MAST GAS TIGHT, GAS PRESSURE
(STORED © CXTENDS CYLINDERS. MAMUAL RETRACTION REGD.
GAS )
| TELESCOPING - o _ — R
SEALED TUBES INFLATED WITH BAS PRESSURE, MANUALRETRACTICNREGD
O FNEUMATIC ACTUATORS MAY BE EMPLOYED TD ERECT HINGED JDINTS,
E AGAIN MUST BE RETRACTED MANUALLY.
FOLDING VARIOUS
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2.1.4.3 Deployment/Retraction Structures Reviewed

The purpose of this section is to inform the designer of the state of the art in extension/
retraction structures so that efficient utilization of design time can be obtained by
drawing on the experience of other designers. The survey presented in Table 2.1, 4-6
considers twenty unigue extensible structures, most of which are available from
several sources. The structures are separated in the chart by stowage method
(telescoping, folding, or folling). Further, they are separated by structural
differences, i.e., truss vs solid, interlocking vs overlapping, etc. The chart
displays general characteristics, uses and experiences, and known fabricators.

It will be noted that many ‘of the designs have fundamental similarities; each system
has features that exhibit dominance of one or more primary considerations such as
stiffness, strength, weight, economy, stowage, deployment, or retraction. Additional

information as well as photographs of each structure can be obtained from Reference 1.

2.1.4.4 Deployment/Retraction Structures for Flexible Arrays

The total field of current extendible structure technology that was reviewed in
References 1 and 2 indicated that all deployment booms used on flexible solar arrays
could be grouped into two categories: the extendible stored reel and the articulated
lattice. Of the two, the extendible stored reel has received by far the most usage.

It must be stated, though, that the boom strength relative to the length requirements
have been very minimal for nearly all of these applications. However, in low load
applications, the stored reel is the ideal choice of deployment/retraction device.
Table 2. 1. 4-7 exemplifies the many possible parametric variations of this type of
boom. Although it was prepared by Spar Aerospace, it should be remembered that
other companies also fabricate this type of boom (see References 1 and 2). The
relative characteristics of each must be traded off to match the application. Table
2.1.4-8 presents parametric characteristics of existing Astro Research Astromasts.
This articulated lattice type of boom has the best potential whén strength or stiffness
governs a design. In any case, because either of these two basic boom types can be
used for most applications, the applicable vendor must be consulted for the most
recent and applicable design information so that a decision for a specific mission has

a firm qualitative and quantitative basis.
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TABLE 2,.1.4-7
CHARACTERISTICS OF EXISTING SPAR AERCSPACE STEM-TYPE BOOMS

(Production)

Apollo 15/18 15/16 Apollo 17 AEG- NASA-
Program FRUSA Mass Spectrometer  Gamma Ray Lunar Sounder Telefunken Langley
Type Bi-Stem Bi-Stem Bi-Stem Bi-Stem Bi-Stem MTS Boom
Diameter .86 in 2.0 2.0 1.34 .86 . 86
, Element Length 16.0 ft 25.0 ft 27,0 ft 34,0 ft? 16.0 ft 11.0 ft
_ Mechanism Size 4,0x11,0D 10, 0Dx73. 5L 10. Dx18. 0L 7.5'x8, 0"x14, 5 16. 0x6. 0x4.0 5.0x16. 0x4.0
Mechanism Weight 17.0 Lb 57.0 Lb 45.0 Lb 22,5 Lb 16.0 Lb 12,0 Lb
Element Material 301 5,8, 455 8. 8. 455 8. 8. 455 8. 8. 301 8. 8. 301 S. 8,
Thermal Coating Silver Plate. Silver Plate Silver Plate No Coating No Coating
Motor Type DC Motor 2 Motors DC 2 Motors DC DC Motor DC Motor DC Motor
Extension Rate 1/2"/sec 1.8"/sec 1.8"/gec 6.0"/sec 1.6"/sec 7.3"/sec
Number of Boom{s)/ 2 1 1 2 2 4
Mech, '
Element Thickness . 005 .012 .012 . 007 . 005 . 005
Number of Units 2 3 3 4 1 1
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TABLE 2.1, 4-8
CHARACTERISTICS OF EXISTING ASTROMASTS

Support for

Antenna Brector/ Central'Support Antenna Support Boom
Support Support |for Parabolic Support for |Space Station{for Antennae
Application Jeep Mounted| for §/C |Mesh Antenna use on Lunar|Solar Cell of Orbiting
{Prototype) |Helical |({Subscale Surface Array Interferometer
Antennae| Model) (Eng. Model)l (Erig, Model) :{(Test Segment)
Mast type Articulated | Continu-|Continuous Continuous |[Articulated |Continuous
longeron ous Jongeron longeron longeron longeron
longeron
Mast diam (in.)]|13.4 4 10 20 8
Mast length 40 i5 8 100 B4 10(1)
(£ft)
Approx weight
Mast (1b) 146 0.30 2.0 20 214 1.3
canister (2)(1p)l128 (3) 20 30 186 (3)
Package size(4) 25 x 43 4z§? X 7 % 20 11 x 42 24 x 52 B.5 x 4{5J
6
Motors 1-1/4 hp None 1-Globe 2-Globe 3-12 amp None
28 Vv IC 28 v DC 28 v DC 28 v DC
Extension rate |1 ft/sec {-- 4 in./sec 2 in./sec 2.5 in./sec -
Bending stiff- |77 0.12 0.70 5.5 280 2.04
ness élb—in.2)
x 107
Bending 7800 25 80 460 36,000 200
strength
{in.-1b}

(1) 10 £t test segment of 125 ft required length
{2) No significant effort made to minimize canister weight
{3) No canister supplied
(4) Cylindrical volume - cyl. diam {in.) x cyl. height (in.)
(5) size of retracted boom alone - no canister supplied
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2.2 SOLAR ARRAY SUBSTRATE ASSEMBLY

The purpose of this section, 2.2, is to provide design information applicable to one

of the more recent developments in solar array technology--the flexible substrate.

Some of the advantages of this assembly approach are: 1) less weight per square foot

which means less vehicle launching cost, 2) greatly increased solar array area capa-
bility over conventional rigid honeycomb panels due to reduced stowage volume, 3)

. less cost due to full ability to combine wraparound solar cell technology with integrated

printed circuit technology production technigues, and 4) ability to fully automate solar

panel production.

A typical fllexible substrate assembly with the components in their related layers is
shown in Figure 2.2-1. The basic laminate is composed of coverglassaé, coverglass
adhesive, wraparound solar cells, a Kapton/FEP dielectric and structural plastic
film, and an integral printed circuit interconnect, In order to present a clearer
picture of this method of preparation of the array substrate, the electrical module
assembly sequence of the 8SSA (Space Station Solar Array) substrate is shown

in Figure 2.2-2. Although the method is neither universal throughout the industry
nor applicable to all flexible array applications (e.g., hardened flexible solar arrays
would use neither copper interconnects nor solder but would use, for example,
aluminum interconnects and ultrasonic bonding) it is typical and therefore provides

a sound introduction to the individual components of the assembly. They will be more

fully discussed in the subsections that follow.
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??!E&IEEASS-7940

2X4 WRAPAROQUND
SOLAR CELL
(12 MIL)

i-MIL KAPTON
I72-M1L FEP

INTERCONNECT

1/2-MIL FEP
C1-MIL KAPTON

Figure 2. 2-1 Substirate Assembly Exploded View
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6¢-¢

INTERCONNECTS SDIDER BEAD
* AT CELL CONTACT POINTS

AFPLI

foib/

Figure 2.2-2 Electrical Module Assembly Sequence
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2.2.1 Solar Cells

2.2.1.1 Function in System

The key element of every array system is the solar cell which converts sunlight into
electrical energy for the vehicle power system. A typical solar cell is shown below

in Figure 2.2.1-1.
GRIDS

ANTIREFLECTIVE COATING

N CONTACT

N/P JUNCTIO
(WITHIN MICRONS

OF THE SURFACE)

P CONTACT

Figure 2.2.1-1 Typical Sclar Cell

2.2.1.2 Design Parameters

Table 2.2.1-1 presents the major types of solar cells currently available in the
industry. Some general features of each are also presented. The cell that has
received by far the most usage is the conventional N/P silicon solar cell. Its tech-
nology is well established and currently it is the most efficient cell produced on a
regular basis outside of the laboratory. The typical N-on-P Si solar cell is manu-
factured from P-type single crystal silicon having a resistivity of 2 or 10 £2-cm. The

itluminated surface of the cell contains a shallow diffused, 0.3 um deep N-type layer
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doped with phosphorus. Electrical contact to the cell is accomplished by an evaporated
Ti/Ag contact. An antireflective coating composed of an SiO-layer causes the blue .
surface appearance. The wraparound cell (identical to the conventional except that

the negative electrode is wrapped around to the back of the cell) is, however, gaining
in use because it allows much more efficient panel fabrication techniques. Table
2.2.1-2 presents some of the detailed considerations used in selecting a conventional

or a wraparound silicon solar cell for a solar array.
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TATLE 2.2.1-1
COMPARISON 0F SOLAR CELLS

LMSC-T3159618

CONVENTIONAL SILICON

WRAPAROUND ELECTRODE

LITHIUM-DOPED

TON-TMPLANTATION

LARGE AREA

ALUMINUM CONTACT
CELLS

HOTES ON
SILICON CELLS

cls

CdTe

Manufarturing Boren-doped substrate with | Same a8 conventloml cell P on N junclion cell with | Accelerated lons vacd te fame as convenlional cell.. | Bample runs fabricated Vacuum deposited onto Co-gvaparation of Cd ang
Methols phosphorpus dHfusion, N with additionul masking and | Amafl qauntlties of IHKtam sontral accurato doping of puccensfully cn sovaral cell plantic-film subsLrate. Te onto thin Mo pubstrate.
on 1'i8 standard. diclectriz gap un back. diffuaed into the cell, cell, gizea. Junetinn formed hy chemi- Copper tetluride vacunth
eal dip, Grids gemented Elarh evaparaled te form
with motalized cpoxy. Janction. Eveporated gold
Mylar or Kapton plastic grid. Krylon zealing nnd

’ cncapaulaticn, AR cnating, or "“2(’3 AR

coallng.

Siza Standard mlze of 2x2em, [2x2a0d2x4em, D10 Stindard size of 2 # 5 om, | Standard alzo of 2 % & om, | Width: 2 emito L5 . Standard eize of 2 5 2 om, Standard size of 3 In. x34n.| N standard. 2% §em

G to 14 mile thick. 14 mila thick. & to 14 mils thick. G Lo 14 mils thick. Length: 2 cm to 6 In, 6 tn 14 mil thick. ares and 2-5 mile thick. celle up to 320 em® cells
- Usually In 2 x 3, 2 x4, Areas upto Lag fi have been made,
2x5, and Zx B em Sleed poaslble,

Rifictency 10-11% AMO sverage. Apparent power Increase. 11% AMD svrrage. 11% AMO avarage. game ns conventlional cell. Same na eonventional cell, AMD, Kapton covored 3,3% | AML, Krylon covered,
Output incrersed 3% due Ip average In pllot production, | 4.8% average, o%
inzrensed aclive drea. &% maximom . maximum,

Tempurature Irawer change of -0. 6% of Tower change same aa Unirradiatod cell power Power change samo ax con- | Power change aame aa con- | Pnwer change same 48 con- | Temperature cycling affects:| Powar chango °u' -0, 48, Power change our -0.67%

Perlormansc original pee 9C. conventlunal call. changn aame a8 convantional [ ventionz! aefl, ventipnol cell, ventional eell, {1) ennealiog of radintion of original per °C increase, | of original per °C Increase.

rell damnge and recovery of
power, and (2) contacts,
bonrting, and matarial
fatigue
Coat $3 to 36 each in large $10 to $50 each In gmatl Approximately 10% more $6 to 810 each, Froduction | %6 to $12 each in lnrge $11 each in small quantities, | Higher average efficiency $25 cach In small quantities:} Unknown.
nrdara. quantities, § to 209 more cxpensive than conventional | is limited at thig Lima. ardera. §1 Lo %5 In large ordera. speca and thifner cclla Expeel to reach $5 aach
expensive than convesttonal | cella I production. decreass yleld, increrse in production,
eella in production, coat, and reduce lb/watt.
Walght 2.3 gm,’em’ ailleon, t0-mil ecll weighs 0,552 10~mil cell weighs 0. 2912 2 x4 om cell Ia 12 mile 18-mil cell weighs 0, 2032 dla K3 in. standerd A 3In, x3In, cell with

0,015 g/em? of Bolder area
10-mil antdered cell waighs
0,2852 gm cach, average

10-mi} cell welghs §,2932
gm.

EM.

EUN

Tongrr than bwn & x 2 em
cells. 10-mil ooll weighs
¢.6001 gm.

Fm.

weigha 1.8 gm with ploste
encapsulation, A low-
welght design i 1.25
gm/uell.

pleatie cover would welgh
2 gm.

Cost nf Colls/ 1%
of Arruy Modula

{200 cella/ft, 35/ecll,
10 mil) $1000

(200 cellasnt?, $5.50/cell,
L0 il $1100

(200 olla/n?, $5.50/cell
L0 mil) $1100

200 cells/ME, 38 oell,
19 niily $1606

ap colla/i%, $10/cen,
2% 4 cm, 10 mil; 31000

200 coll /7€, $5/0ell,
16 mily $1060

Cast eavings in 1erger cell
mre expected to appedr in
reduced nandling/watl af
aaserbled array.

(14,2 cella/f%, 35 cally
11

Unknown

watts/n% of Array
Module nt 09 Angle
of Incidence

(1.1 mW avernge at 25°C
AMD 2Q-cm, 10 mile
nominal) 14.2

{62, B mW averago at 26°C
AMO 26-om, B mils
nominal) 14, 6

{10 mila at 25°C AMO
20-cm) 11,2

Rudiation Namage

At 1509 mautical wmilca,
40°F. degradation in one
year,

Same oy conventional.

(10 wnile 26°C AMD 2 -f-om)
14,2

(12,2 mW average at 257C
AMG 2-{-cm LD mila,
x4 em) 14.2

Gt.1 mW average =t 25°C
AMO 2-fem, 10 mily
nominnl) L1,2

B, 0. L, Power.

Bpacing between modules
and effocts of cuvera mol
Inctuded,

i0. 250 W average at 25%¢
AMOY 3,88

{0,219 W nvnrega for
9in, x I in. cell AML}
3,96

AL 1500 nuntical miles,
40% degridatinn in five to
ten yoars. Testing and
davelopment continuing,

Same as ronvontional,

Same ag conventienal,

same ar conventional vell,
Lnw 7 Al reducce shergy
drpoaltion in contacla

dug th nucloar worpone
cifgeta,

Low-encygy profons cause
rignificant demage, 1-mdl
Kapton vevers drop inifal
power bt Limits power de-
gradation ta 10 far 1014
plem®, 1o 5 Mev.

Tdmited duta, clecimon-
degradation insignificant.
15% ringradation with

7 x 1013 pfem? 2.4 Mev),
Kzylon covers darken
under UV radlaticn and

a pafyrilane cover has
heen propased by the
French,

Avaitability

Available now,

Available now.

Can e obtained in amall
quantitics.

Avnilzble now.  Production
rate capability 18 lnw.

Umual sizns.  Availublo
now,

Avalluble now,

Can he nhtained at a vate
nf 50 ccllafday now.

U.8. efforia nil at this
time. A French govam-
rcnt taboratory
(laboratolre E.R.&.)
indicates pilot prodneton
bl cffort ia mainly
developmental.
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SOLAR CELL CONFIGURATION SELECTION CONSIDE RA TIONS

COMMON

PARAMETER CHOICES SELECTION* CRITFRIA

Materials See Text Silicon See Above

Type N/P or P/N N/P Much more radiation
resistant than P/N

Size 2cm by 2 up to 2 by 2or Tooling is developed and

10 ¢ 2 by 4 cost has been optimized.
3cm by 3 cm Tendency to use larger

cell to facilitate panel
fabrication

Thickness 4 to 18 mil Variable Based on performance
and radiation requirements
(see Section 3. 2)

Base Material 2or 10 Qcm Variable n

Resistivity

Contacts Conventional or Conventional Technology is well

Wraparound developed, Tendency is

to use wraparound (sce
Figure 2.2.1-2) to elimi-
nate series tab and facilitate
panel fabrication

Contact AgTi, Ag-Pd-Ti, AeTi May degrade in presence

Material Af, Ni-Cu-Au of humidity, therefore is
used when contact is
solder coated.

Ag-Pd-Ti Does not degrade in humidity,
therefore normally used
when contact is solderless.

Af Low Z material, used with
hardened array or when
welding is the joining
method

*Based on general industry trends
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SOLAR CELL CONFIGURATION SELECTION CONSIDERAT IONS

COMMON
PARAMETER CHOICES SELECTION* CRITERIA
Soldered or Soldered, Soldered Facilitates soldering of
Solderless Solderless interconnects, used where
Contacts weight is not a problem
Solderless Used where weight is a
problem or welding is
required
Antireflective Si0, TiOy, Sio Conventional cell coating
Coating CeOy that is easy to control
but is optimized for air/
silicon interface
TiQy or Used with integral cover-
CeO glasses (TiOx perhaps
X easier to control)
Power - Variable
Weight -— Variable See paragraph below
Cost -- Variable
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Figure 2.2.1-2 2 x 4 cm Wraparound Solar Cell

In reference to Table 2. 2.1-2, the relationships between solar cell power, weight and
cost are time and "situation" dependent. Therefore, the cell manufacturer must be
involved and consulted for finalizing these tradeoffs. However, for estimation pur-
poses, the following data is presented:

AVERAGE SILICON SOLAR CELL POWER (at 1.0 a.u.) - Px 15 mw/cm2

AVERAGE SILICON SOLAR CELL WEIGHT -

. . ; 2
WeoLDERLESS CELL =~ (-024 gm/mil) x (Thickness + 1 mil)/4 cm

ADDED WEIGHT FOR SOLDER DIPPED CELL = .14 gm/4 (:m2

ADDED WEIGHT FOR SOLDER DIPPEDAND (/)
PRESSED CELL ~ .07 gm/4 cm

AVERAGE SILICON SOLAR CELL COST - See Figure 2.2.1-3
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RELATIVE COST

3.0

2.0

-

Cd
Cost is based on current price of $3.80 lor 2x2 em cell /
Ranges shown are compoaite of apec requirements and /’
vendor enflmates
Coals are based on 2x2 ¢m equivalent area y, B

WRAPAROUND
o

’ PREDICTED CO8T
// FOR 2x10% SOLAR
’ CELLS
/ CONVENTIONAL
L 1 1 1
4 8 12

CELL AREA {cm®)

Conventional Cells
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Figure 2.2.1-3 Relative Cost Comparison of Wraparound vs
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Coverglasses

Function in the System

The solar cell cover slide is required in the array assembly to:

Reduce cell operating temperature by providing a surface with a high thermal
emittance.

Provide cell protection from radiation degradation.

Provide cell protection from micrometeorite erosion.

Reduce handling and mechanical stresses on the cell.

A typical coverglass is shown below in Figure 2. 2. 2-1.

ANTIREFLECTIVE
COATING
'/ ' CORNER
' CROP (for
identification
of coatings)

2.2.2.2

| S FILTER

(BLUE, RED,
BLUE=RED)

Figure 2.2.2-1 Typical Coverglass

Design Parameters

Discussed in Table 2.2, 2-1 are the various parameters that must be considered when

selecting a solar cell coverglass. To date, fused silica (in high radiation eénvironments)

and microsheet (in low radiation environments) have been the common material selections.

Figures 2.2.2-2 through 2. 2. 2-6 show various cost and weight tradeoffs for these two

materials. Section 2.2.3 will discuss some of the adhesives used in attaching conven-
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TABLE 2.2, 2-1
COVERGLASS DESIGN CONSIDERATIONS

COMMON
PARAMETER CHOICES SELECTION* CRITERIA
Material Fused silica, Fused silica Used when best transmission
microsheet, and radiation resistance
doped glass, required
FEP (heat sealed)

Microsheet Inexpensive, however will
degrade from UV and
radiation

Type Conventional, Conventional Traditional approach.

Integral Heat
Sealed Integral and Possible future use for

Heat Seal greater area coverage
at less cost

Size —-— Adequate to Because of tolerances,
cover solar conventional method does
cell not provide full coverage
: near N countact unless

costly manufacturing care
is exercised.

Thickness 2 mil and above Dependent on See Section 3.2 and
radiation, Figures 2. 2. 2-2 through
weight, cost 2,2.2-6.
tradecifs

Coatings AR, Blue, Red, AR + Blue AR reduces reflections,

Blue-Red blue protects adhesive
from UV (see Section
2.2.3).
Weight — Variable
See Figures 2. 2,2-2
Cost ~- Variable through 2. 2.2-6
*Based on general industry trends
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1000 —
—————  FUSED SILICA / 2000
g00 | ~——=—— MICROSHEET /
J1400
=
?M 800 |-
o 41200
[*=
5
= 400 -
z < 800
200 |- _ 400
¢ ] 1 ] 1 0
0 3 6 9 12
COVER THICKNESS (MILS)
Figure 2.2.2-2 Weight of Coverglasses for Conventional Cells
" 1000 /,
2000
——————  FUSED SILICA //
8001 e ——  MICROSHEET
1 1600
=
; 600 L
o | 1200
-
I
3]
g oo
- 800
2001 4 400
o 1 L | i 0

0 3 L ? 12
COVER THICKMNESS (MILS)

Figure 2.2.2-3 Weight of Coverglasses for Wraparound Cells
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F7—¢

COST~ §

Figure 2,2, 2-4

v
Egg Tz,ogo,%ggA FUSED SILICA
EQUIVALENT
L 2X2CM ~
COVERGLASSES ,060
DATA SUPPLIED BY: ,006
OCLI 4/22/71
040 &
012
1030
.020
-~
.006
MICROSHEET
1 | L { ] ] ] 1
4 5 8 7 ) 9 10 1 12 13

COVER AREA ~ CM2

Cost vs Area for 2,000,000 Equivalent 2 x 2 cm Coverglasses
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SPECIFIC COST (5/CM2)

1.4}
FUSED SILICA
(AR AND UV FILTER)
1.2
—
2 1.0
I RELATIVE COST VS THICKNESS
w FOR 8 CM? COVERGLASSES
5 DATA SUPPLIED BY
& 8L OCLI 4/28/71
/ MICROSHEET
.6 L +
4 1 | 1 1 I ] 1
I |- '
b 12 20 30 40 50 40 7
THICKMNESS ~ MILS
. 3 i 2
Figure 2.2.2-5 Relative Cost vs Thickness for 8 em” Coverglasses
.35
30
FUSED SILICA
(AR AND UV FILTER)
25
20 |-
SPECIFIC COST VS AREA
FOR 2,000,000, 012 IM,
COVERGLASSES
15 DATA SUPPLIED BY OCLI
0 | il | | 1 | 1
4 5 6 7 8 9 10 1 12

COVER AREA (CM?)
Figure 2.2.2-6 Specific Cost vs Area for 2,000,000 0.012-inch Coverglasses
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SUMMATION OF SOLAR ENERGY (%)

SUMMATION OF CURRENT (%)

LMSC-D159618

To give the designer an idea of how much solar energy is cut off by various coverglass
filters, a figure such as Figure 2. 2. 2-7 should be consiructed. The "solar energy
curve' is the integrated Johnson's curve of the solar spectrum. The ordinate shows
what percent of the total energy available has occurred up to a given wavelength. The
other curve is a normalized summation of solar cell output current versus wavelength.
(This curve is prepared by multiplying the solar cell response (see Figure 3. 2-4) by
the available solar energy at each wavelength (see Figure 3.2-1). It will, of course,
shift as a function of temperature, irradiation and resistivity., It should be redrawn
for each specific design case in question). With curves such as these, tradeoffs of
filter-caused power losses versus filter-caused temperature reductions {due to heat

energy cut off and better thermal emittance) may be made.

00

BARE 2 2~CM CELL 0° C, O FLUENCE

80 I

SOLAR ENERGY
{INTEGRATED JOHNSOMN'S CURVE)

40

20

1 { ! | !
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
WAVELENGTH (u)

Figure 2.2.2-7 Summation of Normalized Solar Cell Output Current
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2.2.3 Coverglass Adhesives

2.2.3.1 Function in the System

The coverglass adhesive is provided in the array system to adhere conventional cover-

glasses to the solar cell.

2.2.3.2 Design Parameters

Two fundamental properties that this adhesive must have are: (1) high optical trans-
mittance in the solar cell response region, and (2) resistance to space environmental
degradation (charged particle, UV, thermal and mechanical stress, and vacuum). The
two adhesives used almost exclusively in the industry are both silicones: General
Electric RTV-602 and Dow Corning XR-63-489 (same as Sylgard 182). Their proper-

ties are given in Tgble 2, 2. 3-1.

TABLE 2.2.3-1
COVERGLASS ADHESIVES

GE Dow Corning

PROPERTIES UNITS - RTV-602 XR-63-489
Density (g/cm) .99 1.02
Light Trans. (%) — 85
Haze (%/ mil) - .01
Hardness {Shore A) ' 15 40
Tensile Str. (PSI) 100 200
Refractive Index 1.406 _5 1.43 5
Coefficient of Linear (in/in/°C) 29.2 x 10 30 x 10

Thermal Exp.
Volume Resistivity (ochm-cm) 1014 1014
Thermal Cond. (cal/em®C sec) 4.1x 1074 3.5 x 1074

The major difference between these adhesives is their relative manufacturability and
radiation resistance. The RTV has a lower bond strength making rework easier. In
addition, it is more compatible with other solar panel silicone adhesives, (Because

Dow Corning XR-63-489 will not cure in the presence of other silicones, rework of a
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completed X R-63-489 panel is usually done with RTV-602). The major advantage of
Sylgard 182 (refined, unprimered) is its resistance to darkening in UV. There is much
bonﬂicting data as to degree of darkening (some indicate that 182 does not degrade in
UV(reference 1}, others indicate that there is a measurable amount (reference 3) of
degradation) but there is a consensus that the RTV is not as good in UV as the Sylgard.
Therefore, the '"Blue" filter is definitely required for RTV-602 but very probably is
not with the Sylgard 182,
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2.2.4 Solar Cell Interconnectors

2.2.4.1 Function in the System

The function of the interconnect in any solar cell array is to:

° Provide an electrical conductor that interconnects the solar cells in
parallel and in series .
* Provide the mechanical attachment of the cells to the substrate (for the

adhesiveless, printed circuit substrate approach (see Figure 2. 2-1)).

2,2.4.2 Design Parameters

Each solar panel interconnect must be designed to match specific requirements that
are obtained by knowing the geries/ paxjallel arrangement, packiﬁg factor requirements,
torque effects, joining technique, stress effects, etc. The following tables and charts
provide the data necessary for selecting the interconnect material and the associated
joining fechnique. ‘

2-53

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

TABLE 2.2, 4-1
SOLAR CELL INTERCONNECT DESIGN CONSIDERATIONS

REQUIREMENT METHOD OF RESOLUTION DATA REQUIRED

Obtain from solar cell speci-
fication

Mechanical - Cell type,
dimensions and tolerances

1. Solar Cell Parameters

Cell contacts - size and
location

Electrical - cell minimum
output current at optimum
voltage and constant
temperature

2. Panel/Cell Configura- Obtain from array sizing - Array series/parallel
tion reguirements
- Number of panels
- Number of cells/panel

- Temperature extremes

- Number of thermal cycles

- Spacecraft system con-
straints, eg., EMI,
shadowing effects, etc.

3. Environmental Con-
ditions of Array

Derive from mission analysis
and spacecraft design

- Cell orientation

- Intercell spacing (series
and parallel)

~ Expansion/contraction
of panel components

Total Cell Area
Total Panel Area

Packing
Factor

4. Develop Panel Packing
Factor

3. Submodule Current Obtain maximum current load None
Capacity on any submodule from con-
sideration of 1 and 2 above
6. Panel Circuitry Consider array series/ None
Layout parallel requirements to
determine panel series/
paraliel arrangement being
careful to eliminate or mini-
mize magnetic effects
7. Interconnect/Cell - Consider solar cell con- - See solar cell specifi-

Joining Technique

siraints

- Consider and evaluate various
joining techniques (soldering,

ultrasonic bonding, parallel
gaps BtC-)
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TABLE 2.2.4-1 {Cont. )
SOLAR CELL INTERCONNECT DESIGN CONSIDERATIONS

REQUIREMENT METHOD OF RESOLUTION DATA REQUIRED

7. {Cont.) - Consider manufacturing and
process constraints and !
limitations

- Thermal cycling

8. Interconnect Material - 8elect metal from Table - See Tables 2.2,4-2,
Selection 2.2.4-2 ' -3, -4, -5 and
- Consider: ‘ Steps 1-7
Compatibility with bonding
method

Ductility of metal

Equipment Limitations

Thermal Conductivity

Density-Weight Constrictions

Tensile/Yield Strength

Plating Requiremeénts

Environmental Constrainis
{e.g., hardening require-
ments)

Thermal Cycling

9. Interconnect Pattern - Configure pattern considering See Steps 1-8
Design the following:

Current Loads

Redundancy (for reliability)

Series/parallel requirements

Minimal loads-temp cyeling

Sufficient flexibility and
mechanical strength

Accurate cell placement

Easy repzair and service

High cell temperature
prevention
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TABLE 2.2.4-2
PHYSICAL AND MECHANICAL PROPERTIES OF METALS USED IN INTERCONNECTS

METAL
PROPERTY NEEEY Ni | cul Mo| pPb| Agl s | Au | kward s | SA8%
Density (lb/ing) 0.098) 0.163}] 0.322! 0.324 0.369] 0.41 0.379] 0.208] 0.698{ 0.302{ 0.084] 0,303
Coef. thermal expansion|{ 23.0 4.67 113.3 [16.5 4.90 [29.0 |17.0 [23.0 [14.2 5.0 3.0 |24.0
{(it~in/in°C)
Thermal conductivity 0.57 .04 7 0,22 0.941 0,34 0.083F 1.0 0.15 0.71 | 0.40 0.20 12
(cal/sq em/cm/9C/sec)
Electrical conductw1ty 64.9 3.1 |25 103 34 8.3 106 15.6 73.4 3.5 11.9
(% TACS)P
Electrical resistivity 2.65 |42 6.84 | 1,73 5.2 [20.6 1.59 {11.5 2,19 {49 a0 14,5
{u—-ohm-cm)
Magnetlc susceptibility 0.8 1.25 -0.08| 0.064 1-0.1 }-0,2 0.03 | -0.15 -0.13
(10-6 cgs)
Mod%lus of elasticity 10 16.8 30 16 47 2.6 11 6 12 19 10 6
psi)
Specific stl{].fness 92.0 103 93 49.4 127 4,9 |29 25.9 15.8 |99.3 119,90 .20
(E/P x 10" in.) )
Tens§le strength 6.8 |34 16 37 115 1.9 18.2 2.2 19 7.5 30 10
{10% psi)
Ylel% strength 1.7 |20 8.5 6.5 (100 0.8 7.9 1.3 40 59.5 24 7.5
psi)
Elongation (%) 60 54 30 40 4 30 50 40 45 16. 8 32
Solderability* 2 3 1 1 2 1 1 1 1 2 3 -
Meltmg Temperatures 11220.4 | 3300 2651 {1981 4| 4760 621.3 [1760.9 {445.4 [1945 4 {2642 2605 364
(°F)

%Kovar is not a pure metal, but rather an alloy of the following composition; 29 Ni, 17 Co, 53 Fe

bInternational Annealed Copper Standards

*
1. Solders wmder normal conditions, 2. Solders under special conditions, 3. Not normally soldered
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TABLE 2.2, 4-3

ADVANTAGES AND DISADVANTAGES OF DIFFERENT METHODS OF SOLDERING

ME THOD ADVANTAGES DISADVANTAGES

e Hand Held Not conducive to automation or process
Iron-Gun control

e Reflow Currently most generally used process.

Single Point Resist.

Parallel Gap
Iron

Infrared Heating

& Induction

® Tunnel Oven

¢ Hot Gas

Compatible with high pred. rate - does
not touch work,

Demonstrated use by LMSC and Hughes

Does not touch work.

Precise alignment and distance
required.

Difficult process confrol, Cells sub-
jected to long dwell at temp/restricted
to small specimens.

Fixturing to maintain contact, Only
evaluated by British. Expensive
tooling.
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TABLE 2.2.4-4

TYPES OF JOINING PROCESSES

METHOD

ADVANTAGES

DISADVANTAGES

o Ultrasonic Bonding

o Thermo Compression

Conductive Epoxy

® Mechanical Fastening

Welding
Parallel Gap Resist
Electron Beam

Laser

® Brazing (In combina-
tion with parallel gap)

# Thermal-Diffusion

Feasibility investigated and demonstrated.

Compatible with many material combinations.

Low Temp - good bond. Needs simple
heated probe.

Extensively used in microelectronics -
least process impact on cells ~
inexpensive. Relatively good repair.

Might be feasible in combination with
separate tabs

Strong bond - work from one side/several
metal systems

Preliminary evals. and feas. demonstrated -
in house support program

Strong bond - small {. 001") spotwelds
May be a promising sysiem

Strong bonds - may not have to use flux -
Rapid technique

Must hold cells very steady. Throat
limitations on unit. Relatively expen-
sive tooling and fixturing. High
stresses on cell, Organic contaminants
must be removed.

Gold to gold

May have temp cycle limitations -
upper temps limit 275°C - possible
rad degradation

Not cost effective

May thermal shock cells

Oxides of metals must be removed
Requires vacuum - difficult to control

depth/not currently feasible for cells
Still highly experimental

May thermal shock cells

Requires proper fixturing
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SURVEY OF INTERCONNECT METALS V8. JOINING PROCESS

doining Process
Interconnect Compatibility With Cell Cortact
) Solar Array @ Solderi: Ultrasonic Parallel Gap Ther mal Thermal Conductive Lager Mechanical
e Bonding Welding/Bracing Diffusion Compression Epoxy Welding
Most commonly used Copper oxide and
metal — stamped, etched, Ti - Ag Broad use Feaaible Feasthle Not demenstrated thermal cond. Feasible Feasible Mot demonstrated
expanded meah. 3) problem
Copper
Good thermal conduction Al No Fensible Not feasible Not demonstrated (Same)
Ag Feagible Fenaible Feasible Not demonstrated (Same)
Suitahbility largely
function of plated Ti - Ag Broad use Feazible Demanstrated Plating dependent Non ductile
material and thickness
Kovar Plating may glve
Magnetic Al No e mrgbum{ gt Feasible Not known (Bame) (6t
Ag plated Posaibly plating ; Feasihle if Ag
Good thermal coefficlent Ag to Ag thickness dependent Feasible plated {Same}
Oxides and
Prominently used in form _ |
of expanded metal mesh Ti - Ag Broad use i Demonstrated Demonstrated Demonstrated thermal comnd,
problem
’ Onides and
9{ Stiver Good thermal conduction Al No Feadible Brazing preform thermal cond. {Same) 4) (5)
required
problemsa
—D Should be
oL
Ag Feastble Feasible Feasible optimum (Same) Mot demonatrated
Omides and Forestiorl with
h}:xer:idfg;aﬁzﬂon Ti - Ag No Feagible f:uii:gdperiurm thermal cond. ﬁ?ﬁz’f but FEP
™ problems encapaulation
Highly . Poasible oxide
Alumimim Weight advantages Al apecialized Optimum Not feasible problem (Same) Not demonstrated
Oxider and
Good thermal conductfon Ag o Fensible Drazing Prefori | thermal cond, {Same)
reqa problem
Limited, proprietary s Function of
technnlo:gy on Plating Ti - Ag Demonstrated | Plating dependent Feasible plating Nob ductile (8)
Moly Good thermal coefficient Al No Plating dependent Not feasible Not feastble {Same)
Ag Feasible Plating dependent Plating dependent | Function of plating (Same) Feasible Feasible Not demonstrated
NOTES: (1) Other metals, Au, Be-Cu, Ni and Pt have also been used but In pmatl (4) Early inveatigations by JPL using stlk screening, some problems with temp range limita,
quaantities and oot on production systems, registance, dispersion of solvents. New matr. bow available,
{2) Ni-Cu-Au contacts are no longer in general use. (5) Question on depth control, dissimilar metals, cost and production implementation.

()

Passivated contacts, Ti-Pd-Ag would interface the same as Ti-Ag, but
with improved humidity resistance.

(6) Prohably requires preattached cell tabs. Electrical integrity function of cleanliness,

electrolyties, interface pressure.
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2. 2.5 Flexible Substrate Materials

2.2.5.1 Function in the System

The function of the substrate is to provide a basis of support for the solar cells and

interconnects,

2.2.5.2 Design Parameters

The feasibility of flexible, lightweight solar arrays became practical with the develop-
ment of high-strength, thin-film plastic materials, A candidate material for a flexible
substrate must not only meet the mechanical and electrical requirements but musi also
withstand the rigors of the space environment. Such thin-film requirements can be

listed as follows:

¢ It must be highly flexible, experience minimum elongation under load,

and have a high tensile strength.
) It must be an electrical insulator.

. It must be stable in space environment (hard vacuum, radiation, and

temperature extremes).

) Ideally, it should be highly transmissive to infrared wavelengths to transfer
heat directly from the cell back surface to space or be compatible with
thermal coatings that may have to be applied. 4

° It must be compatible with the manufacturing method of substrate assembly.

The common properties needed in the selection of a candidate substrate material are
outlined in Table 2. 2. 5-1 with corresponding values given for Kapton, FEP-Teflon,
Mylar, and FEP impregnated fiberglass. To date, the common selection for substrate
material has been Kapton H-film if the solar cells are to be glued down. However,
LMSC with Iits integral printed circuit, adhesiveless approach to solar cell assembly
has been using Kapton F-film which is a laminate of Kapton H-film and FEP-Teflon
film. Mylar has been used by some foreign companies but its resistance to UV is not
quite as good as Kapton or FEP. The FEP impregnated glass cloth has been found by
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LMSC to be an excellent tensile and tear strengthener of the substrate. (The material

in the table is Dodge 368~5, a special tear resistant glass).

Tables 2.2.5-2A and 2. 2, 5-2B and Figures 2.2, 5-1 through 2.2, 5-5 show the results
of tensile, tear and creep tests performed on many materials, laminations and joints

considered for the Space Station Solar Array substrate.
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TABLE 2.2.5-1
PROPERTIES OF FLEXIBLE SUBSTRATE MATERIALS

LMSC-D159618

PARAMETER

KAPTOM H-FILM
(POLYIMIDE) {1 MIL)

TEFLON FEP
{FLUGROPLASTIC) {1 MLL)

MATERIAL

MYLAR (TYPE T)
(POLYESTER) (1 MIL}

FEP IMPREGNATED
FIBERGLASS
(DODGE 358-5) (3 MIL)

RELATIVE COST

PROPERTY TEMPERATURE UNLESS
OTHERWISE NOTED

ULTIMATE TEMNSILE STRENGTH (PSH
YIELD POINT AT 3% (PSI)

STRESS TO PRODUCE 5%
ELONGATION (P51}

ULTIMATE ELONGATION (%)
TENSILE MODULUS (PSK)
FOLDING ENDURAMNCE {CYCLES)

INITIAL TEAR STREMGTH (GRAVES)
[GM/MIL)

PROPAGATING TEAR STRENGTH
{(EMELDORF) (GM/MIL)

SPECIFIC GRAVITY

CREEP RESISTANCE

MELTING POINT {=C)

ZERO STRENGTH TEMPERATURE {°C}

COEFFICIENT OF THERMAL
EXPANSION (IN_/IN./°C)

COEFFICIENT OF THERMAL
CONDUCTIVITY (CAL) (CM) (Cr2t
(SEC) (°C)

SPECIFIC HEAT {CAL/GM/°C)

HEAT SEALABLE

SHRINKAGE

USABLE TEMPERATURE LIMITS (°C}
EMISSIVITY

ABSORPTIVITY

TRANSMISSIVITY

REFLECTIVITY

DIELECTRIC STRENGTH (1 Mie,

&0 CYCLES (VOLTS)

MOISTURE ABSCRPTANCE
OUTGASSING WEIGHT LOSS

RADIATION RESISTANCE

1.0

259C
25,000
10,000

13,000

430,000
10,000

510

8
V.42

500D

MOME

Bl5

2.0X 1075 {14° TO 38°C)

smxwt

0,261 AT 40°C

NO

0.3% AT 250°C, 0.5% AT
300°C, 3% AT 400°C (FOR
30 MIN)

-269 TO 400

.80

NOT REPORTED

0,66

~0.13

7,000

2.9% IM HayO FOR 24 HR
AT 23.5°C

0,25% IN HELIUM FOR
2 HR AT 400°C

NO LOSS [N TRANSMISS ION
AFTER :014 800 KEV go—
TOMS/CMZ, 2.6 X 10

V MEV ELECTRONS/CMZ R
Uv UP TO 9400 ESH

0,62

25°C
3,000
1,700

1,800

70,000
4,000

276

0.28

YES (260° TO 370 °C}
0.7% STRETCH (iMN M.D.),
2.2% SHRINK {IN T,D,),
150°C, 30 MIN

=240 TO +200

.85

3% FROM 0.5TO 3.8 uM
96% FROMD.5 TO 3.8 i
1%

4,500

<0,01% IN HzC FOR 24 HR
AT 23.5°C

NO LOSS IN TRANSMISSION
AFTER 1014 800 KEV PRO-
TONS/CME OR 2.6 % 1017,

1 MEV ELECTRONS/CMZ,
4,5% LOSS IN TRANS -
MISSIOM AFTER 2 EQUIVA-
LENT SOLAR YEARS OF Uv,

0.08

25°C
45,000
NOT REPORTED

23,000
0

800,000
100, 000

20
1.377

GOOD

250

248

1.7% 105 (30° TO 50°C)

3.7X 107 (25° 10 75°0)
0.28

NO {UNLESS COATED OR
TREATED)

-70 TO 150
MNOT REPCRTED
NOT REPCRTED
(B4 AT 0.8 M
NOT REPORTED

7,500

<0.8% IN HpO FOR 24 HR
AT 23,5°C

MOT REPORTED

NO LOSS IN TRANSMISSION
AFTER 1014, 800 KEV PRO-
TONS/CMY, 5% LOSS AFTER
2.6 X 1017, 1 MEV ELEC-
TRONS, 20% LOSS AFTER
3510 E5H

. YES (SAME AS FEP-TEFLON]

é.0

25°C
125 LB/IN., WiDTH

5%

10,000

2.20
EXCELLENT
260-280 (FEP MELT)

<0.01 IN HpyO FOR 24 HR

EXCELLENT

AVAILABILITY 0.25 TO 5 MILS, 60 11, 0.5 TC 20 MILS, 48 IN. 0.5T7C 1.5 MILS 39 IN, MAX, WIDTH
MAX, WIDTH MAX , WIDTH
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TABLE 2.2.5-24
TENSILE, TEAR AND CREEP PROPERTIES OF FLEXIBLE SUBSTRATE MATERIALS

SPECTMEHN TENEILE STRRNGTR : TRITIAL TEAR STRENGTH CREEP STAERQTH
vo, op| TEUSILE FHENGTH [ GLTMATE ELAVEATION | | e | 80, OF INITIAL TEAR ’T:'"Gm wane | ¥0.oF | cres AT
MPLE SAMPLE . Tk | GacE |TEst aCT LhARY y i SPECI- TANDARD SPRECL- | g /M. /o
[NubE R NAME BENEMATIC MATERIALH wEss | SR [remp | SEECE STARDART AGARE ] ek "f,':.r' MENS ""L‘;l” (c);(?f:l:.} veviaTion( 7R 1 mEne | LT
MILS |y [ R [pprren] MEAR | iren | MRAR | o TEETED 1G5 MILY ! | TESTER | w®a'c, 30 DAYS
71 BAEIC EUBSTRATE A - CLACUTT MATERIALI €D, 1MIL | 5.0 |25 0.5 | -80 X 444 LX) ATEM [ET:] z FLES]
KPTON-1/2 WTL FEP LA MINATE 5 5 | s 185 e 1000
B NMOINE 1 ] 1,08 5l -86
C ~ C1 tGUIT MATERLALS CO., 1 MIL
K HTON-1/2 MIL FEP LAMINATE
=3 KAPTON- A — CTRCUIT MATERIALS CO., 1 MIL | 2.0 |2xm5 |80 5 [ian 7.3 T X
FIHERGTASR K MTCH-1/2 MTT, PEP LAMINATE 7% 5 0720 LW 2.0 0.2 1 5 .14 3 1.5
®- DODGE INDUSTRIES, 100% FEP 1] 1 |nze 146 5 0.8 170 LR EUR- 3 I s
. L PHECNATED 46A-5 GLARS
CLAT
- SIRCUTT MATERIA
KATTON-1/2 UL, FEP LAMINATE |
YUl | FiBEROLARR C [s-mmE $0 {t«05 [-m 5 [aren 188 [
B— DUDGE INDUATRIES, 1648, FEP 5 & 210,58 502 EN ] 13 5 ere | s a5 #
HEAT SEALED LAMINATIONS {1: gznw«rat\ 3885 GLASS. 170 5 [isspg .2 47 e E} 2.98 (1] 010
KONE
21 KAPTON- (0%, A - CrRCUIT MATIRIALS CO., 1M1 | 4,20
COPPER KA FTUN-1/2 MTL FEP LAMINATE L] 5 L8 e
H = Of /N ARASS CO., 1. 28
PION 172 ML, FEF LAMINATE:
£ - CUICUIT HATERIALS T
KA.PTON-1/Z M1, FEP
Bl BAEELINE DESIGH EXTRIDED HEAT SEALTD LAMINATION (2 (LN D 3 | ans (X2 a0 () Tewa] f He
MODULE JOINT LAYERS, EACIH L MIL KAPTON AND
cELLs 1/2 MIL FEP-CIRCUIT MATERIALS
LOCKING BAR——{) 1 CO.}, [NTEGRAL PRINTED CRCUTT
(1.2 MIL, COPPER-DLIN BRARS [11,),
HEAT SEALED LOOFS (5 MILS, 305-5
e FIRER SLASS — DODGE TND. ), ALUMT-
PiBEROLA NUM EXTRIDENJOIHT ANIT 10U KING
ASIC SUBSTRATE FnaL AL RARS, 24 CM SOLAR CELLS
1 LAMINATION JOINT IIEAT SEALED LAMINATION (3 205 | -60 1 | e 11 an L8 ¥ .
LAY R | ¢ MIL KAPTON AND 75 5 fena 478
Hoat Boaled 1/2 MI %, FEP-CIRCUIT MATERIALS 170 ERRTR [
Lamitaliont Plborgl £0.3, 2. 38 [K. LAMINATION AREA
TElasn oF a6e-S FIBERGLASS /DODCE IND, )
_-I [
Basle Subatrare
A3 BASELINE JOINT SAME 43 83 BUT NO CIRCUIT AND LE P R ] 1 A4, ¢1 0,58 2 & 21 2 EIN'S
- MO EDUAR CELLE 5 3 | e [
:( Lacking Bar 170 3 | aam
dotet
Baslg Batatrwle
Al ALTRRNATE JOINY ‘TWO SAMPLES [IDEHTICAL TO C3 Euth | .80 3 anm 1.8 ] 1 5.0
JOmEN WITH EXTRUDED JOINT AND 1; [ 1L .
G BARS. “FLAFPE" ARE NOT 110 3 | amer 23l
= FRICTION HCLDR JOINT
ER
4 C.M,C, SUBSTRATE BABIC SUDSTRATE FADRICATED I | Tes (¥ 3.0 []
- WIDE FAOM CRCUIT MATERIAL CO. 1 ML TaLa | T8 IBREIN 2,10 405 "8
KAFTOR(1/9 MIL FEP LEREN B z FLE o 5.4 .1
zl DUPCHT SUESTRATE [BATIC SUBSTRATE FABRICATED sx 16 [ 80 7 | a1 2.5 27,4 2.8
- WIDE FOOM-UL FOHT I63FO19 F-Fil M Kai | 75 R 2,72 1.¢ 5.1
(1-MI. KAPTON/1/2 MIL FEP tx 1.6 | 170 t | 4nTs 0.3 3 14
LAMIN ATE}
a1 SUBSTRATE WITR NPECIAL CTRCUIT MATERIAL CC. SUBSTRATE EIIE] T | .83 (W) 5.6 1.8
CIRCUIT MATEITIALS WITH 120 ML, OLIN b I 51 anTo L 1h.4 az
BEAAS CO. ROLLED AND AKNEALED eL5 | 170 [ REY L .8 5.9
OCONPIGURATION CoppiR CIRGUIT
) SUBSTRATE WITH T 7 CRCLIT WITH PUNCHED COVER Twle | 18 ) 2.3 13 1.9
CIRCUIT (SPECTALY LAY CUT INTO 1.6 TN, WIDE 5TRIPS.
THR B SOLOERLESE CELLE 5O, -
DEREI TO FACH OF YHREE STRIFA.
(DUPGHT KAPTON/PEF, 1. I8 MIL OLIN
ARAZ: CC. ROLLED ABD ANNEALED
CoFPER CRCUITH
2 SUBSTHATE WITH e LA 78 3 40.11 878 LA EA
CIRGUIT AND GELLS
(SPECIAL)

\ . [ s - . ) é,
L J Preceding page blank 2-67
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TABLE 2.2,5-2B '

OPERTIES OF FLEXIBLE SUBSTRATE MATERIALS ;|

|
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H ]
1
{ : .
SPECIMEN ; [ l TENSILE STRENGTH . + | INIY[IAL, TEAR STRENGTH CREEP STRENGTH
" T 7 i ]
] | NO, OF | TENSILE STRENGTH ULTIMATE ELONGATION NO} OF INITIAL TEAR STRENGTH NO. OF CREEP RATE (uIN. /IN. /DAY)
: ! THICK-| GAGE TEST SPECI- (LB/IN.) (%) Gace | TESTH “sp CE- GAGE SPECI-
SAMPLE SAMPLE SCHEMA TIC & MATERIALS NESS | SIZE | TEMP. | Lo : ) size |TEMPA 3qbins | mpan | mman | STANDARD| 81ZE [ LoiCt” ['0.89 LB @ 0.45 LB/IN. | 6,38 LB @ 4. 19 LB/IN.
NUMBER NAME MILS) | M) | F) | shsren| mean |STANDARD | o | STANDARD O 1 redrEp| @m | @M/ymmy| PEVIATION| @) | [ BenS | TOADING 60°C 2 WK, LOADING 77°C
. ‘ ; DEVIATION DEVIATION j (GM/MIL) 77°C 1 WK 30 DAYS
7 ; i
Y4 MATERIALS 'DODGE INDUSTRIES #38104FF TFE "4.0 l2x1/2 75 & 66.00 | B.4B 6.83 0.65 75 3| 4.03 457 32.8
{IMPREGNATED GLASS, 1¥2 MIT. COAT i b ASTM b
'.:‘ FEP BOTH SIDES 10 64 L :
Y5 YT, F.E. INC. #502-3 FEP IMPREG- 3.0 6 76.60 | 11.32 7.85 0. 60 - 66 41| 3.47 525 21,5
[NATED GLASS CLOTH { 4 ~
Y6 IT.¥.E. INC. #5024A-3 TF'E IMPREG- | 3.0 6 67.82 | 9.56 7.46 0.37 3| 3.67 552 10.1
INATED GLASS CLOTH 1
Y7 {DODGE INDUSTRIES #3914 FEP 4.0 6 90.00 | 4.88 9.00 0.42 3 | 4.05 459 1.9
[}IMPREGNATED GLASS CLIOTH - i D!
v8 'DODGE INDUSTRIES FLUROPEEL #45 1.5 P 6 28.46 |  3.20 7.90 1.18 3 | 1.54 465 16,0
{FEP IMPREGNATED GLASS CLOTH : ‘ 1
v9 DODGE INDUSTRIES #38142 TFE 2.0 6 30.26 | 4.00 6.83 | 0.72 '3 4| 1.38 313 9.1 '
. 'IMPREGNATED GLASS CLIOTH . ‘ | ;
Y10 IDODGE INDUSTRIES #368-5 TFE 5.0 |6 126,56 | 5.02 9.33 | ' 0.89 3 | 8.38 760 70.2 ,
\TMPREGNATED GLASS CLIOTH ; } 2x20 | 1 0 0
)
|SPECIAL'WEAVE Y | |
|2 MIL KAPTON DUPONT Hl- FILM : ; L i '
Z1 BASIC SUBSTRATE {3.5 MIL THICK, HEAT SEALED LAM- | 3.5 V9 57.63 | 2.33 53.38 | | 7.59 3 .| 3.86 475 38.4 2 x 20 2 0 3.3 IN./IN./DAY
‘ POLYIMIDE (KAPTON) EINATION OF 2 LAYERS KA PTON/FEP ! i
/? ‘(200F011 AND 150F018 DU PONY N
E : 3 EF—FI‘LM) ik i .
FEP—< ] : J 1
i i .
F ] . Co
' } Lo
HEAT SEALED LAMINATION ! Lo
Bl | LAP JOINTS i1 MIL FEP FILM (HEAT SEAL) ; \i‘ 5 37.94 | 17.94 'i !
! : !
B2 |/ PRODUCT RESEARCH COMPANY #1535 I 53.42 | 1.52 ' P '
POLYURETHANE (CLEAR} , ! 1
B3 ' +CREST PRODUCTS COMPANY NARMCO hoa 51,12 5.16 :
' “RESIN #3135 WITH CURING AGENT i Z
* ADHESIVE 0. 50 1#7111 (RECOMMENDED BY DUPONT) { \ :
_"l . B i \ 1. .
B. | : 3 |{ MODIFIED EPOXY ! Ik 42,12 | 3.40
B6 )DODGE INDUSTRIES #381-4FF FEP 8 49.30 ] 7.4
’ { COATED CLASS CLOTH (HEAT SEAL) ]J \ i
BY SURFACE IT. F.E, INCORPORATED %502-3 FEF ‘ L8 44,56 4,94 :
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2.2.6 Substrate Module Joint

24 24641 Function in the System

The function of the module joint is to provide a mechanical connection between the
array modules. It also provides a hinge line which becomes the refold memory

(where applicable) for array retraction and supplies the lateral stiffness to keep the

array strip flat. The module joint used on the Space Station Solar Array is shown in
Figure 2. 2. 6-1.

Figure 2. 2. 6-1 LSSSA Module Joint
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2.2.6.2 Design Parameters

A proper module joint is easy to manufacture, apply, remove and repair. In addition,
its strength must provide an adequate safety margin over design requirements.
Several types of joints considered not only by LMSC but also by other companies are
shown in Tables 2.2.6-1, -2 and -3, (Tables 2.2.5-2A and 2. 2. 5-2B give the tensile
and creep strengths of various lap joints, These considerations and configurations
should provide a basis from which to 'design a module joint to the requirements of a

specific flexible array.
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TABLE 2.2, 6-1

FLEXIBLE SUBSTRATE JOINING TECHNIQUES

LMSC-D158618

NO. —_— EASE OF | BIBLIO,
APPLICATIONS METHOD DESCRIPTION TEST REMOVAL | NO.
LMSC 50 FT® ADHESIVE 80 LAF SHEAR TESTS FAIR Lo, d-3
| ID FLAT PACK FLUORO PLASTICS, INC,
T:’EL PHILADELPHIA, PA,
LAP BOND
LMSC 80 FT2 KAPTON TAPE LAP SHEAR TESTS FAIR L.4-19
iD ARRAY PERMACEL EE-6761
SHEAH, BOND (DOUBLE
o _SIDED TAPE)
LAP BOND {TAPED)
LMS3C 1D MCDULE SEE FOLLOWING CHART SEE FOLLOWING CHAR;I‘ PRODUCIBILITY L.4-19
3 JOINING EVALUATION EVALUATION
1968 .
GENERAT ELECTRIC KAPTON-TO-KAPTON LAP SHEAR TEST FAIR G.2-1
4 30 W/LB ROLLUP - WITH G.E. SMRD 745 KAPTON TC GOLD THRU
SOLAR ARRAY COMPOUND PLATED COPPER - G. 24
LAP BOND ~>98 LB/IN
HUGLES FLEXIBLE ©. 25 IN, LAT BOND SOLAR PANEL [CELELS FATR H,6-7
ROLLUP SOLAR KAPTON TO KAPTON BONDED TO FIBER- THRU
ARRAY (6. 003) BONDED GLASS SUBSTRATE;} H.8-13
5 m WITI HUGHES WAS TEMP. CYCLED
FORMULATED 180 TO -200°F
. ADITESIVE SUCCESSFULLY.
LAP BOND TENSILE LA®
BHEAR ~73 LEB/IN.
FAIRCHILD-HILLER 0,002 KAPTON WITH LAP SHEAR TEST GOOD F.1-1
20 W/LE ROLLUP HOLE PATTERN ALONG | <@ LB/IN, FAILED THRY
SOLAR ARRAY EDGEQF 2x 3 FT, BY UNLACING, .14
SUBSTRATE SECTIONS, ADEQUATE SINCE
LAPPED AND LACED TWO SUCH SECTIONS DESIGN LOAD
ARE LACED TOGETHEL | EXPECTED WAS
BY LAPPING THEHOLES, | 0.1 LB/IN
& FIX WAS TO BOND END
OF LACE WITH ADBESIVE.
H-FILM TO HFO FAIR
FILM THERMAL SET;
DOW A-1000 SILICONE
ADHESIVE; AND
LAP BOND PERMACEL 18
RYAN 30 W/LD KAPTON-TO-KAPTON VEEL STRENGTH FAIR R.4~5
ROLLUP SOLAR WITH FM 1044R ~2. 3 PSI; SHEAR THRU
7 ARRAY ADHESIVE STRENCTH »>109 PSI .48
LAP BOND ‘
TACONIC PLABTICS, ALLIGATOR LACING GOOD
INC. TFF GLASS THROUGH WHICH
CATALOG A PIN IS PLACED
TO COMPLETE '
THE SPLICE,
8
FIN SLICE SUDSTRATE 1S POOR
OVERLAPPED AND
SEWN [MORE
IMPREGNATED
SEWN SEAM FIBERGLASS CLOTH)
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TABLE 2.2,6-2
LOCKHEED KAPTON JOINING TECHNIQUES INVESTIGATION (PRE-LSSSA)

HOND PEEL N ROOM ] )
No. i EASE OF NUMBER OF | METHOD OF . EASE OF | REPAIR- | BIBLIO.
ESCRIPTION METHOD STII"SL%TH APPLICATION ggg OPEHATIONS | APPLICATION | CATALYST | povovar | apmiTy | wo.
3| ADHESIVE 8o, BRUSH OR NOT
FLIOROPLASTICS, INC. 4 GooD YES 2 SPRAY REQUIRED FATR GOOD | L.4-139
DUPONT BRUSH OR
® | ADHESIVE 46970 3 GOOD NO 3 ilyus RC-805 FAIR GOOD
5 | ADIeSivE 46960 : 3 GOOD NO 3 SpmAY RC-805 FAIR GOOD
LAP JOINT
DUPONT BRUSH OR ,
1| R e 45950 3 GOOD NO 3 e RC-806 FAIR GOoD
M : KAPTON
} ALUMINUM REINFORCED < BRUSH OR
— § MIL AL. BONDED SoRnT
5. | WITH ADHESIVE 80 TO : y  MYLAR 4 GOOD - 4 ety N/A GOOD GOOD
MYLAR. LAP BONDED ALUMINUM ~ao= A
AND STAPLED . STAPLER
STAIPLE —#=t! KAPTON
s | VELOHO PAD BONDED 3o VELCRO
TO KAPTON WiTH 4 TAIR - a PRESSURE H/A Goon GOOD
ADIIESIVE 80 KAPTON
20 MESH AL, SCREEN
SANDWICIED BETWEEN % jL
7 | 2 LAYERS OF 5 MIL
MYLAR, BONDED TO 4 FAIR, - 4 M/A GOOD GoOD
KAPTON WI1TH ADHESIVE
§0,WIRE TIRU HOOKS
20 MESII AL, SCREEN
SANDWIGHED AND
8 BONDED EETWEFRN SIMILAR TO ARBOVE 4 FAIR - 4. - N/a GOOD TAIR
AL, FOIL AND KADPTON
WIRE THRU IIOOKS
DOUBLE BACK TAPE,
¢ | 1-iN. WIDE MysTIC _ ; .
TAPE, ROBDRL 1 GOOD 2 PRESSURE N/A GooD GOOD
CHEMICAL €O, TAL JOINT
LOOPED MYLAR MYLAR g _WIRE
10 | BONDED TO KAPTON : KAPTON - .
AND FORMED 1NTO : !" T 4 FATR 4 LACE N/A GOOD POOR
"BIA NG HINGE" :
KAPTON 1§ LAPPED, L 1
HOLE PUNCHED, AND ﬁF / jL _ _
i1 TACED wWiTH K / POOR a LACE N/A GOCD POOR L.4-19
KAPTON STRIP
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TABLE 2.2.6-3

LSSSA MODULE JOINTS

Etrength Ease Eage
Method Description Tensile Creep Rats M:;Iautf?l?::;- ‘of of
' {b/in.y |60°C,14 Ib/in Y | Assy Repair
Baseeline Design: Heat Sealed |-80°F 45
Lamination (2 layers, each -75°F 37 0 Fair Good Poor
- 1 mil Kapton and 1/2 mil FEP- |170°F 33
Extrudod Circuit Materials Co.),
Tom " (i /—“’““““" Integral Printed Circuit (1.28
: mil copper-Olin Brass Co.),
{l % 4 L E Heat Sealed Loops (5 mils,
D S 3688~5 Fiberglass — Dodge Ind.),
Aluminum Extruded Joint and
Locking Bars
2 x 4 cm Solar Cells
2 in.Wide x 20.5 in. Gage Length
i‘o‘;‘u’f""w Alternate Joint: Two samples —8021? 43
B2 o A o et identical to above but loops are | 75 F 33 0 Good Goad Poor
% not completed. "Flaps" are |170°F 30
—d L Fibargingg not bonded — frietion holds
Baaic Subatrata joint together
2 in, Wide x 22 in, Gage Length

NOTE: Optimum configuration of above two joints would be a laminated-in,

"hard edge" that would glide into retainer,

This would eliminate possible fiberglass wear problems if the modules had to be removed very often. In addition,
if the edge were very accurately controlied (the process for which would have to be developed) the pane}-to-panel
dimensional control would be much simplified.
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2.2.7 Substrate Wiring Harness

2.2.7.1 Function in the System

The array power distribution system will:

* Provide the feeder harness on the array to collect power and route it
inboard.
() Provide instrumentation, signal and power wiring distribution from the

‘array to the vehicle.

A figure of the multilayer flex harness developed for the Space Station Solar Array is

shown in Figure 2. 2. 7-1.

SOLAR CELLS

/‘*“‘%

e

FLEXIBLE
HARNESS

SOLDER & PIN
CONNECTION

MODULE BUS

Figure 2.2.7-1 LSSSA Flexible Harness

2-81

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

2.2.7.2 Design Parameters

In making the design, the following factors must be considered:

1. Round wire cable vs flat conductor cable
2. Copper conductors vs aluminum conductors
3. Maximum permissible cable voltage drop from input to output
4. Current carrying capacity and conductor widths, thicknesses and separations
5. Conductior and cable temperature rise
8. Type of insulation material based on electrical, mechanical, chemical and
environmental applications
7. Thermal characteristics of the bundle
Dielectric requirements between layers
9. Dielectric requirements between conductors
10. EMI considerations: isolation or shielding
11, Number of conductors per cable
12, Type of connector {termination method) applicable to requirements
13. Qualification tests
14, Reliability of the proposed wiring system

References 1, 2, and 3 at the end of this section give excellent discussions of
each of the above factors. Four of these factors, however, give designers some very

special problems. These are discussed below.

2.2.7.2.1 Round Wire Cable vs Flat Conductor Cable. Solar arrays, from the

very fashion in which they are stowed, usually require that flat conductor cable be

used. However, the advantages and disadvantages of FCC vs RWC are presented here

in order that a good selection for a special circumstance may be made.

FCC ADVANTAGES

The general attributes of FCC, as compared with RWC, are significant in many appli-

cations:

& Lighter weight due to collective strength of the conductors and by

electrically and mechanically stronger insulation.
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. More flexible and stronger than RWC {much greater resistance to bending

handling).
L) Space savings due to its flatness {lower volume).
) Higher current capacity and more efficient heat dissipation due to larger

surface area and smaller insulation volume,

° Controlled and reproducible elecirical characteristics: flat conductors
are in fixed position, assuring a repeatable, more uniform wiring system
from vehicle-to-vehicle with identical electrical characteristics.

] Time saving due to FCC geometry and tooling for termination, testing,
and installation (shorter harness manufacturing time). |

] Cost savings: ecasier assembly of FCC harness results in greater relia-

bility and lower cost. Reduction in inspection and termination costs.

. Simpler to route and support in a véhicle.

] Eliminates many RWC shielding reqﬁirements by the controlled location of
all conductors and by the separation of sensitive circuits.

. Cleaning and sterilization is much easier. ‘

] Visual inspection is very simple.

° Excellent quality control potentials.

® Fewer installation errors due to position of conductor in cabie.

* Termination by layer reduces assembly cost and increases reliability.

[ No identi_fica_tion is required for individual conductors.

) Greater system flexibility with use of distributors,

® Better reliability due to reduction in number of junctions, more flexibility,
higher cut-through (cold-flow) strength by using Mylar or Kapton.

. Less chance of damage during installation when pulled over sharp edges.

SPECIAL FCC ADVANTAGES

The unique characteristics and geometry of FCC provide many special design advantages
not available with round wiring:
3 Adhesive bonding.
] Has a plastic memory which facilitates its use as retractable cable for
drawer pull-out a2pplications. .
) It can be reinforced in discrete areas for single and double read-out

plug-in terminations.
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It can be used for component mounting to eliminate terminal boards,
printed circuit boards, or other component mounting means.

Conductor surfaces can be gold plated in discrete areas for card read-out
devices, plug-in terminations, or sliding contacts.

Conductive coatings can be baked on the surface of the cable to provide a
lightweight electrostatic shield.

Shields can be designed to give specific capacitance values to the conductor
directly beneath the shield within + 10 percent to eliminate use of capaci-
torg in some applications.

Layers of cables can be interconnected with eyelets or pins which are
soldered to pad areas on various layers.

Special electrical characteristics can be designed into the cable.
Continuous self-retracting cable made up has been flexed from 500, 000 to
700, 000 cycles without failure. The cable is capable of being bent around
a 0. 010 radius without failure of the conductor. Low temperature flexi-
bility is excellent.

Flexible printed circuits employed in rotary joints have undergone 107
flexing cycles without failure at room temperature and 106 cycles at
400°F. FCC connectors increase the reliability of harness systems by
reducing the number of contacts per termination.

Exceptional designs employing adhesive-backed cable placed in ducts

and channels utilize the structural metal as a heat sink, thereby reducing
conductor temperature rise and reducing conductor sizes. Adhesive~
backed cable can’also eliminate the cost and weight of cable clamps.

The use of high temperature insulating materials allows conductor tempera-
tures to rise within the limits of design without cable deterioration and
provides additional opportunities for weight savings.

Shielding thin flexible shields can be applied to both surfaces of the cable
which will not add more than 0. 002-inch thickness to the total cable

thickness.

2~84

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

FCC DISADVANTAGES

In general, the past lack of a great variety of qualified connector sizes and styles, the
difficulty of making circuit changes, and the need for an RWC~FCC transition for
current vehicle configurations have hindered the use of FCC. The following is a list

of the major disadvantages:

] New system with fewer developed and qualified hardware items and less
experience. ‘
. - New engineering, manufacturing and quality control technology develop-

ment required. |
Requires the use of distributors for more complicated systems.
] More difficult to bend in three planes simultaneously.
* Difficulty in making circuit changes (Advantage and Disadvantage). Must °
.' “incllude many distribution units per vehicle in order to make circuit '
changés.
Repair of FCC is more difficult (if not impossible) than RWC.
Cable layouts require a coordinated conductor (pin) function.
Only a limited number of connector sizes and styies are presently available. .

' . Need qualified connectors.

L Cost of FCC cables and connectors are high due to small productlon
quantities. :
®  Tooli ing for FCC termination is not yet on the market, and the initial cost

- will be more expensive than a soldering iron or hand crimp tool used in
round wiring, but the piece cost of FCC termination will be rhany times
less than that of round wire termination.

Need qualified personnel to handle FCC.
Need for hermetically sealed counectors.
Need fo isolate sensitive circuits which requires additional wires.

More vulnerable to puncture damage.

Existing installation configuration of black-boxes is not always compauble
with FCC (clearance for bends).

K Existing qualified black-boxes with cylindrical connectors réquiré transition
of FCC to RWC which increases manufacturing complexity and cost, vehicle
weight, wiring errors and reduces the reliability as compared with an all-
FCC system,
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o Insiallation of hybrid configuration of FCC and RWC harnesses is cumber-
some because of the differences in cable geometry,
@ Transition boxes or connectors would he required in a multitude of instances

to satisfy routing of signals from one connector to two or more connectors.

* Re-evaluation of vehicle systems relative to EMI is required when changing
to FCC.
* Development of high current FCC harness compatible with installation on

existing vehicle designs.

] Need development of high current FCC connectors for high current (large
size) FCC.

® Must provide for vehicle growth or rapid response modification capability.

@ Lack of automatic fabrication equipment.

8 Higher material costs.

2.2.7.2.2 Copper vs Aluminum Conductors. The second major problem that meets

the conductor cable designer is whether to use aluminam or copper conductors. Alumi-
num presents a significant weight savings over copper even though larger AWG size of
aluminum must be used to obtain the same conduction as copper. A comparison of
copper and aluminum wire characteristics appears in the following tabulation (the com-

parison is for RWC but the same comparison may be made for FCC).

For 20 AWG Wire at 20°C

Copper (annealed) Aluminum thard drawn)
Diameter in mils 31,96 32
Resistance (ohms/1000 ft) 10.15 16.7
Weight (1b/1000 ft) 3.092 . 939
Tensile strength (1b/in. 2) 60,000 - 70,000 30,000 - 40,000
Hardness 2.5-3.0 2.0-2.9
Coefficient of thermal expansion 14 x 107° 24 x 10~6
Cost - Least
Termingtion Best --
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Comparisons of other properties and characteristics are summarized in the following
list:- *
. Aluminum conductivity is 67% that of copper
Must use larger AWG size of aluminum to obtain same resistance
as copper
Even with the increased AWG size, aluminum weighs significantly

less than copper (aluminum's major advantage)

* Aluminum occupies greater volume than copper
] Aluminum is subject to corrosion
® Main problem with the use of aluminum wire is termination -

Cannot solder directly to aluminum - must be plated (silver plate

for solder requiréments. If silver plate is scratched, aluminum
will corrode}

Best termination is crimp type. Note that most aerospace connec-
tors are gold-plated; aluminum and gold occupy extreme positions |
with regard to EMF (aluminum acts'as an anode, gold as a cathode -
great potential difference between the two)

. Cost of aluminum less than cost of copper

. Aluminum is stiffer than copper (less tensile strength). In flexibility
tests at LMSC, flexmg wire 45 deg through orifice, produced the following
results;

17-18 oscillations for copper before it work-hardened and broke

3-8 oscillations for aluminum before it broke (less predlctable)

. Aluminum and copper exhibit approximately the same workablhty

©2,2.7.2.3  Type of Insulation Material. The third major area of consideration is the
type of insulation material to be used to protect the conductors. The following is
directed to FCC insulation as it is the only viable choice for arrays that require a

good packaging efficiency.
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The three types of insulation best suited for aerospace application are: polyesters

(Mylar), polyimides (Kapton), and fluoroethylenes (Teflon). Comparison of their

primary electrical and mechanical characteristics have been presented in Table

2.2.5-1,

a.

A comparison of the major properties of each insulation type is as follows:

Polyester (Mylar, Celanar, Scotch par) to +150°C

Th ermoset

Good radiation resistance

Good flexural fatigue life

Excellent dimensional stability

High dielectric strength retained in high humidity environments
Absorbs water rapidly

Relatively stiff film

Extremely flammable

Available with polyolefin, polyester and epoxy adhesives
Low loss factor

Accurately gaged

Easily chemically milled

The only thermoset compatible with weld-through technique

Inexpensive

Polyimides (Kapton) to +400°C

Thermoset

Use is {emperature limited by adhesive

Excellent dimensional stability

Relatively stiff

Good flexural fatigue

Absorbs water rapidly, thus requires extensive pre-drying in some
assembly operations

Expensive

Easily bonded with adhesives

At high temperatures, contact with certain metal must be watched to
prevent deterioration of circuit

Retains dielectric strength in high moisture environments
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e Low loss factor
® Best radiation resistance
¢ Easily chemically milled

c. Fluoroethylenes (Teflon) to +250°C
¢ TFE (thermoset material in limited use with adhesive bonding}
e FEP (Thermoplastic film) '
~ Excellent humidity resistance
~ Low loss factor
. = Good radiation resistance
- Low dielectric constant
~ Excellent flexibility _
-~ Unpredictable and poor dimens ional stability when thermo-
plastically bonded
- Available with activated surfaces for use with adhesives (FEP
Type "C")
- Unsurpassed solvent resistance

2.2,7.2.4 Criteria for Selection of Terminatio_n Procedure or Connector. The last

major problem facing the FCC designer is the type of connector or termination method

to be used. FCC connectors are usually very high in cost due to their small production
quantitfies and limited tooling availability. However, if the following electrical, mechanical
and environmental considerations are well made with enough lead time, costs should be
minim izéd aﬁd the full advantages of the flat conductor cable method can be obtained.

The following tabularizes these considerations:

Electrical Considerations: Current carrying capacity
Voltage drop

Dielectric Strength
Shielding

Insulation Resis tance

D T e W D =

Discontinuity interruptions
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Mechanical Considerations:

Environmental Considerations:

:-DGJ-:I.O‘)UI)-PC.O

10.

LMSC-D159618

Environment caused tolerance changes
Cable retention under load

Mating and unmating forces

Durability

Flexing

Temperature exiremes

Thermal shock

Chemical exposure

Moisture

Arc resistance

Ozone atmosphere during storage
Sand and dust

Air leakage

Storage life

Outgassing
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2.3 SOLAR ARRAY DRIVE SYSTEM

A drive system is defined as a unit having a motor to supply rotational power, a
power transfer device to take electrical power across the rotating joint, and its own
bearings to maintain alignment. A review of drive system technology in Reference 1 -
showed that drive systems come in all shapes and sizes, substantiating the premise
that there has been no standardization. Drive systems are designed specifically for
each application and its associated requirements. As such, only the basic components
can be used from system to system. It is these components, not their packaging,
therefore, that will be discussed in the following sections. (Due to the great extent

- of design information availabie in other sources on gears, bearings and motors, their
coverage in these sections will be confined to qualitative considerations only.
References at the end of the section as well as pertinent vendor data should provide

| adequate information for the design of these components).
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2,3.1 Gears

The choice of types and sizes of gears is due largely to the gear ratio required, the
volume available to accommodate the drive system, the availability of the gears, and
the technology status of the various types of gears. These basic types include spur
gears, helical gears, worm gears, harmonic drive gears, and bevel gears. (Sce
Figure 2.3.1-1). Obviously, the only real choice in gear system design is the shape
of the teeth. Once the gear ratio is determined from considerations of the system
drag, the moments of inertia, the motor, and the control system, the gear assembly

must be analyzed for tooth stress, wear rate, and gear-induced bearing loads.

The analytical techniques of the many types of gears are detailed in the references at
the end of this section. In addition, for more complete specifications and cost infor-
mation, vendors should be consulted, Table 2.3, 1-1 presents a summary trade-off
of the basic gear systems versus technology status, efficiency, friction and wear,

and bearing loads. Some general remarks are also included.

2~95

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

£
4 -.’é
A
SPUR GEARS
Circular —h Wave
Spline Gengrator
{Rigid} (Input)

Flexspline
{Output)

WORMS AND WORM GEARS HARMONIC DRIVE GEARS

V% 2
{9 D

HELICAL GEARS

Figure 2.3.1-1 Basic Gear Types
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TABLE 2.3.1-1
GEAR SYSTEM TRADEOFFS

CONSIDERATIONS TECHNOLOGY EFFICIENCY FRICTION BEARING
GEAR TYPE STATUS . PERCENT AND WEAR - LOADS REMARKS
SPUR Available in 95 to 98 Minimum Minimum e Large annular gear
many sizes (rolling can be part of large
Available in contact) bearing
many mat'ls ' e Lower cost
Large sizes
Manufacturing
technigues
HELICAL Off the shelf 95 to 98 Minimum Same as Large load/tooth
gizes up to (rolling Spur, except capability
6" dia. contact) axial load
Large sizes applied to
available shaft
WORM Available up 60 to 80 High High e High ratio (100:1)
to 10" dia. (rubbing available
Avatilable in contact) e Cannot be driven
sealed housing backwards
o Alignment is difficult
HARMONIC Well developed 60 to 90 Low No drive e No backlash
and available (rolling shaft-wave ¢ Ratios from 100:1 to
in small sizes contact) generator has 200:1 available
small loads e No life test data
availabie
BEVEL Well developed 95-98 Minimum Same as Angle of shafts
Available in (rolling Spur, except usually 90°
relatively small contact) axial load
sizes applied to
shaft
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2,3.2 Bearings

As with the other drive system components, the technology of bearings is well
advanced. The basic design considerations for both on-the-ground and in-space
‘bearings are almost identical. See Table 2.3.2-1. (The only notable difference
is the lubrication method for the space vacuum environment which will be covered

in Section 2. 5}.

In the selection of a bearing for a specific.application, the first decision that must
be made is the type of bearing that will be used. The choice between the two basic
- categories (plain or rolling element) is generally obvious. However, a further
choice must be made between the many different subcategories. For example, the
large bearings on the ODAPT (Orientation Drive and Power Transfer System) cer-
tainly had to be rolling—elem.ent bearings to allow as low a friction as possible.
However, a choice between ball bearings, roller bearings or individual rollers
also had to be made. Thus, the generalized tradeoff shown in Table 2. 3. 2-2 had
to be completed. Because of this table and its associated considerations, ball
bearings were selected for providing the rotary motion transfer, This general
procedure must be followed for any bearing-associated problem. After the specific
type of bearing has been selected, detailed analytical calculations must be made

to determine each of the parameters listed in Table 2.3.2-1. The geometry of the
individual bearing components, e.g., ball diameter, ball contact angle, thickness

.of the races, number of balls, etc., will be determined as the analysis progresses,

The equations applicable to the ahove calculations have been so thoroughly covered
in the literature that they were not incorporated in this report. However, several
sources have heen included in the references at the end of this sectién. They should
be consulted not only for their detailed analyses, but also for more specific dis-
cussions of the various bearing types. In addition, bearing vendor data should also

be consulted for specific information, analytical techniques, and cost data.

[
L

~ Preceding page blar
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TABLE 2. 3.2-1

BEARING DESIGN CONSIDERATIONS

PARAMETER

REMARKS

Static Load Capacity

Dynamic Load Capacity

Fatigue Life

Stiffness

Friction

Tolerance to Thermal Gradients

Lubrication

Materials

Weight

Maintainability or
Replaceability

Cost Delivery

Limiting load that can be endured while
bearing is at rest without suffering
excessive permanent deformation,

The load at which 90% of a group of
bearings can survive one-million inner-
race revolutions. (Load may be reduced
to increase life.)

Length of time the bearing will survive
under dynamic loading before fatigue
failure occurs.

Resistance to deformation under load,
Resistance to motion of the inner-race
relative to the outer race due to lubricant

viscosity, tolerances, etc.

Ability of the bearing to maintain operation
under increasing thermal gradients.

Most bearings fail due to lubricant star-
vation or improper lubricant selection.

Materials should be selected from trade-
coffs of maximum temperature, load, life
requirements, cost, ete.

Function of size and materials,

Ease of replacement if bearing fails.

Exotic requirements will cause long lead
times and high costs.
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BEARING SYSTEM TRADEOFF
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TOT-8

CONSIDE RAT]FONS BALL BEARINGS ROLLER BEARINGS INDIVIDUAL ROLLERS
Radial load Advantage Advantage | Advantage
Thrust load Advantage Advantage Advantage
Combined load Advantage Advantage Advﬁntage
Spring rate, axial Advantage Advantage Advantage
Spring rate, radial Advantage Advantage Ad\;antage
Friction Advantage Disadvantage Disadvantage
Tol to thermal gradients Disadvantage Disadvantage Dié advantage
Fatigue life Advaﬁtage Disadvantage Disadvantage
Weight Advantage W Disadvantage Disadvantage
Maintainabili’;y or Replaceability_ Disadvantage Disad_vantagg Advantage*
Delivery _ Disadvantage Disadvantage Advantage

*Preloaded roller is questionable and preload must be removed.
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2.3.3 Motors

With some modifications, motors capable of use on the ground can also be used in
space. As opposed to the other drive system components, however, the design of a
motor is less a problem of analysis and more one of Selection. For this reason,
there is much vendor interface before a decision on 2 motor is reached. Very often,
the motors for space application turn out to be one of a kind configurations of common

types. As a result, vendor advice usually proves invaluable.

The design approach taken in motor selection should be one of trading off the various
drive system characteristics with the characteristics of the various motor types.

Some of these parameters are listed below in Table 2.3, 3-1,

TABLE 2,.3.3-1

CHARACTERISTICS OF DRIVE SYSTEMS
RELATIVE TO DRIVER MOTOR CHARACTERISTICS

DRIVER SYSTEM MOTOR
CHARACTERISTICS ' V8 CHARACTERISTICS
¢ Operation mode of system ) ¢ Torque (peak, continuous)
(On-Off, Continuous, etc.) e Horsepower
e Frequency of starting or stopping e Specd
¢ Logisi{;?;?ﬁziﬁ:gcs ] Gearingladaptability
system friction torgue ¢ Brush wear
system lubrication torque e Insulation
¢ Environment (vacuum, temperature) e Lubrication
e System voltage characteristics (AC, DC) e Starting characteristics
e Volume restrictions ¢ Complexity of motor control
e Weipght restrictions . circuitry
e Past performance
o Weight
® Volume
e Cost
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As an example, the motor trade-off prepared for the Space Station Solar Array ODAPT
is shown in Table 2.3.3-2. Each of eight different motor types was considered in
relation to its more important characteristics. The DC thrust-type torque motor
was finally selected for this application because of its history of successful space
application, simplicity of design, simplicity of the control system to drive it, and

its operational compatibility with large inertial loads.

Reference 10 at the end of this section presents both basic and more recent infor-
mation on the subject of electric motors. Perhaps of more importance is the Manu-
facturer's Index which will lead to more detailed information on the many motors

available to the industry,
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TABLE 2. 3. 3-2

MOTOR TRADE OFF TABLE

TORQUE
MCTOR WEIGHT EFFICIENCY GEARING CONTRGL SYSTEM LIFE {Dues Not
TYPE (LBS.) SIZE ¥-FT/AWATT ADAPTABILITY COMPATIBILITY Include Bearings) REMARKS
DC Brush | 7.5 8" dia x 0, 027 Pancake mounting, no Excellent Brushes are anly weuar Can handle large inertia louds.
Type 1-3/47 problem wilh gearing slements.  However, Enpressive hislory of success-
Torque LD yrs is feasible lul space applications
DC Brush- | 4 4-3/4" Q. 022 Pancake mounting, ne Elecironic Complexity 10 yrs feasible Can handle large inectia loads.
less Type dia x problem with gearing Otherwise Excellent Very complex electronics
Targue 2-1/4
Servo 24 motor No unit mlgr |0. 00020 Gear size matching More complex eleclronics 10 yrs feasible Poor torgue per watl ratio.
Motor 5¢ gear- with torgue at mator probiem =140:1 needed to control AC Inverier losses must be charged’
head. rgmts cxcept apainsl drive

with extra

gearhead
DC 4 4-3 /4" 0, 022 Pancake mounting - Complicated electronics 10 yrs questionable due High surge currents, does not
Stepper dia x gearing must ahsorh to repealed mech shock drive inertia loads well.

2-1/4 repeated mech, shock Detenl forgue could be useful,
AC 3 motor No unit mfgr Q, Gooe2 Gear size mounting . Complicated eigctronics 10 yrs questionable due Paor torque cofficiency, high
Stepper T¥ gear- with tarque praoblem . to repeated mech shock surge currenis does nol drive

head rqmts except inertia loads well
. with gearnead .

Induction 20 107 dia (. 0007 No problem More complex Electronics 10 yrs feasible Low starting torque, high

11" long to cantrol AC starting surge curreat, lnverter

inefficiency must he charged
to drive
AC 25 10" dia Paor - No problem More complex electronics 10 yrs [easible Poer starting torgue without
Synch- 14" long depends on to control AC aux. means, Inverter losses
ronqus starting must be chiarged tu drive.
method .

AC 40 15" dia 0,002 ‘No prohlem Mure complex eleclronics 10 yrs feasible Poor torque per watt ratio.
Torque x4 o contrel AC Poor tarque per pound ratio.

Inverler lusses chayyed to
drive.
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2.4 POWER AND SIGNAL TRANSFER DEVICES

Presented in Table 2.4-1 is a summary of s.election considerations for the five major
power transfer devices. Slip rings, power clutches, flex cables, rotary transformers,
and rolling contacts are traded off versus some comparative design parameters. It

can be seen that for signal transfer across oscillating gimbals, flex cables and slip

rirngs are first and second choices, respectively. In addition, for continuously rotating
gimbals there is nothing really second to slip rings for the transfer of signals. Power
slip rings, however, have alternatives because high current levels can cause problems
that might possibly be better handled by another device (if the technology existed).

But for low level operation, nothing compares to a slip ring. The reliability is extremely

high and problems are almost nonexistent.

As a result, detailed design parameters will be given below only for slip rings and
flex cables. The other three devices will be discussed mainly from a deseriptive

standpoint as presented by an expert on each device.
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TABLE 2.4-1

POWER TRANSFER DEVICE SELECTION CONSIDERATIONS

OSCILLATORY/STATIONARY GIMBAL

SIZE & LIFE & POWER COST & TECHNOLOGY
DEVICE WEIGHT | MAINT. CONSUMPTION SCHEDULE STATUS LUBRICATION
Slip Ring Intermediate 10 years Inte rmediate I#R. Second State -of-the-art Dry lube incorpo-
possible Overcome brush rated in brushes.
friction
Power Clutch Intermediate 10 years Inte rmedjate I4R. Thirg Concept Stage No lube on contacts.
possible. Have to reset. Motor parts need
Com-~ miscellane ous
ponents lubrication
replace-
able.
Flex Cable Lowest 10 years Lowest IR, First State -of-the-art Individual strands
possible. {lowest) lubricated within
‘ gheath.
Rotary Highe st 10 years Highest losses Dependent on Industrial units off None
Transformer posaible. (due to invertér) size and the shelf, Space
efficiency. unitg need dev.
Rolling Contact Intermediate Fatigue Intermediate iZR. Fourth Working models Conductive dry lube.
problems. Overcome bear- but need
ing friction. development.
ROTATING GIMBAL
SIZE & LIFE & POWER COST & TECHNOLOGY
DEVICE WEIGHT | MAINT. CONSUMPTION SCHEDULE STATUS LUBRICATION
Slip Ring Lowest 10 years Low I°R. Over- First State -of-the-art Dry lube incorpo-
possible. come brash {lowest) rated in brushes.
friction.
Power Clutch Lowest 10 years Low I2R. Have Second Concept Stage No lube on contacts,
possible. to reget. Motor parts need
Com- miscellaneous
ponents lubrication.
replace-
able,
Flex Cable - - - - - -
Rotary Highest 10 years Highest losses Dependent on Industrial units off None
Transformer possible, {due to inverter) size and the shelf, Space
efficiency. units need dev.
Rolling Contact Intermediate Fatigue Low I°R. Over- Third Working models Conductive dry lube.
problems. come bearing but need
friction. development.
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2.4.1 Slip Rings and Brushes

Tables 2.4.1-1 and -2, respectively, contain the parameters that should be considered
in the design of slip rings and brushes for a power or signal transfer device. Note

the very close relationship between slip ring material and brush material. They must
be selected in conjunction with each other because it is the combination that will deter-
mine sliding friction, electrical contact resistance, weld tendency, operating tempera-
ture, and wear rates. Because the operation of slip rings and brushes, both in test
chambers and in space, has become quite common, a large amount of data is now
available. Tables 2. 4. 1-3 through 2. 4.1-5 present wear rates, ‘operation tempera-
tures, and voltage drops of several slip ring/brush combinations versus pressure,
c;urrent density, sliding speed, and time. Table 2.4.1-6 provides some additional
information pertaining to the types of brushes available. Using proper materials,
lubrication and handling, slip rings and brushes are almost perfect devices. The

following tabulation shows some of their major advantages and disadvantages:

ADVANTAGES DISADVANTAGES

e Well developed technology e Relatively heavy

¢ Unlimited rotation in either o Large size results in production
direction ' problems

e Performance not degraded by e Relatively high cost

stopping, starting or reversing ¢ Produces fairly high thermal

e High reliability over long inputs due to losses at brush-
operating periods ring interface :

® Brushes replaceable
e No ring wear

e Excellent flight history

The references included at the end of this section will not only provide additional data
but will also give some discussion on specific designs for flight applications. Vendors
should also be contacted for information concerning cost, geometries, and specific

design questions.
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TABLE 2.4.1-1

SLIP RING DESIGN CONSIDERATIONS

PARAMETER

REMARKS

Max Current

Thermal & Electrical Conductivity

Material

Geometry

Weight

Cost

Brush Material

Sliding Friction

Electrical Contact Resistance

Weld Tendency When Brushes
Stopped

One of the major sizing factors in determining
slip ring cross section.

The two most important considerations. For
good electrical efficiency and good heat dissi-
pation properties, it is imperative that these
two properties be as high as possible {at the
possible expense of weight).

Generally chosen in conjunction with a brush
material that produces low sliding friction,

low electrical contact resistance, and no
tendency to weld while the brushes are stopped.
Possible choices are Ag, coin Ag (90% Ag,

10% Cu), Cun, Au, or laminate of coin Ag and
Cu,

Determined from vehicle, brush, and current
constraints.

A function of material and geometry.

A function of material and geometry (difficulty
of fabrication).

In conjunction with ring material, determines
sliding friction, electrical confact resistance,
weld tendency when brushes are stopped, and
voltage drop between brush and slip ring.

Relative resistance to motion between brush
and slip ring (function of speed, materials and
pressure).

Ease at which current may pass from brush to
slip ring. Measured in terms of voltage drop
which is a function of pressure, current density,
materials, and relative motion between brush
and slip ring. (See Table 2. 4. 1-2)

A function of materials, lubrications, pressure,
and temperature

2-112

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

TABLE 2. 4.1-1 (Cont.)

SLIP RING DESIGN CONSIDERATIONS

PARAMETER

REMARKS

Brush Speed

Brush Pressure

Brush Travel

» Operating Temperatures

Lubricant

Wear Rate

A factor in determinining wear rates and
operating temperatures. '

A factor in determining wear rates, operating
temperatures, contact resistance, and weld
tendency. :

A factor in determining wear rates.

A factor in determihing wear rates and lubri-
cant life.

Usually contained in the brushes to prevent
excessive wear rates, sliding friction or
operating temperatures and to eliminate any
welding tendency of the brush to the ring.

A function of material, speed, pressure,
travel, temperature, and lubricant.
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TABLE 2.4.1-2
BRUSH DESIGN CONSIDERATIONS

PARAMETER REMARKS

Brush Hardness Quality Control parameter that indicates shock
absorbing characteristics and ability to ride
smoothly on rapidly revolving surface. Brush
hardness inversely proportional to wear,

Contact Drop Resistance of one cubic inch of brush material
and used to determine ohmic resistance,
Specific resistance should bhe low to minimize
heating for high current, low voltage applications.

Coefficient of Friction Increased friction causes increased wear and
heat. Should be low to reduce required motor
torque.

Current Density Current density capabilities inversely propor-

tional to brush temperature

Brush Porosity A funetion of required amount of lubrication
which in turn is a function of temperature,
vapor pressure, and life

Shunt Type Tamped connections used where brushes too
small to rivet or where high strength is not
required,

Rivet shunt is stronger, less susceptible to
vibration failure, and provides greater heat
transfer area

Brush Pressure Pressure should be equal on all brushes to
eliminate unequal current digtribution

Limited range of pressures where best perfor-
mance is obtained (electrical wear is inversely
proportional and mechanical wear is directly
proportional to brush pressure).

High current or high speed requires high pressure.

Optimum pressure obtained by testing as was
done on ODAPT candidate brushes (see Tables
2.4.1-3 through 2.4, 1-5),
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BRUSH DESIGN CONSIDERATIONS

LMSC-D159618

PARAMETER ‘ REMARKS

Brush Holders

Brush Fabrication

Must allow accurate contact under all conditions.

Must carry away about half of the generated
heat to minimize brush temperature rise.

Should be as many separate brushes in parallel
as possible to increase number of electrical
contact points, to provide greatest chance of
at least one hrush being in contact during
vibration, and to allow for maximum heat

dissipation.

Spring mechanism should add as little mass as
possible to allow brush to follow collector

eccentricities,

Appropriate brush lubricant exhibits high
thermal and/or oxidation stability and low
evaporation rate. (Special lubricant additives
available to provide other needed properties),
See Sections 2.5.1, 2.5.2 and 2.5. 3 for oil,
grease and solid lubricant discussion. See
Tables 2.4.1-3 and -4 for operating temperature
and voltage drop vs several lubricant/brush

material combinations.
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TABLE 2.4.1-3
OPERATING TEMPERATURES (°C) OF ODAPT CANDIDATE BRUSHES

Vac Kote Lubed MoS,_ Lubed NbSe,, Lubed
Silver/Graphite Silvetr/Copper Silver
50 A/in® 100 A/in2 50 A/in3 50 A/in?
Copper Slip Rings
Sliding
4 psi 88; 73-74 -—
8 psi 63; 60-63 -—-
10-12 psi 80-81 -—
13-16 psi 50-60
Static
4 psi 16 -——
8 psi 54 -—=
10-12 psi 75-78 -—
13-16 psi 50-61 ——
Silver Slip Rings
Sliding
4 psi 72-76 100-102 - 49-56 61-63
8 psi 3b-b8 38-51 -— -—
Static
4 psi 58-62 82-88 44-49 50-51
8 psi 32-46 39-47 — -
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| TABLE 2.4.1-4
VOLTAGE DROP FOR ODAPT CANDIDATE BRUSHES
{For Single Contacts)

'_ : . . MoSg Lubed NbSe, Lubed
Brushes: Vac Kote Lubed Silver/Graphite Silver/Copper Silver

50 A/in% 100 A/in’ 50 A/in2 50 A/in2

Copper Slip Rings

Sliding for: ~200 hrs ~650 hrs
4 psi 0.25 0.18
8 psi 0.18 0.17
10-16 pst 0. 22 ———-
Static for: ~375 hrs
4 psi 0.14
8 psi 0.14
10-16 psi 0.17
Silver Slip Rings
Sliding for: ~200 hrs ~200 hrs 7 ~200 hrs ~200 hrs
4 psi 0.25 0. 34 0,09 0.08
8 psi 0.20 0.23 : -—-- E _
Static for: ~375 hrs ~375 hrs ~1200 hrs ~375 hrs ~375 hrs
4 psi | 0. 20 0.27 0.25 0.073 0. 066
8 psi ' 0.19" 0.21 0,20 ' B
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Brush Composition

85%

Ag

(1) 2.5% Cu
12.5% MoS,

853
(2) 155

,
3 15

855
@ 15
905
(5) 102
75%
(6) 153
103

75%
(7) 25%

5%
20%

Ag
Graphite

Ag
Mo
M052

MoSso
Mo + Ta

Ag
Graphite

(8) 5% MoSg plus
Vac Kote Oil

TABLE 2.4.1-5
WEAR RATES OF BRUSHES UNDER A VARIETY OF OPERATING CONDITIONS (IN VACUUM)

Brush Curr. Sliding
Press., Den., Speed, Wear Rate
Slip Ring  psi A/in?2  in/min  in/in Test Location
a) Ag 10 229 318 1.5x 109 AEDC
b) Ag 6-10 300 424 1.3x 1079  LMSC
¢) Coin Ag  19.5 147 409 1.1 x 109 BBRC (non-
ODAPT)
Coin Ag 3.6 80 0. 056 1.7 x 108 Westinghouse
Coin Ag 10 147 409 1.4x 10°11 BBRC
(non-ODAPT)
Coin Ag 4.8 80 0. 056 1.4x 108  Westinghouse
Au 10 229 318 1.5 x 108 AEDC
Ag 6-10 300 424 1.7x10"% LMsC
Coin Ag 10 147 409 1.7x10"11 BBRC
(non-ODAPT)
Coin Ag 18 2000 82 7x10°'%  BBRC
(non-ODAPT)

Data Sources - 1. LMSC-A981486, Dec. 1970, matrix chart GG. 2. BBRC TN67-12 and other un-
3. Moberly and Johnson, "Electrical Sliding Contacts for Applications in

published BBRC Data.

Space Environments', Supp. to IEEE Trans on Aerospace, June 1965, 252-7,
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TABLE 2.4.1-6
BRUSH TYPES

TYPE ‘ REMARKS

Carbon-Graphite Composed of Mixtures of Amorphous Carbons and
' Graphites

Characteristics - High Harness, High Mechanical
Strength, Pronounced Abrasive (Cleaning) Action,
Depend on Presence of Absorbed Moisture for Lubri-
cating Properties - Unsatisfactory for Space

Application - Low Current Densities, Use Where a
Brush with Low Friction Properties not Required

Electrographitic Amorphous Carbon Changed to Graphltlc Structure
with High Temperature (2400°C)

Characteristics - Higher Density, Lower Strengths,
Lower Hardness, Lower Specific Resistance than
Carbon-Graphite, Pure and Free From Abrasive

Ash, Low Friction, Medium to High Contact Drop,
Depend on Presence of Absorbed Moisture for Lubri-
cating Properties ~ Unsatisfactory for Space

Application - Medium Surface Speeds (5000 to 6000
fpm), Medium Current Densmes (60 to 80 amps per
square inch)

Metal-Graphite ‘ Powered Metal and Graphite Bonded Together or Pores
of Graphite Impregnated with Molten Metal

Characteristics - Low Contact Drop, High Current
Carrying Capability, Good Frictional and Surface
Speed Properties, Silver-Graphite Brushes have
Higher Current Ratings and Lower Specific Resigtance

Applications - Slip Rings and Low Voltage Commutating
Devices, Silver-Graphite used in Applications Requiring
Low and Stable Contact Drop
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TABLE 2.4.1-6 (Cont.)
BRUSH TYPES

TYPE REMARKS

Dichalcogen Developed for Use in Space and Inert Atmospheres

(MoSy, NbSez) Characteristics - Lower Friction Properties in

Vacuum, Not an Electrical Conductor, High Specific
Resistance

Applications - Used in Low Concentrations in Presence
of Large Proportions of Silver and/or Copper, NbSe,,
Used for Long-Life Applications
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2.4.2 Power Clutch

The power clutch is a unique device which, in theory at least, has the good qualities
of a slip ring without the bad. In essénce, it is a set.of high quality electrical con-
tacts, one of which is fixed to one side of the gimbal axis and the other, while attached .
electrically to the other side, is free to rotate via a flexible cable. In operation, the
contacts are clamped together and the whole device rotates, winding up the flexible
cable. When the cablé is wound up to the allowed extent, the "elutch® is disengaged
and the cable end is spun backwards until the cable is unwound, then the contacts are
reengaged. Of course the electrical circuit is interrupted, buf this can be taken care
of by having two units in parallel and resetting them at different times. This is an
extremely promising idea but very little work has been done other than the initial

laboratory studies, With proper development it could be a good power transfer device.

The following is in great part an excerpt from a paper entitled, ""Rotary Relay for
Space Power Transfer'". (See Reference ‘1). The author, H. Theron Haynie of the
Boeing Company, explains the basic design of his concept of the power clutch;

"It is made up of three pairs of rotors and stators; each pair is a complete circuit.
Cable pairs are used to reduce the connector size. Adjacent rotors and stators are
insulated by a Teflon washer. F(igure 2.4.2-1 showé a typical wiring circuit that can
be quickly reset during an all-sunlight orbit. Figure 2.4.2-2 is a low-current house-
keeping clutch with several circuits. Adjacent conductors are insulated.by a Teflon

washer.

A central tube of nylon, the structural backbone of the system, serves as the rotor
pivot; it also houses the recycle actuator and guides the clamping piston, An extension

handle protruding from the center enables manual actuation,

The stator assemblies are made up of circular plates with a metél—matrix, golid-
lubricant composite attached with silver foil diffusion bonding. The stators are held
concentric by the nylon backbone tube and are prevented from rotating by the eabli ing
connection. The composite lubricant is Boeing Compact 046-46, which prevents

vacuum welding to the rotor.
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Prior to opening breaker charge con-

troller is turned off and voltage
regulator is turned on to carry vehicle

-—

BREAKER

/ Y

Part of the distribution and switching
required for overall power system VEHICLE LOADS
reliability and flexibility. Not
added just for power clutch.

POWER CLUTCH

SUN
load during power clutch reset.
‘ \\\ CHARGE
SOLAR ARRAY CONTROLLER
WITH INTEGRATED/ L
REGULATION ( ( ( ) i
. " . I-_'—'
A il HIGH
CURRENT —— VOLTAGE _
REGULATOR —_—

Fig. 2.4.2-1 Power Clutch Reset During an All-Sunlit Orbit
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Fig. 2.4.2-2 Low=Current Housekeeping Clutch
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The rotor assemblies are circular piates assembled to the conducting segment. The
segments pivot around the nylon tube and are separated from each other by Teflon
insulating bars., Flexible, straightlay multi-strénd No. 30 wire (0. 010 in, diameter)
‘constitutes the cables bolted to the segments. The umbilical is made of two cables for

each rotor assembly.

The operating piston and springs supply the clamping action to maintain the rotors and
stators in contact for good elecirical conducting properties. Recycle driving torque is

supplied by a clock spring. A stepper motor or a gea{r train can also be used.

Earth satellites and space stations that are required to be earth or stellar-oriented
during orbit will ordinarily be designed to have symmetrical solar panels mounted at
the end of the boom. In service, the boom rotates one revolution per orbit to keep
the panel pointed toward the sun. The cabling is routed inside and along the axis of
the boom. The electrical connections to the spacecraft power bus have sealed pass-
through connections in the pressure barrier. A manual override release can be

mounted in the pressurized compartment.’

Note in the above discussion that flex cables are an integral part of a power clutch;
The entire discussion on flex cables of Section 2.4, 3, therefore, applies to this device.
Mr. Haynie has fabricated and demonstrated a small working model of his concept.
In addition, a few other companies have expended a limited amount of effort on similar

devices. Thorough development, however, has been slow.
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2.4.3 Flex Cables

A review of the literature conducted in Reference 1 determined that every spacecraft
on which information had heen received used flex cables for power and signal transfer
across limited rotation gimbals. They are the best choice possible in these situations.
Properly installed, the fatigue life of a flex cable is essentially infinite, The design
problems of a flex cable are little more than the determination of wire size, configura-
tion (solid or multi strand conductors, flat or round wi.ré), and insulation material.
Special attention must be paid to the flexibility of the cable to allow for the rotation.

In addition, the torque required to flex the cables is an important consideration. The
entire section on wiring harnesses presented in Section 2. 2.7 is applicable to this
discussion. Finally, there are a great many general and company-issued handbooks,
vendor catalogs, and text books that may be consulted for additional or more 'specific

information.

Prsdiig, page tlark

= wd, 5
i § Ot el
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2.4.4 Rotary Transformers

A common tendency in ground applications is to turn to rotary transformers when
transferring power across rotary joints for very long periods of time. The reason
for this is the absence of any mechanical contact. For almost every space application,
however, rotary transformers have lost in the final tfadeoffs because of high weight
or low efficiency, (Efficiencies up to 96-97 percent are possible, gi.ven enough core
material, which means enough weight.) In addition, if the electrical energy on both
sides of the rotary joint is DC, the conversion losses (DC to AC, AC to DC) must be

charged to the power transfer system,

Notwithstanding the above, several comprehensive analyses atj.d' design studies have
been conducted to define equations and parameters necessary for rotary fransformer
“design. (See References 1 and 3). Presented below is an extract from literature
supplied by ‘S. Himmelstein and Company, Elk Grove Village, Illinois, one of'the

‘leading rotary transformer manufacturers.

“"Figure 2, 4.4-1 illustrates an élementary rotary.tranSEOfmer. One winding (the ‘rotor)
is mounted on a rotating shaft while the other winding (the stator) is fixed to an outer
housing. An air gap is provided between the rotor and stator sections to allow rotation’
without physical contact. The magnetic circuit is designed so that there is no intenfional
change of flux linkages when relative motion between the rotor and stator occurs, This
‘is exéétly opposite from motors and resolvers where a change _of the flux linkages with

rotation is desired.

With this arrangement, electrical signals and power can be coupled between the rotating
and stationary member without any contact--brushes,fluid couplings, ete. The energy
transfer is independent of shaft speed or direction--from shaft stopped through maximum

rated speéd.
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STATOR HOUSING

BEARING
L

ROTOR
o SHAFT

= AIR GAP
N G

STATOR COIL
ROTOR COIL

Figure 2,4.4-1 Rotary Transformer
A rotary transformer has the following inherent advantages:

No wear or wear products
No arcing
No friction or heating effects

No viscous drag from liquid contact

odm Wb

Energy transfer is unaffected by the presence of oil, water, vacuum

and other environment-borne contaminants

The rotary transformer can be designed with extremely high electrical performance

even when compared to fixed transformers."

Almost all of the technology available for transformer design for atmospheric appli-
cation is usable for space applications. Rotary transformer design has been reduced

_to practice and is quite straightforward. However, the problems involved with getting
several parallel circuits (some power and some low level signal) across a rotary joint
are not all obvious. Getting one large power circuit across the joint seems to be no
problem, but the complication of many eircuits might prove to be difficult or impossible.

The basic concept, however, is very attractive and should be further investigated.
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2.4.5 Rolling Contacts

Several types of rolling contact devices have been attempted for electrical power transfer, -
but they all may be categorized into two general types--~headed bearings and gears. The

~ bearing types are either sleeve or ball bearings which simply transfer electrical power
through the device while it is rotating. The gear types use different gear shapes and
arrangements but the basic idea is the same. The concept is described belqw as written
by W. P. Fleming of MIT in a paper entitled "A Non-Sliding Rotary Electrical Connectoi‘”.

(See Reference 1).

"The way this device achieves continuous non-sliding contact may be illustrated by the
action of a ring rolling inside a slightly larger_ ring (Figure 2. 4. 5-1). If both rings are
rigid, then rolling point contact exists. If, however, the rings have some depth and

one or both rings possess a small amount of flexibility, then a contact area exists., It

is apparent-that if the rings are nearly the same size, then very large contact areas

will be formed with very little deformation of either ring.

INNER RING ROTATES; OUTER RING STATIONARY

0° 0% 180° 0° 360°

@@@@@

Figure 2.4.5~1 Movement Pin Rotation

If the inner ring is constrained so that it cannot rotate about its own center, the outer
“‘rmg is caused to rotate about its center. The final result, then, ls an orbital motion

of the inner ring and a rotary motion of the outer rlng. - Because the "orbit" is quite
-small, it is practical to attach leads to it, and allow them to flex slightly as the device

operates. _They will not twist or wind up, because the inner ring does not revolve, it
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only orbits. It is equally apparent that leads connected to the outer ring will revolve
continuously. In this way, continuous physical contact is maintained between a ring

which rotates and a ring which does not rotate.

Referring to the orbiting movement of the inner ring and the rotary movement of the
outer ring implies, of course, that a friction driving force exists between them. If
the contact surfaces of the two rings (neglecting any ring flexibility) were not smooth
but had teeth, then a positive gear drive would result. Figure 2.4.5-2 shows the
similarity between the contact ring motion and the gear engagement. This internal/
external gear pair is the classic wobble gear, a well-known and effective differential

type of speed reducer.

CRANK THROW ROTATING

CONTACT RING

WOBBLE
CONTACT RING

.~ ——— WOBBLE GEAR

——— WOBBLE PINTON
WOBBLE PINION AND | = WOBBLE GEAR AND
WOBBLE CONTACT RING il ROTATING CONTACT RING

Figure 2.4.5-2 Contact Ring/Drive Gear Pair
(Separated for easy viewing)

By attaching the wobble pinion and wobble contact ring of Figure 2. 4. 5-2 to a common
cylindrical support up through the center of each, and likewise attaching the wobble
gear and rotating contact ring to a common cylindrical member around the outside of
each, then both will operate together exactly as previously described. In this way,
the gear mesh will carry the torque load required for the inner cylinder to drive the

outer cylinder, and the contact rings will contact just as before., By stacking up
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several contact ring pairs on these cylinders, with each pair insulated from its

adjoining pairs, then a contact assembly of several circuits can be assembled.

The application of a gear set fixes the speed ratio between the rings. Because of
this, careful ring sizing is required to achieve zero contact slippage, while by the -
same token, deliberate forward or reverse slippage may be built-in by sizing the

contact diameters or gears accordingly. "

Mr. Fleming has made working models for both current transfer tests and driving
torque tests. Another approach to pure rolling contact current transfer was developed
and tested by Mr. Edward J, Devine of Goddard Space Flight Center. {See Reference
1). His extensive tests, including tests in vacuum, have produced some satisfactory

results,

As seen above, electrical energy transfer through rolling contact (either gears or
bearings) is an attractive idea. More work would have to be done, however, before

it could be considered for space flight.
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2.5 LUBRICATION

The most important objective of lubrication is the elimination of potential failures
induced by wear and adhesion of adjacent surfaces. This problem of selecting a proper
material for the lubrication of advanced spacecraft systems is complicated by the
unigue environmental conditions surrounding the performanc-e of a complete mission.
Three sets of conditions influence the requirements for lubrication: (1) ground
activities, (2) short-time operation during launch, ascent and reentry, and (3)
operation in space. The optimum lubrication system should be compatible with all

of these sets of environments and should result from the proper selection of materials,
good engineering design, and careful application of test and checkout procedures.

Table 2.5-1 presents the design factors that should be considered in selecting a

lubricant for a particular application.

Table 2. 5-2 presents advantageous lubricant types {o0il, grease, or solid) for various
mechanical and electrical components as a function of life, maintainability, contami-

nation, technology status, lubricating properties, and cost.

These two tables provide a good introduction for the remainder of this section. Qil,
grease, and solid lubricants will be further discussed as they pertain to the lubrication _
of solar array ODAPT (Orientation Drive and Power Transfer) components. The design
factors, as well as the advantageous lubricant for a specific situatiqn, should be kept

in mind as the individual lubricants are discussed.
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TABLE 2. 5-1

GENERAL LUBRICANT DESIGN CONSIDERATIONS

PARAMETER

REMARKS

Definition of Lifetime

Environment

Operating Conditions

Parts

Installation and Handling
Variables

Lubrication (other than type
of lubricant)

Based on Torque (some equipment requires a
constant lubricant viscosity for proper operation)

Based on Wear (accumulation of wear debris or
consumption of the material {(e. g., brushes, thin
film lubricants, etc.) may limit life)

Based on Noige (Life of electrical contacts is
limited by electrical noise generated)

Vacuum
Radiation
Reactive Materials

Speed

Load

Temperature

Duty Cycle (continuous or intermittent)

Type of Motion (sliding, rotating, oscillating,
rolling, ete.)

Current Density (electrical contacts)

Brush Force (electrical contacts)

Geometry and Type of Part

Materials and Material Combinations

Hardness

Surface Finish

Tolerances

Effect on Other Parts (e.g., combination of oil
on other parts)

Alignment

Balancing

Mounting Rigidity

Run-In

Cleanliness

Sealing and Protection Against Corrosion and
Contamination

Amount of Lubricant

Manner of Application
Replenishment.
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TABLE 2. 5-2
ADVANTAGEOUS LUBRICANT-TYPES FOR VARIOUS MECHANICAL AND ELECTRICAL COMPONENTS

STip "Drive Gear Pinion | Large | Roller | SLp dbe

Ring Flex Motor Drive Box & Ring Ball System | to Diff,

Brushes | Cables | Brushes (Gears Brgs, Gears Brgs. | Brpgs, Expan. Remarks

L ubricant Life Solid Grease | 0Oil 0il Qil Grease 0il 0il Solid Lube life is dependent upon

Oil Grease | Solid volatility, thermal exposure,
and load, speed, rolling,
sliding conditions as well
as seal effectiveness

Maintainability Solid Grease | 0Oil 0il 0il Grease Oil Qil Grease | Lube replenishment con-

Solid siderations include possi-
bility of reservoirs, feed
lines, seals, and accessi-
bility

Contamination Solid Solid Solid Solid Solid Solid Solid | Solid Solid Solids have lowest volatility,
hence give less contamina-
tion. Greases are rated
next, and oils, depending
onh seals, give most

Technology oll Grease | Ol Grease | Oil  |Grease | Oil |0il Solid ‘ésléc‘{hiffiatgfii';ﬁ;"bggi?n X

Status Solid Qil Solid il Grease | Solid Grease| Grease | Grease ES,

Solid 0il gears, and brushes

Lubricating Properties| Solid Grease | 0il Qil Oil Grease 0il Qil Solid Oils, greases give viscous

Gil Solid Solid Grease | Greage | Solid Grease|Grease | Grease |drag: more subject to temp
Solid variation. Loads and
. speeds are large influence
on best choice.

Cost and Schedule Gil Oil oil 0Oil 0il 0il 0il Oil 0il Oils generally least costly,
greases add compounding
cost, and solids generally
highest. The order varies, .
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2.5.1 Oils

The two main classes of liquid lubricants are petroleum oils and synthetic oils.
Petroleum oils are derived from natural mineral deposits in the earth of which the
two most widely used types for a spacecraft are the paraffinic and the highly refined
distillates of mineral oil. Oxygen inhibitors and load-carrying additives are usually
added to these oils to make up for natural deficiencies in properties. Synthetic oils
are formulated from chemicals and can have properties that are unobtainable from
the petroleum oils. The various types can be formulated for use over an extremely
wide temperature range with high thermal and oxidative stability, and with resistance

to chemicals and radiation. Properties can be improved by chemical modification.

Some of the more important properties that should be considered for any 'liquid lubri-
cant include: 1) volatility, 2) radiation stability, 3) thermal stability, 4) compatibility
with contacting materials, 5) viscosity, 6) flammability, and, especially in the atmos-
pheric environment, 7) oxidation and 8) hydrolytic stability. Each of these properties
has been characterized by standard tests and are documented in the specification of
each particular oil, Reference 3 is an excellent source of specs and test data on

most of the oils used in the industry today. In addition, under contract to LMSC,Ball
Brothers Research Corporation filled some of the gaps in the existing test data by
determining friction and wear properties, vapor pressures, and weight loss flux rates
of several oils suitable for use on the space station drive system. iTest descriptions
"and results are presented in Reference 6. They are also presented in Tables 2. 5. 1-1,

-2 and Figure 2.5.1-1,0n the following pages, for completeness.

From the general standpoint of using oils to lubricate the various components of a drive
system, Table 2.5, 1-3 will provide insight into some of the tradeoffs that must be made
in selecting a liquid lubricant for a given apﬁlication. Lubricant life, maintainability,
contamination, technology status, lubricating properties, and cost and schedule are
presented with comments on the ability of an oil, per se, to meet the requirement of

lubricating specific drive system components.
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TABLE 2.5.1-1
FRICTION AND WEAR PROPERTIES OF OILS
(4-BALL TEST)

Test Conditions:

Load 10 kg (initial Hertz stress = 210, 000 psi)
Speed 600 rpm (45 ft/min sliding)

Duration 90 minutes

Balls 52100 steel

Min. Coef, of Friction

Candidate Oil 38°C 70°C 100°¢

¢.099 .

Vac Kote Petroleum 0. 094 0.098 0,096
Vac Kote Ester 0.085 0.088 0.093
0.114

Vac Kote Ether 0.122 0.118 0.113
Krytox 143 AB 0.113* 0.105% 0,008%
XRM 217D 0.080 0.073 0.073
Versilube F-50 0.096%* erratic* 0.080%
FS-1265 0.085 0.083 0.072

*Noisy sliding

NOTE: Underlined data were obtained under the ODAPT test program

Wear Scar Dia., mm.

38°¢C

0.401
0,432

0.280

70°C
0.479

0.276

0.220

100°C

0.483

0.273

0.224
0. 207

0.363
0.198
0.488
0.381
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TABLE 2.5.1-2
VAPOR PRESSURES OF ODAPT CANDIDATE OILS

Vapor Pressure, Percent
Candidate Oil Torr, at 25°C Stripped Data Source
Vac Kote Petroleum 2.5x 10" 5 BBRC
Vac Kote Ester 9.1x 10 11 3.8 BBRC
Vac Kote Ether 2.0 x 10”11 5 BBRC
Krytox 143 AB 6.8 x 10713 10 BBRC
(ODAPT)
XRM 217D 1.9x 1077 0.2 BBRC
(ODAPT)
Versilube F-50 2.6 x 102 — BBRC
F5-1265 9.2 x 10_9 Vacuum Dow-Corning
Stripped
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WEIGHT LOSS FLUX RATE gm/cm?2 -SEC
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Figure 2.5.1-1 Weight-Loss Flux Rate Comparisons
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TABLE 2.5.1-3
LUBRICATION TRADEOFF- OILS

Slip Flex Drive Drive Gear Pinion and Large Roller 5lip Due
Ring Cables Motor Gears Box Ring Gears Ball Syatem to Diff,
Brushes Brushes Bres, Bearings Bearings Expan. Remarks
Capable of 10 yr.jProbable 10 yr. Capable of 10 yr.|Capable of 10 yr. 10 yr. life would | Capable of 10 yr. | Capable of 10 yr.] 10 yr. life Luke oil life in space is
life with oll life from initial life using sinter-|life from initial R require perindic | life with labyrinth{ life with labye- uniikely without |hkighly dependent oo vapor
atmos, main- fill if cable ed reservoirs in |fill plus sintered | replenishment. seals and sinter- | inth seals apd provisions for |press. Adeguate scals
. . tained by sinler-[covering is brush vicinity reservoirs, Same Sealing would be | ed reservoirs sintered reser- | press, distri- und reservoirs reg'd fer
Lubricant Life ed rogervoir properly sealed diffieult with provision volrs In each bution period- 1t yr.
at ends, for vil replenish-| roller ically
ment
Probably will he | O addition ] With rese)jvnlr Additional ail Qil additions 0il lines to With adequale Lube oot easily |[f necessary, oil lines
neccs_s}aary o would be difficult | system, oil could be added conld be easily replenish reser- | seals and reser- [ maimtained in | ecould b dezigned in to
iidd oil, but @il | but would Pl'Dl?ﬂif addition would | easily If requited made but would voirs with oil voirs, no plage. Would wach lube area for adding
Maintainability OB Tate to ly be unnecessary: he unnecessary. Same probably req. would permit additional eil reguire freguent | oil pariedically
space would he wear of brushes frequently easy servieing need te roqid. additions .
high without adequate for 10
vareful lohyrinth yr. life
sealing
il losa would | Low rale of ail Seuling would Lahyrinth seals Most of vil Oil vapors escaping fram
contaminate luss and hence probably be anly | could be made added wowld be | ODAPT would constitute
spacecraflt low contamina- modearalely effective enough soon lost to a coataminale for sclar
. environment tion rate . effective givin (o hewep space spaccerafl cells and optics
Contamination externally Same Same Same high ofl lngss I‘Ete concam. at low Bame P t P

4and contamina-
tion

rate

environmenl ancd
add to contami-
nation

Vackote lubri-
cated brushes

have proven to
he highly relia-

Testing program
required.

Vackote lubri-
cated motor
brushes are
space-proven

One reference
to space usc for
oil in reduction
gear drive in

Extensive use in
spaca Vackoted
hedrings are
space proven

One references
I 3pace use for
oil in gear drive
(TN 70-71)

Extensive use
in space for

much smaller
ball bearings.

Same as for
gear hox
bearings

No references
to use of oil for
this type appli-
cation

Gil compositions for
space use have been
successiully used for
up to 3-1/2 yrs. in

Teehnology Stalus ble in OO0 und in 050 und TN 79-71 No reason to space
other space- uther space- doubt use in .
craft eraft longer
Vackote in Adequate for the | Vackote in Oilzs with EP fdeal for ball 0il can adequate-| ¥deal for beil Same as for Difficult to Olls compounded with
hrushes is law loads and Lrushes is additives can brgs. Temp ly handle the bearings. gear box maintain oil sultable additives make
excellent; speeds experi- | excellent; handle gear range -85 to gear tooth Temp, range bearings film capable possible boundary luhe
others would enced during athers would lvads. Temp. +165°F. contin- loading and -65 to 165°F, of hendling high | conditicns, Thick film
Lubricating require teat flexing require tesl range -65 to (f) | uous. Parl time| gpecds contin, {to ivads {avolved | lubr, not \ljguauy possible
Properties pTogram program 165 contin, to +200°F. 200°F. part in space
{+2007 part Lime} time)
Low relative
cest and
readily avail- )
Cost and Schedule able Same Same Same Same Same Same Same Same Same

6 wk. delivery
for most apace
oil

8T96STU-ISIN'T



LMSC-D159618

This tradeoff was completed for the Space Station ODAPT and, where an oil was
selected as the lubricating medium, the spgcific oil proposed for each component is
presented in Table 2.5.1-4. Note that in some cases, a number of different oils

were found that would serve the purpose equally well. In these cases, boundary con-
siderations must be made, e.g., what is the effect of a number of different oils
sharing the same "spacecraft atmosphere'--is it more cost ef_fective to use the

most general purpose oil, etc? The last row of Table 2.5, 3-2 gives the recommended

lubricant considering all factors combined.

As is the case for many of the ODAPT components, the analysis and considerations
that have only been mentioned above are well documented in the literature. The cited
references, in addition to the others at the end of this section, should aid the designer
in the analysis of an oil lubricant system. (The reader is specifically directed to
Part A, Appendix C.5 of Reference 2 for problems concerning lubricant oil loss from
components through openings in component enclosures. For a 10 year space station
life, it will be extremely critical that contaminahts, e.g., vaporized oils, be reduced

to essentially zero. This appendix details the analysis of molecular oil logs).
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TABLE 2.5.1-4
PROPOSED ODAPT OILS

Slip Drive Cear Pinion Large Roller 8Slip Due
Ring Flex Motor Drive Box & Ring Ball System to Diff.,
Brushes Cables Brushes Gears Brgs Gears Brg. Brgs, Expan. Remarks
Oils: ' ' '
1. Krytox 143AB X X X X Fluoropolyether: inert,
stable, high cost
Fluorosilicone: excellent
2. F8-1263 X X brg. lub'n. in LMSC
vac tests
3. GE F-50 X X X X Extensive vac test and
space experience
4. g:;l:ote X X X _ X Unpublished BBRC test
data show these to be
X < very promising multi-
b. Xéaé;efote Impreg. Impreg. X X X purpose space lubes
into into
brushes - brushes
6. Vac Kote X X X X X Extensive vac test and
Petroleum ilézggreg. iI:ggreg ’ space experience (OSSO}
brushes brushes
7. DC-T024 X X Excellent brg. lub'n. in
LMSC vac tests
8. XRM-141C X X Excellent brg. lub'n in

LMSC vac tests
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2.5.2 Greases

For all practical purposes, greases are classified as liquids sincé they are oils with
an aﬁpropriate thickening agent added. For this reason, the important properties of
greases can be assumed to be essentially the same as the base oil. Greases are
generally used only where leakage is too high to retain an oil, Wear rate data related
specifically to gréase is presented in Table 2, 5,2-1. In addition, general tradéoff
considerations c;f lubricating various drive and power transfer gystem comﬁonents

with grease are presented i.n Table 2. 5. 2-2 as a function of life, maintainability,
contamination, properties,and cost and schedule. The types of greases suggested

as being acceptable for lubing the different components of the space station ODAPT

are presented in Table 2.5.2-3. The last row in Table 2. 5.3-3 gives the recommended

Iubricant considéring all factors combined,
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TABLE 2.5.2-1

FRICTION AND WEAR PROPERTIES OF GREASES (FOUR-BALL rIV‘EST)

Test Conditions:

Load 10 kg (initial Hertz stress = 210,000 psi)
Speed 600 rpm (45 ft/min sliding)

Duration 90 minutes

Balls 52100 steel

Candidate Grease

Vac Kote ester base
Vac Kote petro. base
DuPont PL-631
Krytox 240 AC
Supermil M125

Versilube G-300

Note: All data in this table were obtained under the ODAPT test program except for tests at 100°C on

Min. Coef. of Friction

38°C

0.071
0.080
0. 120**
0,106%*
0. 089**

*
0. 174%*
(13 min)

Krytox 240AC and Versilube G-300

70°C
0.083
0.073
0.105

0.110%*
0.083**

¥
0, 093%¥
{15 min)

*Failed at time indicated due to high friction (¢ > 0.22).

**Noisy sliding

100°C

0.098
0.071
0.100
0.120

*
0. Q7T**
(60 min)
*

>0, 22%*
(zero min)

Wear Scar Dia., mm.

38%
0.379
0. 416
0.413

0.517
0.384

0.504%*
{13 min)

70°C
0.389
0.494
0.298

0.424
0.445

0.456

{15 min)

100°C

0.384
0.525

© 0.256

0.368

0.328%*
(60 min)

0.560%
(zero min)
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TABLE 2.5.2-2
LUBRICATION TRADEOFF ~ GREASES

Siip Dirive Gear Pinion and Large Roller Slip Due
Ring Flex Motor Drive Box Ring Ball System (o Diff.
Brushes Cables Brushes Gears. Bearings Gears Bearings Bearings Expan, Remarks
Same as for oil- | Capable of 10 Capable of 10 yr, j Capable of 10 yr.| Capabls of 10 Capable of 10 8ame as for Capable of 10 yr. | Grease life in spaec
lubed brushes, 1. lile from life using sinter- § life with periodic) yr. life with yr. using perivd Gear Box Brgs. lite using grease extends life of oil through
(10 yr. life capa- | initial fiit if ed rescrvoirs in | additions to ail reser. tv ic greass with solid Jube evapuration retarding
. ) bility with reser-| cable covering | brush vicinlty gears maintain grease | additions, Same effect of thickener
Lubricant Life voirs} is properly with oil impreg- consistency Effective sealing
sczled at ends | nation would be diffl-
cult
Erobably will be | Addition of Additien of mora | Addition of Addition of more| Grease feed Feed line with Grease consistency
necessary to add | grease would greasc would not | prease must be Egrease not lines must be distribution ring maintained threogh
ail to reserveirs, | be unnccessary | be possible, buf dircetly to practical. 0Qil provided so that may be required periodic additions
. . s Labyrinth sealing ofl vapor enviren-| gears. Fecd rozer, would periodic grease . . where feasible or
Mainlaimability I‘En;\i’ired ment from reser- | line system maintain additl’.onsgcould same Same eiled sintersd rcg:fvoirs
voir would main- | would be grease con~ be made and seals
tzin brush lub'n. | required sistency
Qil loss (from With proper Cluse-coupled Oil vapor luss il vapor would Same as for Only the oil vapors from
grease and ofl sealing, ail motor housing from well sealed escape slowly Pinion and Ring a grease would contami-
Contaminution reservoirs) vapor 108s from| with drive-gear goar box (laby- Irom grease to N Gears nate external space
would contami- grease would hal hox would mini- | rinth) would be anntaminate station environment.
nate external negligibie mize oil vapor rainimal Same cxternal space Sarme Same Rate slower than for
spacecrafl cn- escipe to cone station environ- exposed oil.
vironment taminale envi- ment
roun.
Greases In Testing pro- Same as for slip | Drive gears Some refersnces| Scec drive gears, |Same as for No refersnces to | Effective space greases
brushes not as gram required | ring brushes referanced in to space use, Pinion and ring |Gear Box Brgs. this type applica~ | have been developed and
’ gommoen as oils, TN T0-71 ased Several effect- gears mere ex- tion, but weuld be| used successfully in
Technalagy Status but same prin- greusc in almos( | ive space-type | posed, This g same as for vacuum envirchments
ciples are BVETY vase greases are favars use of ame heavy load sliding .
invalved availahble. adherent
grease
Simllar Lo olls. Grease lub’n Samce as for Greazes with Space-type Same as for Bamu as for Grease com- Space-typs preages
01l fram grease would ba ideal slip ring EP additives greases avatl- Drive Gears Gear Box Brgs. pounded with available for ball Learing
in brushes would | for slip of con- | brushes could easily able [or effective solid lubs ¢r EP | and heavy load duty. Tempq
o aciuzlly be the duetors daring handle ODAPT  [ball beuring pdditlve would be | from -100° to 1 350°F
Lubrieating Lube medium flexing gear loads. lubrication. Same adequate :
Properties Temp ranges: Ranges: -65% (o .
-65 to +350°F.  |+3500F.
Moderate rela-
tive cost and
readily available. .
Cost and §chedule G weeks Same Bame Bamsg Same Same Sams Same Same Same

delivery fur most
space greascs

N
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TABLE 2.5.2-3
PROPOSED ODAPT GREASES

Slip Drive Gear Pinion Large Roller 8lip Due
Ring Flex Motor  Drive Box & Ring Ball System to Diff.
Brushes Cables Brushes Gears Brgs. Gears Brg. Brgs. Expan. Remarks

GREASES:

1. duPont PL-631 X X X Fluoropolyether thickened
with ammeline. AFML
vac. brg. tests

2. GE G-300 X X X X X Extensive space lub'n
experience in brgs.
and gears

3. Krytox 240AC - X X X Fluoropolyether thickened
with TFE.

Costly, inert, stable

4. Supermil M150 X X Fluorosilicone with
ammeline thickener.
Good brg. lub'n in
LMSC tests

5. Vac Kote Ester Base X X X X X X Unpublished BBRC test
data show these to be

6. Vac Kote Petrol. Base X X X X X X promising bearing and

with MoS gear space lubes

added

8T96STA-DSNN"I
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2,5.3 Solids

A solid lubricant is a laminar solid capable of decreasing the amount of wear between
moving surfaces by sliding under boundary conditions. The properties of a laminar
solid that determine its value as a lubricant are: (1) crystal structure, {2) thermal
(and oxidative) stability, (3) melting point, (4) thermal conductivity, {5) mechanical
properties, (6) chemical stability, and (7) purity.

Because of the laminar crystal structure of solid llibric‘ants, -they are highly anisotropic
with very pronounced isodimensional mechanical properties. These properties are
usually associated with a low shear strength and a low coefficient of friction. In the
laminar structure,' the atoms within a plane are held together by strong chemical

bonds whereas the distance between planes is relatively h:gh and the bonding is weak.

In graphite, for example, the interatomic distance is 1. 42A w1th1n the plane and 3. 35 A '
between planes. These materials lubricate due to the ease with which they can be
sheared. Not all laminar solids are effective lubricants, however. Moreover, their
lubricating effectiveness may vary with such service conditions as témperaturé or the

presence of gases such as 02, €O,, and H,O.

Table 2.5.3-1 will provide some insight into the tradeoffs of using a solid lubricant to
lubricate the various components of an orientation drive and power transfer sylstem.
From the standpoints of life, maintainability, technology status, properties and cost
"and schedule, it can be seen that solid lubricants would be excellent choices f01" some -
compénents and very poor choices for others. Table 2.5.3-2 shows the results of the
space station ODAPT tradeoff with several candidate solid lubricants recommended

as being feasible for lubing some of the ODAPT components. Note the last row.in the
table gives the recommended selection when considering all factors combined. Solid
lubes were chosen only for brushes and for slip due to differential expansion. It will
be noted that these are generally the only two areas of selection for solid lubricants
because, unless there is some critical factor that must be. considered, e.g., contami-

nation,. solid lubricants do not do as good a job as dils or greases.
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TABLE 2.5.3-1

LUBRICATION TRADEOFF - SOLIDS

slip Drive Gaar Pinian and Large Roller Slip Due

Ring Flex Motor Drive Bax Ring CGears Bali System to Diff.

Brushes Cables Brughes Gears Bearings Bearings Bearings Expan. Remarks
Capakble of 10 yr.| 10 yr. life 10 yr. life 10 ye. life with 10 yr lifo uncer- | Same as jor Same as for Capable of 10 yr, [ Solid {ilm life 15 highly
life with posaible | doubtful - probable - bonded solid fiim | tain: requires Drive Gears Gear Box life. Salids ideal | dependent on load, speed,
total brush wear | tests required test reguirced doubtful - tests teating. Solid Bearings Same for slow speed geometry, Sacrificial idler
of iess than 0.2 req'd, Sacrafleial| on balls, races heavy leads with |and ball retainer give con-

Lubrieant Life inch idler gear tech- with sacrifieial short aliding dlst, | {in, lube supply.
rigue pogssible solid relainer
10 yr {ests reg'd
Mone required, Difficult o No maintenunce | Not possible te Mot possible 10 | Mot possible to | Not possible to | Same. Would Not possible to Solid filma not usually

ordinarily. replenish dry required except | renew honded Teplenlsh. replenish salid | replenish solid | require replace- | replenish except |replenishable to parts in
Replace whole solld. Probably | te.replace whele| {ilm. Req. Requires film. Sazerificial| lube in ball ment of roller by pressure de- |place. Bacrificial idlers
brush if neces- require replac- | brush or motor | change-out gear replacement af idler eoslly haaring. cluster assembly.| livery of solid replaceable hut not hall
Maintainability sary ing whole flex if life 1s not box, $acriﬁcial gear box, replaced. suapendad in rejainers,
cable if it adeguate idler in box not liquid or grease.
needed relubing readlly accessi-
with salid Ble
Low volatility of solids
would make their contri-
. bulion to contamination
Contamination it Nil Nil Nil Nil Nil Nit wil Nil segligible,
Extensively No references Bolid lubed Bonded and un- Dry lubed brys. Same a8 for Same as for No reference to  |Solid lubes have been used
tested in vacuum | to use of solid motor brughes { bonded solids used In space- Drive Gears Gear Box space use in this Jextensively in spacecrafl
chambers and labe on flex hzve been uged in space- eraft and in EBearings Bame particular appli- |on gears, bearings, cams,
Technology Status used in space cable In space. | yacuum fested | eraft and in vae  |vacuum cham- cationsa. Many ref. [and other sliding parts.
programs Would reguire and used In chamber tests. berz. Dry Vac to sollds on sliding
test{ program spacecralt Na ref. {o idler [Kole very parts at heavy
use in space effective loads
Bettar in vacuum | Solids could Same as for Eonded and uo- Golids are ideal for slow
than in normal easily handle slip Ring bonded films speed, heavy load appli-
air atmospheres. | flexing loads, Brughes. Some | take high loads, cation's for shoet total sliding
Lube propertics | be little affect- | solid combine slow spceds. distauce, Temp range
Lubricating Tittle affectec by | ed by temp, good electrical | Solids ot Same Same Same Same Same ~250° o +10009F in
Properties temp variation variation. Wear | conductivity affected much by vacuum.
life in this with good temp. variatlon
application is lubrication
unknown
Low to high Processing Same as lor Pracesaing Relatively high Same as for Same as ior Sotid film cast Relatively high coal of
relative cost, costa relatively | Slip Ring aolid films rel. | coat, Processed Drive Gears Gaar Box rei. high. Solid solid flles is duc to
depending on high Brushes high cest, ai BBAC Bearings Same in 0il or grease careful processiog reg'd,

Coat and Schedule

solid lube.
Brushes with
solld lube avaii-
able in about 8
wks delivery

Idier gear rela-
tively high cost
due to fabri-
cation

would be relatively
moderate cost

Sacrificial idiers and ball
Tetainers require ¢are in
fabrication.
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TABLE 2.5, 3-2

PROPOSED ODAPT SOLID LUBRICANTS

Slip Drive Gear Pinion Large Roller Slip Due
Ring Flex Motor - Drive Box & Ring Ball System to Diff.
Brushes Cables Brushes Gears Brgs. Gears  Brg. Brgs.  Expan. - Remarks
SOLIDS:
A, BSolid Film Lubri-
cants - '
1. MoS2 plus Binder X Electrofilm 4396
- ' & Everlube 811
2. MoSy applied . Unbonded MoS2
mechanically X includes burnished
(e.g. Vac Kote dry) films
B. Self-lubricating
Solids
1. Westinghouse Used as sacrifi-
Ag/PTFE/WSeg X X X X X _cial idler gears
2. Westinghouse ga%fi‘mrfé‘:;“er 8.
Cu/l?TFE/—WSez X X X X X experience at hig_h
’ loads & slow speeds
3. PTFE/MoS2/ x X X Bartemp and Rulon’
: Filler _ A plus MoSz
C. Brushes
1. Ag/Cu plus < x Extensive vac
12% MoS2 ' test & space .
. ‘ experience
2. Ag/Graphite X x Promising brush
plus 12% MoSy . material :
3. Ag/Gra. plus _ Extensive vac
5% MoSo + X test and space
Vac Kote experietnce {OS0)

- BTI9GSTU-DSHT
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TABLE 2.5.3-2 (Cont.)

Slip Drive Gear Pinion . Large Roller
Ring Flex Motor Drive Box & Ring Ball  System
Brushes Cables Brushes Gears Brgs. (Gears Brg. Brgs,

Slip Due
to Diff.
Expan. Remarks

C. Brushes {Cont.)
4. Silver plus

Promising mil.

15% NbSeg X X based on
Westinghouse &
BBRC test data
5. Silver/Graphite X Extensive vac

plus Vac Kote

test & space
experience (0OS0)

Tentative Selections Silver Vac Kote Vac Kote VacKote VacKote VacKote Vadote VacKote Bur-
plus Petrol. Petrol. il 0Oil Grease Ester Ester nished
NbSes base 0il in 0il 0il MoSg
grease  Silver/ ' film
graphite
brushes

BT96STA-DSN'I
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3.0 SOLAR ARRAY SYSTEM DESIGN AND SIZING CRITERIA

The amount of engineering, material, manufacturing and test required for the pro-
duction of a fully operational solar array qualified for flight runs into thousands of
dollars per square fooi:. Therefore, careful consideration must be given to such
parameters as solar cell efficiencies, radiation effects, cell packing factors, circuit
voltage drops, coverglass logses, operating temperature effects, wéight, shadowing

and open circuit problems, losses associated with fabrication, and finally, the cost

~ of manufacturing and test. The purpose of this section, 3.0, therefore, is to discuss

those considerations necessary to assure the design of a low cost, low weight, efficient,

and reliable solar array.

3-1
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3.1 WEIGHT AND COST ANALYSIS

The final configuration of any solar array is the result of many requlrements considera-
tions, tradeoffs, and compromlses Given a new set of circumstances, the new design
might range anywhere from completely different to very similar. It would depend on

how similar the new circumstances. were to the original ones and then on the relative
importance given to each new requirement or parameter of the design. For the Space
Station, a solar array system design was developed around the given and assumed
requirements listed in Table 3.1-1. These requirements were by no means clearly
stated at the initiation of the contract-~they were derived in an iterative prdcess by
NASA-MSC, NASA-MSFC, Lockheed, McDonnell Douglas, and North American Roékwell.
Where there were multiple requirements or where no clear reqmrement was glven, the
baseline SSSA desngn always assumed the anticipated, worst-case condition or most
loglcal operational case, W1th stringent constraints such as these, however, it follows
that the solar array configuration is a worst-case design. It would be useful to deter~

mine the impact on the design of certain changes in reguirements.

The purpose of this section, then, is to define this impact and assess the magnitude of
the change in terms of its éffect on system weight and cost. In Table 3.1-2 are outlined
the weights of the major components of the Space Station Solar Array Begmmng with”
a total system weight and cost of, respectively, 4043 kg and 100%, the savings associ-
ated with several possible changes in requirements were developed. The parémeters
studied included: + 20% variatfon in power requirement; 2.5, 5 and 10 year orbital life,
cell and coverglass thicknesses of 8-12 mils and 6-12 mils respectwely, a weight opti-
mized system, elimination of the artificial gravity experiment, and elimination of the
array and structure retraction requirement. Each of these were associated wnth
relatively minor.changes in the basic SSSA design, with such items as advanced
beryllium structures and elimination of the astronaut access tunnel within the ODAPT
considered beyond the scope of this effort. = Even with these restrlctmns, the range
in watts per kilogram ROT. in this study was from a baseline of 24. 6 (11.2 watts/lby)
to a maximum of 37.4 (17 watts/1b for the parameters considered. It is interesting
to note that if 8 mil cells and 3 mil covers are used in conjunction with optimum use
| of beryllium and composites in the system, power densities of 59 watts/kg (27 watts/1h)
BOL are predicted. This number converts to 73 watis/kg (33 watts/1b) when the

3=3
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TABLE 3.1-1

SSSA DESIGN BASELINE REQUIREMENTS

ITEM

REQUIREMENT

Power Module Size
Art. "g" Mode

Power Level

14' x 38'
Art "g'" at Start of Flight Only

25 KW Avg, 100 KW max,

w
E Power Module Weight 20,000 1b
% Launch Mode Shuttle
g Resupply Level Complete Power Module - No EVA
% Replace Strip - EVA Required
4 | Life 10 Years
=
= | Inclination 55°
—
;73 Altitude 240 - 270 nm
=
= | Station Orientation Y-Axis Perpendicular to Orbit Plane,
Z-Axis Down
Resupply Accommodation Main Structure Retractable -
(Array Strips Retractable)
wn | Art. “g" Mode Main Structure Fully Deployable to 84" with
E'Z',* 4 Strips Per Wing
g Art. "g" Loads Maximum Art. "g'" Radius of Rotation
] E Displacement 44"
5 .
g Array Orientation 2-Axes Tracking + 12° Point Accuracy
2]
-1 | L.owest Possible Level of Array Strip (6" x 80') EVA Required
. Resupply '
2
~ | Maintainability Shirtsleeve Maintenance (Astronaut Access
% Passage to Drive System)
Q
8 Array Voltage Interface 112 Volts
w
3-4
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TABLE 3.1-2
SSSA BASELINE DESIGN COMPONENT AND WEIGHT BREAKDOWN -

LOCKHEED MISSILES & SPACE COMPANY

3-5

COMPONENT DESCRIPTION SYSTEM
WEIGHT (kg)
Array ' . 1695
Solar Cells - 12 mil x 2 x 4 em Wraparound 587, 54
Coverglasses 12 mil x 2 x 4 em Fused Silica 508, 67
Adhegive App. 1-1/2 mil, XR-63-489 30. 10
- Solder . SN 62, 4 Pads/Cell 17.15
Substrate 2 mil Kapton, 1 mil FEP ‘ 134. 50
Copper Int. 33% Area, 1 mil Thick ' : 39.63
Hinge Aluminum Extrusion ' 79.25
Stiffeners 5 Mil Fiberglass : 20.96
Leader Kapton/FEP/Fiberglass _ | 1.65
Feeder Harness Kapton/FEP Insulated Copper 131. 63
Misc. Contingency, Diodes, Wiring, etc. 144, 24
Astromast Astro Research Extendible Beam 218
Beam : 127.0
Canister ~ _ 91.0
Other Structure : , - T70
‘Adapter Canister - Canister, T Ring 24,94
Mtg. Assy. :
Adapter Cap Assy., Cap, J Ring 27,94
iSA Truss, Support 106, 69
0OSA Truss, Support 08, 34
Compression Cover Cover, Stiffener, Honeycomb, Foam 87.09
Base Plate Assy’ Honeycomb, Foam 41.73
Positioning Mech. Jackserew, Links, Motor, Bracket 3.76
Guy Wire Assgy, Tape, Reel, Turnbuckle, Motor 16. 87
O "g" Tens. Mech, . Spring, Motor, Reel, Gears, Tape 32.11
Art "g'" Tens. Mech, - Bellows, Cable, Housing, Valves, Gas- 11.70
Guide Wire Sys. Cables, Pulleys, Negator 114,31
Hold Down Device Pyro Explosive Nuts 17.42
Padding Embossed Kapton 79, 83
Release & Tie Down Bracket, Solenoid 7.53
Misc, Fasteners, Wiring, Etc. 100. 00
ODAPT 1360
Structure Inner & Outer Cylinder, Supports 605, 10
Bearings Inner and Outer Bearing 202.58
Slip Ring Inner and Outer, Power & Signal Slip Rings 252,20
Motor/Driver/Gear Inner and Outer 119. 75
Misc. 181. 44
SYSTEM TOTAL 4043
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generally accepted methed of quoting power density excluding tracking hardware weight

is employed.

The method used in the following analyses is very basic in nature--it simply requires
the correct assessment of 2 component for its relationship to the other components

and paraméters of the system. Then, based on a working experience with the system,
several assumptions are made which are then logically carried through to a conclusion.
In this way, diverse relationships such as the variation in extendible truss beam weight
as a function of array output power or the variation in drive system weight as a function
of cell and coverglass thickness were relatively easy to develop. The analysis is pre-
sented in full in the subsections that follow so that the reader may not only fully under-
stand the final results, but also so that he can become familiar with this estimation

method and perhaps use similar techniques on his own designs.

The following five subsections, then, analyze the effect on weight and cost of each of
the previously listed requirement changes. Each section is organized identically.
First, the effect of the requirement change on the weight of the Array, the Extendible
Truss Beam, the Other Structure, and finally of the ODAPT is determined. Then,
the effect that these weight changes have on the cost of the components is determined.
The last subsection, 3.1.6, summarizes and comhbines all of the results into Table

3.1-3, The following cost relationships were assumed in the analysis:

SYSTEM

Array - 50%
Beam and Other - 30%
Structure

ODAPT - 20%
Materials - 50%
Mfg., Test, Qual, etc. - 40%
Other - 10%

Beam and Other Structure
Beam - 30%
Other Structure - 70%

3-6
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3.1.1 Effect of Power Requirements on System Weight and Cost

WEIGHT
__r_@y- From Table 3.1-2, the weight of the baseline array is 1695 kg {Mass
will he COI’ISldEI‘ed synonomous with weight in this analysm) The end-of-life
(EOL) power of the array (after 10 years) operating at 70°C is .67.' 2 KW. Using
this power as PM.’ the array weight can be ratioed as:

W = 1695 PM
67.2

Extendable Truss Beam (ETB) - Astro Research in reference (4) gives the

weight of an articulating truss in compression as:

W=K P 2/3 where, P = compression load
Lz L = ETB length

and, K « L3.
Then, ; 2/3

WaL P )
and, o 15/3 p2/3
If L« ‘/AArray o ,‘fPM AArray = Array Area
{assuming the area density is constant),
then:

 Wa p¥3 (PM)S/G.

P, load, is due primarily to array pretension (necessary in artificial "g")
which varies with array strip length and therefore ETB length. Thus,

Pa Ll W PM ’
2/6 p 5/6
M M
7/6

Woa P

W o PM

3-7
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Finally, if the weight of the ETB is 218 kg and if the 91 kg canister weight is

assumed relatively constant, then:

. 1.17
W = 91+ 127 PM
67.2

Other Structure - The total weight of this structure is 770 kg. Ahout 362 kg of

this is array tensioning mechanisms, guy wires, etc. that remain relatively
constant with small variations of power system size. The balance is made up
primarily of the inboard support assembly and outboard support assembly, ISA

and OSA, which vary a great deal with array size.

Astro Research gives the weight of an articulating truss in bending as:

/3

W « M2 where M is the bending moment.

OSA
ISA

Assume the ISA and OSA are similar enough to the ETB to have the same weight

relationship. Then, for a cantilever beam with a uniform loading w:

Ma w LZOSA

ISA
and
wa Lw?/3 1328
. L7/8 28
But
L o ﬂ ’
50

/6 W2/3.

WaPM

Including effects of variation of loading:

wa L.

Then, Wao P /6 ;2/3

M L
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Therefore, the weight of the other structure can be estimated as:

W = 362+408 / p \1'P
M
7.2

ODAPT - Total drive system weight for the LSSSA haseline design is 1360 kg.
Most of the weight (908 kg) is assumed to be structural tie-in with the boom.
This can vary directly with the bending moment at the base of the boom due to
artificial ""g'"" operation. The rest of the weight may be considered relatively

constant.

2
MaLETB

and L« ‘/IAArray « ‘/PM

50

WD = 452 + 908 PM
67.2

System Weight Summary

From the above equations--,

WArray = 1695 PM
67.2

.

. 1,17 : :
Wopg = 91+ 12T/ Py |
67.2 - |

= A1.5
Wother Structure ~ 262 % 408( Pu )
67.2 :

Wopapp = 452+ 908 [ P
67. 2
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The following weight table can be generated:

P M PM Array Beam Sct);ﬁ?:’fure ODAPT System
67.2 (kg {kg) K (kg) (kg)
(kg)
53.7 .8 1356 189 654 1178 3377
67.2 1.0 1695 218 770 1360 4043
80. 64 1.2 2034 248 898 1542 4722

Note that only + 20% changes in EOL power have been considered. Any larger
changes are assumed to be hordering on the requirement that there be at least
a partial redesign of the beam and/or structure. The above weights have been
translated into percentage weight savings over the baseline design and are pre-
sented in Table 3.1-3.

COST
Array, Extendible Truss Beam, Other Structure, ODAPT

Because the power changes probably will occur by addition or deletion of strips
up to a maximum of + 40% or as indicated above, a more accurate + 20% change,
the cost change (conservatively) can be estimated by the cost of the added or
deleted strips alone'(i. e., neglect the cost effect of slight changes in beam,
structure, or ODAPT).

PM New Array New System
67.2 Cost Cost*
. 8 .8 .9
1.0 1.0 1.0
1.2 1.2 1.1

*Based on cost ratio of: array - 50%, beam and other structure - 30%,
ODAPT - 20%

The above has also been translated into percentage cost savings and is presented
in Table 3.1-3.
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3.1.2 Effect of Orbital Life and Cell/Coverglass Thickness on System Weight
and Cost

WEIGHT
Array
Assumptions:
1. Constant EOL Power of 67.2 KW must be supplied
2, 70°C array operating temperature '
3. Identical orbit (55° inclination, 300 nm altitude)

Figure 3. 2-17 presents the radiation-caused degradation in power supplied by
various cell/cover combinations when subjected to the space station orbit for
up to 10 years. The following table can be prepared from this data:

Fraction Fraction Cell/ New E p FE
of Power  of area Cover Array (array area
E Combination remaining " needed for Weight Weight densiiéy)
5| cell/cover . due to 67.2 KW (kg)** (kg) (kg/m=)
thickness (mils) radiation EQL Power . : o
2 12/12 . 915 .96 - 1052 1651 1.97
= 12/6 . 883 .99 833 1432 1.65
~ 8/12 . 88 .99 907 1506 1.74
o . 8/6 - .85 © 1,03 681 1280 1.42
" 12/12 .9 .97 1063 . 1662 1.96
g 12/6 . 864 1.01 850 1449 1. 64
P 8/12 . 862 1.01 925 1524 1.73
3 8/6 . 836 1.04 688 1287 1.41
# 12/12 . 874 1.00 1096 = 1695 1.94
E 12/6 - .84 1.04 876 . 1474 . 1.62
- 8/12 .84 1.04 952 1551 1.71
= 8/6 . 81 1.08 714 1313 - 1.39
*Baseline

**Assumes 6 mil cover weighs 1/2 of a 12 mil cover. Assumes from Centralab data that
the weight of 4 cm?2 of solderless solar cell is (.024 gm/mil) (Thickness + 1 mil).
Weight does not include the adhesive weight.

***Kg per square meter of power producing area of 874 m2.
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It should be mentioned at this point that the solar cells considered in this analysis
are 2 3-cm cells., For the space station orbit (550 inclination, 300 nm altitude)
the total radiation dose reaching the cell junction does not warrant the switch to
the initially lower power, 10§2-cm cells. This may be verified by consulting
Table 3.2-1., Even if 8 mil cells and 3 mil covers were considered, the worst
caseBailey data at 10 years predicts a damage equivalent, 1 MeV electron fluence
of only 7.3 x 1014 electrons/cmz. (That is, 59 x 1013 e/cm2 through the 3 mil
cover thickness from the front and 14 x 1013 e/crn2 through the 12 mil cell and
substrate thickness from the back - see table note d). From Figure 3.2-16, it
can be seen that for this fluence, the 2 £ -cm cells are still producing approxi-

mately 5% more relative power than the 10 {2-cm cells.

Ultra thin cells and covers also were not considered in this analysis due to their
extreme fragility and high cost. For an array as large and as difficult to assemble
as the Space Station Solar Array, even the 8/6 combination is thought very marginal
by some experts, especially if the shuttle payload launch cost/pound comes out as

low as expected.

Extendible Truss Beam - From section 3.1.1, the weight of the ETB is:
5/3 _2/3

W a L P

Since e
L a AArray ’

W a A5/6 Pz/s '

P, the compression load in the beam, varies as the product of the length and the

square root of the now varying area density p . (See equation (1), section 3.6).

Thus,  p 4 L/ =J/A /P .
Combining,

/6 1/3

WaA7 p

Finally, if the 91 kg canister weight is assumed constant and the remaining 127 kg

changes with array area and array area density, then:
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217 : .33
tT e

- (te) |
Other Structure - From section 3.1.1, the weight of the [SA and OSA is,

W o L7/3 w2/3.

Because the ISA and OSA are acted upon by the same sfrip preteﬁs‘io,n that causes

W = 91+127(§$T}

the compression in the extendible beam, the uniform load, w, will also be propor-

tional to L /P .

Thus

2/6

/3 02/

2/3

Wa L L

W o L3 P<1/3 .

But, .
L a‘/AArray . Thus:

waad¥? pl3

Finally, because 362 kg out of 770 kg is relatively constant,

_ 1.5 .33
W—362+408(_A_) (ng)

874
ODAPT - As before, most of the drive system weight varies with the bending
moment at the base of the extendible beam during artificial "g''. Thus, for a

cantilever beam under uniform loading (approximate):

Mo sz ETR® |
But, waLyP . Therefore, " :
M o L3‘/5_ | ' :
Since L a m , \
Mo a2 0 _1/2’ -
and Ma W, so
wa a2 p V2
Finally,

| 1.5 W5
_ A i )
W= 452+908(874) ( T.92
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System Weight Summary - From the preceding tables and equations, then, the following

weight table can be generated. It has also been converted into percentage weight

savings over the baseline design and is presented in Table 3.1-3,

ra| Combination Extendible Other
= Cell/Cover Array Beam Structure ODAPT System
| Thickness (mils) (kg) (kg) (kg) (kg (kg)

12/12 1651 212 748 1313 3924
g 12/6 1432 210 743 1277 3662
E 8/12 1506 212 750 1299 3767
10 8/6 1280 210 747 1264 3501
o |

12/12 1662 214 753 1323 3952
é 12/6 1449 212 754 1299 3714
g 8/12 1524 215 761 1322 3822
z_ 8/6 1287 211 751 1273 3522

* 2 12/12 1695 218 770 1380 4043
Ef: 12/6 1474 216 770 1332 3792
e 8/12 1551 218 77 1356 3902
; 8/6 1331 215 772 1314 3632
*Basgeline

COST
Array - Assume the cost of 874 m2 of the 12/12 combination that will supply
67. 2 KW of power at 70°C at the end of 10 years as the baseline {(100%). In
addition, assume the following cell thickness relationships from data supplied
by Centralab:

o relative cost of 2 x 4 conventional Ag Pd Ti solderless cell compared to a
18 mil, 2 x 2 conventional Ag Pd Ti solderless cell:
12 mil - 1.586
8 mil ~ 1.892
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Although actual costs are difficqlt to predict, the ratios should be approximately
correct. Assuming the ratio of cost of wraparound cells is the same as the ratio
of conventional cells,
r(8/12) ‘ = 1.892 = 1.19
| Cell 7536
From Figure 2.2, 2-5, the following coverglass cost relationships can be assumed:
¢ relative cost of 106, 2 x 4 em fused silica coverglasses compared to 106,

2 x4 cm, 20 mil fused silica coverglasses:

12 mil - 1.14
6 mil - 1.34
r (6/12) = 1.34 = 1.17.
| Cover 114
In addition to these two cell and cover ratios, it is necessary to know the relation- -
ship of the cell cost to the coverglass cost so that the true effect of changing the

cell and/or cover thickness can be assessed.

Based on recent LMSC program experience, the ratio of cost between a 2 x 4,
conventional, 12 mil solar cell and a 2 x 4, 12 mil fused silica cover is approxi-
mately 1,.60.: In discussions. with the cell vendors, it has been determined that
for large orders, a wraparound cell would cost approximately 15% more than a
conventional cell. Therefore, the true ratio that must be used for the baseline
12/12 combination is:

r (Cell/Cover) = (1. 6) (1.15) = 1,84

Extendible Truss Beam, Other Structuré, ODAPT - Because the changes in

weight of the beam, structure and ODAPT are usually'less than 5%, their effects
on systém cost can be neglected. This is a valid assumption if it is assunied
~that the weight savings of the other than array components_ are taken in reduced
material section, not in reduced parts count. This small material cost savings

would be insignificant in comparison to engineering, test, labor, etc.
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System Cost Summary - The change in area of the solar array caused by the

changes in cell and cover thicknesses and orbital life requirements would cause
the changes in cost indicated in the following table. These figures have also been

converted to cost savings and are summarized in Table 3. 1. 3.

Combination Req'd Regq'd  Req'd Req'd** Req'd***
Life Cell/Cover Array Array Array  Array System
Area Material Mig. Cost Cost
Cost¥*** (Cost
10 12/12 1.00 1.00 1.00 1.00 1.00
Years 12/6 1.04 1.09 1.04 1.06 1.03
8/12 1.04 1.18 1.04 1.11 1.06
8/6 1.08 1.28 1.08 1.17 1.09
5 12/12 .97 .97 .97 .97 .99
Years 12/6 1.01 1.06 1.01 1.03 1.02
8/12 1.01 1.15 1.01 1.08 1.04
8/6 1.04 - 1.23 1.04 1.13 1.07
2.5 12/12 .96 .96 .96 .96 .98
Years 12/8 .99 1.04 99 1.02 1.01
8/12 .99 1.12 .99 1.06 1.03
8/6 1.03 1.22 1.03 1.12 1.06
# Baseline
¥ Assuming cell/cover cost - 50%, total mfg. cost including test, qual, etc. ~

40%, other - 10%.

Ak Cost savings of ETB, Other Structure, and ODAPT have been neglected.
See Text. To arrive at the figures in this column, it was assumed that
the relationship between system component costs are as follows: array -
50%, ODAPT - 20%, beam and other structure - 30%. Thus, a 10%
increase in array cost would cause a 5% increase in system cost.

¥*k%  Sample calculation for 8/6 combination for 10 year life compared to 12/12
combination for 10 year life:

Cost ratio = [r (Cell/Cover) Cprgpp +
[r (Cell/Cover) Co

ANew
A

12/12

CCover]New X
ell " CCover]lz/lz

(1.84) (1.892) + (1.34)
[(1.84) (1.586) + (1.14) ] x 1,08

= 1.28

It
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3.1.3 Effect of Weight Optimization on System Weight and Cost

WEIGHT .
The weight savings presented below are not "exotic' weight savings that would add
inordinately to the cost. They are the relatively "easy'" weight savings that could

be obtained if low weight were deemed more critical.

Array - There are several substrate areas that could be weight optimized (in

addition to the thinner cells and covers already discussed):

1. Welding 'msteéd of soldering the solar cell would essentially eliminate the

solder weight at a savings of 17.15 kg.

2. Aluminum instead of copper interconnects would result in a savings-of

27. 6 kg for equivalent metal thlckness and area coverage

3. Integral covers {either glass or FEP) would eliminate the coverglass

adhesive at a savings of 30.1 kg,

4, Aluminum instead of copper condu¢tors in the feeder harness would result
in a weight savings of 52. 7 kg if the baéeline 112 volt system still allowed
only a maximum 1.5 volt drop. If aluminum was used in the wire harness
that runs from each strip to the diode J-box there would be an addltmnal

savings of 33.4 kg.

Taken separately, these savings are insignificant. However, taken together they

represent a savings of 157 kg or 9% over baseline array weight.

Extendible Truss Beam - The given weight of 218 kg is already the totally

optimized weight expected by Astro Research to be representative of the flight

configuration. Therefore, no savings.

Other Structure - If FEP covers were used instead of glass covers, it has been

shown that the protective embossed Kapton padding could be eliminated at a savings
of 79. 8 kg or approximately 10%. Although an additional 10% could probably be
eliminated from the other structural members, only a single 10% will be recorded

because of the present uncertainties in using an FEP system.
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ODAPT - With the constraint that there be a tunnel for astronaut access through

the ODAPT, it is difficult to design a very compact and lightweight system.

However, it would not be too difficult to reduce the ODAPT system weight by up

to 20% using composites and less rigid designs. The savings would be 272 kg.

COST
Array - The cost savings associated with each area of weight saving are as
follows:
1, Weld instead of solder - the LSSSA substrate cost should approach
$2000/ft2. If cell laydown manufacturing costs .15 manhours/cell:
mfg cosn:/ft2 = $375/ft2 .
Assume this cost breaks down as 1/3 filtering, 1/3 soldering and 1/3
cleanup. Because welding requires no fluxing, solder beading or cleanup,
perhaps 1/3 of the soldering cost and 1/3 of the cleanup cost could be
saved or 2/9 of the entire cell laydown manufacturing cost. This is a
(—3—) (375) '
9 x 100% = 4%
2000
savings of the array cost.
2. Aluminum ingtead of copper interconnects - no savings.
3. Integral covers instead of conventional covers ~ from OCLI data in Figure

2,2.2-4, 106, 2 x 4, 12 mil, fused silica covers would cost $2/cover.
From Reference 5, 106, 2 x 4 cells covered with 12 mils of 7070 glass

would cost approximately $ . 90/cover.

Because there would be slightly more radiation degradation in the 7070
glass and therefore would require more active area, assume that the
integral covers save nothing over the conventional covers except the

filtering operation. Thus, from 1 above, this saves

1
67?) (375 100% = 6%
2000

of the array cost.
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If FEP were used, assume that the material cost that is saved is exactly
the cost of the conventional coverglass but that the FEP laydown cost is
exactly the same as the cost of the conventional filtering operation, This -

would therefore save the material cost of $2/cover or

2
($2/cover) (1002c0vers/ft) x 100% = 109%
$2000/ft

Assume average cost of the two approaches would allow savings of 8%.

4. Aluminum instead of copper conductors in the feeder harness and wiring
harness - Although the aluminum would probably cost more because of
its difficult connection processes, it would be insignificant when compared

to the rest of the array cost.

Extendible Truss Beam - No cost impact.

Other Structure - The elimination of the pa'ckaging material would probably save

no more than 5% of the structure cost.

ODAPT - The 20% change in weight would be the result of smaller section thick-
nesses out of perhaps more expensive materials in combination with smaller and
therefore cheaper parts {e. g., it has been suggested that the outer-cylinder
_ structure does not have to be corrugated as it is now). Therefore, the cost

impact is assumed to be negligible.
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3.1.4 Effect of Artificial Gravity Experiment Elimination on System Weight and
Cost

WEIGHT
Array - The reduced load situation caused by the artificial ""g" elimination would

warrant a change to thinner substrate materials at a savings of 67. 25 kg.

Extendible Truss Beam - The baseline beam weight of 218 kg is a totally weight -

optimized beam that will sustain the art g'"" loads. However, if only zero "'g"
loads are required, the weight change could be estimated by the same methods

" used previously.

From 3.1.1, the weight of an articulating truss in compression is

W o L5/3 2/3

P
For present considerations, L is constant. Therefore,

W a p2/3

From reference 1, pg 3.1-15, Figure 3. 1-10,'.the resultant compression oh the
beam load during artificial "g'" is 1590 lbs. Thas, assuming a relatively constant

canister weight of 91 kg:

W = 91+ 127 P
1590

From the same figuré, it can be seen that if only zero "'g!' operation was required,
P3 X 4 =276 x 4 = 1104 Ibs would be eliminated; P5 = =132 lbs would be eliminated;
and probably at least 1/2 of P, =0.5x 528 x ,933 = 246 lbs would be eliminated.
Therefore P = 1590 ~ 1104 - (~132) - 246 = 372 Ibs. Thus, an estimated beam
weight would be

. 67

. 67
W = 81+ 127 (-T%%%—) = 139 kg as opposed to the art 'g'" weight of 218 kg

This is a savings of 79 kg.
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Other Structure - If only the zero "'g" operation was required, all of the strips

could be pulled up at once. Out of the entire baseline tensioning mechanism, only
the tension springs would be needed at a weight of 10 kg for all 20 strips. This
would be a savings of 33.8 kg.

ODAPT - From 3.1.1, the drive system weight can be assumed to vary with the
bending moment at the base of the beam. This moment, because of the compli-
cated loading and support system, can be assumed to vary with the magnitude of

the axial beam column load. Thus,
M a P.

As before, 908 kg out of 1360 kg is assumed to be structural tie in with the beam.
Also, it was previously determined in this subsection that during artificial "g"

there is a1590 1b compression load. Thus,

WaMalP

and W = 452 + 908 P
1590

From reference 1, p.g. 3.1-17, the zero "g' tip load is 280 lbs,

Therefore, the zero ''g'" drive system weight is estimated at:

W = 452+ 908 [ 280 \ = 612 kg
1590

This is an indicated savings of 748 kg or 55%. Obviously, this result must be
tempered slightly. Assuming all of the structure and bearings were reduced in
weight by 1/2 because of the greatly reduced load, the savings would be approxi-

mately 500 kg or 35%. This is 2 more reasonable figure.

COST

Array - Thinner substrate materials wouid have an insignificant effect on cost.

Extendible Truss Beam - A beam that weighs 79 kg or 27]?8 x 100% = 36% less

because of a strength requirement reduction probably could be fabricated in a

less strong fashion, i.e., a simpler design. Therefore, because there is a weight
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and strength reduction it would probably be safe to ‘c‘astimate a cost reduction
that reflects not only rather insignificant cost changes caused by reduced cross.
gection and cheaper materials, but also by simpler fabrication techniques due
to the simplified design. Therefore, assume that the cost savings for the beam .

is half the weight savings or 18%.

Other Structure - The reduced cost of the tensioning mechanism is insignificant.

ODAPT - Although there is a large change in weight, there has been no assumed
change in function or basic drive system size. Therefore, the weight change is in
part the result of changes in section and in part the resuit of changes in load, e. g.,
less load requires lower powered (lighter, cheaper) drive motors. However, the:
weight savings attributed to the 500 kg or 35% should probably be no more than

15-20% because of the remaining electronics and mechanisms.
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3.1.5 Effect of Retraction Requirement Elimination on System Weight and Cost
WEIGHT
Array - If there were no requirement for retraction, the largest weight change

in the substrate would be the elimination of the hinge and stiffeners. Because of
the fact that the stiffeners are also edge tear reinforcements, they would have to
be replaced with, perhaps, a very open weave scrim-type cloth at a weight savings
of probably 15. 72 kg or 75%. The aluminum :hi_n'ge could be completely eliminated.
If the fiberglass at the joint were folded over and punched, a simple piano hinge
would be formed. A , 040" diameter magnesium rod would still allow for easy
module replacement. The weight savings for the hinge would be approximately

.2 1b/module or 75. 29 kg/array.

Extendible Truss Beam - If there were no retraction requirement, the Extendible

Structure Number 6 in Matrix J on page 4-79 of Reference 6 could be used. It
has been estimated that this beam would weigh approximately 68 kg. Although two
of them would still be needed, there would be a net savings of 82 kg.

Other Structure - No change.

ODAPT - No change.
COST
Array ~ The net effect of the elimination of the baseline hinge and stiffeners

would be insignificant.

Extendible Truss Beam - Replacement of a retractable beam with a non retractable

one would probably result in a cost savings of 25% because of the lesser degree of

complexity required.

Other Structure - No change.

ODAPT - No change.
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3.1.6 Summary of Effects on System Weight and Cost

As indicated previously, all of the weight and cost savings associated with the various
possible parameter or requirement chénges over the baseline have been converted into
percentages and are presented in Table 3.1~3. (Note that minus sigﬁs ‘indicate in-
creases in cost or weight and that dash lines indicate insignificant changes in cost or
weight). As with any estimation, however, a certain degree of constraint must be
exercised in using the results. Arbitrary additions of individual cost or weight savings
cannot he made without careful consideration of the associated assumptions. In addition,
although many of the estimates are on the conservative side, there are sonﬁe that might
be considered optimistic due to their taking for granted somé processes not yet space
qualified (e.g., welding of solar cells to interconnects on a large scale, connection
procedures for aluminum flat conductor cable? etc.). At this printing, however, the
needed technology areas associated with the various uncertainties are developing well

'

ahead of their expected need date.

Notwithstanding the above, and considering the fact that the five basié parameter
changes do not have an independent effect on the weight or cost of a new design, the
table may best be uséd if the savings are considered fractional red{ictions of the

weight or cost of the baseline design instead of discrete, totally independent reductions.

For example, if the new requirements were:
. 2-1/2 year life (instead of 10 year)
L Total weight optimization, : |

the table indicates a possible savings over the baseline design of;

SYSTEM SYSTEM

WEIGHT COST

SAVINGS SAVINGS
PARAMETER (%3 (%)
2.5 yr, 8/8 14 -6
Weight Optimize 13 » 7

(The 8/6 combination was used because light weight is now desired).
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TABLE 3.1-3
PERCENTAGE WEIGHT AND COST SAVINGS ASSOCIATED WITH CHANGES

IN THE SSSA BASELINE DESIGN REQUIREMENTS *¥#*
(minus sign indicates higher cost or weight)

Other
Ref. Parameter Array Beam Structure ODAPT “ System
Sec. Changed Weight Cost | Weight Cost | Weight Cost | Weight Cost || Weight Cost
2.3.1.1 | Power
.8 Ppgx = 53.8 KW EQOL 20 20 13 - 15 - 13 - 186 10
* 1.0 Pmax = 67.2 KW EOL 0 0 0 ¢ 0 0 0 0 0 0
1.2 Ppgx = 80. 7 KW EOL -20 -20 -14 -- =17 -- =13 - -17 -10
**k 12.3,1,2 | Orbital Cell/Cover
Life (Yrs) Thickness {(Mils)
12/12 3 4 3 - 3 - 3 -- 3 2
5 5 12/6 16 -2 4 -- 4 -- 6 - 9 -1
' 8/12 11 -6 3 - 3 -- 4 -- 7 -3
8/6 24 -12 4 e 3 -- 7 -- 14 -6
12/12 2 3 2 -- 2 -- 3 -— 2 1
5.0 12/6 15 -3 3 -- 2 - 4 -— 8 -2
: 8/12 10 -8 1 - 1 - 3 -- 6 -4
8/6 24  -13 3 -— 2 -— 6 -~ 13 -7
* 12/12 0 0 0 0 0 0 0 0 0 0
10.0 12/6 13 -6 1 - 0 -- 2 - 6 -3
: 8/12 8 ~-11 0 - -1 - 0 - 4 -6
8/6 21 -17 1 -— 0 -- 3 -- 10 -9
**% 12,3.1.3 | Weight Optimize 9 12 -- -- 10 3 20 - 13 7
2.3.1.4 | No Artificial ""g" Experiment 4 - 36 18 4 -- 35 20 17 6
2.3.1.5 | No Retraction Requirement 5 -- 38 25 - ~= -- -- 4 2

* Indicates Baseline Design
** Agsumes Identical EOL Power of 67.2 KW
*%% [necludes welded solar cellg, aluminum interconnects and feeder harness, integral or FEP coverglasses, and
a weight optimized ODAPT. Does not include thinner substrate materials as this is considered if artificial "g"
experiment is eliminated. Does not include thinner cells and covers.
**%%x See text for instructions on using the figures in this table.
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An estimation of the new system weight and cost would be:

WEIGHT
COST

It

(.86) (.87) = .75
(1.06) (.93) = .99

In examining the analysis, however, it will be seen that although the weight and cost
estimates for the orbital life and cell/cover thicknesses are probable close, the cost
of the weight optimization depends largely on the application of FEP or integral cover-
‘glasses and the welding of the solar cells instead of soldering. If these processes were
determined infeasible, the new system welght could very well be 75% of the former
weight as indicated above, but the new system cost would be 6% hlgher-—entlrely
caused by the more expensive array substrate For a space station solar array
system that will cost in the tens of millions of dollars, 6% is a rather substantial

sum,

However, accepting the table as an estimation only, the following interesting and

perhaps probable requirement changes with their associated savings can be noted:

SYSTEM
SAVINGS
1. 2.5 year life" WEIGHT - 38%
total weight optimization COST - %
no art. "'g'" experiment
2. 5.0 yr life
light weight system WEIGHT _ 399
H z 1 ptd
high loads approaching art "g" loads COST _ 129
no retraction requirement
80% power required
3. 10.0 yr life “
light weight system WEIGHT 7 35%

no art "g'" experiment COST | - 59,
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3.2 SOLAR CELL PE RFORMANCE' AND LOSS ANALYSIS

The purpose of this section is to outline the basic considerations used in determining.
the internal losses in performance of a solar cell. Those parameters that inﬂuence.
beginning of life (BOL) and end of life (EOL) performance of the solar cells are '
‘explained with specific examples of the Space Station analysis included for a clearer
understanding of the techniques involved. It will be noted that most of the working
curves in this section were taken from two technit:al reports written by Centralab '
and Heliotek (see references 1 and 2 at back of section). These reports should most

definitely be consulted if a detailed discussion of the curves is desired.

Basically, there are five factors that will influence the per-unit-area perfoi'mance of
a silicon solar cell. These are: cell base resistivity, cell thickness, cell operating
temperature, amount of particle irradiation that has reached the cell junction,. and

UV degradation. The sun energy incident on a cell in earth orbit has been determ ined
by many investigators to be approximately 135 mw/cm? and in the form of a spectrum
of intensities at various wavelengths. Figure 3.2-1 shows this spec‘trum as measured
by Johnson (Reference 4). Figures 3.2-2, -3, -4 and -5 illustrate how the cell responds
{o these energy Wavélengths as a function of cell resistivity, thickness, temperature
and radiation. Note that it is most sensitive to wavelengths around 0. 8 microns while
the solar spectrum peak is at 0.33 microns. .In géneral, however, solar cells have a -
conversion efficiency of approximately 11% and are able to provide a useable power
“level of at least 15 milliwatts per square centimeter when under illumination of 1,0
suns. Figure 3.2-6 shows the variation in solar cell parameters as a function of

increasing or decreasing solar intensity.
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In order to determine how much solar cell power should be supplied at BOL to provide
enough power at EOL, the cell resistivity and thickness {and protecting coverglass
thickness), have to be traded-off against the expected irradiation, cell operating ‘
temperature and other loss effects. There are various approaches used in the industry
but basically they involve Solving for the F factors in the following formula:

P

Ppor = —EOL (1)
™ (Fi)
i=1
where
PBOL = Beginning of life power
PEOL = End of life power (maximum required vehicle power})
a (F) = Product of all of the loss factors (loss factors usually
i=1 less than 1.0) where:

Fl = Radiation loss factor

F2 = Temperature loss factor

]5‘3 = Effectivity loss factor
4

F, to F,, = Other loss factors

Some. typical solar cell curves are shown in Figure 3. 2-7 for 8 mil and 12 mil, 2 x 4

cm wraparound solar cells. These two cells will be used for determining loss factors
.in the following example.
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Figure 3.2-7 Typical 2 x 4 Wraparound Solar Cell I-V Curves
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5.2.1 Radiation Loss Factor

The number of damage equivalent, 1 MeV electrons per square centimeter that reach
the cell junction is the basis upon which all solar cell degradation due to radiation is
determined. Equivalence implies the combining of the effects olf electrons and protons
of differing energies through the use of a relative damage coefficient yielding the same
effect as does a unit fluence of 1 MeV electrons. The method of determination was |
initially developed for the DASA-funded Trapped Radiation Handbook (Reference 5)

and is detailed for Space Station parameters in Reference 3, Appendix B. 6. The results
of this study are shown in Table 3. 2-1 and are similar to what should be developed for
any specific mission in question. The equivalent 8iO,y shield thickness in the table is
the equivalent material thickness protecting the solar cell junction whether it is from
the frpht by the coverglass or from the back by the substrate and bulk cell material.
The silicon p material offers some protection from the back to the junction because

the junction is within a few microns of the front of the cell. (10 2-cm cells were not
considered in this tradeoff because, as seen in Figure 3.2-16, 2 -cm cells always
have more power output than 10{-cm cells until a fluence of 5 x 1615 electrons has been
reached. It was known by experience that the space station array would not exhibit

this "erossover' fluence. If it had, additional fluence tables would have to have been
calculated).

The next step in the determination 6f the radiation factor is the calculation of Table
"3.2-2 by using the data of Table 3. 2-1 to determine total front and back side fluences
for the various cell and cover thicknesses under consideration. (If the substrate is
honeycomb, there will be essentially zero backside fluences). The 300 nautical mile,
55° inclination Space Station orbit was used in conjunction with the worst case ‘Bailey
data. Only four cell/cover thicknesses combinations were considered in this example
because of weight, cost, and breakage considerations. Every array has its own specific

_requirements that make such exclusions possible,
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ge-¢

EQUIVALENT 1 MeV ELECTRON FLUENCES,
CELLS IN LOW ALTITUDE CIRCULAR

TABLE 3.2-1

& (e/cm?), FOR N/P TYPE SILICON SOLAR
OKHBITS IN THE TIME PERIOD 1977-1990

Mission b h
Duration 2.5 years 5 years 10 years
Trapped + Trapped + Trapped +
Trapped Bolar Flare Trapped Solar Flare Trapped Solar Flare
Only Bailey Webber Only  Bailey Webber Only Bailey Webber
Inclination  Altitude  Equiv.
Sloz a a a a a a a a fa
ihmiilfi feq Boq 2aq Feq Peq Teq Teq ®eq Peq
{mils) (e/cmz) (e/cmz) (e/cmz) (e/cmg) (e/cmz) (e/cmz) (e/cm2] (e/cmz) (e/cmz)
90 200 3 2.1 25 3.3 4.3 27 11 8.6 31 15
6 .96 12 5.2 1,92 13 6.2 3.8 15 8.1
12d .43 5.3 9.1 .86 5.7 3.5 1.7 6.6 4.4
15.7¢ 32 3.8 2.4 . G4 4,1 2.7 1.3 4.7 3.4
300 3 7.1 30 13 14 a7 20 28 51 34
6 3.4 15 7.6 6.8 18 11 is 25 18
12 1.6 6.5 4,3 3.3 8.2 5.9 6.6 11 9.2
15,7 1,2 4,7 3.3 2.4 5.9 4.5 4,8 8.3 6.9
55° 200 3 2.6 25 8.8 5.2 28 11 10 33 17
1] 1.3 13 5.5 2.6 14 6.8 5.2 17 9.4
12 . 6O 5.5 3.2 1,2 6.1 3.8 2,4 7.3 5
15.7 LA 3.9 2.5 .87 4,3 3.0 1.7 5.2 3.8
300 3 9.1 32 15 18 41 24 36 59 42
[ 4,68 16 8.8 9,1 21 13 138 39 22
12 2.2 7.1 4.8 4.4 2,3 7.0 4,8 14 11
15.7 1.6 5.1 3.7 3.3 6.7 5.4 6.6 10 B.7
28,5 200 3 .69 . 69 . 69 1.4 1.4 1.4 2.8 2.8 2.8
6 .33 .33 33 66 . 66 .66 1.3 1.3 1.3
12 .18 .18 B8 .36 36 .36 72 .72 .72
15.7 .18 .15 15 .30 . 30 .30 .30 L) . 60
300 3 6.8 6.3 6.3 13 13 13 25 25 25
& 3.5 3.5 4.5 7.1 7.1 7.1 14 14 14
12 2.0 2.0 2.0 4.0 4,0 4.0 8.1 8.1 3.1
15.7 1.6 1.6 1.6 3.3 3.3 3.3 6.6 6.6 G, B

Zote that the values for q)eq are in units of 1(}13 1 MeV electrons/cmz.
bSﬁlar Flare contribution for worst case 2.5 and 5 year mission heginning in 1977.
®his value is for a 12 mil cell thicknesa and a 3 mil equiv. thickness for the cell Substrate,

dThis value ig slightly greater than the actual {11,57) thickness for an 8 mil cell thickness & A 3 Mil Equivalent Thickness
For the Cell Substrate.

€ror this inclination orbit the solar fare contribution may be small, Values guoted are for 85° or greater inclination
and are upper limils.
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TABLE 3,2-2
EQUIVALENT 1 MeV ELECTRON FLUENCE SUMMARY OF CELL DEGRADATION

BAILEY DATA - 300 NM - 55° INCLINATION - FRONT
AND BACK SIDE

Cell/Cover
Thickness Exposed
(Mils) Surface 2.5Yr. 5.0 Yr. 10.0 Yr.
' 13 13 13
12/12 Front 7.09 x 10 9.30 x 10 13.7 x 10
Back 5.11 6.75 10.0
Total 1.220 x 1042 1.605 x 1014 2.37 x 10+
12/6 Front 16.0 x 1013 20.5 x 107° 20.6 x 101°
Back b.11 8.75 _ 10.0
Total ' 2.111 x 1014 2,795 x 1012 3.96 x 1014
Front 7.09 x 1012 9.3 x 1013 13,7 x 1013
8/12 Back 7.09 9.3 13.7
Total 1,418 x 102 1.86 x 1014 2.74 x 1014
Front 16.0 x 101° 20,5 x 101° 29.6 x 105
8/6 Back 7.09 9.3 13.7
Total 2.309 x 104 2.98 x 1014 4.33 x 10

"After the total equivalent 1 MeV electron fluences have been determined for the candidate

cell/cover combinations, cell degradation curves are consulted to determine the losses

in Ise» Voo Pmax and V at Poax- (See Figures 3.2-8 through -15 which are plotted

from data in Reference 2.

Figure 3.2-16 presents the degradation in maximum power

for 2 and 10 & cm cells of various thicknesses versus fluences of 1 MeV electrons.

Although it was seen in the other curves that the thicker cells degrade at a faster rate,

Figure 3.2-16 shows the true relationship between the cell thicknesses when actual

power output of the thicker cells is considered). A final tradeoff of the thickness of

the cell and cover can usually be made by plotting relative maximum power vs orbital life.

This has been done in Figure 3. 2-17 for the given example.
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Figure 3.2-10 2Q-cm Degradation Data - % Loss Prax
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‘From a curve such as Figure 3.2-17, a final cell/cover combination can be selected by éon-
sidering the cost, weight, area, breakage requirements, ete. (See specific sections

in this report that relate to the basic array componenfs). At the end of the array's

10 year life, then, the percent of power remaining for the selected configuration is

the radiation loss factor for Equation (1). For the Space Station, the tradeoffs led

to the selection of a 12 mill cell and a 12 mil coverglass. (See Section 3.1 for the

effect that the other cell/cover combinations would have on the array system weight

and cost), Therefore, the radiation loss factor (F{} is 0. 874 after 10 years.
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3.2.2 Temperature Loss Factor

The variation in the various solar cell parameters as a function of temperature is
plotted in Figure 3. 2-18 with 30°C as a basis. After a thermal analysis and/or test
has been conducted on the solar cell substrate to determine the cell operating tempera-
ture, Figure 3.2-18 is consulted to determine the reduction (or increase) in cell para-
meters. The relative power output corresponding to the detérm'med temperature is

the temperature loss factor for Equation (1). Because the maximum cell operating
temperature for the space station array is expected to be SOOC, the temperature loss
factor (F9) is therefore approximately 0. 7. {For certain requirements, it may be
desired to use the average cell operating temperature, which would change this loss

factor}.
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3.2.3 Other Loss Factors

LMSC-D159618

Listed below are the other factors that may contribute to power losses in the array.

Parameter Loss Expected*

e Assembly : 3%
coverglass transmission

cell mismatch

series/parallel
Micrometeoroid erosion Not determined
Thermal property degradation 2%
¢ Aging, UV (8109, Blue Filter, ' 2%

Coverglass Adhesive)

® Seasonal variation in solar flux 3%
energy (from solstice to equinox)

*These factors are average losses based on LMSC experience
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3.2.4 Beginning of Life Power

After all of the loss factors have been determined, they are multiplied together and
divided into the required end of life power to obtain the needed beginning of life power.

For the above exampile,

n
‘n’ (Fi) = ,553
i=1
Therefore, PBDL = PEOL = 1.8 PEOL
. 553

Thus, app;roximately 1.8 times as many cells are needed at beginning of life to cover
the degradation that occurs by end of life of the Space Station Solar Array.

With the above determined value, the solar array designer knows what ratio of power
must be supplied to cover the internal solar cell losses. The geometric factors and
the physical configuration of the array (series/ parallel arrangement, number and size
" of panels, etc.), however; must be determined from considerations of the entire power

system,
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3.3 THERMODYNAMICS OF FLEXIBLE SOLAR ARRAYS

As seen in Figure 3.2-18 the operating temperature of a solar cell has a pronounced
effect on its output. It is therefore critical that a good thermal analysis and/or test
be performed on the solar panel in_ order that worst case ftemperatures and therefore
worst case power levels can be predicted. Tables 3.3-1 and -2 below present some
thermal conductivities and optical properties of flexible substrates so that this analysis
can be made. Figure 3.3-1 shows the effect of temperature on the total hemispherical

emittance of FEP Teflon and fused silica coverglass materials.

.~ TABLE 3.3-1. |
THERMAL CONDUCTIVITIES OF FLEXIBLE ARRAY COMPONENTS

THERMAL CONDUCTIVITY

COMPONENT - (Btu/Hr-Ft-°F) '
Solar Cell/Coverglass 50.
Kapton . 097
FEP : .11
-Copper 226.
Aluminum _ 135,
Silver 242,
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TABLE 3. 3-2
THERMAL PROPERTIES OF LMSC FLEXIBLE SUBSTRATES
(Tolerances — « + .03, € +.05)

Front Back Back {(w/Kapton) * Other
€IR | us €IR s €IR as IR oS
Centralab 12 mil solar cell, 12 mil fused
silica cover, blue filter & AR coating, .81 .70 .03 .10 .84 .33
silicone adhesive diffuse Ag-Ti solderless
cell back
Same as above but no blue filter on coverglass .81 . 80
Centralab 12 mil solar cell, 5 mil type C FEP 88 83

cover, thermally bonded

ANYAIWOD 3IADYAS 8 SIATISSIA AIIHNTOT
FG6-¢

Heliotek 12 mil solar cell, 12 mil fused silica
cover, blue filter & AR coating,silicone :

adhesive, shiny "orange peeled'" appearing 81 -74 - 03 - 10 - 84 - 33
Ag-Ti solderless cell back

Same as above but no blue filter on coverglass .81 .83

Heliotek 12 mil solar cell, 6 mil microsheet
cover, blue filter & AR coating, silicone .82 .78
adhesive

SAT (French Mfg.) solar cell with TiOg AR
cell coating, 12 mil fused silica cover, blue :
filter & AR coating, RTV 602 cover adhesive, -84 71 -10 +35 -85 -5l
diffuse soldered cell back

1 mil Kapton, 1/2 mil FEP thermally bonded _ 50 | 45
to opague copper foil : .

1 mil Kapton, 1/2 mil FEP thermally bonded ‘
to opaque 5 mil Dodge Ind. 3658-5 FEP .88 1 .70
impregnated fiberglass \

8T96STA-DSIW'T
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Although it is beyond the scope of this report to explain how to perform a thermal

analysis of a solar array (see Reference 1), Table 3. 3-3 was prepared in order to

give the designer a feel for what solar cell temperatures to expect on a flexible solar

array.

Two designs using the printed circuit substrate approach are presented--one

with wraparound cells in low earth orbit (Figure 3. 3-3), the other with conventional

cells in synchronous orbit (Figure 3. 3~4). Several design suggestions obtained as

a result of the two analyses are as follows:

1.

The heat from the solar cell travels through the solder spots and spreads
throughout the substrate via the circuit. The heat is then conducted
through the thin layer of Kapton directly over the circuit and then is
radiated to space. Therefore, it is advantageous to make the circuit as

large as possible.

If the area of the electrical connection is made very small, e.g., if ultra-
sonic bonding is used instead of soldering, there wil} be very little, if any,
effect on the cell operating temperature. (In the thermal analysis of
Reference 1, typical thermal resistances of the substrate were of the

order of 100, 000. Resistances of the solder spots were of the order of 50 -
magnitudes less, Therefore, these resistances could be essentially neglected
and the assumption could be made that the electrical contact nodes were
heat sources at constant temperature. Thus, even if this spot were
decreased in size by a factor of 100, the resistance would be raised to the
order of only 5000--still orders of magnitude less than that of the suhstrate.
As a result, it would still be a good approximation to assume the smaller
contacts as heat sources at constant temperature and little if any effect
would be seen in the cell operating temperature. In addition, if considera-
tions of actual conduection area reduction, actual conduction length reduction,
and actual increases in thermal conductivities of interconnect metals over
solder, it will be found that the small area welding situation is as good as,

if not better than, the large area soldering situation.
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3. The amount of heat that can be radiated from the backside of the array

is proportionaﬂ to the average temperature of the substrate. Therefore,

the circuit patiern should be spfead cut as uniformly as possible, leaving

no relatively large (cold) areas of Kapton,

4, To prevent the absorptance at albedo and earthshine and also allow maxi~

mum radiation of heat from the cell back to space, the optical property

magnitudes shown in Figure 3. 3-2 of the subgtrate and cell back are

suggested. A low o cell back and a high 7 substrate have the most

effect on the elimination of the "greenhouse effect" in flexible solar arrays.

TABLE 3.3-3

COMPARISON OF CALCULATED STEADY STATE
TEMPERATURES OF FLEXIBLE ARRAYS IN ORBIT

LOCKHEED MISSILES & SPACE COMPANY

LOW EARTH ORBIT SYNCHRONQOUS ORBIT
(270 nm, p = 0% (22,000 nm)
MAX CELL T MAX CELL
DESIGN TEMP DESIGN TEMP
LSSSA Design {33% copper 175°F L.CS Design (30% copper 135°F
by area) by area)
(See Figure 3. 3-3) (See Figure 3. 3-4)
LSSSA Design but 160°F LCS Design but " 121°%F
| 100% copper by area 100Y% copper by area ‘
Flat Plate Conduction Model - 154°F Flat Plate Conduction Model-| 117°F
0° AT through substrate, 0% AT through substrate,
LSSSA Thermal Properties LCS Thermal Properties f
Radiation Model - LSSSA 211°F Radiation Model - LCS 200°F
Design but no conduction Design but no conduction
through solder spots (sub- through solder spots or !
strate separated from cells) tabs (substrate separated
from cells)
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SOLAR CELL

CELL BACK — LOW o, HIGH £, HIGHe

MAXIMIZE MINIMIZE
THIN SUBSTRATE HEAT OUT /\ HEAT INTO CELL
OF CELL (ALBEDO OR EARTHSHINE)

CELL SIDE QOF SUBSTRATE

TRANSPARENT
SUBSTRATE LOW «, LOW P,
HIGH 7
OPAQUE
SUBSTRATE HIGH «, LOW p, T= 0,
LOW ¢

SPACE SIDE OF SUBSTRATE

LOW «, HIGH 2,
LOW 7

LOW «, HIGH ¢, T= 0,
HIGH ¢

Figure 3,3-2 Backside Thermal Property Magnitudes to Minimize Cell Temperature
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Figure 3.3-3 Space Station Solar Array Substrate Design
(Wraparound Cells)

Figure 3.3-4 Lockheed Communications Satellite Substrate Design
{Conventional Cells)
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3.4 CAUSES AND EFFECTS OF HOT SPOTS

In the 1969 IECEC (Intersociety Energy Conversion Engineering Conference), F. A. '
Blake and K. L. Hansen of General Electric reported a phenomenon tﬁat they
"discovered" while studying the problems associated with high voltage solar cell
systems. (See Reference 1). In general, the phenomenon, labeled as the "Hot Spot'
failure mode, causes very localized heating in solar cell arrays and produces, among
other things, high temperatures in the affected areé. In contrast to the historic study

of gross shadowing effects which should ideally cause power losses nearly proportional
to the area of the shadow, the Hansen/Blake paper pointed out that solar array designers
should also study the effects that "small'" shadows, édges of large !shad(iws, or open
circuits have on the remaining unaffected cells, i.e., determine the magnitude of the

""Hot Spot" effect on these remaining cells. As stated in the paper,

"The sequence of events in the oecurrence of a ”Hot Spot" is:

1. An anomaly which affects the current output of one or mofe cells occurs
in a.series element in a solar array string. The anomaly can be the result of cell
failure, interconnect fallure, or partlal shadowing. Note that not all of the cells in

the series element are affected.

2. The ope'rating point on the I-V characteristic curve shifts for all of the
series elements in the string, with the troubled element being driven into the negative
‘voltage region and the normal elements moving to higher positive voltage operating
points. The summation of the higher voltages compensates for the reversed voltage
across the troubled element and aIIdws’ the total voltage across the string to remain

essentially constant.

3. The anomalous element dissipates part of the power produced by the
remaining normal elements with which it is in series. The dissipation is proportibnal
to the current transmitted and the voltage drop. '
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4. The temperature of the current carrying cells in the dissipating element
rises, Under some conditions of cell layout, array temperature, and array con-

struction, the temperature may reach or exceed the solder melt point,

5. If the solder melt temperature is reached, the opening of additional cell
interconnections increases the power dissipation per cell and the failure progresses

until the entire circuit is failed open. "

Since this paper was presented, the "Hot Spot' failure mode has been the subject of
much conversation and consideration by solar array designers. The most compre-
hensive, subsequent study of the phenomenon to date was performed on the Skylab-
Orbital Workshop solar panels under the presence of shadows from the ATM solar
panels. Preliminarily studied by Jim Miller of NASA-MSFC (see Reference 2} and
then fully analyzed by TRW (see Reference 3), this mission analysis has produced

an example of methods and techniques that should be used in the determination of
solar panel design from considerations of failures induced by shadows and open cir-
cuits. However, as is the case with mos{ mission-specific analyses, the problem

at hand took precedence over the generalized problem. The purpose of this section,
then, is to summarize in one place the causes and effects of, and the design considera-
tions related to, the '""Hot Spot" phenomenon so that the problem can be addressed for

other misstons with different boundary conditions,
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Causes of Hot Spots

There are three main causes of "Hot Spots'":

1.

Shadows - The most immediate and direct cause of "Hot Spots" if the

vehicle shades the solar panels. ‘The shadows can be either hard (umbra)
or soft (penumbra) shadows depending on the size of the obstacle as well

as the solar panel-to-obstacle distance.

Open Circuits - In a well~designed array, these should not occur in

appreciable numbers even for very long missions,

Cell Mismatch - A general term denoting anything that causes non-uniform.
1I-V outpuf between cells, espécially between cells ﬁrithin a parallel sub~
module. (This cause can be virtually eliminated through good design and
manufacturing practices). It can result from: a} Selecting poorly matched
cells to begin with, b) Non-uniform cell temperatures, ¢) Non-uniform
degradation, d) Non-uniform contamination causing Isc losses and non-
uniform temperatures, e) Broken or cracked cells, f) Non-uniform circuit
impedance resulting from cold solder joints, relatively small conductance

area through joint (thermal cycling damage), ete.
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3.4.2 Effects of Hot Spots

The three causes of "Hot Spots" all result in a reverse voltage bias being imposed on
the remaining operational cells. This is because of the failure of one or more cells

to pass as much current as the remaining operational cells in the same paralleled
submodule. The non-failed portion of the array is forced to operate at the maximum

current capability of the operative cells of the failed submodule. See Figure 3. 4-1.

r—-—-——b———

<

Neg

Represents the I-V characteristics of the affected submodule

a.

b. Represents the I-V characteristics of the non-failed portion of the solar array

c. Represents the summary of solar arrays a and b and the I-V characteristics
of the composite system

d. The dashed line represents the system operating voltage

e. The solid line represents the level of current limiting by the failed portlon

of the array

Figure 3.4-1 Shadowing Effects
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The operational cells in the failed submodule must dissipate power equal to the product
of the current passed (line e) and the impressed negative voltage (VNEG) as deter-
mined by the system operating voltage (line dj. The sum effect of a shadow, open

circuit or cell mismatch ig, therefore, any one or all of the following:
1. Loss in array power

2. Cell breakdown causing shorts (because of too high a reverse voltage

being imposed on the cells)

3. Local heating severe enough to cause:

a) Solder melting (open circuits)
b) High thermal stress
c) Limited thermal cycling fatigue life

d) Other high temperature~induced damage to the solar panel

It should be stressed th)at the magnitude of the '"Hot Spot” effect is directly related
to the reverse voltage characteristics of the panel solar cells. These characteristics
received no control at the vendors. Obviously, this makes the problem that much
harder. If shadowing and open circuits are expected to be a serious problem, the
cells received for production use must be thoroughly characterized in the reverse

region.
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3.4.3 Design Considerations of ""Hot "Spots”

The desgign variables that are significant and that must be considered when designing
| solar panels to re'duce or eliminate ""Hot Spot” failures are presented in Table 3.4-1,
With the increasing complexi.ty- and longer life requirements of present day space
véhicles, it is a very real problém that shadows and/or open circuits could exist or
develop. The following design considerations should be carefully weighed in con-

junction with the other system tradeoffs.

TABLE 3.4-1
"HOT SPOT" DESIGN CONSIDERATIONS

PARAMETER | REMARKS
I-V Characteristics of Array Solar Ideally, cells should break down where the

Cells in the Reverse Voltage Region impressed cell voltage becomes negative,
: : causing a system I-V characteristic that

is simply one series element less than the

no-fault I-V characteristic and a power to

be dissipated of zero. However, because :

this is not in actuality possible, a tradeoff

must be made between the existing break-

down voltage and the effect that this break-
down voltage has on the magnitude of the

power that must be dissipated. See Figure

3.4-1, :
- Magnitude of Results That Shadows The theoretical open circuit or shadow is
and Open Circuits Have on System much worse than actual case. Thus, non
I-V Characteristics faulted cells can be driven to a higher

current than they can generate, allowing
higher current plateaus, resulting in lower
reverse voltage as given in Figure 3.4-1.
In addition, Figure 3.4-2 shows the relative
differences in effect of a shadow as opposed
to an open circuit on the system I-V
characteristics.

3-67

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

TABLE 3.4-1 (Cont.)

PARAMETER

REMARKS

Magnitude and Range of Power
System Operating Voltage

Operating Temperature of Solar
Cells

BOL/EOL Characteristics of Solar
Panel

Dynamics of Shadow Travel

Number of Cells in Parallel

Number of Cells Experiencing a Fault

Circuit Design

Power dissipation is directly related to the
reverse voltage experienced by the module
and the circuit operational voltage of the
power system. Thus, not only the magni-
tude but also the range of the power system
voltage should be minimized.

See Figure 3.4-3. Power to be dissipated
is reduced as the cell operating tempera-
ture is increased.

Similar to cell operating temperature effect.
Power to be dissipated is reduced as the
integrated radiation damage increases,
i.e., as EOL is approached,

Solar cells require from a few seconds to
several minutes to develop shorts if
operating under reverse bias conditions,
Both an increase in electrical stress
duration and repetitive application of stress
can cause cell failures.

The greater the number of cells in parallel
(except for one) the less is the power that
has to be dissipaied per cell, i.e., in
Figure 3. 4-1, plateau e would relatively
move up and thus effectively reduce VNgg.
If there is only one cell in parallel, a
shadow or open circuit "shuts off*! the
series string and thus reduces the power
to be dissipated to zero. '

"Hot Spot'' effect is most severe when the
fault is confined to a single series element.
Additional faults in other elemenis in the
same series circuit reduces the heating per
cell.

The "Hot Spot''-related purpose of idealized
circuit design is to eliminate open circuits
by providing redundancy in, and eliminating
all stresses in, all electrical contact joints.
Good circuit design should approach this
ideal.
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TABLE 3.4-1 (Cont.)

PARAMETER B | REMARKS

Fabrication Techniques Good fabrication techniques will minimize
: ' cell mismatch and unbonded cell contact
joints.
On Array Electronics For the penalty of weight, cost and voltage

drops, diodes may be used to protect the
gsolar panel from shadows, open circuits
and gross cell mismatches. (See Section
3. 5). ' :

Reliability : Probablistic magnitudes of open circuits,
. cell breakdown voltages, etc. must be
made to fully determine the number of
cells failed, their positions and the con-
sequences thereof (See Reference 3),

Shadows ' 1) If possible, shadows should be elimi-
: ‘ nated or minimized by eliminating or
reducing the cause, moving the solar panels,
and/or investigating the probability of a
single cell or several cells. in parallel
being shaded.

. 2) Angle of incidence and penumbra width
do not have a significant effect on the highest
gingle cell reverse voltage. However, the
highest single cell power dissipation does
significantly decrease with an increase in
these parameters. ,

3) Figure 3.4-4 shows a parametric
shadowing test on a production solar panel,
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NON FAULTY SEGMENTS

COMPOSITE -V FORO
1 CELL FAULTY @ 717°C

28°C |

COMPOSITE |-V FOR
1 CELL FAULTY @ 28°C

" REF. OPERATING VOLTAGE

T

VOLTAGE

Figure 3.4-3 Temperature Effect on Power Dissipation Where One Cell
' is Faulty Out of Seven
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3.5 ON-ARRAY ELECTRONICS

On-array electronics are defined as electronic devices mounted on or neai‘ the selar
array substraté for the purpose of conditioning solar cell power at the source. This
definition is as opposed to the conventional approach in which all power conditioning/
battery control electronics are located on the vehicle. There are several advantages
of controlling the solar cells at the array level: (1) voltage and current control can
become more versatile by switching in or out specified electronic sections depending
on system demand, (2) there is increased reliability of modular power conditioning as
opposed to large, centrally located power conditioning units, (3) failed portions of the
array can be by-passed without their causing damage to other portions of the array,
(see Section 3.4), and (4) excessive heat generation can be dissipated at the source
by direct radiation rather than by adding to the vehicle heat load.

Basically, there are three devices, all diodes, that are used in conjunction with on-
array controls: blocking/isolation diodes, bypass diodes, and zener diodes. The

first, the blocking/isolation diode, prevents batieries from feeding solar panells during
the eclipse and panels from feeding panels if a difference in cutput exists between the
panels due to some deficiency (shadowing, open circuits, shorts, etc.). Although these
diodes have received extensive use in the industry, there is the potential that they can
be climinated if the reverse bias characteristics of the solar cells themselves are
relied Lipon to prevent reverse flow of current. The second type of diode, the bypass
-diode, is used most frequently (if only recently) for the protection against shadowing
failures (see Section 3.4). These diodes may be either conventional (discrete) diodes
or integral (monolithic) diodes. Although lacking in flight experience, integral diodes,
because they are an integral part of each solar cell, could provide the ultimate in
protection against shadowing if power dissipation capabilities could be brought up.

The commonly used conventional diodes are capable of providing the same protection
but,because of their size and associated assembly problems, are at best placed across
individual submodules but usually placed across entire modules or panels. The third
type of diode, the zener diode, is generally needed only in the early portion of ra mission.
to limit what would be higher than desired voltages (caused by the design of the panel

to EOL I-V characteristics). They also have received only limited flight experience.
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Although the use of on-array electronics has to date been limited, it will most
definitely increase in the future. For very long missions, serious consideration
should be given to bypass diodes to protect against open circuit-caused '"Hot Spot"
failures. In addition, as vehicle requirements become more complex, the solar
array size must increase to provide the power. Further thought, then, should be
given to zener diodes for voltage limiting functions- they could be advantageous from
a reliability standpoint in that they are a light weight, passive system at an ideal
location to dissipate heat. As an aid in these diode selection decisions, Table 3. 5-1
should be congulted. In it are presented all of the important on-array electronics
design considerations that should be traded off in order that maximum levels of con-

fidence may be assured for the final solar array design.

TABLE 3. 5-1
ON-ARRY ELECTRONICS DESIGN CONSIDERATIONS

PARAMETER REMARKS

Device Temperature ‘ No operation data below -55°C for conven-
tional diodes nor below -20°C for integral
diodes. Thus, design problems of voltage
control at eclipse exit. Also, zeners
exhibit voltage variations with changing
temperatures,

Radiation Environment Diodes, like solar cells, must be protected
from damaging radiation to prevent per-
manent damage.

Power Conditioning Requirements Definition must be made as to the desired
function, e.g., voltage regulation, current
regulation, or allocation of separately
regulated sections of array to specific

loads,

Power Handling Capability There is a limit to power handling capa-
bility of all diodes, especially integral
diodes.

Failure Protection of Solar Cells Tradeoffs of "Hot Spot''-caused losses of

mission performance vs cost, weight,
reliability, etc., should be made for an
array both with and without diodes.
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TABLE 3. 5-1 (Cont.)

PARAMETER

REMARKS

Reliability Effects of On-Array
Electronics

Thermal Cycling

Heat Dissipation

Size Limitations

Manufactare and Assembly

Cost

Results of Analyses and Tests

3-77

More complexity (e.g., addition of on-array
electronics) will reduce system reliability.

Most basic flaw in using diodes is their high
failure rate when thermal cycled. Problem
may be alleviated by use of integral diodes
which impose a limit of complexity equiva-

lent to the solar cells themselves.

Select microelectronic devices for minimum
heat dissipation. :

Provide heat sink radiation areas.
Use shielding materials (mirrors) against
the sun

Thickness of diodes may be as much as . 25"
because of base and radiation protection

requirements. Determine effect on packag-
ing of array. ' ' '

For conventional diodes, consider selection
of materials-radiation shield, semiconductor
substrate, heat sink material, overlay
mirror -and their effect on manufacture and
assernbly

Development of electronic packages
Selection and evaluation of load switches
Preparation of software

Development of control linkage

The following are based on conclusions of
references at end of this section

Power conditioning should be limited to pure
voltage regulation

Voltage transients pose an important voltage
regulation problem

Voltage references should be located on board
the vehicle

Protective circuits and device requirements can ‘
be satisfied with present technology

Performance loss of solar array using on-array
electronics is of a magnitude of 5%

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

REFERENCES
{Section 3.5)

T. Ebersole, et al, Study of High Voltage Solar Array Configurations with
Integrated Power Control Electronics, General Electric, NASA CR 72725,
GE No. 70504256, June 1270,

B. G. Herron, etal, High Voltage Solar Array Configuration Study, Hughes
Aircraft Co., NASA CR 72724, July 1970,

W. F. Springgate, et al, High Voltage Solar Array Electrical Configuration
Study, The Boeing Company, NASA CR 72723, Boeing No. D180-10037-1,
April 1970,

R. M. Diamond and E. D. Steele, '""Solar Array with Integral Diodes",
Proceedings of the International Colloguium on Solar Cells, Toulouse, France,
July 1970.

R. M. Diamond, "Advanced Developments of Integral Diodes', Proceedings of
the 9th Photovoltaic Specialists Conference, May 1972,

First Topical Report, Space Station Solar Array Technology Evaluation Prosram,
Section 4.1, 3.9, Report No. LMSC-A981486, December 1970.

3-78

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D159618

3.6 DYNAMICS OF FLEXIBLE SOLAR ARRAYS

Table 3. 6-1 below lists all of the significant steps that should be followed for a dynamic
analysis of a flexible solar array. For each specific requirement, there is giveq a
method of resolution. Any data that may be needed is indicated, Note that require-

ments for both a preliminary as well as a final design dynamic analysis are presented.

TABLE 3.6-1
DYNAMIC ANALYSIS CONSIDERATIONS OF A FLEXIBLE SOLAR ARRAY

REQUIREMENT METHOD OF RESOLUTION | DATA REQUIRED

Preliminary Design

- Determine most efficient

array to inner and outer
gimbal torques

Investigate external
loads such as docking,
attitude comtrol,
gpinup, etc.

LOCKHEED MISSILES & SPACE COMPANY

functional mode, to various
actuating torque time histories

Determine maximum permissible

acceleration and array structure
static capability
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- Review previous designs, their none
structure which does not analysis, tests, and test results
violate other non—
structural constraints
- Satisfy natural funda- - Perform parametric studies to none
mental frequency con~ " determine variations in system
straints weight, bending and torsional
frequencies, array pretension
reguirements, boom loads,
boom tip deflections, etc.,
with variations in boom
properties, blanket configura-
tion, blanket aspect ratio, and
array length
Investigate response of Determine system response, in none

o= Fundamental natural

frequency and
generalized mass
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REQUIREMENT

METHOD OF RESOLUTION

DATA REQUIRED

Final Design

-~ Ascent loads (array
stowed)

- Response to low freq-
uency transients due
to ignition, burn-out,
staging, aerodynamics,
etc,

- Acoustic environment

~ Pyrotechnic shock
enviroument

- Qrhbit Condition (Array
deployed)

~ Array deployment
loads

-~ Blanket pretensions,
boom loads, boom
deflections during
artificial g

- Assurance that array
will not be subject to
aerodynamic flutter or
divergence

LOCKHEED MISSILES & SPACE COMPANY

Dynamic model of array

Modal Prope rties

Response to base transient
acceleration or incorporation
in dynamic model of complete
vehicle and calculation of
response to specific engine
or aerodynamic excitation

Acougtic test to specified
acoustic spectrum

Review design for possible areas
sensitive to pyro-shock and speci-
fy suitable tests based on past
experience aund pyro shock data

Straightforward rigid body
dynamic analysis of deployment
event

Use data derived in preliminary
analysis

Derive valid method for flutter
analysis when mean free molecular
path is several feet

3-80

Array mass, stiff-
ness and geometric
properties

Time history of
transient accelera-
tions at location of
array in vehicle,

or

Dynamic model of
vehicle & transient
excitation forces.,

Acousgtic spectrum
at array location in
vehicle

none

Mass and geometric
and kinematic
properties

Boom stiffness
properties, and
"slop' if any.

Array mass & stiff-
ness properties.
Orbhital altifude.
Orbital velocity.
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REQUIREMENT

METHOD OF RESOLUTION

DATA REQUIRED

- Aerodynamic drag
- loads on array ‘

- Docking loads in array

{if present)

- Control System Response
analysis {non-spinning)

- Control Systems Response As for non spinning array above

analysis (spinning)

LOCKHEED MISSILES & SPACE COMPANY

d
(Cy=2)

Dynamic model of deployed
array

1/2 . pV2. SC

Modal properties

Response to base transient
acceleration or incorporation
in dynamic model of complete
vehicle, and calculation of
response to specific docking
transient

Dynamic model of array

Modal properties .

Dynamic representation of array

in other than modal terms
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Air density
Velocity
Area of Array

- Mass, stiffness and

geometric properties
of array. Accelera-
tion time history at
base of array, or
load-displacement-
velocity relationship.
for docking system,
& relevant docking
data

For a linear system

For a non-linear
system
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A problem unique to flexible solar arrays is that they must be tensioned to impart
them with structural rigidity. It is very important if the spacecraft is spinning (as
shown in Figure 3. 6-1) that this tension be maintained to the proper degree to prevent
buckling or wrinkling of the substrate. Figures 3. 6-2 through -5 express this required
tension {P) for the varying parameters of array length (L), load factor {n), blanket
tensile modulus {E), thickness (t}, blanket density (£ ), and blanket width (b). Load
factor (n) ig obtained from Figure 3.6-6. Values of the combined parameter (Et} may
be obtained from Figure 2.2.5-2. The equation for Figures 3. 6-2 through -5 was

derived in reference 1 and is presented below:

4
P = -1+ 1 SanIBJ )
T “Etb 1)

2414
T EthS

Note in the curves of this equation that the longitudinal component of centrifugal force
at midspan of the array blanket must be subtracted from the determined tension. This
value is given below in Equation 2 where g is the acceleration of gravity and r is shown

in Figure 3.6-1.

(2)

™1

C. G. OF ARRAY

SEGMENT ‘\
h,

DEPLOYMENT
" /—_ BOOM

M\J , {er
SPIN _/L'ﬂ.‘{ f

Figure 3. 6-1 Schematic for Dynamics Analysis
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Figure 3.6-6 Transverse Load Factor on Array Substrat

Under Spinning Loads
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Besides the increase in rigidity that is given to the array with an increase in tension,
the natural frequency of vibration of the blanket also is increased. Equation 3 presents
the first mode natural catenary frequency of vibration in Hz for a flexible solar array

in terms of length (L}, tension (P), acceleration of gravity (g), and blanket density

(p).

1
fegp \J3E )

This equation is good for any tensioned blanket whether or not the spacecraft is
spinning. Equation 4 presents the first mode torsional frequency of the complete

array as a function of blanket tension (P), length (L), torsional rigidity of the deploy-
ment boom (GJ), blanket density (£), width of complete array blanket (25), and moment
of inertial of the outboard support member of the array about the boom's longitudinal

axis (I).

4 m

pL53 + I
9 2

Figurc 3. 6-7 depicts schematically the torsional distortion of the complete array.

3
3 1 PS Gd
£ = 3 ( YA ¥ 5 ) 4

If the torsional frequency of one individual strip is desired, GJ and I may be set at

zero. Equation 4 will then reduce as follows:

1 3Pg
f = (5}
2L p
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System Distorted in Torsion

Figure 3.6-7
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