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SECTION 1 

INTRODUCTION 

This report concludes a 12-month study of possible conceptual designs for a 200-Watt per kilogram solar 

array, This study is the third of a series of study/development programs performed by the Space Divi- 

s i o ~ ,  General Electric Co. for the Jet Propulsion Laboratory since 1970 (see Table 1-1). 'Ms prior 

work showed that a flexible substrate, o r  blanket, was essential to the attainment of a high power-to- 

weight ratio. Two different methods of array stowage (flat pack and drum) were developed for those 

programs. The 110-Watt per kilogram e M y  had shown the superiority of the lattice boom a s  a deployer 

for a flexible array. It was with ails ba~i.jround of study and engineering development that thts study 

was initiated ~u1t-h a principal goal of 200-Watt/Mlogram. 





1.1 A COMPARISON OF GE ARRAY CH@IACTERISTICS 

The advent of the ultra-thin solar cell wnwpt made thir rtudy feadble. Although 78 mioroar tbiak solar 

cells were not readily available in early 1976, emu* preUminar~ work bar been done @' " " 2) 

credibility to the idea of ultra-thin aellr. At the time rf thir report 60 xnioronr. Wok rolar celb are 

commercially available (I* 3).  he rigntflolnce 01 hl@-sffiolsnay, d t n - ~ n  LWIU in -inins: wry hi* 

rrpedfio powers may be seen by a cromparir~n of p~rtlneat aharacterirtiar of the 110 Watt per ldlogram 

study, and thin etudy is &own in Table 1-2. It will be noted tbat approximately 60% of &e oell ma68 hrrr 

been eliminated by a reduction in 4eU Ucknerr and a 69% improvement in wll efficiency. 



Table 1-2. A Cornparinon of QE Array Charaoteristioa 

t 

Comparison 

Cell A n r  (em2) 

Cell ThicEl)msre (miorom) 
Mas8 per Cell (@ 

Total Maaa of Ceflcr (kg) 

Cell Maas/Blanket Macl8 (%) 

Power per Cell (mW) 

Cell Ettiaisucy (%) 

SpecUic Power (W/kg) 

Total Array Power (KW) 
, 

110 w/kg study 
(Foldout Dsrigll) 

4 

135 

0.13 

39.9 

60 

44 0 67O0 

8 

113 

8i80 

zoo WACS a ~ y  
( R o w  *aim) 

4 

7 6 

0.093 

16 

48 

$6 @ $b0c 

13.6 

201 

I 10.6 



1 .2  MASS SUMMARY C0,MPARISON FOR GE A R R A a  

A mass summary comparison for the 110 W/kg aad the 200 W/kg mlar array derigm in Table 1-3 fflu- 

trates the mass savings to be realized in the oaue of the 200 W/kg derign in the bbnket when 75 ylm llolar 
cells are used. The mass reaerved for stowage and  upp port is much lesrr for the m3&ut or drum storage 

deefga. mere is a weight penalty to be paid for retractsrbillty, arr in the SOL.& desiga. 



Table 1-3. Mass Summary Compartron for GE Arrays 

i 

F 

Item 

Blanket A esembly 

Stowage & apport 

Deploy k Retract 

Total Mass (kg) 

Power, Total (kW) 

I 

110 W/kg Study 

Foldout Design 

, 200 W/kg Study 

&I-8 (ke) 

48.6 

30,B 

8.4 

87.5 

% 

65 

36 

10 

100 

0.88 

Foldaut Design Rollmt Design 

R484Bf4 (ks) 

26.36 

Maas (kg) 

31.22 

9.17 

9.28 

40.67 

W 

60 

Z 

6 3 

14 

23 

100 

11.10 19 

21 

4:: 1 100 
10.5 10,5 

I- 



1.3 A COMPARISON OF FLIGHT ARRAYS AND DEVELOPMENT ARRAYS 

A compariso~i of characlcristice for flight hardware and development hardware are listed in Table 1-4. 

From these comparisons it may be inferred that the two conceptual doeigae resulting from this ebudy 

have extrapolated the etate-of-the-art deeigns to a point where confirmation of the clalient d e e m  

features by exlgineering test and evaluation will be required ff credibility i s  to be established. 
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SECTION 2 

PROGRAM SUMMARY 

2 .1  BASELINE SOLAR Am> 

The b~seline solar array is a fully retractable, rollout &sign consisting of two flexible solar blankets 

in a 'Y -stiffenedw configuration. The solar array blanket coneiste of a sheet of 38 pm Kaptcm-F 

(laminate of Kaptcm and FEP-Teflon) as the substrate and 25 pm FEP-Teflon as the coveraheet. FEP- 

Teflon is a thcrrnoplastic that may be heat sealed to the cells and interconnects without the necessity of 

a cement. 

A foldaut solar array of the same 10.5 kW capacity was ir-tyn~d as an alternative to the rollout design. 

Unlike the rollaut design, however, the foldrut array Ls !tractable, 

One of the salient features of these two conceptual designs ie the utilization of in-plane stiffness, in- 

herent in the blanket construction, in an out-of-plane configuration as indicated in Figure 2-1. Approxf- 

matcly 1/3 of the required boom stiffness is obtained aut of "Vw Rtiffening with the blanket. With a 

lower iaequi rcment on boom stiffness, (approximately 2/3 t b  ' required with a planar configuration 

blanket) the boom mass may be reduced accordingly. Tho coilable lattice continuous longeron boom was 

sclcctecl for the boat mass to stiffness ratio, relatively low sensitivity to thermal-induced bendfn&and 

law backlash characteristice. 

Both of these array designs are compatible with the NASA Shuttle launch environment and payload bay 

stowage envelope. 
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2.2  ALTERNATE DESIGN FOLDOUT ARRAY 

The alternative to the baseline rollout design i s  a foldout design which uses a flat pack method of stow- 

age. The blanket assembly is identical to that in the rolluut design. A support truss, cantilevered 

from the boom storage and center support canister, provides a rigid base for the flat pack blanket 

stowage. This base, together with the rigid leading edge member, allows sufficient preemre to be 

applied to the folded array to prevent lateral or  transverse motion of the blanket during launch, See 

Figure 2-2. 
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2 . 4  MASS SUMhlA HY 

E'ot. purposes of maas estimatiol~, tho total aolnr array (1 wing) was broken down into four subsystems; 

electrical, mechanical, array structure and actuators. The asaociotcd mas8 catimates are baaed on 

mcasuremcnts or plbliehcd data in some caeco: c. g. , cclle, subatrate, adl~osiw and cover material. 

In other cnscs, relatcd experience has been the guidc:ine for itoms like interconnects, bus stripa, slip 

ring aascmbly, cable, connector b aringa, atc. Maes eatlmates for the longoron boom, boom deployer 

and conicr support wcrc obtained from two saurccs, Antro Remarch md Able Engineering. 

A total mas8 of 49.67 kg i s  predicted for tho baseline 10.6 kW rollout array (wing). If a 6% contln- 

gcncy is applied, tho rosultmt specific power is 201.3 Watts/kilogram. An alternate foldout design 

i s  listed for comparison plrposca, showing the mas8 saving that may bo expected where retractability 

of the array ie not required. Both deeigns exceed the 2OOW/kg goal eet for this conceptual deeign 

study. These mass estimates arc based on 

75 Microns thick silicon aolar cells 

38 Microns thick Kcrpton-F subatrate 

a 25 Microns thick FEP-Teflon cwerahcet 



Table 2-2. Mass Summary - 10.5 kW Array (Aspect Ratio 4:l) 

Subsystem 

Electrical 

Itcm No. 

1 
2 
3 

Itom 

Solar Ccll 
Subatrate 
Adhesive 
Cover Materinl 
Interconnect8 

Container, Blanket 

Quantity per lOkW 

160,000 
2 
2 

Unit Mass (kg) 

94 x lou6 
1.4 
1.08 

Actuators 1 22 

Total Mue  (kg) ' 

Boom hployer 
Tension Motor 
Tcnsion Spring 

. 

' Rollmt 

15.04 
2.80 
2.16 

I 

2 3 
24 

Foldaut 

15.04 
2.80 
2.16 

J 

3.18 
,60 
'24 

Net Maeu 
5% Tolermce & Contingency 
Total Mass Estirllatc 
Specific Power (Watta/kg) (BOL) 

1 
2 
1 

49.67 
2.48 
52.16 
201.3 

47.64 
2.38 , 

49.92 
210.3 

3.18 
1.20 
,24 

3.18 - 
.24 





SECTlON 3 

DESIGN IIEQUIREMENTY 

:;. 1 - PRfSClPAL STUDY IiEQUIREMENTS 

'I'he basic dt:slgn rcyulremcnts for the 200 Watt per Kilogram Solar Array Fcaeibllity Study are givsn 

in GE document number POOW/kg - 2.76-004, Baeellne Nequiremente, which i~ included in Appendlx A 

of this rcpor2. Thesc requirements wcro not intandcd to place undue restrictlone a tho eolar array 

system design, but only to act as a guldc In thc formulation of a design approach. The Intent was to 

dcvelop high perforrnmcc clcsign conccpts which are viable concepts for iuture intorplanetnry mlesione. 

These deslgn requiremsnta will b repreaentativc rather than epsclfic, slnce a &tailed opCimlzation 

cycle would be a part of any flight hardware application. Table 3-1 ~ummorizee the principal require- 

ments, 





::. 2 OU'I'IW?' POLVER AND DEGRADATION 

'She output power of thc fully deployed solar array is spccificd ns lOkW in irce spacc at 1 A U  and at the 

prcdictcd solar array operating temperature nt this intensity. ASTM Spccification E490-73A defines 

the solar constant at air mass zero and 1 AU. A copy of this Specification is iucluded in this report as 

Appendix B. The 10 kW power autplt i s  defined as the beginning of life (BOL) value measured at  the 

spacecraft interface, Therefore, losses in solar cell interconnects and cabling (2-3 percent of total 

powcr outplt) mu& be added to define the array paver required. Sincc the upacecraft power condition- 

ing circuitry will include the necesRary diode isolation, no diodes will be used on the array itself. 

The solar array must be capable of operating over a three year period with a power degradation not to 

exccod 20%. The solar flare proton model on the preceeding page defines the proton fluence to be 

encountered in nn interplanetaty mission. The ultraviolet radiation intmraity i s  specified as 1095 days 
2 at 2.002 calories/cm /minute. These environmental factors, along with thermal rejection coneidera- 

tions and overall weight, will be used to establish the type, thlcknees, and material employed for 

covcrglasses, adhesives, coatings, etc . 





:i. 3 POWER-I'GWE:IGIIT RATIO 

Thc power-to-weight ratid is  epecified as  200 Watts of cluctrical power for cach kilogram of total sys- 

+em weight. This ratio is based on the 10 kW, BOL, power autplt at I AU in free space. This require- 

ment is  thf* principal objective of thc program. It represents approximately four  time^ the capabili:~ 

of existing flight arrays. Several approaches were being considered to achieve this goal. Weight m- 

ductions wcrc necessary in all clement8 of the array design. Thls includes lighter cells, coverglassetl, 

substrates, deploymunt mechanisms, support structures, booms, and other material8 and devices. A 

lower deployed mass means a lower requirement on boom stiffness and support mechanisms. This in 

turn means a lower boom and deployment mass. A low blanket mass, on the other hand, makee it more 

diffiallt to meet tho 0.04 Ifertz natural frequency requirement. When the principle of "V-stiffeningv is 

applied to the blanket rigging, about 1/3 of the required boom stiffness can be met by the out-of-plane 

stiffness of the blankets thcmselvos. The impact of cell thickness on the power-to-weight ratio i s  

shown in Figure 3-1. 





3.4.1 TEMPERATURE, STEADY STATE 

Paragraph 3.3.3.1 of the Bascline Requirements (Appendix A )  specifies the steady state thermal va- 
0 0 - 5 

cuum environment of -130 C to +I40 C a t  10 Torr .  This requirement defines the range of steady 

state temperatures, at vacuum, over which thc solar  a r ray  shall be capable of operating. It i s  not re- 

quired to p~-oducc 10 kW over this range, but it is required to be fully operational in both the electrical 

ancl mechanical modes. (The LO kW of power mtyu; 1s defined as at  BOL, 1 AU, and a t  the predicted 

array tcmpcrature for that intensity. ) Thc solar c.?11 sandwich, consisting of substrate, solar cell to 

covcrglass adhesive, and covcrglass, must bt. designed to withstand not only this temperature range, 

but a!so thermal shock. Solar ccll interconnects must be capable of operating over these temperafi~res 

wilhuut applying undue s t r e s s  on the cell contact areas. The induced thermal deformations caused by 
0 0 tcmpcrature cycling between -130 C and +I40 C must bc kept to values low enough to meet the flatness 

rcquircment of 10 degrees specified in Paragraph 3.2.10 of the Baseline nL?quirements. 

In the deployment mechanisms and boom area,  the temperature range of -130 '~  and +140°c implies the 

usc of dry lubricants and materials with similar coefficients of thermal expansion, particularly in 

bearings, bushings, gears, and ehafts. 



3.4.2 THERMAL SHOCK 

Paragraph 3 . 3 . 3 . 2  of the Baseline Requirements (Appendix A )  defines the thermal shock environment. 
0 0 This requirement specifies a temperature range of -190 C to +I40 C at Torr. The time rate of 

change of temperature for cooling shall be the natural cooling rate of the solar panel in a simulated 

passage into a planetary shadow with an assumed planetary albedo of zero. The time rate of change 

temperature for heating shall be the natural heating rate of the solar pwel in a simulated passage from 

a planetaiy shadow into a normal solar flux intensity corresponding to a steady state temperature of 

+140°c m thc solar cells. The total thermal shock environment shall consist of 1000 complete heating 

and cooling cycles. 

The thermal shock cnvironment applies to a deployed array and is a survival environment rather than 

an operational one. This requirement haa its greatest impact on the materials selected for tbe design. 

When any of these temperature requirements, a s  well as all other requirements, were found to re- 

strict a potentially attractive design approacl~, a parametric review was performed to determine the 

impcct on the ability to achieve the 200 Watt/& goal. 



3.5 DYNAMICS 

The Shuttle launch environments specified in Paragraphs 3 .3 .2 .1 ,  3 .3 .2 .2 ,  3 .3 .2 .3 ,  and 3 .3 .2 .4  

of the Baseline Requirements Document define the vibration, acoustics, shock and acceleration values 

appropriate for the stowed array design. These environments are felt to be relatively "standardw for 

spacecraft design, and at this early stage of the program, did not unduly drive the array design to the 

detriment of overall weight penalties. 

The lowest deployed natural frequency shall be equal to or  greater than 0.04 Hertz, as specified in 

paragraph 3 .2 .8 .  Using this value of 0.04 Hertz and the quasi-static load of 1 x studies have 

shown that the smallest practical size (4-inch diameter) of a deployment boom is sufficient to meet 

this frequency requirement. 



3.6 SOLAR CELLS 

Typical candidate solar cell data was provided by JPL for incorporation into this Study Program. 

Paragraph 3 . 4 . 5  of the Baselfne Requirements (Appendix A)  describes this data. Options regarding 

call size, thickness, contact configuration and material, interconnecting materials, and grid line 

density were given. Thesc options were evaluated to establish an optimum cell design for this program. 



SECTION 4 

TECHNICAL DISCUSSION 



SECTION 4 

TECIENIC.1 L DISCUSSION 

4.1 EXISTING SOLAR ARRAY CONCEPT 

4 . 1 . 1  GENERAL COMMENTS 

A number of lightweight solar array system concepts have k e n  developed, with experimental hardware 

and testing applied to many of tho designs. The moat recent example of large lightweight nrrays ic in 

the 25 kW system currently being developed by LMSC for the Solar Electric PL qn~laion Stage (SEPS). 

These conccpts can be categorized by three basic approaches, namely: rollaut, foldaut, and folding 

panels. Rollout designs require a complete flexible blanket type of array. Foldout configuratione 

usually involve a series of either flexible or semirigid panels which fold accordan fashion into a light- 

weight containcv. Folding panels are rigid in construction utilizing a frame or structural material such 

as honeycomb for a substrate. The frames are large and hinged tr? form two or more layers when 

stowed. A comparison summary of efficiencies and power levels of many of these concepts la shown in 

Table 4-1. 



Table 4-1, Summary of Exieting Lightweight Solar Array Derignr 

R n c r l p t i u n  
A r r r y l J u p p o r t l Y t o w r ~  

UlanketlPanroyropli /G~aphlte P.pory Dnln 

Ulanket/UI-'*?1;H/I)rryl l lum Drun 

UlenketlRyeri b o o r n / l L ~ w n l w  I)lw 

I l r n k e t I B f ~ S T t M l l L ~ n e ~ l ~ ~  U r u  

I l lanhot/ STEWDrum 

Ulenket/Amtro b s l / B u  C o ~ i t a l n r ~  

P # n e l n / l I - Y T W C u n t r l n r r  

P a 1 1 ~ 1 ~ I I r f l ~ t ~ b l u  Yrumewrk/ 
H.~n.rlun Pramo 

PmulaIBt-STEU/P~.IM Attached t o  SIC 

M:lld P . ~ n v l / T r i l r n ~ o p l ~  tl#mtlContalner 

BlankotlAntr i)  MontllC~neyconb Cont.rinnr 

BlanketlBl-J1P.HlLo1-tnlnar - 
tk)l low Core Subntratu I3vrylllum 
Box Yraaul 

Fibur@l.~n r I* Prrmrb 

Sourco 

Pe l rch i l d . t l l l l o r  

Genorr 1  L l e c t r t c  

Myen 

Llghul 

B r l t i a h  A t r c r a f t  Corp, 

(ionmrrl E l b c t r l c  

1 W 

Pknrsrr chml l t  

1 X . C  

W. 

LW)C 

AEC Talefunkon 

ECB 

Uoelnfl 

P o w  r 
b v o  1 
kW 

2 .75  

2.71 

2.75 

1 . 3  

0 . O R  

Il.nutk# 

En@'& M d e l  Tertsd 

1971 P l i l h t  B x p a r l r n  

Study 
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1976 C1S PI Iuh l  

i sld~.ut 

b o l d l n l  
P.~ne l 
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4 . 1 . 2 . 2  11OW/kg Solar Cells 

Thc ~lolar cells are nominal 125 pm thick, 2 x 2 cm, N/P silicon w i a  rl nomit~tl h s c  resistivity of 10 

Ohm-cm. Table 4-3 summarizes the significant cha~actcristice of this cell. The aolar cell8 are shleldtld 

from the damaging effects of low enorgy proton8 by the deposition of an integral cover of Corning 7070 

glass. A nominal fntegral coverglass thickness of 37 pm should provide the necessary protection within 

the weight co~~straints of this program. 



Table 4-3, Design Characteristics of Ferranti 125 pm Thick Solar Cells 
(Ferranti Cell Type MS36) 

Thickness 125 2 25 pm 

Size 20 - t O , l 5 x 2 0 ~ O , 1 5 m m  

Resistivity 7 to 12 Ohm-cm 
Float zone silicon 

Contact Configuration Bottom wraparound 
24 finger drid geometry 

Contact Material Plated - nickel, copper, nickel, gold 

Anti-reflective Coating 

Minimum Lot Average 123 mA at 0. 4460V01ta 
Electrical Performance (AMO, 1 AU, 25 C f 2 C) 
(covered) 

Maximum Lot Average Cell 0.129 gm/cell 
Mass 

I b 



4.1.2.3 11 OW/kg Solar Array Mass Breakdown 

A detailed mass breakdown for the solar cell blanket i s  even in  Table 4-4, Note that about 75 percent 

of the total mas8 is assigned to the 125 micron cell and the 37 micron coverglasa. 'Ibis mars  breakdown 

clearly identifies the cell and its c w e r  a s  the place where weight reduction may materially affect the 

array specific power. A reduction in blanket weight is reflooted in a lower rtiffnesrs requirement on the 

boom. This in turn pormite a lighter boom, deployment mechanism and stowage canlrtsr. 



3 2
 

Y
 

rn 
l4 

m
<

i
E

u
"

i
Z

 

0
 

P
- 

kc3 
d
o
 

:
s

$
l

z
s

z
,

N
,

 
3

a
~

;
j

4
c

4
i

~
~

a
 

'1, 

n
 

E
 

0
 
4
 

C
I 

0
 

9
)
 

C
I 

Ef a 
I 

(ID
 

Ef a 
t C
J 

E
 

a
 

2 
e
 

P
 

h
 

a2 
$
4
 

a2 
3i 

8 
3 

m
 

(ID
 

s
e

j
 

-
3

 
,s 

Q
 

3
 

6 
P 

;
A

x
=

*
 

"
I

g
-

*
 

0
 

a 
a
 

Z
E

E
 

C
-

-
$

z
 

G
 

0
 

0
 

>
 

54 
~

8
0

'
~

7
 

d
 

L. 
:

s
i

 
1

;
1

g
=

 
&
i 

U
c

.
F

>
t

 
U

L
8

2
7

;
,

-
E

S
2

 
5 

a
 

s
H

s
.

r
:

 

A 





STOREL? 
ARRAY 
PRE LO1\ i) 
MECHI~N ISM 

CONTAINMENT 

GUIDE WlRE GROMMET 
PANEL HINGE 

INTERMEDIATE 

1NTERMEI)iATE 

Y M  /A DISTRIBUTION ' &!jg 

(1244 IN.) 
0 8  

TENSION BOI TOM NEGATOR 

MAST CAN IST"R 
GUIDE WlRE hEGATOR 

Figure 4-2. LMSC/MSFC SEPS Array 

BLANKET SIZE 



4.1.3.1 SE PS Solar Array Requirements 

The solar cell blanket is 30.99 m (101.6 ft) x 3.99 m (13.09 ft) in size and is made up of individual 

panels which a re  attached to each other by means of a fiberglass and graphite/epoxy piano hinge. When 

retracting the blanket, the panels are  guided by means of wires which are  maintained in tension by 

negator spring motors. The stowage container cover also serves a s  an outboard header for the blanket 

array. 

The SEPS baseline calls out 200 micron cells and 150 micron coverglass cemented to the cells. A 

copper-Kapton laminate is selectively etched to produce the required cell interconnect pattern. The 

Baseline Requirements a re  shown in Table 4-5. 





4.1.4 GE/JPL 66 WATT/KIUGRAM SOLAR ARRAY 

In February 1971 General Electric oompleted a program to develop the teohnology of the rollup mlar 

array concept under contract to The Jet Propulaion Laboratory, Tlrir array, rhown in Figura 4-3 pro- 

vides 2.75 kW at  an efficiency of 71  Wa#r/kg, A flexible Kapton rubstrate blanket 1.17 m (46 iaaher) 

wide by 10.2m (402 inches) long ir rtowed by rolling it up on an 8" diame2er drum of beryllium, A 

negrrtor spring motor on the drum provider the Slanket tenrion, The array ir deployed and retraoted by 

means of an Artro Reesarch 331-STEMu deployable boom 3 4 om (1. V inoher) In diameter, 





4.1.4 C;k:/JPL fifi WA1'TS/KILI)GfiA>I S O U I t  AHICAY (CON'I'IMIED) 

Thc array tvas fabricated with p r t i a l  solar ccll crjvcragc and thc remaining urca with dummy glaos 

modu1c.s. Cell modulcs werc procurc.d from scvcrnl ~upplicrs to provide a rcprcsc.n&tjvc siimpling of 

intcrconnoction approaches used by thc* inilustry.  supplier^ included HcUotek (Spcctrolab), Meing, EOS, 

and Ccntralab (UCU). Slip rings conducted p w c r  from tho array to clcctrical inkrfacc! connectors. The 

total tvcight of thc array was 37.4 kg (82. C Ibs). A prototype model was fabricated and tested for pcr- 

formanco and respnso to thc cnvironmonts of vit,ration, pyrotcchnlc shock and thermal vacuum. Thc 

prototype array dcmon~trntcd that a 23.2-square mctcr array couid be matlc to cxcccd the baseline 

target of GB Watts/kilogram. I t  provided valublc information on such items as ccll module variations 

i n  weight and construction, rollup cxtc:nsion and retraction, dynamic rceponac, damping characteristics, 

anti thermal radiation effects. The 1U25rJ Prototype Tcst Mudel i s  pictured i n  Figure 4-4. 
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4 . 2 . 1 . 2  Solar Cell Temperature Coefficients 
2 0 

Tcmpcrature cocfficicnts for voltage and current of - 2 r n ~ P ~  and 30 uA/cm - C respectively were pro- 
2 

vided by J P L  for thc 15  micron cell. A powcr ooefficicnt was calcuhtcd to be - 2 6 4 u ~ f ~  for a 2 x 2 cm 

cell. Thc normalized voltage and power coefficients became: 

Voltage: A V D U  = -0.4';;,AT 

Power: AP/P = -0.33%AT 

Temperature dependence of solar cell power i s  presented in Figure 4-6. 



110 - 

90 - 

CO - 

. - -  
70 - 

- - - - -  - -  
60 - 

TEMPERATURE ( O C )  

Figure 4-6. Temperatpre Dependence ol. Cell Rower for 
2 x 2 Cm' Cell, 3 Mil Thick 



4 . 2 . 1 . 3  Solar Cell Maximum Power and Current 

JPL furnished data on the electrical performance of an advanced state-of-the-art solar cell that was to be 

used in the present conceptual design study. This data is for a non-glassed cell, 250 microns thick, a t  

28'~. Additional data on cell power versus thickness and temperature coefficients for current and voltage 

made it possible to convert the 250 micron cell performance data to that assumed for the 75 micron base- 

line cell. The metallization is A - P on both terminals. Wraparound contacts are not as~umed. 
g - T i  d 

E/I and power for the baseline cell i s  shown in Figure 4-7. 
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4.2.2 DEPIQYABLE BWMS (CON'IIMJED) 

The widely uaud BI-STEM boom la essentially a ribbon of thin metallic material which asrumes 

tubular sham of high etrongth when unwounrl from 8 spool, Additional strength is obtuined by using two 

tope which wrap around ench other a s  shown in Figure 4-9, The actuator ha8 a motor driven $pool and 

tut~ulnr guide moahanism. Tho unit shown in IJiguro 4-10 i r  the A-631 model containing a 3.4 cm 

dinmeter boom that was urrod in the OE/JPL 6fsW/Kg rolsr arruy. Thin deviac is rromprct and wel&r 

lemn than 2.73 kg, l e s s  BI-ISTEM element. 







I CONTACTS I 
- I  SOLAR CELLS 

REQUIREMENTS 
BASELINE DESIGN 

1NTERCO)JNECTS 10 kW, BOL' WING 

200 W kg AQ -PLATED Ma ROLLOW (RETRACTABLE) 
AJ-PLATED INVAR 

85°C MAX. OPERATING TEMP. 76 u2t WING 

3. YEAR LIFE 4 1 ASPECT RATIO 

COVER SHEET 
I SOCAR FLARC: fN >0.04 Hz 

10' RAD 12.2 K#/WING 

201 W/Kg 150C 1 AU 
z CAU CM~-MIN. SUBSTRATE 

L 



4 . 3 . 1 . 1  lkrscllnc Solrrr Cel l  maon  

Crf the many options that e ~ h t  ('Td~lc 5-71 for the i ~ m l i n o  coff und oovor material, the thinnest ccu 

(75 micron&) anrl cover mntc*rial (12.7 microns) were sc lcchd on thc h a i s  of rninlmum impact on the 

muss klrlgct. Thc c1r:ctricul pcrlormrrnco cikrl  for aolnr a r ray  daaigna rooulting from thf- study is 

bused on ~ o l a r  ccll performuna, dutu cnumcrrrk?d in the Daac:Uno i(cyuircments document. The baseline 

ccU thickness useumr?d for this study was 75 microrrs, h e e d  on an earlier study, tho beseline operating 
0 

tcrnpcrrrturc. u.us ~aaumcd to bo 55 C. Using (he given current/voltagc choractaristic for a 250 microns, 
2 

2 x 2 cm cell (Figure 4.-21, thc chunge of output powor wlth thicknose (Figure 4 - 4 ,  and tho temperature 

cwfficienta for Ulia cell (Tablc 4-1), the cxpoctcd maximum power output fo r  the k s e b  cell is calcu- 

latcd to be 66.3 mW at 1 AU unct 5 6 ' ~ .  The BpPea radiation a ~ l y s e s  reported upon later in Us report 

uhows that eufficicnt dunsity ltdckntssa product l h  obtained for tho intarplanetary mlssior~ when 12.7 

micrane of FRP-Tailon IR u~t'd, NO n~1cllt;lo~l ccrnsnt i s  rcqulrod, aince FEP-Teflon may bo heat 

sealed to the cell/lnhrconneot/'~ubstratc3 mutrrrial~. I t  is a moot question as to whether wrap-around 

ccnhcte arc feasible wlth a 75 miarons thick cell, 
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4.3.1.2 Cell lnterconnec9s 

The Baseline Require~nents Document stipulates that the cell interconnect material option be limited to 

Beryllium-copper (Be-Cu), Kovar, molybdenum (Mo) and silver (Ag). A relection of characterirt;~ 

properties for these materials, and several others, appear in Table 4-8, A limited amount of para- 

metric analysis has been done regarding the design of the interconnect. One design criterion followed 

early in the program is that the relative power lose in the interconnect shall be in the erne  ratio an the 

mass of the connector to the total mass of the blanket abeembly; i .  e. , 

This proved to be an impractical arrangement, For any nominal value of power torrs; i, e., 2%, the 

corresponding interconnect mass was j w e d  to be too high. The interconnect war deri~yted on the bmlr 

of its pldeical relationship to the cell and the encapsulants, rather than a power lose criterinn. There 

are no out-of-plane service loops, for inetance, that might lead to stress rieerr in the encapsulant. 



Table 4-8. Cmdlckte Materids - Interconnect. and Bunen 

CO~C~UB~OM: Aluminum for power b-08 
Molybdenum for cell int~rc0nnBd 



4.3.1.2 Cell  lnterwnnecte (Continued) 

Three principal concerns impact the selection of an interconnect material etPd d a l q n  layout; vjz, 

themally induced stress, strength to weight ratio, electrical and thermal conductivity. A comparison 

of these prapertiea relative to silver will point up some significant differences (Table 4-9). Molybdenum 

is judged to be the best amow these materials, especially when the thermal coefficient of expansion of 

molybdenum is compared to silicon (see Table 4-8). The large speclfic stiffness of W s  material eug- 

gests that a molybdenum interconnect could be thought of as a etru&ural element of the array design, ss 

well aa an electrical conductor. A thin (2,5 microns) plating of aUver on the molybdenum ia desired to 

rnlnfmize the voltage drap lrcmss the connector. 



Table 4-9. A Comparison of Materials for Cell Interconnectionr, 

Comments 

Material Properties 
I 

Density Resistivity 
Material (D) (P) 

Comparison Ratio Ratio 
- 

- 4.17 

Kovar - 0.80 30.3 

Mo 
0.97 2 .94  

D-p ----- 
3 . 3  

24.0 

2 . 8  

Thermal 
Coefficient 

of Expansion 
( 0 )  

Ratio 

0.89 

0.31 

0.26 

Thermal 
Cor,ductlvfty 

(K) 
Ratio 

0.27 

0.03 

- J.< 

Younga Mod 
(El 

Ratio E/D 

1.54 

1.73 

1.96 

2.17 

0.36 

Density favorable 
3rd choice 

Density favorable 
rr is favorable - 
2nd choice 

4 .4  4.27 Beet choice on 
6/7  count8 - 
1st choice - 



4.3.1.2 Cell Interconnects (Continued) 

A sketch of the baseline interconnect is shown in Figure 4-13. This layout has been drawn for the caee 

of a conventional contact. Multiple weld tabs a r e  shown. Tlie conductor width (W) warr examined on the 

basis of a 2% power loss criterian, on the one hand, and practical mlnirnum width on the other. Because 

of the redundancy in electrical paths, it turns out that the latter criterian dominates; i. e., for any 

practical minimum width, the power loss is much less than 2%. A conductor width of 0.3 mm was 
2 

chosen. The surface area of 0.033 cm and thickness of 25 microns for Mo and 2.5 microns of Ag (each 

side) together with associated densities gives a connector unit mass of 10.8 mg/cell. 

For an array of 160,000 cells, a total interconnoctor mass of 1730 grams results. 



1 MIL INV.\R 
0.5 MIL f l : ,  

BOTH S I  i ; ~ . ,  

Figure 4-13. Baseline Cell Intercomectione 



4.3.1.2 Cell Interconnect - Alto~llpte De1101 (Continued) 

4 f l e ~ . ~ l e  interconnect doeign, with in plane uervice loapr, lr offarod M an altarnative deolgn. Th~rmrl 

strebs relief r i l  provjded by tho serpentins, derrlgn of the conduotor, Beowre of the ukiltlond cronductor 

length the conductor v:idth has been Inoresued to 0.0 mm. Tho mcur for thlr derign la wtlmated ta be 

32 rng/ceil. 



1 MIL INVAR 
0.5 MIL Ag 
BOTH SIDES 

Figure 4- 14, E'laxlble Interrronneot Derlgn 



4. 9.  1 . :1 I-'r,wc 1. I3usc*s 

'I'hc Ii:rnclinc I i c t ~ i ~ - c m c n t  s t i p r l a t ~ ~ n  that dludc 1aol:ition for t h  a r r a y  ~ h ~ l l  11c providud off tho blankci 

in the j)r,wthr c-onditioniriy circc.11t 1.y. ].'or thie reason, both cluctricul tcrminulw from each n~odujc r v l l ~  

he I,~.trught out to thc spucc:c ralt Intc rqfsc;c:. l'hc U a ~ e l i n c  Ik?cpuircmunt alao reyulres that rnochulo layac! 

and intcrconncctirm rc-suit In u minimum muynctlo fic*ld, T h i ~  crmdltion iu thtained when auccosaivc 

mrxtulus altcrnntc In polarity powition, UM lnciluatcd In Flgurc 4-16. T h e  ccmccptual layout rc r ru l t~  ln 

t,r,th polnr1tie.r at  both sldcs of the blnnkct. Whllc one of thc polaritioa ccxllir btr acrvcd by a common 

line and thus ellminntlng 41  individual linen on each rldo of tho hlankot, rho total mass of conductive 

runs uc>uld nrd change. Tha most flcxlhillty la  rhtulnctd by bringing all modulo torminolr a t  t o  thc 

Inb(bclrti end of the blanket. At thlw point the 80 individual llnos may bc switched into any dosirod aer los  

- parallel hoolatp, a s  d e ~ i r c d .  

Using thc sitme cr l tcr ian t h t  waa npplied to the Intr~rconnecta; vlz, thc rolatlvu pmwr loss  in the buees 

sh(luld IJI* comparublv to thr: relative mrles of the busc.8, tho point of oyuallty for aluminum busea r c w l t s  

In a Iargcr cross-scctlonul a rcn  thrul ) Y  drb~lrnble from o mlnlmum wclght point of view. A more ap- 

pr'oprlatc design guide*, it wrmld nppctir, in to  dcaign for an aqua1 and moximum powor loas In oach of 

th(8 mc~dulc buec.8. Accordingly, n design goal of 1 p r c c n t  waH established for all tho power lorn in the 

~ J U N C H .  I f  the* h e  thlckncss i s  kopt constant, the width of tha busus nerving modulor~ aucct?sr~lvtsry more 

remote from thc termlnus a t  thc apsrcccrdt must lncrctrsc s o  that tho bus length-to-width lar in tho rame 

ratlo. 
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4 . 3 .  1.4 Substrate nntl 'Jovcrshct!t hlaterlulsl 

'I'hc basis for thv rolltxlt wid foldclut array8 de~crlbcd On this rc!port lie$ with the concept of n ntrxfbls 

blmket whcrcby the solar cclle, intcrconnaetr find powor buser nre cncapm;lutDd in eclntil;Suaus films d 

pol3,mer plaetica. Kapton h - i ~  no compctltlon nH thc scluctod rnatorlnl for tho substratir3, or bottom- 

shcct, of this blmkct. Kupton has exccllont strength-to-weight (etpscffic stlffnoss), !,ow dcnoity, good 

creep rceirrtancc and n wide u s ~ b l c  temperature rung@. Kapton-F, baing a lomirratu of KapCon-li Pnd 

PEP-Tcflon, is specified In thc balrclirlc tkclrlgn bwaurctl it la Mat-sealable to tho pcantact af the cell# 

and inte rcannecta. 

'!'he choice of a covcrahect material i ~ l  more difficult. In addltlon to thore propertier dsmandd of tho 

bottomsheet, the top~hcct muat have cxcullent optical transmittance, rtiptlotfon elimlmdes 

Kapton, whc re tha transinittancc li~l 66'&. 

Poiymer covers'*wt propcrtioa arc  given In Tabla 4-10, 



Table 4-10. Required Properrtler for Polynrer CavcaNllboat blrferlrEr 

C 

HIGH OPTICAL TRANSMITTANCE 
LOW TltiERMAL EXPANSION 

a LOW CZlRE (OR PROCESSING) TEMPERATURE 
e HIGH TENSILE STRENGTH AT ALL TFMPERATURES 

GOOD CREEP RESISTANCE 
r IIIGH RESISTANCE TO RADIATION EMBRITTLEMENT AT lo7 RAM3 DOSAGE 

EASE OX' APPLICATION; 1. E. BY HEAT BEAUNO OR BPRAYINO 
APPLICABLE IN THIN FILMS 1-2 MIL THICK 

I 



4.3.  I. 4 m a t r a t e  aud Covereheat Mnterial4 (Contimd) 

One of th6 guidelines adopted rjsrrlj in the ~tudy wae that separate <remsntr were to be avoidud, is k i  all 

possible, The concept of heat-reuiable themropbetics WELS adopted a0 the preferred mean8 of w l l ~  
cover materhls and subatrate material8 to the cell/ iateroonnect arrembly, A limited matcrriilrlr srnr~lt 

identified several coversheet candidates (Ihble 4-11), Eaoh had @oms ahortaomingtr; #wh a8 traw- 

mittame in the case of polyimirie, radiation reetrrtvnoe with PEP-Taflon, and limitad tmnperature mnge 

for Tedkr a d  Kqmr. 
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4.3.2 THERMAL ANALYSIS 

The equilibrium temperature of the blanket is of concern, becauere of the adversa power ~oe$!LcW Wlth 

temperature (-O.33%/degree Celsius). The mdbdty  of the two sides of the bLanbslst and the electrical 

power outputted from the blanket promote cooling of the blanket, while tbe hmt abmrbad from eolar in- 

solation causes the temperature to rise. At equilibrium: 

4 
SA cas 0 = p  SA cos 8 + (cF + rR) u AT + NPc 

where the in .'ant solar power ir on the left ride of the equation. The first term on thr, right Ls the re- 

flected component, the second term is the quantity radiated aad the last term is the elmtrbal  power 

generated. Here A is the total blanket area, S is the solar uonetant, 8 iu the rolar a@ (aagkr of Wfd- 

me),  p la the redlectivity and the compbment of absorbttvity (a), (* + a R) the anb~ivftlu of the fraut 

and rear surfaces raspectively, isl the Stefan-Boltzmann constant, N ir ths mDYnber af solar cd la  amt 

PC is the maximum power per cell. Let f NAc/A, where A* i6 the ara  pa udL By ddhitlon, tb 

electrical efficiemy is 

Substituting and solving for the equilibrium temperature 

(a-  nf) 8 cos 0 
( t F - c R ) U  I l" 

This frmction is plotted in Figure 4-16 in parmetric form for the came where f - 0.95, r 0.12 &5&, 

ar = 0. 84 a d  8 = zero degrow. 



Figure 4-16. Blanket Temperature at 1 AU Inrolatlnr Norm1 Incidence 



4.3.2 THERMAL ANA LYSLS (Continued) 

A summary of measllrements sf front and rear surface emiseivity and the caluulatad cell equil!briurn 

temperature for several different rear surface materials combinatione ie shown in Table 4-19. 

Materials were heat and pressure bonded to silver-backed solar cells. 

me front surface emissivity of 0.730 shown for 12.7 microna FEP-Teflon will tattafy requirement% 

for the front surface. 

A 25 microns F E P / ~ O  microns Kapton composite film heat-smled to the r a w  cell surfsce will adequately 

satisfy the thermal rejection criteria mentioned above. 



Table 4-13. Summary of Emissivities for Various Samples of FEP-Teflon and 
Kapton Bonded to Silver-Backed Solar Cells 

*Not Applicabla 

Sample 

12.7 microns FEP 

12.7 microns FEP 

25 microns FEP/ 

Solar Cell  
Surfaco 

Front 

Back 

Bzc k 

Cd1 Temperature with 12.7 Microns 
Front Cover of FEP and Back as 

Indicated by Sample L;ine (OC) 

72.5 

51.3 

50.9 

1 
50.9 

62.4 

50 microns Kapton 

25 microns FEP/ Back 
50 microns Upton 

lhck 25 microns FEP/ 
5 G microns Kapton 

1 microns FEP Back 

E 
37.78'~ 

0.730 

0.491 

0.843 

0.851 

0.851 

0.645 

1 0 0 ~ ~  

0.721 

0.467 

N/A * 

N/A* 

N/ A * 

N/A* 



4.3.3 IONIZING IiADIA'flON ANA LYSIS 

4.3.3.1 Radiation Models 

Solar wind, solar flare protons, trapped electrons and protons, and alpha jx~rticles :ire components of the space rrtdi- 

ation environment that a r e  crrprrble of introducing lattice damage in the solar cell  material and resultant degradation 

of solar cell  out,)ut pqrnmeters. The low energy component (0-10 keV) of tho proton spectrum i s  probably the l a s t  

well char:tcterized region and represents the energetic proton contribution of tho k h r  Wind. Thie region of the solar 

proton spectrum may be an important contributor to total solar nrruy degrrtdalion in ar ray  designs which utllize thin 

(0 to 75 microns) shielding materil~l.  Its impact on solnr ar ray  end-of-life output power is wl welghed in thie ~ m l y s i s  

due to the lack of reht ive  damage coel'ficient di~trr in this low energy reqion. Immediate mr tq I. .:ma ~ i t h  energicte 

between 100 keV and 1.0 MeV and solar f lare protons with energies between 1.0 and 200 hc ,. nr J eonddsred the 

primary causitive factors of proton induced army power loss. 

Alpha particle contributions to a r ray  degradation are not included in any of the oaloulatione, 

The following models, based on NASA reports (4.10, 4.11, 4.12) ure presentcd here for three mieeion types: 

1. Interplanetary - One and seven f lare ambient 

2. Geosyndronous Ea rth Orbit Three Year Mission - Trapped p n r t ~ c l e  and one solar flare amblont 

3. Low Earth Orbit (278 k ~ n ,  60 degrees) - Three year  trapped partiole ambient 

The flare model shown in Figure 4-17* represents the solnr flnre contenet of the worst known period (oycle 10) and as 

such is a conservrrtive model. 

*Energy Spectra given in JPL Spac ES506080B 
4-58 



Figure 4-17. lnterplanslary Solar Fkre Model 







4.3.3.1 Radiation Models (Continued! 

The trapped electron and proton environment at 258 krn attitude l a  based on Vettela AE2 and AP6 modsle. 

While the AE2 model hae been auperceded by Vettels AE6 model, this model ie not available in the format 

neceesary for our analyaie. See Figure 4 -19. 



TRAPPEDELECTRONANDPROTON 
ENVIRONMENT AT 278 KM, 60 D E G  

(BASED ON AE2 AND AP6 DATA) 

E (MeV) 

Figure 4-19. Low Earth Orbit Fluence 



4.3.3.2 Particle Racliation Analysis 

End of life (EOL) power was calculated for the 3-year interplanetary mission, a 3-year geosynchronous 

earth orbit (CEO) m d  a low earth orbit case, also 3 years in length. In both cases the array was assumed 

to be exposed to one solar flare as defined in Table 4-14, 

Table 4-14. Single Solar Flare Fluency 

The physical model of the solar army blanket used in this analysis shows a 75 gm cell with silver 

contacts heat sealed to a Kapton-F substrate and overcoated with heat sealed FEP-Teflon. The quan- 

tities referenced to the left of Figure 4-20 a r e  the density thickness producte for those materials. 

I 

Proton Energy, E (MeV) 

1 

10 

30 

100 

Total Fluenoe, Q, Where 
C ~ > E  (p/cm2) 

2 (lo2) 

4 ( lo lo)  

9 (lo9) 

1 (lo9) 
> 



F R O N T  

-g$ 
BACK 

0.0053 GM/CM* 
0.0027 

Figure 4-','I. Solar Array Blanket Radiation Model 
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DEN1 . I  MEV ELECTRON FLUENCE 
VS. DENSITY X SHIELD THICHNESS 
FOR ONE AND SEVEN SOLAR FLARES 

-I al 
Id- 

$ s 
z 6 - 3 

SHIELD DENSITY X THICKNESS 
(GM.'cM~) 

Figure 4-22. DEN1 1 MeV Electron Fluence - Interplanetary Case 





DEN1 1 MeV ELECTRON CLULNCE Vb 
DENSITY X SHIELD THICKNE8B FOR 
CIRCULAR EARTH ORBIT A T  278 Km 
60 DEG 

tu14 = - - - - - 
- 

N- 
- 

Z 
0 

C - - - 
z 
W 

- 
L3 - 

lo1 

- 
- 
- 

I 1 1 1 I I I 
0 0.1 0.2 0.3 

SHIELD DENSITY X THICKNESS 
(GW'CM*) 

Figure 4-24. DEN1 1 Electron Fluews - LQW Earlh Orbit Caae 
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4.3.4 BLANKET LAYOUT 

The layout for the baeeline half-blanket ie ehown in Figure 4-16. Approximately 80% of the blanket ie 
2 

occupied by 2 x 2 cm cells. Each half-blanket consiets of 40 eleutrlcally independent modules. Each 

module in turn is made up of 2000 *,ell8 grou@ lnto 25 circuits of 20 eerie6 by 4 parallel connected 

cells, see Figure 4-15. The encapmlated cells ououpy an arcaa 40.6 cm high by 2.03 m wide, allawing 

for 0.3 mm all around between cells. Each c lwuit of 80 cells terminstee in an e?rd connector which is 

used to join adjacent circuits to form a aeries utring of 26 cirouits. Each cell tntercoansctor bridges 4 

cells fn parallel. A cross-aection through the bnlnket is ehown in Figure 1-26. 



SPOT WELD COVER THK 
12.7 TO 50 MICRON 

SUBSTRATE INTERCONNECT ' 2 5  MICRON THK 25 MICRON THK MOLYDBENUM 
[ F. E.P. ADHESIVE 

SILVER PLATED 
12.7 MICRON THK 

KAPTON 

Figure 4-26, Blanket Crore-Sect ion 





@CUT AROUNDCELL 
FRONT 81 REAR 

ELECTRICALLY 
HEATED TOOL 

2 REMELT TEFLON 

' 7 O  
BOND FRONT 6 BACK 
REMOVE CUT PIECES 

THIN BLADE 

@ BR-K WELDS 

@ FUSE FEP TEFLON @ BOND TOP PATCH TO ARRAY COVER 
ON TOP SIDE OF @REWELD-HANOHELDTOOL 
NEW CELL a BOND SUBSTWTE PATCH (SEE @ ) 

Figure 4-27. ConceptuaUzation of Blanket Repair 



4.4 MECILAMCA L DESIGN 

4.4.1 BASELINE DESIGN CONCEPT 

The baseline selected for the 2OOW/kg solar array la a rollout lightweight blanket type. (See Figure 

4-28). The array is divided into two sections which a re  canted at a small angle to form a "V-stiffening" 

effect permitting the use of a smaller extendible boom with associated savings in mass. Thir "V- 

stiffening" concept was a new technology development that came out of the GE/JPL 11OW/kg Solar Army 

study. 

The blanket sections a re  2.21 m wide by 17.2 m long including cells and electrical bur see for a total 
2 

array area of 76 m per wing. The boom is a standard type Astromast 12.7 cm in diameter with a 
2 stiffness (El) of 532 N-m . The boom supports the outer end of the blankets through a "header" which 

is free to  rotate on the boom axis. Leading edge members rigidly attached to the header secure the 

blanket at  the outer end. 

The array is held flat by boom tension on the blanket. The substrate (or bottom aheet) of the blanket 1s 

composed of a 12.7 microns thick layer of heat-sealable FEP Teflon backed up by a 25.4 microw thick 

layer of Kapton for strength. In the baseline design a second sheet of FEP will aerve ae the cell cover- 

sheet. 
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4.4.1 BASE LINE DESIGN CONCEPT (CONTINUED) 

4.4.1.1 Boom and Stowage Drum 

The Astromast assembly is  mounted in a center support. The stowage drum ie flange mount8d to each 

side of this support by meam of a preloaded bearing assembly. 

A negator spring motor attached to the bearing msembly housing imparts a nearly constant torque of 

1.02 Nm (9 in. lbs .) to the drum resulting in a blanket tension of 7.12 N (1.6 lbr . ). 

A slip ring assembly i s  also mounted on the inner stationary shaft of the bearing aseembly. This device 

is a standard type design for space use with capacity for 40 power leads and a number of signal leads. 

The stowage drum is 25.4 cm in diameter by 2.31 m long. It ie conetructed of a graphite composite for 

low weight and high stiffness. See Figure 4-29. 





4.4.2 BASIC ARRAY STRUCTURES 

Three basic array candidates were considered in this study. The riaid array has a stiff eubstrate such 

as aluminum honeycomb on which the cells a re  bonded. This method of construction is often adequate 

for small arrays. Although some good advances have been made, such as the EOS hollow core panel, 

rigid panels can be eocpected to be a limiting item in optimizing weight for large arrays. 

An example of a semi-riaid array ie the concept propueed by Convafr for the SEPS application. This is 

an array bonded to very lightweight isogrid stricture (machined from plate). Tae material L curved to 

create stiffness but will fold into a flat pack configuration for stowage much the same a8 a carpenteris 

rule. 

The third basic type is the flexible blanket which depends upon tension in the blanket to &toin itself in 

a flat plane in zero G environment. Stowage of the flexlble blanket i s  accomplished by eithes d i n g  o r  

folding. See Figure 4-30. 
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4.4.3 DESIGN TMDEOFFS 

By comparison '~x ib i e  blanket is superior in respect to high specific power !Vower/Unit Mass). I t  

has low milss be(. ..,e h e  supporting structure can be supplied by a single lightweight element. Stowage 

is compact because the thickness of the substrate is reduced to a sheet as thin as  1 mi! of Kapton-H film. 

A s  an  added feature, retraction and re-deployment of the array on command can be readily accom- 

plished if the blanket is rolled-up on a drum. 

Table 4-15 lists a mass density comparison for the three basic types. Table 4-16 shows a comparison 

of army types. 

Table 4-15. Array Structure Maas (Typical) 

Mase per* 
Unit Array Area 

Array Examples %dM2 

GE Broadcast Satellite Experiment 1.67 

I Semi-Rigid I Convair Pmpoeal (Isogrid Structure) ( 0.09 

I Flexible I LMSC SEPS Array I 0.272 

*Support Structure Gnly (Deployer Not Included) 
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4 . 4 . 4  EX1'ENDlBLE BOOM CANDIDATES 

The boom for the array msembly waa selected from known extendible booms. Among the devicee con- 

slclered are (1) the "BI-STEM" pioneered by SPA13 and used on many epace appllcatiorm, (2) the Bi- 

Convex Tubular boom manufactured by Celesco and used on the 8011 sampler for Viking, and (3) the 

coilable lattice boom developed by A s t r o  Research Corp. S e e  Figure 4-31. 

\ 

A semi-rigid structural boom pryloeed by Convalr was aleo givcan conaideration in tMe rrtudy. 



Flgun. 4-31. Extendable Boom Candldatea 



4.  -1.4 EXTENDIDLE DOOhl CANDIDATES (CONTINUED) 

Boom Mass Com~arison 

'I'he continuous longeron astromast can provide beet low-mare bsnefitrr m 8hown by the curves in Fig- 
2 

ure 4-32. To meet the deslgn requirement of a stiffnma~ of 1 x 10' lb-in (287 N-9). an element 

mass of approximately 0.04 lb/ft (0.06 kg,m) is attainable, 

The coilable lattice (co~ltinwua longeron) boom has been selected for the following ramonr: 

1. Best maee-to-etiffnese ratio 

2 .  hweet W m  plus deployer mass 

3. nelatively low sensltlvlty to thermal banding 

4. Low backlaeh characteri~tice 

5. Related application (LMSC SE1'8 array) 



r t e a  OR MOLY IITEM 
Olt - 200, = 0.10 

STEEL CELEICO 8lCONVEX 

COW1 IWUOUS FIBERQCALI 
LONOERON AnROMA8T 

ARTICULATED LONBE~~ON 
ASTROMAST (1 2.0 

I I I 1 1 1 1  I L b 1 f i f i b f i  1  I 1  1  1 1 . 1 1  r r l r a y ,  

10, 13' I 17' (n43V21 

BOOM BEUDlWO STIFCWELI (El) 

LATTICE B O O f l S ~ M I N 1 B U f l  SPECIFIC MASS 
> 

Figure 4-32, Boom Mae8 Comparlron 



4 . 4 . 5  Afj I IAY STOWAGE CONFIGURATION OPTIONS 

Three options coneidered for the stowage of the flexible array a re  ehown In Figure 4-33. The flat pack 

(foldout) method and the drum (or rollout) approach a r e  Uie moat conventional, 

Option 3 i s  a combination of Option8 1 and 2, Since the amount of banding whlch a thin cell blanket 

could withstand without degradatiorm was unknown, the curved elded drum was conceived rs a wry to 

keep the curvature independent of the nomlnal drum radlue, Ytowage rrurfac~ curvature msy be speci- 

fied in accordance with blanket flexing limltations, The presence of some curvature on the rrurfoce 

results In a radical force whlch helps to secure the blanket to the drum during bunch. 







Table 4-17. Stowage System, Key Tradeoffs 

CYLINDRICAL DRUM CAN PROVIDE 
VERSATILE LOW MASS SYSTEM 

Type 

1 

Flat Pack 

2 

D m  
(Cylindrical) 

3 

Dnun 
(Curved 
Sides) 

< 

Advantages 

a Holds cells in flat condition 
for stowage and launch 

a Does not require special 
power transfer devices 

a Simplifies deploy and retract 
mechanlems 

a Maintains tension on blanket 
at all times 

In addition to 2 above 

a Permits reduction of cell 
bending 

a Adaptable to modularity 

? 

Disadvantage2 

a Difficult to control foldiq, on 
retraction 

a Retraction aids add weight 

a Blanket must be flexible 

a Blanket compression forces 
related to blanket tension 

1 

In addition to 2 above 

a Requires blank substrate 
areae at corners in creasing 
blanket length 



4.4.6 TEPJSIONiNC; hIECIIANIShIS 

A flexible blanket must be maintained at a fixed level of tension throughout miasicn life to keep the naturnl frequency 

at the specified value. Tension is also bendcia! during extension or retraction to prevent random alack in the array. 

In the case of t4e rollout approach, a single negator spring motor inside the drum serves to maintain nearly a con- 

stant tension on the blanket. A sketch of the negator spring motor in relation to the eolar array etorage drum ie 

shown in Figure 4-34. Spool A is integral with the fixed drum .-haft. Spool B fa free to ratate on a jack abaft that in 

turn is mounted on the array storage dmm. When the eolar array is fufly stowed, the eprlng is fully wrapped on 

Spool B. As the solar array is deployed via the continuous longem boom, the spring le m o u n d  from Spool B and 

is wrapped up on Spool A.  The forces atored in the spring want to wrap the spring on Spool B. As a conrsquenoe, 8 

counterclockwise torque is applied to the storage drum. Thie torque reeulta in tension T belng applied to the solar 

array blanket. Bearing friction and friction torques are maintained at a related low level so  that the trtaelon (T) ie 

basically proportioned to the flat characteristic of the nekator spring. Extcsnsion tenelon will Im higher thur re- 

tractions tension by twice the sum of the slip ring and bearing friction equivalents. 

A method of establishing teneion at the end of full development of the foldout concept is illwtrated in Figure 4-35. A 

compression spring, incorporated in the boom tip assembly, establlehea the requlrd tension range. Llmit rwitches, 

which are connected electrically to the deployer control, define the limits of the tension range selected and cur be 

used to avoid overloading of the blanket or boom structure. 



LIMIT SWITCHES 

Figure 4-34. Drum Negator Spring Motor 

r - - - - -  
HEADER 

I !# 

COMPRESSED SPRING 

7 
0 I 

\ 0 0  - 
0  

I 
\ 0 

I 0 0  I 
I 0 1 . "  0 0 ' 0  \ 
L - - -  I 

----d - 
OPERATING RANGE 
11.5 NT (2.6 LBS) 
13.3 NIT (3.0 LBS) 

n C TO 13.4 NT (3.1 LBS) 
15.6 NT (3.5 LBS) 

BUSHING 

Figure 4-35. Tensioning Mechanism (Maat Tip Assembly) 



4.4.7 POWER TRANSFER DEVICE CANDIDATES 

Three de7;ices. or techniques, shown in Figure 4-36, were considered for the function of power tnme- 

fer. The motor driven connector is a special device patterned after conventional hunch di8~0nneete. 

This connector is remotely engaged as the array approaches full externion. Pilot pias m e  the drum 

and line up the receptacle and plug near the end of blanket travel. Intermedfate array extenrrion 

positions can also be accommodated. 

Both slip rings and the spiral twist cable are notable for thsir prior acceptance and we. 
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4.4.7 YOWER TRANSrER DEVICE CANDIDA 1 LS (CONTINUED) 

Slip rings have been c1;osen ns baseline for  the power transfer mechanism. These devicee are well 

proven in space and a re  passive in thai they do not depend on any other related active functione. Fric- 

tiou torque is  relatively insensitive to temperatbe. 

The spird twist is considered to be an approach that may exhibit an excessive torque level; which is 

also sensitive to low temperature conditions, especially where a large number of conductors are 

involved. 

The motorized connector ifi a reasonable alternate to the slip ring. The receptacle and plug are stan- 

dard hi-re1 parts. Its use would become more attractive where the number of conductors and current 

capacity might result in aE undesirable slip ring configuration. 

See Table 4 -18 for a su-nmary of the power transfer trades. 



Table 4-18. Powsr TranrferTMdw 

Selection --- Sllp Rinp 

Aiternate --- Motorized C O M ~ K ! ~ ~  

I 

Type 

Sllp Hlnga 

Spiral l'wlst Cable 

Motorized Connector 

Pro 

Space proven approach 

a Operable over wide tem- 
perature range with 
eeeentirlly conrtant torque 

State of art dewice 

a Slmple mechanlem 

8 Prwldee non-mavlng con- 
tact 

a Utilizes studard apace 
proven connector elemtnta 

Con 

Require lubrioation of 
bruuher and hearings 

a Rqulrer 101% lead 

Torque var s with 
temperature 

Rtquirer eoms develoyraent 

Require8 added mechanlam 
sad oontrols 

a Umit dtowa~tb drum to 
flxed poritiom of one 
revolution intervals A 













/ 

/ 
' /  LAUNCH RETENf lON BRACKET 

STOWED /f ARMY, 

i 
TYPICAL 
990 Kg TRUNION INTERFACE WITH SHUTTLE \ 
SPACECRAFT 

Figure 4-39. Shuttle InteFface 



4.5 PARAMETRIC ANALYSIS 

4.5.1 VIBRO-ACOUSTIC DESIGN HEQUIIiEMENTS 

The launch a d  flight environments, as defined In the study Requirements Document, were analyzed for 

their clynamic impact on the baseline design of the 200W/kg solar array. Since a eimilar analyeie was 

carried out on the 11OW/kg solar array, much of the current analyeie benefited from that earlier mtudy. 

The principal difference was the advent of the ultra-lightweight, thin solar celle. The launch vibration, 

shock, static acceleration and acoutics proved to be no problem for the bweline deelgn, The deployed 

array natural frequency and the quasi-static acceleration are the major conetralnte. See Table 4-19. 



Table 4-19. Vlbro-Aoowtlc Deuign Requlremantrr 

l a Deployed Reqdremente 

- Deployed Array Dynamics: Fn n 0.04 Hertz 

- 9-1-Static Loads, Deployed Army: 1 x G maximum 

( Stowed Requlrem& I 
- Launch Vibratba, Stowed A m y  

I - Launch Acaustics, Stmeb. 145 dB overall I 
I - Shock, Stowed Array: 20 G, 10 mr Terminal Sawtooth I 
I - Static Acceleration, Stowed Array: 9 G's I 

t 

DEPLOY ED REQUIREMENTS ARE MAJOR CONSTRAINTS 





-- - 

DEPLOY ED FREQUENCY DETERHI NES 
BOON STIFFNESS AND TENSION 

7 

Figure 4-40. Optimized Deployed Configuration (Planar) 
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4.5.4 "V-STIFFENED" ARRAY CHARASTE RISTICS 

Laboratory tests on a planar array show that there a r e  three regions 01 different stiffness for in-plane 

deflections, see Figure 4-42, as follows: 

Region 1: For small deflections, hysteretic behavior of the BI-STEM boom caused a relatively 
high stiffness. This is best predicted semi-empirically and is not predicted by simplified 
analytical modeling. 

Region 2: For medium deflections, the tension distribution of the blankets changes such that the 
slope (B) at the tip of the leading edge member is proportional to the tip deflection ( 6 )  divided by 
the array length (L) . 

This r e sd t s  from a constraining moment at the tip of the boom dl16 to the blanket tension and is 
valid urltjl the tension shifts to the edges of the blanket. 

Henion 3: For large deflections, the effect of blanket terlsion ia no longer present and the boom 
behaves as a cantilever. This occurs aftcr the transitional deflection (v,vhen teneion shifts to the 
edg9s of the blankets at end of Region 2). 



n TENS I O N  MOMENT 

Boot'! CANT1 LEVER HYSTERESIS STIFFENED 
A 

Figure 4-42, In-l'lme Forcu 1)uflcct.ion Charncteristics for the IU 250 Solsr fi rray 





EDGE VIEW L I NEAR I ZED RODEL 

"V" CONFIGURATION COUPLES IN-PLANE 
TENSION STIFFENING WITH OUT-OF-PLANE DEFLECT IONS . 

Fig-re 4-43, out-of-Plane Teneion Stiffening 





V-STIFFENED OESIGNS MEETING BOTH T HE 
El BELOW BUCKLING & QUASI.STATIC LOADS REOUIREMENT 
BUCKLING CRlT LIE IN  THIS OUADRANT - 

206 

BOOM STIFFNESS (El)  ( ~ . r n ~ )  
-. 

CANT ANGLE SELECTED TO SATISFY 
QUAS I -STEADY LOAD 

1:lgure 4-44. Effect of Cant Angle on Traneltion Force 
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APPENDIX A 

BASELINE REQUIREMENTS 
FOR A 

200 WATT/KILOGRAM LIGHTWEIGHT 
SOLAR PANEL SUBSYSTEM 



General Electric Company 
Space Division 
P .  0. Box 8555 
Phi lade lphia , Pa. 19 101 

Docunent #2OO W/Kg-2.76-004 Rev. I 
15  April 1976 

Base line Requirements 

for a 

200 Watt/Kilogram Lightweight 

Solar Panel Subsystem 

Contract N o .  954393 

Prepared b 
peighg  re. Mgr . 

200 W / K g  Solar k e y  Study 



1.0 SCOPE 

1.1 This specification covers the requirements for a conceptual 

approach for a 10 kilowatt solar panel design having a 

power-to-weight ratio of 200 watts per kilogram or greater. 

This conceptual approach requires a background of information 

on the influencing parameters, their margins, the trade-offs 

considered, and the rationale developed for a light-weight 

array design as defined by the requirements in paragraph 3.0. 

2 ,  0 APPLICABLE DOCUMENT 

2.1 The foilowing document forms a part of this specification to 

the extent specified herein: 

MI L-HDBK- 5 Metallic Materials and Elements for 
Flight Vehicle Structures 

3.1 Conflicting requirements. In case of conflict between the 

requirements of this specification and the documents 

referenced herein, the requirements of this specification 

shall govern. 

3.1.1 Deviations from standard practices. Ar.y deviations from 

generally accepted standard practices will be approved by 

the Jet Propulsion Laboratory (JPL) , after it ha* been 

demonstrated by analysis that the deviations will not degrade 

the overall probability of attaining the objectives of this 

effort. The burden of proof in such circumstances shall rest 
A- 2 



upon the contractor and not upon JPL. 

Performance requirements. The so la r  pane 1 s h a l l  be designed 

so tha t  the following performance requirements can be met. 

3.2.1 General. - In the stowed configuration, the so lar  panel s h a l l  

be supported i n  a manner tha t  -?ill prevent damage t o  the 

so lar  panel under shock and v ibra t ion  loads. Vpon conman i 

and i n  proper sequence, the re lease  and deployment mechanism 

s h a l l  extend and lock the so la r  panel i n t o  the deployed 

posi t ion a t  a r a t e  t o  be defined by the contractor .  Upon 

command and i n  proper sequence, the r e t r ac t ion  mechanisr.~ s h a l l  

r e t r a c t  up t o  90% of the so la r  pantil, exposing su f f i c i en t  area 

t o  provide -1p t o  10% of t h e  t o t a l  power, and lock t o  t h i s  

p a r t i a l l y  stowed posi t ion a t  a r a t e  defined by the contractor .  

This r e t r ac t ion  mechanism w i l l  be considered as  an option. 

3.2.2 Power requirement. Following launch, the deployed so la r  panel 

s h a l l  be capable of supplying 10 ki lowatts  of e l e c t r i c a l  power 

a t  the spacecraft  in ter face  a t  a so lar  in tens i ty  normally 

incident a t  1 AU* and a t  the predicted so lar  array temperature 

a t  t h i s  in tens i ty .  

3.2.3 Lifetime. The so la r  panel s h a l l  be designed t o  perform over 

a period of 3 years with no greater  than a 20 percent loss  of 

power, disregarding so la r  f l a r e  proton reduction, and with no 

f a i l u r e s  which sould prevent the panel from performing 

*1 AU i s  defined i n  ASTM Spec E490-73A 



successfully i n  both e l e c t r i c a l  and mechanical modes. Sound 

engineering judgement s h a l l  be exercised i n  regard t o  the depth 

t o  which the design i s  driven by the exclusion of s ingle  or 

multiple f a i lu re  modes. 

3.2.4 Solar panel operating temperature. The thermal cha rac te r i s t i c s  

of the deployed panel s h a l l  be adjusted so  t h a t  the ce l led  area 

maintains a maximum operating temperattlre of 8S°C a t  a so lar  

in tens i ty  normally incident a t  1 AU*. The e l e c t r i c a l  character- 

i s t i c s  of the ar ray  s h a l l  be determined over the temperature 

range of -lOo°C t o  +1000C. 

3.2.5 Solar panel weight. The weight of the so lar  panel i n  f l i g h t  

configurations,  including the re lease ,  deployment, and 

r e t r a c t i o n  mechanisms, but not including so lar  panel gimballing 
.. 

hchanisms, s h a l l  be such tha t  the so la r  panel spec i f i c  power 

e q u l s  or exceeds 200 watts per  kilogram a t  a so la r  in tens i ty  

normally incident a t  1 AU*. 

3.2.6 Packaging volume envelope. The volume and shape of the 

stowed so lar  pane;, including the re lease ,  deployment, 

r e t r ac t ion  and lock (an option) mechanisms, s h a l l  be determined 

by the contractor i n  order t o  maximize the so la r  panel adapta- 

b i l i t y  t o  various spacecraft  configurations,  I n  these design 

considerations, a 2000-pound spacecraft  (which includes two 

10-kilowatt so lar  panels and a Shut t le  launch vehicle) s h a l l  

be assumed. 

*1 AU i s  defined i n  ASTM Spec E490-73A 
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The following requirements s h a l l  a l s o  be included: 

a) Launch veh ic le  shroud volume r e s t r i c t i o n s  

b) Spacecraft  s t r u c t u r a l  i n t e r f a c e  requirements 

c) Solar  panel deployment complexity ( r e l i a b i l i t y )  

d) Solar  panel  gimballing (Sun t racking) requirements 

e )  Solar  panel  r e t r a c t i o n  complexity ( r e l i a b i l i t y )  

f )  Solar  panel attachment conf igurat ion requirements. 

S t ruc tu ra l  i n t e r f aces .  The s o l a r  panel  t o  spacecraf t  attachment 

po in t s  s h a l l  be considered t o  provide the  most e f f i c i e n t  i n t e r -  

face  capable of performing the  mission. Consideration s h a l l  

be given t o  t he  ease  with which the  deployed s o l a r  panel can 

be gimballed ( t i l t e d  o r  ro t a t ed )  with respec t  t o  t he  spacecraf t  

as required by t h e  Sun t racking requirements. Considerat Jn 

s h a l l  a l s o  be given t o  the  requirements imposed on the  spacecraf t  

s t r u c t u r e  by t h e  s o l a r  panel. A s o l a r  panel r equ i r ing  an 

extremely r i g i d  support o r  neg l ig ib l e  r e l a t i v e  motion between 

widely spaced support  po in t s  i s  undesi rable  because m e t i n g  

these  requirements might r e s u l t  i n  increased spacecraf t  weight. 

3.2.8 S t ruc tu ra l  r i g i d i t y .  In  t he  deployed configurat! on, the  s o l a r  

panel  shali heve suff ic ient  r i g i d i t y  s o  t h a t  i t s  lowest c a n t i -  

levered n a t u r a l  frequency of v ib ra t ion  i s  equal  t o  ox g r e a t e r  

than 0 .04  Hz. I n  the  event t h i s  c r i t e r i a  cannot be m e t ,  i . e . ,  

the  cant i levered n a t u r a l  frequency i s  l e s s  than 0 . 0 4  Hz, the  



i n t e r a c t i o n  of the  f l e x i b i l i t y  of the  s o l a r  a r r ay  t o  the  JPL 

a t t i t u d e  con t ro l  system s h a l l  be analyzed t o  a s se s s  t h 2  impact 

of the  f l e x i b i l i t y  of t he  s o l a r  panels on the  a t t i t u d e  cont ro l  

sys  terns. 

3.2.9 Mass cen te r  loca t ion .  The s o l a r  panel  s h a l l  be designed t o  

minimize displacement of the  veh ic le  mass cen te r  and cen te r  of 

s o l a r  pressure caused by thermal g rad ien t s  and s o l a r  panel 

temperatures. 

3.2.10 Fla tness .  In  t he  deployed conf igurat ion the  s o l a r  panel blanket  

ce l l ed  prea s h a l l  l i e  i n  a predetermined plane wi th  a maximum 

angular dev ia t ion  from t h i s  plane of t en  (10) degrees. This 

dev ia t ion  s h a l l  include de f l ec t ions  caused by thermal g rad i  

but s h a l l  not include de f l ec t ions  caused by dynamic mechan 31 

load inputs .  

3.2.11 Inspection.  Release, deployment, r e t r a c t i o n ,  and locking mechan- 

isms, s h a l l  be designed s o  t h a t ,  with s u i t a b l e  ground support 

eqcipment, t h e i r  operat ing funct ions  can be inspected i n  a one-g 

Earth f i e l d  environment p r i o r  t o  i n s t a l l a t i o n  on the  spacecraf t .  

3.2.12 R e l i a b i l i t y .  The s o l a r  panel design s h a l l  i n .9 rpo ra t e  design 

p rac t i ce s  t h a t  enhance the  probabi l i ty  t h a t  t he  s o l a r  panel w i l l  

operate success fu l ly  i n  both mechanical and e l e c t r i c a l  modes. 

Environmental requirements. The following environmental requi re -  

ments s h a l l  be considered i n  the  design of the  s o l a r  panel.  



G r d  bandling. The solar panel's structural,  mecha-teal, a..d 

electr ical  per formanee shall  not be degraded because of ground 

handling during manufacturing, testing, and transportation 

operations. 

3.3.2 Umch emrirorrment . The following emrirornaental constraints 

which represent the launch enviraraaent of the solar panel i n  

the stawed configuratim, sh.11 be considered i n  the solar 

panel design. 

3.3.2.1 Sinusofdal vibraticm. Sinusoidal vibration input levels as 

shown below w i l l  be applied a t  spacecraft solar array interface 

Ln three orthogaaal directions, at a swiep rate of oae octave 

per dnute. 
Fkeauermy Ramze (821 Amplitude 

1.0-inch double amplitude 
1.3 g (O-pk) 
0.036 inch dauble umplitude 

(0-pk) 

3.3.2.2 Acoustic. The launch acoustics emrinnmrent shal l  be 60 seconds 

of a random incidence, reverbera: souod f ield,  having the 

third-octme band sound pressure levels defined In  Fig. 1. 
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3.3.2.3 Shock. The worst shock environment will be a 20 g terminal 

sawtooth shock pulse of 10 milliseconds duration at the spacecraft 

interface in each of three orthogonal directions. 

3 3 2  4 Static acceleration. The stattc acceleration envirorments shall 

be 9 g's at the approximate center of mass of the solar panel 

in the stowed configuration. This enviromrent shall be considered 

for the axial axes; 2 g ' s  shall be considered for the lateral axis. 

3.3.2 .5 Launch pressure profile. The solar panel temperature shall be 

initially at 27 * 6 0 ~  and at atmospheric pressure. Figure 2 

shws the pressure-time history during launch and ascent. 

3.3 .3  Space flight enviroxment. The follwing spece flight enviromental 

constraints shall he considered in the solar panel design, 

3.3.3.1 Steady state thermal/vacuum envirormrent. The steady state 

thermal lvacuun envirorrment shall cover the A-ange f r a n  - 130 to +140°C 

and a pressure of loo5 t o m  or less. 

3.3 .3 .2  Thermal shock crmrironmsnt . The thermal shock temperature 
extremes shall be - 1 9 m  and +140°C at a pressure of 1 0 ~ ~  torr 

ar less. The temperature time rate of change during thermal 

shock shall be the natural cooling rate of the solar panel in e 

simuiated passage into a planetary shadow with an assuned planetary 

albedo a£ zero, and the natural heating rate of the solar panel 

in a simulated passage from a planetary shadow into a nonnal solar 



RANGE TIME - SEC 
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flux of in tens i ty  corresponding t o  a steady s t a t e  temperature 

of 1 4 0 ~ ~  on the soLar ce l ls .  The t o t a l  thermal shock 

environment sha l l  consist of 1000 complete cooling and heating 

cycles. 

3.3.3.3 Solar f l a re  proton radiation emriroment. The proton fluency 

for  the >year mission sha l l  be ag defined i n  Table 1, 

3.3, 3.4 Pyrotechnic shock emrinm~ent  , The solar  panel assembly shall 

be capable of withstanding shock emrirotnnents induced by the 

f i r ing  of any pyrotechnics that may be required for  the operation 

of the assembly, 

Materials, parts. and processes. Materials, parts ,  and processes 

used i n  the design of the solar  panel shall conform t o  the 

requirt-ents specified herein. Any materials, parts ,  and 

processes that are not so covered sha l l  be subject t o  the 

approval of the JPL cognizant engineer. I n  every case, the 

contractor's selection shal l  assure the highest uniform quali ty 

of the solar  panel. 

3.4.1 Material selection c r i t e r i a .  The influence of the following 

environments and those specified i n  3.3 on the design properties 
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of the structural, e l ec t r i ca l ,  t h e m 1  control, and lubricant 

materials i n  the solar  panel sha l l  be considered: 

(a) Storage a t  95 percent re la t ive  h-idity a t  5S0c for  

50 hours. The solar  array may, however, be protected 

during delivery t o  the launch f a c i l i t y  by use of 

appropriate site o r  ground operationa f a c i l i t e s  o r  

equipment. I f  such protection i s  deemed appropriate, 

cos t -wight ,  and other impacts on the array design sha l l  

be evaluated. 

(b) 10,000 thermal cycles between - 1 9 0 ~ ~  and +140°c at 

log7 t o m  with a 90-minute cycle, and a temperature 

s tabi l iza t ion (<2Oc/hr) dwell a t  the extreme temperatures. 

(c) 1000 them1 shocks aa def intd i n  para. 3.3.3.2 "Thenml 

Shock Environment". 

3.4.1.1 Flight environnent materials. The materials sha l l  be capable 

of enduring the space enviranment without releasing any 

significant condensing gases which would decrease the solar  c e l l  

efficiency, o r  could potentially lead t o  e l ec t r i ca l  shorts o r  

degradation t o  the spacecraft system operation. 

3.4.2 Radiation resistance. The dosage and energy levels of the 

particulate radiation encountered during a mission sha l l  not 

produce a significant ef fect  on the metallic s t ructura l  elements. 

Polymeric materials sha l l  be e i ther  shielded or  selected t o  

7 r e s i s t  a radiation surface dosage of 10 rads without decreasing 

the c r i t i c a l  design properties below the design allowables. 
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Exposed structural adhesives. When adhesives are considered 

for bonding transparent or partially transparent structural 

canponents, the influence of particulate surface dosage 

7 radiation of 10 rads, and ultrsviolet radiation equal to 1095 days 

2 of solar radiation at the rate of 2.002 calories/cm /minute, on 

the adhesive shall be considered. 

Diodes. Diode isolation will be provided in the Power 

Conditioning circuitry. Therefore, diodes are not required 

on the solar array. 

Solar Cells. The candidate solar cells to be used have the 

Eollawing characteristics: 

(a) Current-voltage temperature coefficients be tween - 100°C 
and +lOoOc at 1 AU: 

Current: 0.03 maP~-Cm 
2 

Voltage: -2.0 mvPc 

These values apply t ~ ,  all cells of any thickness 

between 0.003 and 0.010 inch. 

(b) Physical properties: 

Length: 2 to 4 (=m 
Width: 2 Cm 
Thickness: 0.025 Cm (.010 inch) to 0.0075 Cm (0.003 inch) 

(c) Practical contact configuration. See Figure 3. 

(d) Interconnecting methods: 

Both weldable and solderable solar cells will be considered 

as available for cell thicknesses between 0.003 and 0.010 

inch. The cell contscts will be silver-palladium-titanim 



PICURE 3 

S O U  CELL CONTACT CONFIGURATION 

BACK S I M CONTACTS 

WU CONTACT PKTChE f W CONI*CT 

FRGi SIDE CC?;T~CTS 

W CONTACT COlNLI DART CONTACT 

BAR CONJXCT: 

WRAP AROUND CONTACT: 

GRID L I E S  : 

FULL WIM'B EITmR EDGE, 
20 nIxs m ammItc DESIRED 

ANY CONFIGURATION, SPINE OR 
FULL WRAP 

WIDTH. 2 MILS TO 8 MILS ; 
m B E R  3/Cm t o  121Cm 

ORIGNAL PAGS IS 
OF POOR QUALITY 



or silver-chranirrm. Interconnect materials will be 

beryllium= copper, Kovar , molybdenua, or si lver . (The 
latter two in a mesh configuration have exhibited 

superior overall electrical and mechanical behavior 

1'. recent welded contact studies) . 
(e) Current voltage characteristics at 1 AU, 0.010 inch, 

28% See Figure 4. 

(f) Solar cell efficiency as a function of cell thickness 

between 0.302 and 0.008 inch. See Figure 5 . 
The following assunptions may be used with regard to the 

candidate solar cell data: 

1. Cells as thin as 0.003-inch can be welded with little or 

no degradation in perfornrance, 

2. Cells as thin as 0.003-inch can be temperature cycled 

betue~n - 1 9 0 ~ ~  and +140% without incurring damage. 

3. The use of alteraate cells is not to be considered in the 

baseline design. 

4. The candidate cells described will be available in production 

quantities in the timeframe necessary to fabricate actual 

arrays. 

5. The fill factor will not change over the temperature range 

of -1006c to +lOoOc, 

6. Cells thinner than 0.003 inch are not considered practical 

and will not be used in the baseline design. 
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Figure 4 Typical C e l l  E / I  and Pcwer Curves 





3.4.6 Solar cell adhesives. A requirement for two separate adhesives 

can exist in the solar cell area, One requirement shall be for 

an adhesive used to attach the solar cells to the structures; 

the second shall be to bond solar cell cover glasses to the 

cells, The adhesive for bonding cover glasses to solar cells 

shall be transparent to electromagnetic radiation in wavelengths 

from 0.4 to 1.0 micron, and shall be resistant to ultraviolet 

and particulate radiation. The adhesives shall have the 

following properties: 

a) High thermal conductivity 
b) Low outgassing in the vacuum environment 
c) A modulus of elasticity compatible with the thermal 

motion of the cells and structure 
d) Repairability during the fabrication phase, 

3.4.7 Solar cell adhesive thickness tolerance, Solar panel and solar 

cell installation normally shall require the extensive use of 

bonding materials. The thickness a:' rsa of applicat-lon of 

these materials, if used, shall be accurately controlled. The 

designs and processes shall include control requirements and 

tolerances that can be maintained in the fabrication shops. 

3.4  .8 Solar cell tolerances. The control of solar cell processing 

through the fabrication shops shall be dependent upon the 

comparison of initial testing and grading to subsequent cell 

testing during the fabrication seqeence. The tolerances set 

by the design shall be adequate to allow a high yield of 

good assemblies . 



3.4.9 Solar cell connections. The heat required in joining solar 

cells can cau8c degradation in cell performance. The solar 

cell electrical connecting technique shall be compatible with 

solar cell interconnection methods and shall exhibit accurate 

temperature control for minimum power loss. 

3.4.10 Solar cell installation. The installation of solar cell 

assemblies onto substrate panels and the assembly of structural 

cmpanent parts shall be accamplished with protective coverings 

on the operator's hands, or the handling shall be done with 

suitable mechanical devices. The configuration of these assemblies 

shall be designed so that the required work can be accomplished 

while complying with all handling restrictions. 

3.4.11 Thermal control coatings. Degradation of thermal control 

coatings by the ultraviolet and particulate radiation of the 

flight enviroment shall be considered. 

3.4.12 Beariws and lubricants, In the event bearings and lubricants 

are required in the solar pane! design, the bearing materials 

shall resist the thermal excursions and particulate radiation 

of the flight environment. Lubricants shall not degrade; 

i.e., lose lubricity under flight conditions up to 1095 days, 

or release any condensing gases, which would case degradation 

to the spacecraft system. Possible occurrence of cold welding 

at hard vacuum shall be evaluates. 



3.4.13 Part producibility. Configuration and size of parts shall be 

canpatible with normal tooling practices. Very thin foil 

gage parts shall be capable of being fabricated with reasonable 

assurance that damage will not occur and that the part can be 

handled without damage when reasonable precaustions are taken. 

3.4.24 Configuration of the solar panel. The configuration of the 

solar panel shall be designed so that positicning and holding 

of components and subassemblies can be accomplished to provide 

support during solar pane 1 assembly . 
3.4.15 Repair and replacement. It shall be possible for fabrication 

personnel to repair or replace any components of the solar 

panel at any time during the fabrication or ground handling 

sequence and prior to installation on the spacecraft. 

Mechanical design criteria. The followii-ig criteria shall 

govern the mechanical design of the solar panel. 

3.5.1 Strength and deflection requirements. All structures, with 

minimum material and geometric properties, shall have adequate 

strength and rigidity to accomplish all requirements. In the 

fulfillment of the strength and deflectioq requiremeres, tt:2 

worst possible combination of simultaneously applied loads and 

environmental conAitions shall be used to determine limit loads 

and design laads. Particular attention shall be given to the 

following. 



3.5.1.1 Dvnamic loads. During the loads analysis, consideration shall 

be given to loads induced by the solar panel's elastic and 

rigid-body response to dynamic; excitation in the stoved and/or 

deployed configuration. 

3.5.1.2 Quasi-static loads. The quasi-static loads . 3 result of vehicles 

thrust and flight maneuvers shall be 1 x 10'~~ actier- Jpon the 

deployed solar array. 

3.5.1.3 Fatigue considerations. Fatigue shall be copsidered in the 

design of structural elements by the avoidance of deleterious 

residual stresses and stress concentrations in conformity with 

good design practic?. Special attention shall be gibeen to 

elements subjected to repeated load cycles at high stress 

levels. Material selection shall include consideration of 

fatigue characteristics in relation to the desigc requirements 

of the structural element. 

3.5.1.4 Tnennal considerations. Consideration shall be ;iven to 

deterioration of material properties and to stresser and 

dcformation caused by temperature effects, both prolonged and 

t ransierlt . 
3.5.2 Limit load. The limit load shall be the maximum load a structural 

element is expected to experience during its required functional 

lifetime, including fabrication, handling, and ground testing. 

no structural element with minimum material and geometric 

properties shall yield at limit loads or impair the required 

functions of the solar panel. 
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3.5.lr Cesirm load. The design lotd shall be the lidt load wltiplied 

by the safety factor. No structural eleses. with udniennm material 

and geometric properties shall experience ultioate stress, failure 

by instability, or rupture at design I d .  

3-5.4 Material ~ro~erties. Allowable material properties shall be selec- 

ted to satisfy the environmental conditions that affect material 

properties. As a goal, metallic materials shall be in accordance 

with MIL-HDX 5 .  

3.5.5 Safety factors, The safety factcr is a altiplyinq factor applied 

Lo the limit load to sflw for design uncertainties. The follow- 

ing safety factors shall be used as a goal: 

a) Structures: 1.25 
b) Structural joints, fittings, and brittle material: '1.44. 

3.5.6 Structural qualification test levels. The environmental levels 

defined in 3.3 shall be considered as the qualiiication test levels. 

3.5.7 Structural Gesinn. Simplicity of the analyses and tests shall be 

considered in the structural design. All structural components 

shall be amenable to either analytical or experimental demonstra- 

tion of adequacy. 

3.5.8 Strtictural n=linearities. Nonlinear structural design shall be 

kept to minimum and used only when linear behavior is not possible. 

3 5.8.1 Energy dfqsirmti.lg mechanisms. Vhere possible, all energy diszi- 

oati1.g aecha~ ' . t s used rhal.1 have linear force-velocity relation- 

shjps over a wice range ~f frequencies, loads and temperatures. 



3.5.8.2 Hechanical backlash. Particular e f for t  shal l  be made t o  avojd 

mechanical backlash i n  a31 s t ru f tu ra l  connecticns. 

3.5 .9 Separation toint preload. Attachment of any component t o  

another shall provide for  suff icient  preload so thst no physical 

separation v i l l  occur during ultimate load conditions. 

3.5.10 Designflexibi l i ty.  Yherepractical, the s o l a r p a n e l s ! m l l b e  

designed so that  adJitiona1 data and advances of technology may 

be incorporated a t  later dates, 

3.5 -11 Thermal gradients. The solar  panel shall be designed t o  

minimize thermal gradients i n  the plane of the solar  panel. 

3.5-12 Mechanical integrity.  The solar  pawl  sha l l  be designed t o  

prevent :he release of loose parts or  gases that could damage 

or  impair the function of the solar  panel o r  other spacecraft 

subsystems. 

3.5.13 Margins of safety. Margins of safety a re  defined with respect 

t o  the l i m i t  load or the design load as: 

MS = 
* (or * - 1 = 1 

l i m i t  load (or desiszn load) 

*Load corresponding t o  yield s t ress  of a structure with 
minimm geometric and material properties, with consid- 
eration of environmental ef fects  on material properties. 

*Load correspcnding t o  ultimate s t ress ,  ins tabi l i ty ,  or 
rupture of a structure with minimxu geanetric and meter- 
l a1  xoper t i es ,  w i t h  considerat ion of environmental ef fects  
tn materinl properti .s, 



Electrical d e s i ~ n  criteria,  The following cr i ter ia  shall 

govern the electrical  design o i  the solar panel, 

3.6-1 Solar ce l l  efficiency. The contractor shall establish the 

power output based on the photwoltaic characteristics of the 

JPL proposed candidate solar cells and the predicted operating 

temperature of the solar panel. This design effort  shall include 

the power losses incurred during fabrication, assembly, cabling, 

and solar panel/spacecraft interfacing considerations. 

Electrical insulation. The electrical  insulation between the 

solar cells and the solar panel strdcture shall provide a 

maxim dielectxlc breakdown strength in a i r ,  a t  standard 

temperatures a d  pressure conditions, greater than three times 

the open circcit  voltage of the solar panel, Leakage r~siscance 

under the test  conditions shall be greater than lo9 o b s  per 

square centimeter of ce l l  area. 

3.6.3 Repairability. The solar ce 11 modules shall be constructed, 

and a t e r i a l s  shall be selected, so that any defective ce l l  can 

be replaced in  a fabrication repair area -xithout damage to 

adjacect cells,  eleccrical insulation, or mounting substrate. 

Compatibility of materials. The solar ce l l  stack shall be 

designed to use only materials that are compatible thermally, 

nechanically, and electrically with each other, w i t h  the space 

envi~~nment, and interface requirements of the solar cells 

substrate. 



3.6.5 Interconnections. The solar cells shall be interconnected, 

both in parallel and in series by metallic conductors. These  

conductors shall be designed to minimize both therinal and 

flexural stresses on the solar cell interconnections. The 

electrical resistance of the interconnections (including solder, 

if used) shall not exceed 2 percent of the total series resist- 

ance of the solar cells. The joint shall be at least as strong 

as the bond between the semi-conductor meterial and the ohmic 

contacts. The joining materials shall exhibit stable physical 

and electricel characteristics in both space and terrestrial 

3.6.0 Magnetic field. Solar cell wiring, interconnecting and structural 

techniques s h a l l  be designed to minimize as far as practical the 

magnetic field produced by the flaw of current in the solar panel. 

3.6.7 Electrical conductors. The size and configuration of electrical 

conductors shall be determined by the fcllowing considerations: 

Law weight 
Law resistivity 
Minim- magnetic field 
Mechanical strength to endcre design loads 
Extericrr finish to be resistant to nat~ral and induced 
environments 
Process adaptability 
Redundancy 
Thermal coefficient of expansion 
Thermal shock (minimun of 300C/minute) on the cells 
Repairability 
Conductor flexibility . 



Conductor insulation. Conductor insulating materials shall be 

selected on the basis of the following considerations: 

a) Mechanical strength 
b) Flexibility 
c) Dielectric characteristics 
dj Ease of forming or fabricating 
e) Flight enviroment considerations 
f) Weight. 

3.6.9 Electrical terminals. Terminals shall be used to facilitate 

maintenance, repair, and replacement of electrical canponents. 

The follcwing requirements f ~ r  terminals shall be met: 

a) Voltage drop across any terminal shall not exceed 25 
mfllivolts at rated load. 

b) The terminals shall withstand 50 cycles of manual mating c*-3 
unmating without replacement of parts. 

c) The terminals shall be accessible for ease of wiring 
installation and for factory or field checkout. 

d) The terminals shall be rigidly attached to primary or 
secondary structure . 

e) The terminals shail have m i n i m  possible eight. 

f) Exterior finish of the terminals shall be resistant to both 
natural and induced envirorments. 

3.6.10 Installation. n.e installation of wires, terminals, electrical 

connectors, and busses shall conform to the following 

requirements : 

a) Busses and other wiring shall be installed in order to 
minimize as far as practical magnetic fields. 

b) Installation shall withstand the rigors of normal handling 
and transpoztazion as re11 as launch and operational 
manewers. 

c) Installation shall be designed to facilitate service and 
repair activities. 



3.6.11 Electrical checkout. T e s t  terminals shall be prvvided on 

the solar panel to permit ground testiag and checkout prior 

to launch, irr a one-g Earth field, with suitable ground 

support equipment (GSE). 
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Standard Specification for 
SOLAR CONSTANT AND AIR MASS ZERO SOLAR 
SPECTRAL IRRADIANCE1 

Tlu Standard n 14 r d c r  ~lc lid &xipalma E 4'X. ~lc -her d u w y  foEbrly rlr-as~ror udwcr Ik n a r  
d orqt.al adoptton w. In r k  c z u  d mmoa. !I* year d *n mrsom A number In par rnc lc~  mdrato ~k year d IJU 

I. I Th~s  speciftcat~on dcfincs the solar con- 
stant and thc zero atr mass solar spsxral 
irradtancc for use In thermal analysts, .hermat 
balance testing. and othcr tests of spacccraft 
and spacecraft components and materials. 

1.2 This speciftcat~on 15 baud upon data 
from cxpcrimcntal mcasurcmcnts madc from 
high-altit ude aircraft, balloons. soacccraft. and 
the carth's surfaa. The stated accuractcs arc 
based on the cst~mattd accuracies of thc m a -  
curcmcnts. cal~brat~ons. and radtometru scaks. 

2. A p J i a W t  D o c r m  
2. I ASTM Standards 
E 349 Definirtons of Tcrms Rclatrng to 

Spaa Stmula~~on' 

3.1 air mass (opttcal atr mass) (AM)-the 
ratlo of the path kngth or rad~atton through thc 
atmosphere ( I , )  at any glvcn angk. Z dq. to 
the sea kvcl  path knpth toward :hc zcntrh (I,). 

A M  = I,//, ~cr 2. for Z < 6 2 d q  

Syrbol  AM I (atr mass one). AM2 (atr mass 
two) 

3 2 otr mass zero (AMOt-the a b x n a  of 
atmos~hrr~c attenuation of thc solar lrradiancc 
a1 one astronomtcal untt from the sun 

3 3  astron~mi;al vntr (At')-a unit of 
kngth defined as the mean dlsrance btwccn the 
earth and the sun that IS. 149 597 890 r 500 
km) 

3 4 .rrodronce at a pornr on a surficr (E l  
-quotlcnt of the radtant flux ~nctdcnt on an 
ckmcnt of the surface contdtntnp thc pctlnt. h) 
the area of t h ~ r  elcmcnt. mcawred tn H m ' 

3.5 irrodrance. specrral ( E I  )--the ~rradlancc 
p r  unit wavckngth tntcrval at a spccifu rave- 
kngth. or as a funa~on of wavckngth measured 
i n  W - m - x . r m  .. 

3.6 in~tgmred irrodipnre-spectral ~ r n d l -  
a n a  inttgratcd over a spcctfi ravcksgth 
tntcwai from A, to A, measured In  W .m- I. 
SyntW. EA, = ji: E ~ ~ A  

3.7 Addlt~onal dcftntr~ons w i l l  IK found In 
Definlttons E 349 

4 1 The solar constant. based on the arcrap 
of the values shoun In Table I. tr 1353 U m 
Thc cst~mated error 1s 2 2 1 U m * 

4.2 Tabk 2 summartzcs the results tn dtffcr- 
ent unlrs. and Tabk 3 presents the total solar 
trradlancc at vartous planetan d~stances from 
the sun. 

5. War ~ s l 1 n . l i . m  ( Air 51- k t  

5.1 The zero alr mass solar spmral trradl- 
o n e  I, based on data from the NASA 71 1 
research aircraft cxpertments t 1.2.3)' (KC 

Tabk 4) with additions and wvtslons b a d  on 
other rcccnt measurements ( W) Prev~ousl\ 
comp~kd solar spectral irradtancts wcrc baud 
on ground-baud measurements 117 to 25, and 
somc mcasurcmcnts from rockets Y 1. Spectral 
trradiancc data from thc NASA 4mcs Re- 
search Center (271 wcrc not tncludcd k c a u v  of 

'Th~s cpcaf~at~on IS under rk ~ u r ~ d ~ a u n n  of 4 S T V  
Cornm~rrct € - ? I  on Swcr Sirnuia~nm 

Current d r ~ j o n  awrorcd Scp~ 27 1473 a d  Dcc 2' 
1*?3 PuMtsRtd Januart 1974 

19'4 AWIMOI ihd of 4STW Srodwds Pan d l  
' T h e  holdfarr numkrr tn pamntklc* tfcr lo thc l ~ u  of 

-rfcrcoccs a! ihe cnd n; !hi% \pcrJ* a '  Jn 
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calibration unana in tm.  Further discussion on 0. I I5 r m  (nearly 0.002 W . m -  ') IS based on 
the methods of COJCUI~~I(M and h r s t o r ~ ~ l  infor- H i n t e w r ' s  results 1321. I n  the 0.14 l o  0.20. 
matioa u n  k found In Refs thl6.28 to  31). r m  n n p .  the values arc hi id on Naval 

5.2 TI& 5 p m n t s  the solar spectral irradi- Revarcb Laboratory data ( 17. Y b  which have 
a n a  i n  t8btlt.r fonn for the range from 0.1 15 t o  been adjusted downward because of data b) 
IW-. The f * ~  column gtvcs the wrvekngth Heath (331 and Parkinson and R a v n  (34). I n  
(A) i n  am; t k  second gtvcs t k  spectral irradi- iht range from 0.20 to 0 30 Nm. the values of 
a w t  ( E I )  at h in W . m - ' - p m -  I; thc tbird gives thc Goddad Space Flight Ccnter fume hrvc 
t k  total i r rd iaacc for the r a n p  from 0 t o  A k e n  retained b u x  o f  confirming Nimbur 
(E.-h) in W-m-'; and the fourth ~ i v c s  the satellite data (331. The Epply-JPL data wcrc 
perccntap of lk solar constant associated with used for rcvlsion in the range from 0.3 to  0.7 
wavekngths sborcer than A (D.- ). r m  @ to  U). Tbc 20 t o  1000-~m range (9 t o  

5.3 TI& b presents an abridged version o f  13, 16) irradlances were computed from the 
fable 5. b u r r  I p k  the Standard S o k r  combined data o r  the bright- temperature of 
Spectral Irrdiancc. the sun from many diircrcnt authors as quoted 

5.4 The imdiancc i n  the range from 0 t o  by Shimabukoro and Strcey (35). 
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APPENDIX C 

PARAMETRIC ANALYSEH 



2.5 PARAMETRIC ANALYSES 

2.5.1 GENERAL 

lhis s e c t i o n  d e s c r i b e s  the dynamic parametr ic  a n a l y s i s  performed on both 

a p lanar  and V-stiffened a r r a y  conf igura t ions .  The r e s u l t s  o f  the  ana lyses  

and t h e i r  impact on the  des ign  o f  a 200 w a t t  per  kilogram s o l a r  a r r a y  are 

discussed.  

2.5 .2  PLANAR ARRAY - VIBRATION STUDIES 

2.5.2.1 In t roduc t ion  

P a r e t r i c  s t u d i e s  perforwid dur ing  the  110 W/Lg s o l a r  a r r a y  s t u d y  f o m d  

the  b a s i s  f o r  e s t a b l i f r l ~ i n g  t h e  0 p t i . 1 ~ 1 ~  s t r u c t u r a l  conf igura t ion  c h a r a c t e r i s -  

t i c s  of t h e  200 W/kg a r r a y .  The design requirements f o r  a n  i n t e r p l a n e t a r y  

miss icn were e s s e n t i a l l y  t h e  saare w i t h  a minimum deployed a r r a y  n a t u r a l  f r e -  

quency of -04 Hertz and a deployed a r r a y  q u a s i - s t a t i c  load c a p a b i l i t y  o f  

1 X lo-) g ' s .  The launch enviro-nt is t h a t  of t h e  Space S h u t t l e  ins tead  of 

the  Titan-Centaur, but  t h i s  change only  a f f e c t s  the stowed conf igura t ion  and 

is no t  e x t e n s i v e l y  d i f f e r e n t .  I n  t h i s  r e p o r t ,  on ly  t h e  deployed a r r a y  v i b r a -  

t i o n  s t u d i e s  are being considered.  

The fol lowing d i scuss ion  reviews m c h  of the  i n v e s t i g a t i o n s ,  techniques,  and 

op t imiza t ion  s t u d i e s  which were conducted on t h e  110 W/kg a r r a y .  A pre l imi -  

nary conf igura t ion  w a s  s e l e c t e d  based on the  f ind ings  of the  e a r l i e r  s tudy  and 

the new g u i d e l i n e s  f o r  l i g h t e r  weight,  more e f f i c i e n t  s o l a r  c e l l s .  

Computer codes f o r  determining minimum boom bending s t i f f n e s s  and blanket  ten-  

s i o n  t o  meet t h e  .04 Hertz frequency were updated and r e s u l t s  a r e  presented 

f o r  the  new base l ine  con£ i g u r a t i o n .  

C-I 



2.5.2.2 Backround Data 

The c a a f i y r a t i o n  selected f o r  the 110 Y/kg fntcrplrrvtary d . s ioo  is shara  - 

i n  Figure 2-1. It ccmriats of -ton s o l a r  cell blankets arpported by 

a tubular  kryllitrr lediryl edge ~ r m k r ,  and 8 s i a g l e  deployable a r t i c u l a t e d  

steel loageroo ASTB&MAS. A f l8t pack design was used f o r  the stowed s o l a r  

a r ray .  Table 2-12 presents  a t o t a l  system uss a r r a ry  f o r  the system. The 

t o t a l  weight of 87.5 kilograms w a s  s p l i t  a h s t  equal ly  between the mass of 

the s o l a r  c e l l  blankets  d the supporting aad packagiag s t n t c t u l r .  The goa l  

of 200 W / k g  necessitates the 87.5 k i l o g r m  be reduced t o  a h t  50 k i l o g m  

aml i nd i ca t e s  the e d  t o  reduce weight i n  a l l  areas. 

Figures 2-20 and 2-21 present  the f i r s t  anti-s-tric ( tors ion)  aod s y ~ r t r i c  

(bending) frequency versus blanket teas ion  c h a r a c t e r i s t i c s  f o r  a p ' h ~ i  array. 

A s  indicated by the curves, their crossover point  gives the  maxiarn na tu ra l  

frequency for a minimsa blanket tension. Figures 2-22, 2-23, a d  2-24 graphi- 

c a l l y  present the r e s u l t s  of c p t k i z e d  s t i f f n e s s  a d  tension versus 

na tura l  frequency a d  mi- system weight, The o v e r a l l  conclwion  derived 

from these parametric va r i a t i on  s tud ie s  w a s  t h a t  a three  t o  one aspect  r a t i o  

was the minimum weight design f o r  baseline configurat ion shoun i n  Ffgure 2-1. 

In view of the extensive optimization analyses performed during the  110 W/kg 

study, a planar baseline configuration was se lec ted  which c lose ly  matched 

the f indings from the e a r l i e r  invest igat ion.  However, i t  is shown i n  sub- 

sequent discussioas t h a t  the optimized planar a r r ay  with j u s t  the l i g h t e r  

and more e f f i c i e n t  s o l a r  c e l l s  does not meet the desired ueight  goal  of 

50 kilograms. Further weight reductions and/or con£ igura t ion  changes are 

indicated.  



Table 2-12 To ta l  System Maes Sumnary - 110 W/kg Array 
(Baseline Configuration f o r  In t e rp l ane t a ry  Miarion) 

To ta l  8 7 . 5  

Item 

Solar  Ce l l  Blanketa (see Table 2-6 f o r  d e t a i l  breakdown) 

Stowage and Support S t ruc tu re  

Frame 11.0 
Container Bottom 3 .6  
Container Cover 4 . 0  
Container Mechanisms 0 . 1  
Center F i t t i n g  0 . 8  
Leading Edge Member 3 .1  
End Retention F i t t i n g s  1 . 0  
End Retention Cable Cuttere  0 .9  
End Retention Mechanisms 0 .4  
Elunket Teasion Mechanisms 1 . 2  
I n t e r l a y e r  Cushioning 2.5 
Container Foam 1 .8  
Coatings 0 . 1  
Fa8 teners  0 . 1  

Deployment Mechanism 

Mast 3 .1  
Canis te r  5 . 3  

Mars 
(kg 

48.5 

30.6 
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2.5.2.3 P l a n a r  Array Coeqnrter Codes 

The dyuamics a n a l y s i s  required t o  determine t h e  optirmmt boom s t i f f n e s s  and 

t ens ion  o f  t h e  p l a n a r  a r r a y  was performed u s i n g  a d i s c r e t e  par-ter model 

used f o r  previous  analyses  on t h e  30 Wllb. and 110 Wlkg s t u d i e s ,  and v e r i -  

f i e d  by t e s t .  The model used a f i v e  by two d i s c r e t i z a t i o n  as shown i n  

Figure  2-25. Because of t h e  s y m e t r y  o f  t h e  s o l a r  a r r a y  conf igura t ion ,  o n l y  

h a l f  t h e  a r r a y  w a s  analyzed wi th  appropr ia te  boundary cond i t ions  t o  determine 

. e i t h e r  the  syametric o r  a o t i s y n a e t r i c  a r r a y  modes. Each blanket  w a s  repre!- 

sented by 10 rec tangu la r  e l e m n t s  t h a t  d e s c r i b e  t h e  out-of-plane s t i f f n e s s  

caused by t h e  blanket  t ens ion .  The l ead ing  edge member (LEM) and born were 

modeled u s i n g  beam elements and included the  e f f e c t  of axial preload on the  

boan s t i f f n e s s .  The l ead ing  edge member w a s  f r e e  t o  r o t a t e  r e l a t i v e  t o  the 

boom about t h e  l o n g i t u d i n a l  a x i s  o f  the  a r r a y .  A z o n s i s t e n t  mass representa-  

t i o n  w a s  used.  The born d e n s i t y  w a s  va r ied  i n  accordance wi th  t h e  boom s t i f f -  

ness  as shown i n  Figure  2-20 f o r  the  continuous longeron ASTROMAST and arti- 

cula ted s t e e l  A S T R W T  booms. The ana lyses  were performed us ing  the appro- 

p r i a t e  subrou t ines  i n  a DYNAMO I1 program t h a t  enabled t h e  parameters t o  be 

var ied over  the range of i n t e r e s t .  (See Table 2-13) 

2.5.2.4 Deployed Analysis 

2.5.2.4.1 Optimum Blanket 'Tension 

The i n i t i a l  a n a l y s i s  performed was t o  determine the  optia*ur, b lanket  t ens ion  

necessary t o  meet the  .04 Hz frequency requirements f o r  both symnetric and . 
t o r s i o n a l  v i b r a t i o n .  Sinco the  LEM r o t a t e s  f r e e l y  on the  end of the  boom, 

boom s t i f f n e s s  does no t  a f f e c t  the  t o r s i o n a l  frequency c a l c u l a t i o n s  of the  

a r ray ,  and the  t ens ion  required t o  m e t  the  t o r s i o n a l  frequency c r i t e r i a  can, 



(a) SYMMETRIC (b) ANT l-SYMMETRIC 

Figure 2-25 Finite-Element Model of Rro-Blankt, 
Single-Boom Solar Array 
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Figure 2-26 Deployable Boom Mass Vs. Bending S t i f f n e s s  
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therefore be determined s o l e l y  from the information given above. This was 

done u t i l i z i n g  the rectangular  membrane f i n i t e  element program developed f o r  

determining the anti-symnetric frequencies of the 110 Wlkg array.  Once t h i s  

value of tension was determined i t  was input ,  along with the da ta  i n  Table 2-14, 

i n t o  the symmetric ana lys is  program, t o  determine the boom s t i f f n e s s  necessary 

t o  meet the .04 Hz c r i t e r i a  f o r  out-of-plane bending. 

The r e s u l t s  have been plot ted i n  Figure 2-27 from which i t  can be seen tha t  

the optixrum tension f o r  the basel ine system is approximately 2.4 lbs .  (both 

s ides) .  

Table 2-13 contains a sumnary of information acquired from the computer codes 

f o r  use i n  the present 200 W/kg study. 

Table 2-13 200 W/kg Baseline Planar Array Computer Rurs 

Run No. 

ORIGINAL PAGE LC 
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SAS002 

SASO03 

SASOO4 

SASOOS 

Ef fec t  of tension on tors iona l  frequencies. 

Ef fec t  of EI var ia t ion  on symnetri-c frequenceis assuming: 

- Fiberglass  ASTROMAST 
- Tension equal t o  tha t  required f o r  a t o r s iona l  

frequency of .04 Hz. 

E f fec t  of E I  var ia t ion  on syrrmetric frequencies assuming: 

- Articulated s t ee  1 ASTROMAST 
- Tension equal t o  tha t  r e q u i ~ ~ d  f o r  a to rs iona l  

frequency of .04 Hz. 

Ef fec t  of tension var ia t ion  on sympetric frequency. 



Table 2- 14 Baseline Conf igura t icn  - Planar Array 

- 
Aspect Radio ( A N  3 

Length (L) lh 46 f t .  

Width ( t o t a l )  w) 4.68m 15.3 f t .  

Blanket Mass (MI 24.97 kg 55.06 /gc s lugs  

Blanket Density (f) .381 kg/m2 . 078/gc s lugs  

Required Frequency ( f )  .04 Hz 

2.5.2.4.2 Effect  of Aspect Ratio 

In  t h i s  ana lys is ,  da t a  calculated f o r  the 110 W/kg study was modified t o  

represent the 200 W/kg array.  Figure 3-100 of the 110 W/kg f i n a l  report  
1 

presents a p lo t  of optimum boom s t i f f n e s s  ( E I )  vs. fundamental frequency 

( f )  and optinam blanket tension f o r  various aspec t  r a t i o s .  Since the p r i -  

mary equation i n  the determination of the tension required f o r  .04 Hz i n  t o r -  

s ion i s  tha t  f o r  tension i n  a stretched s t r i ng ,  

the tension sca le  on t h i s  p lo t  was sh i f ted  by r a t i o ing  t!le tension v~alues by 

2 ,!L~ of the baseline ?OO Wlkg blanket t o  the A of the 110 W/kg blanket.  The 

boom s t i f f n e s s  sca le  of the p lo t  was then s imi l a r ly  sh i f ted  by ra t io ing  the 

2 values on t h i s  s ca l e  by TL . The r e su l t s  a r e  shown i n  Figure 2-28 of t h i s  

repor t .  



Computer runs were made f o r  the  200 Wlkg b a s e l i q e  t h a t  v e r i f i e d  t h a t  the  

r e s u l t s  a r e  stA£ f  i c i e n t l y  a c c u r a t e  f o r  e v a l u a t i o n  of  the 200 w a t t l k g  con£ igu- 

r a t  ions .  

2.5.3 V-STIFFENED ARRAY-VIBRATION STUDIES 

2 .5 .3 .1  In t roduc t ion  

Parametric s t u d i e s  performed f o r  the  110 Wlkg s o l a r  a r r a y  a s  w e l l  a s  the  cur-  

r e n t  200 W/kg s tudy  ind ica ted  t h a t  f u r t h e r  r educ t ions  i n  required beom s t i f f -  

ness  and o v e r a l l  sys-m weight can ke obta ined from a  minor v a r i a t i o n  o f  the 

p lanar  des ign  t o  a canted o r  V-s t i f fened m e .  The 110 Wikg s tudy was a b l e  t o  

meet i t s  system weight goa l  w i t h  a  p l a n a r  a r r a y .  However, as shown i n  the pre- 

vious s e c t i o n ,  the  p l a n a r  conf igura t ion  cannot meet t h e  system weight r e q u i r e -  

ment u n l e s s  a s i g n i f i c a n t  mss r rduc t ion  is  made ir, the  stowage and suppor t  

s t r u c t u r e .  The fol lowing d i s c u s s i o n  p r e s e n t s  a  review of the e a r l i e r  i n v e s t -  

i g a t i o n s  i n t o  V-s t i f f en ing  e f f e c t s  and a  200 Wlkg base l ine  conf igura t ion  is 

e s t a h l i s h e d  which n e a r l y  m e t s  the  system weight goa l .  

2 .5 .3 .2  Background Data 

A "V"-stiffened s o l a r  a r r a y  conf igura t ion  was conceitred a s  a  means of  ob ta in -  

i n g  s i g n i f i c a n t  i n c r e a s e s  i n  the  minimum a r r a y  resonant  frequency wi thout  

added  complexity.  Th-is, i t  is  poss ib le  t o  meet a  s p e c i f i e d  deployed n a t u r a l  

frequency requirement wi th  reduced boom s t i f f n e s s  (and rcduced t o t a l  system 

weight)  when ~ompared wi th  a p lanar  a r r a y  geone:ry. This  concept,  shown i n  

Figure 2-11, uses  the  s l i g h t  angle  of the a r r a y  blankets  t o  enabin observed 

in-plane  s t i f f e n i n g  r e s u l t i n g  from the  r e d i s t r i b u t i o n  of  b laaket  tens lon t o  

provide OUL-of-plane s t i f f n e s s .  S t a t i c  t e s t s  and a n a l y s i s  of the in-plane  

behavior showed t h a t  the  a r r a y  b l a j k e t  t ens ion  was r e d i s t r i b u t e d  suck, t h a t  the 
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a r r a y  r o t a t e d  about one edge. I n  e f f e c t ,  t h e  blanlret provided a maaent con- 

s t r a i n t  to the t i p  o f  t h e  deployable born u n t i l  an edge t ens ion  c o n d i t i o n  

was achieved a f t e r  which the booa bthaved as a c a n t i l e v e r .  By c a n t i n g  t h e  

b lanke t s  and c e n t e r i n g  t h e  boom w i t h i n  t h e  blankets ,  t h i s  bLm t i p  c o n s t r a i n t  

can k used tc s t i f  fen  the  a r r a y  f o r  s g g o t r i c  out-of-plane motiqn. 

The e f f e c t  o f  t h e  canted b lanke t s  w i l l  a l s o  provide s t i f f e n i n g  f a r  t o r s i o n a l  

motion o t  the a r r a y .  For  a given bean, the t i p  c o n s t r a i n t  w i l l  enab le  ;rester 

tens ion  to be appl ied wi thou t  buckling t he  boae; hence, a n  i n c r e a s e  i n  t h e  t o r -  

s i o n a l  frequency. I n  a d d i t i o n ,  the boa w i l l  be requized t o  bend d u r i n g  t o r -  

sional v i b r a t i o n  wi th  s- i n c r e a s e  i n  the frequency. (Because of t h e  high i n -  

plane stiffness, the a r r a y  w i l l  tend to t w i s t  a h t  the c e n t e r  o f  t h e  "f' cms- 

iag  bending o f  the boom.) 

Figure 2-29 g r a p h i c a l l y  i l l u s t r a t e s  t h e  e f f e c t  of b lanket  t ens ion  on n a t u r a l  

frequency f o r  a "V"-stiffened ar ray .  There is no c rossover  o r  hump maxiaum 

frequency f o r  the synmetric mode as e x i s t s  f o r  t h e  p lanar  a r r a y .  Conversely, 

f o r  n given frequency, ' V ' - s t i f f e n i n g  permits t h e  use  o f  lover  b lanke t  t ens ions  

and subsequent ly  l i g h t e r  w i g h t  suppor t  s t r u c t u r e .  Figure  2-30 p r e s e n t s  the  

r e s u l t s  o f  a n  i n v e s t i g a t i o n  i n t o  minimum a l l w a b l e  boom s t i f f n e s s e s  and booat 

buckling limits. It is apparent  that t h e  " V - s t i f f e n e d  a r r a y  does n o t  have 

an optimum boom s t i f f n e s s  and blanket  t ens ion  f o r  a given frequency similar t o  

the p lanar  a r r a y .  The fol lowing d i scuss ion  f u r t h e r  i n v e s t i g a t e s  these  t r ends  

and has r e s u l t e d  i n  the  s e l e c t i o n  01 a- minir..~m weight con£ i g u r a t  ion.  

7.5.3.3 V-Stiffened Array Computer Code 

T e s t s  on a p lanar  a r r a y  ind ica ted  t h a t  t h e r e  were t h r e e  regions  of d i f f e r e n t  

s t i f f n e s s e s  f o r  in-plane d e f l e c t i o n s  as shoun i n  Figure  2-31a and descr ibed 
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Figure 2-31 In-Plane Force-Dc f lection Characteris t i c  



below: 

Rrgioa I: For small def lec t ions ,  hys t e re t i c  behavior of the BI-STM b a a  

caused a r e l a t i v e l y  high a t i f fncas .  This is bes t  predicted semi-empirically 

and i s  not predicted by s i q l i f i e d  a n a l y t i c a l  d e l i n g .  

Rcgi-n 2: For medium def lec t ioas ,  the tension d i s t r i b u t i o n  of  the blankets 

changes such tha t  the slope (8) a t  the t i p  o f  the leading edge acmber is pro- 

por t iona l  t o  the t i p  def lec t ion  (6) divided by the a r r a y  length (L). 

This  r e s u l t s  from a constraining roaPnt at the t i p  o f  the boor due t o  the 

blanket tension a d  is va l id  u n t i l  the tensiocl s h i f t s  t o  the edges of the 

blanltc t . 

Region 3: For l a w  def lec t ions ,  the e f f e c t  o f  blanket tension is no longer 

present and the boom behaves as a cant i lever .  This occurs after the trrursi- 

t i o n a l d e f l e c t i o a  (vhen tens iaa  s h i f t s  t o  tbe edges of the blankets  at end o f  

Region 2). 

Using the  ideal ized representat ion shown in Figure 2-31b, an e f f ec t ive  linear 

s t i f f n e s s  (sff) can be defined f o r  a se lec ted  amplitude of motion. Although 

other  mthods  could be used t o  a r r i v e  at  a l inear ized  s t i f f n e s s ,  t h i s  appears 

t o  be a reasonable e s t i pa t e .  It is conservative f o r  large amplitudes i n  t h a t  

the s t i f f n e s s  1s higher than predicted, but  amy be unconservative f o r  small  

amplitudes because the Region 1 s t i f f n e s s  is not included i n  the s t i f f n e s s  

representat ion.  
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2.5.3.3.1 S y e g t r i c  Vibr r t iaa  A n a l p i s  

The approach used i n  performing t h i s  s y e c t r i c  v ib ra t ion  a m l y s i s  of the "V 

s t i f  f e n d  a r r a y  w a s  t o  use the existi* p l u v t  mdel o f  the blankets  mad 

revise the bmm s t i f  fmss reprerenta t ion  t o  reflect the e f f e c t  of &he blanlret 

tension red is t r ibu t ion .  Ihc or ig ina l  a n a l y t i c a l  d e l  of the a r r a y  is s h a m  

i n  Figure 2-321. ?be revised d e l  of t he  a r r a y  is s h a m  ia Figure 2-32b, 

where the major modification is t o  replace the boa f i n i t e  elcment &e l  by 

an  e f f e c t i v e  linear spr ing  lhis appears reasonable i n  t h a t  the cant  

angle of the a r r ay  king considered is small (om the order  10") so  t h a t  s ign i -  

f i c a n t  area is not added t o  the array due t o  the  change i n  the projected area. 

The resu l t i*  change i n  t he  membrane s t i f f n e s s  due t o  the small angular ro ta -  

t i on  should not k s ign i f i can t ,  but should ac tua l ly  increase the blanket s t i f f -  

ness. Therefore, the main e f f e c t  seems t o  be the  revised - s t i f f n e s s .  

Consider the art-of-plaoe def lec t ions  of the 'V' s t i f f ened  a r r a y  shown i n  

Figure 2-33a and the f r ee  body diagram of the Ieadirrg Edge m b e r  (IEM) shown 

i n  Figure 2-33b. These d i ag ram a r e  i den t i ca l  t o  those of  I l t f e l ~ n c e  2 except 

f o r  the mod i f  ied width which bcn b e c o ~ s  the projected width; i .e . , w is 

replaced by w sin# . The force def lec t ion  r e l a t i o n  ( re f .  1) neglect ing root 

f l e x i b i l i t y  (7) becomes: 

where : 

T = tension per blanket 

E I  = Boom S t i f f n e s s  

w = Half w i d t h  of a r r ay  
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and the l imi t ing  de f l ec t ion  a t  which the t r a n s i t i o n  from Region 2 t o  Region 3 

occurs (Ref. 1 and 2) neglect ing root  f l e x i b i l i t y ,  becomes: 

Using Keff t o  l i nea r i ze  the ixmn s t i f f n e s s  over  the range of appl icable  def lec-  

t ions and neglect ing root  f l e x i b i l i t y  : 

where 1/2 Keff is added t o  the s t i f f n e s s  matrix of the ana ly t i ca l  d e l  a t  

coordinate 17. 

It w i l l  be noted t h a t  the tension e f f e c t  on the boom s t i f f n e s s  is included i n  

the l inearized s t i f f n e s s .  As the tension is increased, the boom s t i f f n e s s  

decreases as indicated by the f i r s t  two terms of Equation 3. When 2T = 30 E I ,  
7 

L 

the boom s t i f f n e s s  becomes zero and the Keff is due only t o  the i n i t i a l  o f f s e t  

value. Frolrr the buckling standpoint,  the buckling load in  Tegion 2 is increased 

f r w  ?12 EI t o  30 E I ,  an increase of approximately 3 t o  1. - L 7 
The mass of the boom is included i n  the boom t i p  coordinate using one-fourth 

of the boom mass. 

2.5.3.4 Deployed Analysis 

2.5.3.4.1 Assessment of S t i f f en ing  Effec ts  

An evaluation of the e f fec t iveness  of the V-stiffened configurat ion w a s  per- 

forrped using the baseline con£ igura t ion  (Ref. 12) a s  a point  of reference. 

The following values were assumed f o r  the parameters specif ied:  



Tota l  Deployed k n g t h  = 14 m (46 f t  .) 

Tota l  B l a n k e t  Width = 4.68 m (15.34 f t . )  

Boom S t i f f n e s s  (EI) 
2 = &2-5 nt-m2 (2000 1b.-ft .  ) 

IM S t i f f n e s s  (EI) = 2060 nt-HI* (5000 1b.-ft.') 

Blanket Mass = 24.97 K g  (55. 06/gc s lugs)  

Tension p e r  Blanket = 5.7e n t  (1.3 lbs . )  

The e f f e c t  of the cant  angle on the array c h a r a c t e r i s t i c s  can be seen from 

the previaus anal! ' I expressions. The de f l ec t ion  a t  which t r a n s i t i o n  occurs 

is d i r e c t l y  proport ional  t o  the s ine  of the angle (Equation 2) s o  t h a t  the 

t r a n s i t i o n a l  def lec t ion  can be increased, i f  necessary, by increasing the angl: 

(e .g., a 15 degree angle would r e s u l t  i n  approximately 50 percent increase in  

the t r a n s i t i o n  def lec t ion  over  t h a t  provided by a 10 degree angle). For a 

given def lec t ion ,  the e f f e c t i v e  boom s t i f f n e s s  i s  increased s i g n i f i c a n t l y  due 

t o  the increase i n  the o f f s e t  force (3). On the o ther  hand, the e f f ec t ive  boom 

s t i f f n e s s  a t  the t r a n s i t i o n a l  def lec t ion  can be shown t o  be 

which i s  not  a f fec ted  by the  cant  angle. 

The fundamental syumetric resonant frequency determined from the a n a l y t i c a l  

model i s  shown i n  Figure 2-34 f o r  the range of tension values invest igated.  

For comparison, the symactric and antisyrrmetric frequencies of the base l i ne  

planar a r ray  a re  a l s o  ehawn. h e  "V" a r r ay  frequency i s  shown for o s c i l l a t i o n  

amplitudes equal  t o  the t r ans i t i ona l  def lec t ion  and one-tenth the t r a n s i t i o n a l  

def lec t ion .  It should be noted tha t  the small amplitude curve is questionable 

due t o  neglecting the Region 1 s t i f f n e s s .  
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From Figure 2-34 i t  is apparent t h a t  the tension required t o  meet the .04 Hz 

t o r s iona l  frequency and the boar s t i f f n e s s  required t o  m e t  the  .04 Hz sym- 

metric frequency c r i t e r i a  f o r  the p lanar  a r ray ,  r e s u l t s  i n  a g r e a t l y  increased 

s y m e t r i c  frequency f o r  a small (lo0) -at of V-stiffening. Therefore, using 

t h i s  tension value (needed f o r  .04 Hz t o r s i m )  allows the \oom s t i f f n e s s  t o  be 

s ign i f i can t ly  decreased while s t i l l  obtaining .04 Hz i n  out-of-plane bending. 

For basel ine design, the required blanket tension (per s ide)  of a planar  con- 

f igura t ion  w a s  determined t o  be approximately 5.8 n t  (1.2 l b ) .  The tension was 

s e t  a t  t h i s  value and the boan s t i f f n e s s  var ied through the range of p r a c t i c a l  

i n t e r e s t .  

The range of boom s t i f f n e s s  t ha t  was considered p r a c t i c a l  was based on the 

buckling load of the a r r ay  f o r  the required tension value. I f  a conservative 

design approach is used, a c r i t e r i a  t h a t  the buckling load of the can t i l eve r  

boom is not  exceeded could be selected.  Alternately,  a l e s s  conseruative 

c r i t e r i a  is  tha t  the buckling load of the boam with the blanket res tor ing  

moment ac t ing  would not  be exceeded. Using the  f i r s t  c r i t e r i a ,  the boom could 

not buckle f o r  any range of def lec t ions  whereas the second c r i t e r i a  would 

r e s u l t  i n  bocan buckling i f  the t i p  def lec t ion  was g rea t e r  than the t r a n s i t i o n a l  

def lec t ion .  Prom Figure 2-35 applying a s a f e t y  f ac to r  of 1.25 t o  the buck- 

2 l ing  load an EI of 285 nt-m2 (690 l b - i t  ) s a t i s f i e s  the f i r s t  c r i t e r i a  and 

an E I  of 91 nt-m2 (220 lb- f t2)  ~ a t i s f i e s  the second c r i t e r i a .  

The calculated symmetric frequencies f o r  t h i s  boom s t i f f n e s s  range s a t i s f i e s  

the 0.04 !iz requirement f o r  o s c i l l a t i o n s  at the t r a n s i t i o n a l  def lec t ion  and a 

large margin is indicated f o r  smaller o s c i l l a t i o n  amplitudes. Consequently, 

the cont ro l l ing  f ac to r  i s  boom buckling. 



Figure 2-35 Effect of Bdom Stiffness on "V" Configurat 
Solar Array Characteristics 



2.5.3.4.2 Force Deflection Character is t ics  

To ietermine the optimum cant angle (Cq) of the blankets, computer runs were 

made t o  ca lcula te  the frequency i n  out-of-plane bending over a range of boom 

s t i f fnesses  f o r  cant angles of 6'. 8O, and lo0. Tho t r a n s i t i o n  forces (Ft) were 

calculated from equation (1) f o r  each boom s t i f f n e s s  (EI)  a t  each cant  angle and 

a r e  plot ted vs. E I  i n  Figure 2-36. 

- 3 
The load8 produced by the quas i - s t a t i c  accelera t ion  requiremeot (:O 8 ' s )  s e t  

by JPL nust not exceed the t r ans i t ion  f o ~ . ?  o r  the e f f e c t s  of V-stiffening 

w i l l  be los t .  A 1.25 sa fe ty  f ac to r  applied t o  an approximate blanket plus boom 

weight of 57 lbs .  a u l t i p l i e d  by r e s u l t s  i n  a =ininnun t r ans i t ion  force 

requirement o i  .071 lb.  

The in tersec t ion  of the horizontal  l i n e  drawing a t  Ft=.07 on Figure 2-36 gives 

the minfnum boom s t i f f n e s s  needed t o  meet t h i s  c r i t e r i a  f o r  each of the cant 

angles. A blanket cant  angle of approximately ,6.2s0 is  seen t o  r e s u l t  i n  a 

design which meets exactly, both the t r ans i t i an  force and boom buckling c r i t e x i a .  

The use of any other  cant  angle would require a design which exceeds one o r  both 

of these requirements. 



VSTIFFENED GESIONS MEET lNG BOTH THE 
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Figure 2-36 Ef f ec t  of Blankat Cant Aagle on Boom S t i f f n e s s  
f 


