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1.0	 INTRODUCTION

The material pre*ented herein constitutes the final report of the

second extension to JP'h contract no. 955194, "Conceptual Design Study of Concen-

trator Enchanced Solar Arrays for Space Application". This second extension

effort included the conceptualizat4on of a low mass high performance V-trough

concentrator and evaluated its performance with both a gallium arsenide and a

silicon solar array. The original contract effort was completed and reported

upon in May 1979 in a two volume report, Reference 1, while the first contract

extension effort was completed and reported upon in March 1980, reference 2,

In the original contract effort, a number of alternative concentrator

design concepts were studied for use from 1 to b AU. The study, which was limited

to silicon solar cell arrays, found that the most effective configuriations from

among those investigated were the front lit two dimensional flat plate trough con-

centrator (2D-FPT) for near earth applications or the back lit multiple flat plate

concentrator (MFPC) for both near earth and interplanetary missions. When thl,s

work was completed, the contract was modified and extended to permit a more com-

prehensive study of both of these selections. This contract extension effort

excluded interplanetary mission considerations and instead was limited to geosyn-

chronous orbit application, but it included gallium arsenide solar arrays as well

as silicon. The findings of the extension effort eliminated the MFPC from any

further consideration for geosynchronous orbit application.

In die second contract extension effort, the results of which are con-

tained in this report, the objective was to further advance a detailed 2D-FPT

design beyond the rough conceptual stage, creating in effect a preliminary design

of sufficient maturity to permit more credible mass and performance evaluations.

The following is a more detailed statement of the work that was to be

accomplished in this phase of the contract, It has been excerpted. from 'the JPL

Statement of Work:

Perform a study to conceptualize a low mass, high performance V-trough

concentrator and to evaluate its performance when combined with both a gallium

arsenide and a silicon array for use at geosynchronous altitude, The study shall

include but not necessarily be limited to the following:
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2.

3.

4.

1:

5.

6.

7.

Evaluation of the power-to-mass performance of the concentrated

array at beginning of life as a function of geometric concentra-

tion ratio. The gallium arsenide and silicon arrays shall utilize

18% efficient, 50 micron cells with 75 micron covers and 13% effi-

cient, 50 micron cells with 75 micron covers respectively. A 5 KW

and 20 KW concentrated array, beginning-of-life power levels shall

be considered. Concentrated silicon array temperature should not

exceed +15000. Concentrated intensity non-uniformity should not

exceed 15% for either array.

A detailed stress analysis for the representative V-trough structures).

A tht—mal analysis with and without the use of advanced cold mirrors.

The presentation of a deployment sequence compatible with the shuttle

and its launch environment including the stowed configuration and re-

quired volumes.

Any other pertinent information concerning V-trough performance.

Class C drawings.

Cost estimates for developmental and flight units.

U
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2.0	 SUMMARY AND CONCLUSIONS

A simple, efficient and very light weight preliminary design for a 5 KW

and 20 KW BOL output concentrated array has been evolved as a result of this study

and is described by the drawings included in the appendix of this report. The

relative effectiveness of this design, as compared to an unconcentrated planar array

of equal power output, has been measured by comparing power to .mass performance of

and the solar cell area required by each. As was the cafe in the concentrator

studies of the first contract extension phase, reference 2, the measure of superiority

of primary interest was the poweL to mass performance.

Figures 7.5-1 and 7.5-2 from Section 7.0 (presented again in this section)

show the significant results. In this figure, the effort of concentration ratio on

the power to mass performance is shown and compared to a planar array of equal output.

For the GaAs design, no significant difference in power to mass performance was ob-

tained between the 5 KW and 20 KW output systems. The results were also independent

of the type of mirror reflective coating employed. The optimum concentration ratio

for the GaAs systems is approximately 3. At this concentration, the power to mass

performance is about 42% better than an unconcentrated array of equal power. Note

that in every case there is an initial reduction in power to mass as C g becomes

greater than 1. At Cg = 1, the power to mass value is based on an unconcentrated

array with no mirrors or mirror support structure, although, of course, array blanket

deployment and support hardware is included. However, at C g slightly greater than 1,

the power to mass value includes the mirrors and associated structure but the concen-

tration is not yet sufficient to significantly increase the power output. The result

is the observed initial dip in the power to mass curve. From the tables in Section 6,

it is also shown that array area reductions of 57% are obtainable for GaAs concentrated

systems.

The power to mass performance of the concentrated silicon cell arrays is

maximum at C g = 2 and is sensitive to both array size and mirror reflective coating.

y	 For both array sizes considered, the power to mass values when cold mirror coated

reflectors are used are slightly higher, about 5%, than the values with vapor deposited

aluminum reflector-,. Similarly, the 5 KW systems perform about 15% better in power to

mass than do the 20 KW systems because proportionally more massive booms are necessary

for the higher power systems. However, no significant improvement in power to mass

over the unconcentrated array is shown for any of the concentrated silicon systems,

as seen in Fig. 7.5-1. At best, the 5 KW concentrated system employing cold mirror

reflectors at the optimum concentration ratio is only 3,5% better than its unconcen-

trated planar array equivalent. At worst, at the optimum concentration ratio, the

3



20 KW concentrated system with VnA coated reflectors is inferior by 17% relative

to its un^loncentrated equivalent. However, in spite of the fact that no improvement

in power to mass performance is realizable for silicon systems with the type of

concentrator studied, significant reduction in the required number of solar cells

is ol:,ained. As determined in Section 6 of this report, about 35% fewer silicon

cells are required at the optimum concentration ratio of 2 for any of the concen-

trated systems as compared to their unconcentrated equivalents.

In summary, it can be stated that by using the type of concentrator

studied, improvements in power to mass performance as high as 42% together with

array area size reductions of 57% are possible in GaAs systems,

By contrast, when the same concentrator design is applied to silicon

systems, no improvement in power to mass can be obtained although array area re-

ductions as high as 35% are obtainable.

4
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3.0	 OPTICAL ANALYSIS

In the final report of the first cent"tact extension phase, reference 2,

page 11 0 figure 3.0-2, it was shown that the optimui dsai.gn to meet the uniformity

of illumination requirement with the maximum CG is design option (1), referred to

as the "lost light" design for sun misalignment 9 as high as 0 - + 50 . The figure

from reference 2 referred to above, is reproduced here as figure 3.0-0 for the read-

ers convenience. In option (1), the sun misalignment to 9 - ± 5 o is accommodated

by oversiz ng the mirror height. At 9 w 00 , incj,,.ent light on the excess mirror

height on both mirrors cannot reach the array and is lost, (Hence, the lost light

title). However, as sun misalignment occurs, some of 4he excess mirror height on

one side begins to be effective (reflecting light to the array), while some addi-

tional mirror height on the opposite mirror (greater than that which was excess at

9 = 00 ) becomes ineffective, The mirror oversize height is selected such that when

sun misalignment 9 - 50 , all the mirror excess height on one mirror becomes totally

effective while twice the excess mirror height on the opposite mirror becomes in-

effective. As seen in f t.t xa 3.0-0, this configuration produces the greatest CG

for all values of 9. A constan4 portion of incoming light entering the aperture
for -all 	 es f	 n .d n.i perfect a gal inmen Q L	 and the liis loon t ^o^ w11 . an lu..o o^	 i. clL.^^..0 g	 _,..	 t,	 0	 -0 ;	 Y:	 -ht

received by the array is completely uniform. The following is a derivation of an

equation for the mirror height of this configuration as a function of mirror tilt

angle, ¢, and also an equation for the concentration ratio, CG, as a function of 0.

Note that subscripts are used on^ and CG to denote the number of reflections in the

configuration being discussed.

The derivation is limited to 1, 2 and 3 reflection cases, but this provides

a range of concentration from 1 to 5.

Figure 3.0-1 is a diagram of the concentrator with 2 reflections and no

light loss when sun misalignment 9 0. This corresponds to option (2), Figure

3,0-0. However, as can be seen from this figure, the value of C G at 9 = 0 is the

same for options (1) and (2). Therefore, the geometry of Figure 3.0-1 can be used

to detive the CG vs. 0 equation. In this figure, all dimensions are normalized with

respect to the array width. The array width line be of figure 3.0-l e is assigned the

value of unity, and thus the aperture width, A, is equal to the CG,

The incoming incident light ray at the left edge of the aperture is normal

to the aperture A, line ad. Therefore, the angle that the ray makes with the mirror

surface will be 900 - 0. The reflected ray will of course make the same angle with

the mirror, or angle bae = 90 0 - 0.

i
3
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Lin g° ej is drawn normal to the mirror at a, intersecting the opposite mirror

at f. Line fg is drawn normal to line ej.

Angle f h g 0 the mirror tilt angle
Angle f h b angle h 8 f. A

Angle g E h 1800 - 2¢

Angle h f e 90 - (1800 - 20)- 20 - 90

Angle a f e - 180	 (20 - 90) - 270 - 20

Angle a e f = 180	 (90 - 0)	 (270 - 20) - 30 - 180
Angle a e f - angle f e b (angle of incidence = angle of reflection)

Angle b e c - 90 - angle f e b - 90 - (30 - 180) - 270 - 30

Angle bch -0
Angle b c e - 180 - 0
Angle e b c w 180 - (180 - 0) - (270 - 30) - 40 270

8
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Y2	 = line b e
sin (60.360)	 sin (90 - 0)

(using the law of scenes and triangle abe)

Q . sin (60 - 360)
^ 2	 sin (90 - 0)	

(line b e)

sin 60 cos 360 - cos 60 sin 360 , line b e
2	 sin 90 cos 0 - cos 90 sin 0

pp	 ( sin 60) 
« line b eJ^2	 (cos 0 )

but line b e = sin (180
	 0) _ sin 180 cos 0 - cos 180 sin 0

sin (270 - 30) - sin 270 cos 30 •• cos 270 sin 30

sin 0	 (from law of sines and triangle bce, noting
_ - cos 30	 that line be = 1)

a - sin 60 « sin 0 	
NOTE; This equation is not to be used for the2	 cos 0	 cos 30	

lost light configuration (1) because it
does not include an oversi 'or sun
misalignment 0.

Let Z line bh

Z =	 '	 =	 1
cos 0	 2 cos

A	
1 (note that line ad = A and line be = 1)

+ z = z

A =
JC2 

+ 

Z =^z+1
2	 Z

sin 60	 sin 0
A - 1	

cos 0 ^ coy
 30 • 2 cos 0 = CG2

C	 1 _ 2 
sin 60 sin 0	 (2 REFLECTION CASE)	 ^^	 M	

_. (l)G2	cos 30
This result can be used for either the
lost light conf. (1) or 8	 0 no light
loss conf. (2).

11



The subscript no. 2 signifies that this result is only valid for the 2 reflection

case. Note that two reflections are only possible as long as each ray after second

reflection makes an angle with the solar Array that is greater than 0., i.e., angle

e b c is f 0. Since angle e b r- 40 270

0	 67.500 to achieve. 2 reflections

Obviously, if 0 < 67.50 , only 1 reflection is possible. To solve for the required
mirror height R2 for the 2 reflection case, lost light configuration (1), (see

figure 3.0-0) it is only necessary to assume a 0 - 5 0 sun angle misalignment in the

original incident light raj of Figure 3.0-1. Thus the Angle between the mirror and

the incoming light ray is 900 - ¢-50 or 850 - 0. By working through the same geometry

as before, the equation for ) 2 can be obtained.

Angle b a e - 85 0 - 0

Angle a f e - 270 - 20 as before

Angle a e f - 180 - (85 -0) - (270 - 20) - 30 - 175

Angle  f e b- a e f- 3 0 175
Angle b e e = 90 - (30 - 175) - 265 - 30

Angle e b c - 180 - (180 - 0) - [90 - (30 	 175)] a 40 - 265

line b e	 1
sin (180-0) c sin (265 - 30)

line b e = sin (180 - 0)
sin (265 - 30)

hline b e
sin (60 - 350) 

s 
sin (85'- Q^)

sin (60 - 350) 0 sin (180 - 0)	
(67.5 < 0) .............(2)sin (85 -Vii)	 sin (265 - 30)

Equation (1) can be used for C O and equation (2) for , 2 within the range of 0 for

which 2 reflections wi,l.l. occur. 2 As derived previously, the lower limit of the 2

reflection range is 0 = 67.50 . Below 67.50 only one reflection will occur. There-

fore, 67.5 0 is also the upper limit of the one reflection range. To obtain the

upper limit of the 2 reflection range, it is necessary to study the geometry of the

3 reflection case and determine the lower limit of its range. This would then be

12



the upper limit of the 2 rflection case. Figure 3.0-2 shows the geometry for

3 reflections. As before, the aperture width for this case is derived by setting

the sun misalignment angle 0 equal to zero. This aperture width will be equal to

the CC . The values of the pertinent angles are obtained by geometry and by the

Yaw of reflection as before and are shown in the figure. In a manner similar to

that previously described, the equal—,'on for CG was derived.
3	 .^

2	 sin60sin(270-70)sin(180-0)1

M	
CG 
	 1 + sin 90-50)0 sin (90-0)sin(60-90)+	 sin(270-30)	 r

similarly, by including the sun misalignment angle 0 in the geometry, the equation for

4 was derived.

sin(60-90+ 0)	 sin(60+20)sin(270-70-0)sin(180-0)
)3 

s 
sin(90-50-0) + sin(90-0-0)sin(270-30-0)sin(90-50-g)

From Figure 3.0-2 it can be seen that the lower limit of the 0 range for 3 reflections
(which is the upper limit for 2 reflections) occurs when 60-90 > 0.

60 -^ 90

0 > 90
6

0	 15, or 75, or 135

However, the concentrator can only operate when

(45 < 0 ^ 90)

Therefore the solution is 0 ;^ 750.

Figure 3.0-3 shows the geometry for 1 reflection. From this geometry

CG	 2 sin (20 - 90) + 1
1

R
_ sin (20 - 90 + 0)

l	 sin (90 - 0 - -0)

F

13
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The lower limit of 0 for 1 reflection is given by

20 -9Q>0
20 > 90
0 > 450

The upper limit of the range of 0 for the 3 reflection case is obtained as the

lower limit of the 0 range for the 4 reflection case. Figure 3.0-4 shows the

4 reflection geometry. Again, as in the previous geometries, 4 reflections can

only occur if the angle that the 4th reflected ray makes with the solar array

is greater than or equal to zero. Hence

80 270 ;^ 0
80 > 270 or 630 or 990, etc..

> 33.75 or 78.75 or 123.75

but only 78,75 has practical meaning since

45 4 OE 90 for concentrator operation.

0 > 78.75

Now using the derived equations for C C , C
C2

, and CC and for ^1 )2 and Y3,

together with the ranges for 0 over which these equations are applicable, a

table of concentration ratio and mirror height versus mirror tilt angle was

constructed. The results are shown as Table 3.0-1

17



TABLE 3.0-1	 MIRROR HEIGHT AND CONCENTRATION RATIO AS A FUNCTION
OF MIRROR TILT ANGLE (UNIT ARRAY WIDTH) ^-5° < 0 C 5°

t

0 No. of Reflections
CG N(Deg.) N

45 1 1.00

50 1 1.35 .45
55 1 1.68 .84

60 1 2.00 1.36
65 1 2.28 2.07

67.5 1 2.41 2.55

68 2 2.51 3.07
70 2 2.88 4.16
75 2 3.73 8.52
76 3 4.093 11.13

77 3 4.445 13.71

78.75 3 5.027 20.04

18



4.0	 THERMAL ANALYSIS

The thermal analysis task during the second contract extension period

included the following;

o Extension of the 2D-FPT concentrator (Lockheed V-trough) analysis

reported in Reference 2 to an array design utilizing advanced (low

thermal energy absorptance) GaAs or silicon solar cells.

o Prediction of unconcentrated array temperatures utilizing these

same cells.

array temperature pvedictions for the 2D-FPT concentrator design are

shown in Figures 4.0-1 and 4.0-2 for VDA and cold mirror reflector finishes, respect-

ively. These results were obtained using the computational methods described in

Reference 2. The environment assumed was for a geosynchronous orbit at winter sols-

tice with no allowance for cell radiation degradation or thermal inputs from other

spacecraft elements. The solar cell absorptances are based upon projected improvements

in future cell design utilizing front surface UV reflective coatings and back surface

coatings to reflect infrared energy. Figure 4.0-3 illustrates the assumed modifica-

tion to the GaAs spectral reflectance required to achieve the solar absorptance of

0.58. the unmodified data shown are those presented in Reference 2. Similar assump-

tions were made for the silicon cell. Cell efficiencies, accounted for in the array

heat balance, were taken from the data presented in Section 5.0.

The cold mirror spectral properties assumed in this analysis are those

cited in Reference 2 for an OCLI coating. The array aft side emittance was assumed

to be .65, consistent with bare 1 mil Kapton. The effects on array temperatures of

assuming a 0.85 emittance are shown in Figures 4.0-4 and 4.0-5. This emittance could

be achieved in the design by applying a thermal paint (several mils thick, hence

adding significant weight) or by carbon impregnation of the Kapton. The latter

approach requires materials development, the extent of which was not investigated

in this study.

Table 4.0-1 presents predicted array temperatures for unconcentrated de-

,signs based on the same parameters used in the 2D-FPT analysis. Additional data are

shown for summer solstice and equinox seasons as well as for solar absorptance ( 00

consistent with currently utilized solar cells.

19
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TABLE 4.0 -1

UNCONCENTRATED SOLAR ARRAY TEMPERATURES

GEOSYNCHRONOUS ORBIT

NO RADIATION DEGRADATION ASSMD

ARRAY TDIPERATURE 0 
0 
C

BARE KAPTON BLACKENED
BACKSIDE FINISH BACKSIDE FINISH

CELT, TYPE Summer Winter Summer Winter
Solstice Equinox Solstice Solstice_ Equinox	 , Solstice

Si	 d	 .84
.61

54
21

57
24

60
26

43
11

46
13

48
16

GaAs	 a, m .751 36 38 40 25 27 30

.58 8 10 12 -2 0 2

) I

ASSUMED SOLAR INTENSITY:

Summer Solstice - 131.5 niW/cm 2

Equinox	 - 135.3 mW/cm 2

Winter Solstice m 139.4 mW/cm 2

Forward Side Emittance - .8

BACKSIDE SURFACE EMITTANCE:

I mil Kapton	 = .65

Blackened Kapton - .85
(Painted, Carbon impregnated)
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5.0	 SOLAR CELL PROPERTIES SELECTION

The Statement of Work for the second contract extension phase of the

program specified that the silicon solar cells used in the solar array for this

design study be 50 micrtns thick, incorporate a 75 micron cover and be 13% effi-

cient at BOL. Similarly, the Statement of Work also specified the same thicknesses

of cell and cover for the Gallium Arsenide cells but called in that case for a

18% BOL efficiency. To ultimately evaluate power to mass characteristics of the

designs studied, it was necessary to further select in relatively complete detail
_r	

all the other elements and characteristics that would make up the complete solar

blanket for each of these cells. The selection of these details was accomplished
by exercising the judgement of the company's solar cell spec32lists by having

them list what they believed could be currently accomplished for a minimum weight
maximum performance blanket with state-of-the-art. The selection of details so

obtained was then discussed with the customer (JPL) until a mutually agreed upon

breakdown was established. Tables 5.0-1 and 5.0-2, for a 100V silicon cell array

and a 100V gallium arsenide cell array respectively, show the selected details.

In each table, for contrast, selections were made based on current 1980 technology,

near future technology and advanced development predictions. In both tables,

however, only the current 1980 technology selections were actually utilized in the

design study. Table 5.0-3 (which provides a direct comparison between the selected

silicon details and the gallium arsenide details for the same time frame and condi-

tions,) is also presented for convenience. Note also that on the bottom of this

table, power to mass performance of the blankets are shown. These .figures assume

the blanket is in geosynchronous orbit, but do not account for the additional struc-

ture that would be required to package, deploy and support it. Actual figures for an

unconcentrated flight array rather than just a blanket would, therefore, be consider-

'	 ably lower.

The effect of temperature on the efficiency of the selected 1980 technology
 F

cells is shown in Figure 5.0-1. The data represents Hughes best judgement, at the

time of this report, as to the most appropriate values to use from test data avail-

able from multiple sources. The effect of increased solar intensity due to concen-

tration is considered second order and was ignored.
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6.0	 SYSTEM EVALUATION

The objective of this task is to determine the array area required to

generate the required total powat for each value of mirror tilt angle, hence con-

centration ratio, considered. All calculations were carried out for GaAs and then

repeated for Si solar cells.

As a starting point, the power output characteristics of the uncon-

centrated solar array in geosynchronous orbit, assuming 55
0
C ambient temperature

was calculated,

6.1	 Gallium Arsenide Arrays

i	 At 550C winter solstice, Efficiency, N o = 16,6%

Power Output Po 0 Solar Constant x N ox losses

Po = 135.3 x 1.03 x .166 x .90 x .97 x .96 x .995 m^^2
Cm

The factor 1.03 accounts for the increased solar energy that occurs during winter

solstice (all temperature calculations were made for this season, see Section 4.0).

The losses .90, .97, .96 and ,995 are a packing factor, assembly loss, bussing loss

and diode loss respectively.

Po=19,29mtJ2
Cm

or changing units

P a 17.92 wattso	 ft 

For an N KW concentrated system, the area A of cells required can be calculated from

the following:

Nx1000-A x PoxCexNtt
0

'	 where C  = the effective concentration ratio, which is obtained from C g x RE where

RE is the reflection efficiency as obtained in Reference 1.

Nt = cell efficiency at the operating temperature

No cell efficiency at the temperature for which P o was computed

(55oC)
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(0.166)(1000)N
A	

(17.92)CeNt

for 5 KW arrays, N - 5 and A46^ .317

CeNt

for 20 KW arrays, N - 20 and A = 185.268
C2Nt

For each of these size arrays, the area required is a function of

selected mirror tilt angle 0 , since RE, temperature, and concentration ratio are

functions of 0 and N  is a function of temperature.

The results are shown in Table 6.1-1 for mirrors using vapor deposited

aluminum (VDA) for the reflective surface and in Table 6.1-2 for mirrors employing

a "cold mirror" reflective surface.

6.2	 Silicon Arrays

All calculations in this section are identical to those described in

Section 6.1.

At 550C with winter solstice condition, N o = 11.20

Po 135.3 x 1.03 x .112 x .90 x .97 x .96 x .995 MV 
Cm

P = 12.09 watts
o	 ft 

A = 46.319 for 5 KW systems
CeNt

A = 185.299 for 20 KW systems
CeNt

The results are shown in Tables 6.2-1 for VDA coated mirrors and

6.2-2 for improved cold mirror coated mirrors.
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7.0	 MECHANICAL DESIGN, STRESS, & MASS PROPERTIES

7.1	 Pesign Criteria

The primary objective in this design is "o optimize the power-to-mass

ratio. Therefore, it is desirable to keep the structure as simple as possible.

The Hughes Flexible Rolled-up Solar Array (FRUSA) was chosen as the

baseline solar panel. The FRUSA is a flight proven design in which a light weight

blanket consisting of a kapton substrate covered with solar cells is rolled up on a

drum. The blanket is deployed by a pair of motor driven beryllium-copper bi-stems,

This design was chosen because it is a demonstrated design, highly weight efficient,

packages very compactly and is simply deployed.

The geometry for the baseline design was taken from knowledge gained

in the previous phases of this study. The basic configuration is a two wing v-trough

concentrator system, with 1/3 mil kapton mirrors. An aspect ratio (length/uJidth) of

3 was chosen for the solar panel. A geometric concentration ratio (C G) of 2.5 appeared

to be optimum. This yields a mirror tilt angle (0) of 6$ o from the horizontal and a

mirror height of approximately 3 times the panel width.

In designing the mirror support structure, the approach taken was that

the mirrors and mirror support structure should stow across the FRUSA in the prede-

ployed condition such that the stowage envelope dimensions would not be substantially

increased due to the mirror assemblies. A few of the considered support/stowage schemes

are listed below.

Structure Concepts
	

Reasons for Rejection or Acceptance

Telescoping T-shaped support
	

Rejected: Complicated, not weight efficient
structure as proposed in Ref. 2.

Individual mirror panels withRejected: Complicated stowage necessary,
"Kite type" structure	 I	 Too heavy.

A three segment boom at each end of 	 Accepted: Simple, lightweight.
each mirror. Booms fold down along
the FRUSA width.



Mirror Folding Contents

Mirrors festooned (accordian
folded) onto solar panel and
rolled up with panel onto drum
as proposed in Ref. 2.

Reasons for Rejectiotl or Acceptance

Rejected: Difficult to attach supports to
mirrors. Damage to mirror likely.

Mirrors foldin down in thirds alon
the pane1 len h and then foldin g 	Reject: Difficult to stow safely and diffi-
in thirds wits the creases parallel
to the panel width.	 cult to deploy.

Each mirror divided into three
	

Accepted: Mirrors well protected and stowed.
segments corresponding to the
	

Simple light weight deployment.

three boom segments and rolled up
on the booms.

7.2	 Baseline Design

An overall sequential view of the baseline design is shown in Appendix

A, Drawing No. 1, "Deployment Scenario". To best understand the function of the

design, it is helpful to follow through the deployment in reverse, starting with the

fully deployed panel. ,Dwg.. No. 1 (view 6),and working back to the stowed configuration,

Drawing 1. (View 6). The FRUSA is unrolled and held between the stowage drum and

the spreader bar. Beryllium-copper bi-stems connect the two. At each corner of the

solar panel are graphite/epoxy tubular booms which extend at the proper angle. Each

boom is composed of .L`L'K t-v segm^.nts. The segments are connected by ,aluminum fittings,

with springluaded hinges for deployment from the stowed position and latches to hold

the unfolded b ams in the deployed position. The hinge-lock scheme is shown in Drawing

No. 2. The inboard booms attach at the base to the FRUSA assembly structure. The out-

board booms are attached: to the spreader bar. The mirrors on each side of the panel

.- are actually three separate mirror segments. The mirror segments are stretched be-

tween corresponding boom segments.

(View 5). In this view, a motor is driving the bi-stems out of their

housings, pushing the spreader bar out. The spreader bar draws out the solar array,

the outboard booms, and, therefore, the mirrors with it. The solar array is unrolling

from its stowage drum, and the mirrors are unrolling from the inboard boom segments.

The mirrors are actually rolled on teflnu sliptubes which are around the inboard boom

segments but are allowed to rotate with respect tothe fixed booms, as the mirrors are

unrolled.	
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(View 4). The solar array is completely stowed on the drum and the

mirrors are rolled onto the inboard boom segments. Note that the booms on the left

side of the FRUSA, in this view, are next to each other while the booms on the right

are tar enough apart to permit the left side booms to fit between them.

(Views 3 and 2). These views show the booms deploying from their folded

positions. This deployment is driven by springs at each of the hinge points. The

right side booms deploy first because in the stowed position they fit on both sides

of the left side booms, with their mirrors passing over the left side booms, The

•„ right side booms are allowed to deploy by firing a cable cutter. When the first set

of booms lock in position, a latch is automatically released which allows the ."ecor.6

set to deploy.

(View 1). All parts are stowed and locked in position for launch.

This now brings us to the launch lock detail, Drawing No. 3, The view

on the left in this drawing is an end view of the FRUSA with the bi-stem housing

removed and the mirror support booms stowed and locked in place. The outside booms,

which have their hinged base on the far side in this view are held against the attach

fittings by a cable. The inside booms, which are based on the nEnr side as shown,

are constrained on the far side by a loop which is released automatically when the

outside booms are deployed, The passive restraint loop shown is necessary to prevent

the top two segments from unfolding as a unit. When the top segment of the booms ro-

tate up on deployment, they unhook from the loop allowing the boom deployment to con-

tinue. With all the booms deployed and latched, the bi-stems extend, thus unrolling

the blanket and the mirrors, completing the scenario previously described.

'Finally, the last Drawing, No. 4, depicts one method of providing un.;.form

tension in the mirror. This tension, approximately 1.67 x 10  lbs/in, is necessary

to retain a flat reflective surface. The drawing is self-explanatory.
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7.3	 Sizing Criteria and Methods

Since the FRUSA is a flight proven device, stress analysis for sizing

was not required. Instead, the sizes and weights were extrapolated from the existing

FRUSA design using criteria outlined in the next section.

The largest, and by far heaviest, components of the mirror assembly are

the graphite-epoxy support booms. These booms must be examined in both stowed and

deployed conditions.

Envisioning an STS launch, a conservative launch load of logs in any

direction was imposed.. A fundamental resonant frequency, for the stowed boom segments,

of 15Hz or more was also taken as a design objective, a criterion used in the original

FRUSA design. Both of these constraints are intentionally conservative.

Note that in sizing the booms by stiffness, if the weight of the mirrors

on the booms is ignored, the frequency is independent of the wall thickness. Ever

when the mirrors are included in the calculations, the thickness is a secondary-

effect. Therefore, it is desirable to use the minimum possible thickness. Consider-

ing an omni directional graphite fiber lay-up, allowing for epoxy thickness, and being

conservative again, a thickness of .05 in. was assumed and is believed to be a reason-

able figure.

It appears that this stiffness criteria is the most demanding; there-

fore, thri calculations to follow will assume the boom radius-to-panel width relation-

ship shown in Figure 7.3.1.

r
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These calculations verify that indeed the stiffness of 15Hz for launch

is the designing consideration. Therefore, Figure 7.3.1 will be used to size the

booms.

7.4	 Weight Analysis

7.4.1	 FRUSA Sizing

Most of the FRUSA was scaled geometrically from existing flight design.

The important exceptions were the bi-stems and their deployment mechanisms. The bi-

stems were designed by stiffness as follows:

FEZ	 I^RL+F̂ ^
E FN ^;^^, R-' ARE ^^,N^TAti

R °^ L) M

.^• W^ LAM

The deployment mechanism weight was determined from a graph of deployer

weight versus bi-stem diameter. The weights were estimated by extrapolating the

weights on both the FRUSA parts and mirror assemblies, including the hardware and

small parts. The extrapolation approach yields results which are believed to be

reasonably accurate.
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7.4.2	 Weights

The weight summaries for 5Kw and 201(v systems, silicon and gallium

arsenide solar cells, with both vapor deposited aluminum and cold mirror surfaces

appear in Tables 7.4.1 - 7.4.6. Several geometric concentration ratios are considered

in each table. There is no differentiation made between IMA and cold mirror versions

for the gallium arsenide system because the required solar panel areas were found in

Section 6 to be virtually identical.

A

	

	
There was some concern that in the large area versions, the assumed

length to width aspect ratio of 3 for the solar panels might not be optimum. Figure

7.4.1 is graph of weight vs. aspect ratio for the largest version: the 20 W, silicon,

VDA, baseline design. This figure demonstrates that the ratio used on the baseline de-

sign (3) is in fact close to optimum. On the smaller area versions, the effect would

be even more pronounced.

7.5	 Power to Mass Results

The power to mass results are summarized in Figure 7.5.1 and 7.5.2.

The two gallium arsenide systems perform quite well, providing a 42

percent increase in power-to-mass ratio (114 watts/Kg) at the optimum concentration

ratio. This optimum occurs at a CG of approximately 2.9 instead of the assumed ratio

of 2.5. It is difficult to pinpoint the optimum exactly. The data points would not

fit a smooth curve because the baseline design requires boom segments that have lengths

that are near integral multiples of the panel width, So a small increase in CG may

require another boom segment to be added, thus greatly increasing the weight.

At Cg = 1, the values shown are for an unconcentrated array without

mirror assemblies. The initial dip in each curve is caused by the sudden inclusion

of this mass before significant power increases are obtained.

The silicon systems did not fare nearly as well as the gallium arsenide

systems. This is inevitable considering the minor area advantage gained by concentra-

ting on the silicon panels. For 5Kw systems, small concentration ratios don't cause

a power to mass penalty, therefore they may be advantageous from the standpoint of
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solar cell cost savings. With the 20 KW systems, a power to mass penalty is

required for any reduction in solar cell area or solar cell cost,

In general, smaller systems perform better from a power to mass stand-

point than do larger systems because the larger systems require a cubic increase in

boom weight with respect to the increased panel width.
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