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ABSTRACT

This final report presents the results of a study to select an optimum design
for a compact storable solar array system for use with spin stabilized
satellites. In this study several concepts of both flexible and rigid solar
panels were considered. The elimination of less favorable concepts were
made on the basis of minimum weight, high power to weight ratios, environ-
mental compatibility, reliability, minimum packaged volumes, state-of-the-
art materials and moderate cost. The study has culminated in a final design
using a flexible substrate with a scissors type extension mechanism. The
scissors are driven by spring loaded screw jacks and controlled during
deployment by a centrifugal brake mechanism. A dynamic, thermal and a

structural analysis of the final configuration is included.

During this study it was found that for smaller payloads the flexible panel
is generally more favorable if package volume and weight are primary
considerations. It is possible, however, that a rigid panel may be better,
if package depth is extremely limited. For depths of package less than

1. 50 inches the flexible array is not practical.

The most critical requirements imposed on the design was found tobe 1 g
condition and the limited depth of the package. The effect of these are to
increase the weight of the extension mechanism and drive system. The
most important item for further development is the flexible substrate,
especially in the area of manufacturing processes and testing. A more
efficient packaging arrangement could be made if the geometry of the

spacecraft and launch vehicle were specified.
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1.0 INTRODUCTION

Fairchild Hiller's Space Systems Division has conducted a study for the
Goddard Space Flight Center directed toward increasing packaging density
for satellite borne solar cell arrays. High density packaging is desired to
provide greater array area, and hence; an increment in available power
within the limitations of space and weight constraints placed on a given
spacecraft application. This increased available power allows a greater

flexibility in design of subsystems.

The method of approach applied to the design problem by Fairchild Hiller
Corporation is described graphically in Figure 1.1. This procedure was
designed to enable an optimum selection among the various possible

alternates in minimum time.

1.1 SUMMARY

The design offered for evaluation in this report utilizes a flexible substrate
driven by a scissor linkage extension system. The design study has shown
that this approach offers the best packaging efficiency and lowest weight of
the several configurations studied. The design chosen used the ground rules

listed below.

° The solar array package dimensions shall be no greater than
thirteen inches wide by twenty-five inches long by four inches
deep. It shall deploy to the dimensions of one foot wide by
eight feet long with solar cells mounted on the two sides of
this area. The deployment mechanism shall be capable of
maintaining a rigid configuration in the earth's gravitational
field. The relationships between the array and the spacecraft

are given in Figure 1.1. The further stipulation has been made

that for ground deployment the x axis will be vertical,

1



The array shall be capable of positive deployment and of
maintaining dimensional integrity while spinning on the body

of a spacecraft at an initial rate (before deployment) of 80 - 160
revolutions per minute and a final rate (after deployment) of

20 - 40 revolutions per minute,

The total weight including mechanisms, wiring, interconnectors,
and solar cells with attached six mil glass slips shall not

exceed twelve pounds,

The deployment mechanism shall be capable of reliable opera-

tion in the hard vacuum of space.

Substrate surfaces shall be compatible with RTV-40 or similar

cell bonding materials.

The packaged array shall be capable of withstanding shock,
vibration and accelerations such as might be experienced by

arrays during launch,

All materials shall be nonmagnetic, capable of withstanding
radiations (including both ultra-violet and hard particles)
experienced in space, and capable of withstanding humidity

(up to 95% RH at 30°C for twenty-four hours).

The packaged arrays shall be capable of long-term (100 days)
storage at temperatures which may vary from -20°C to +60°C,
They also shall be capable of withstanding hard vacuum
conditions for extended periods (one to five years) without

excessive deterioration.

The extended array shall be capable of withstanding a thermal
-7
cycling test at 10 torr pressure from -70°C to +70°C for

1000 cycles at a nominal rate of two hours per cycle.




° Structure shall be capable of meeting the above condition

without degrading the performance of the attached cells.

For the purposes of analysis the following guidelines have also been assumed.

° The satellite to which the panels attach will weight 110 pounds

and be a homogenious three-foot diameter cylinder.

° There will be a total of four panels which will deploy radially

from the center of gravity of the system.

° There will be no ground deployment fixtures for the panels
nor any modification of the undeployed package dimensions
unless it can be shown that a considerable improvement in

the design is obtained,

° The array is not to be designed for any particular voltage or
current but rather a general system of series-parallel

connection is to be considered.

To arrive at a configuration FHC considered several designs of both flexible
and rigid types. An elimination of all but two of each type was then performed

based on a preliminary analysis and examination considering:

] Simplicity of design

° Structural integrity

. Ease of manufacture

° State-of-the-art materials
° Package Size

° Vibration characteristics

A more detailed design was then developed and analysed for each of the

remaining concepts. A final selection was then made based on weight,




volume, reliability and the criteria mentioned above.

It was found that the rolled flexible concept offers the greatest possibilities
for future applications of small arrays, because it does offer more dense

packaging than the rigid systems.

The application of the flexible concept to arrays larger than 8 square feet was not

considered during the study, since this is beyond the scope of the program.

For the smaller payloads the flexible panel is generally best if packaged
volume and weight are primary considerations. A rigid panel is best,
however, for small payloads if the depth (four inches depth used in this

study) is very small, The study has shown that for depths less than 1, 50

inch diameter the flexible type is impractical because the small radius;

(1) creates considerable bending loads on the rolled-up cells, and (2) increases

the bend angle of the cell-to-cell connections.

The study has also shown that the most critical design requirement is the
deployment under one ''g' conditions. The gravity effect increases the
weight of the extension mechanism and drive system. Some reduction in
weight could be achieved by deploying the panel downward. This would tend

to simulate the forces caused by spinning of the vehicle,



mZ_Jl_LJO E{I@OW_&

—..—. NKDU_.&

Luoand
TYNI S

L T 1 1

AMYW NS
LHDIIM

SISATVNY SISATVNY
AvNEIHL

SISATYNY SISATVYNY
AtiTraviiay IYHNLONHLS

W31SAS

)

[ I I I

]

1naAv
NoIS3a
“viaa

noisaa
oNIN JO
NOI1D373S

W3lsas *x371d
40 NOILD313S

l\?_.: a1Lvawod

SNOLLYINDTYD
LRI

oNv LHoIAM
AMYN W1 T3YD

| =

1

1

)

(o)

C

HO3W IAtua )

SISATVNY

ssaALs

AHYNIWIT3HY

o771

a

( 4NNYW 40 3Swd “IONT )

J

1¥v 40 31VLS

DNIMOOVHS WAWINIW

SSINLDYANOD

ALITiavavd NOlLvHEIA

a0OD LNNAHNI

SHLvd OvOT 000D
ONIMIM 40 ALIDITLWIS

NOILVMIUISNOD

S1NOAY"
1430NOD
(2) 31374WOD

-

I
Koisaa wormasnm |
snoinso 20 )

NOILYNIWITE

SLNoAVT
1235802

ANYNIWITING

NOLLYHAAISNOD

L £

HLONANLS
ALiTIEIXES
S1acuLONOW
SSANNDINL
LT

1502
vuos
LHoiam

S3LvalsEns
{z) 40
NOILDATIS

sIvINALYIN

aiveisens

alvuisans
ERLIPEL P

NS1S3a 113D
NI

D3y old10ads
anv N3D 40
ANAWYTILINS

WILSAS
aiory 4o

NO aasva

ALITBILYANOD

[

1
r T 1

NoIs3a 77130
NS

HOaW HOAW
3IAtdg 40
NOILD273S

uzawva
40 10373s

LHOaAM
AL1Ttaviiay
TV LHY 40 ALVLS

ANNYIW 20 3sva sNoisaa

57130 40 ALISNIQ HOIMI NI S0

NOILYH2aISNOD NOILVNIWING

AHOIIM
(4NNVIN 40 2SWI*IONI) Aviiaviay
LYV 40 ALVLS S1a3DNOD AV LMY 40 3LVLS
ONIMOOYHS WNWINIW HOVLLY 9130 ANNYIWN 40 FSV3I

SSINLOVSWNOD

ALINIBVAYD NOILVHEIA

£77135 40 ALISN3Q
NOILYH3TISNOD

Q009 LN3HIHNI
SH1lvd avol aoos
oNIMIM

Juim FJUNLONULS OL T3INw

40 ALIDITAWIS HOVLivV J3Nve OL 1133

SLd3ONOD
HOvily 1733

NOILYHITISNOD 735 oL 1MES

3MIM INd OL NG
NOILVH3GISNOD

NOIS3a HOIMIIN
snNo1ABO 4O

NOILLYNIWINTS

SISATYNY

ss3uLs
ABYNUWII3UL
{z) 30 LNOAVT

ALa14Wod

(4ONVW 40 BSYITTONI)

~IW35
1uv 30 3LVLS

SNIMOAVHS WRWINIW
ssaNLOVaWOD
ALIIBIAYD NOLLVHAIA
Q00D LNIHIHNI

SHlvd V0Tl 000D

SLNOAVT
Ld3DNOD

ONIHIM 20 ALIDITIWIS

NOILVHIAISNOD

AMYNIWIN3HY

3lviuls ans
aisiy

savo

a3yIND3Y TYWHAHL

Srdvi 1LINOVW NON
v
v g0 3EvLs SLNIWIHINDIH NOILVHEIA
1500

IWILNILOd HLMOHD

SLNIWIMINDIY NOILYNIIO WNADYA

s 7

ALiTigvinE SLNIWIYINOIY NIdS

LIV NOD LNINNEOTANS
orave Anoiame/uamos HOIN
oram anoin

ANAWNONIANE D (1)
3z1s 13NV
3215 39VYNOVA

LENIRETER) 3N J1410348



2.0 DESIGN

2.1 INTRODUCTION

The deployable solar array design study has concentrated on developing an
optimum system for deploying a one-foot by eight-foot array of solar cells
from a minimum stored volumn. The design criteria used in the study is

based on the guidelines covered in Section 1. 0.

2.2 EXTENSION CONCEPTS ANALYSIS

There are (2) 6-1 = 63 different combinations of translation and rotation
possible for each member of a mechanism deploying along any arbitrary
path of the coordinate system shown in Figure 2.1.

X

z

/

\Y

Ficure 2.1 PaneL CoorbinaTE SysTeEM

For the design of the deployable array, however, certain restrictions are

imposed that reduce this number considerably. They are:

° The center of gravity of the extension mechanism must

remain in the z plane

) The panel must lie in a plane parallel to the x plane when

fully deployed

® Panel size to be one-foot by eight-feet when deployed



° The dimensions of the extension mechanism package will be

13 by 25 by four inches or less

e The mechanism is to be as simple as possible.

The first restriction reduces the possibilities to (25 -1) = 31 since any
component of translation in the z direction will fall outside of the z plane.
All seven combinations of pure rotation (w) may be eliminated since the
longest package dimension is much smaller than the largest deployed panel

dimension making a one piece panel obviously impossible.

It will also be noted that translation along the x axis alone is not a possibility.
In addition, translation along the x axis and any combination of rotation is
also impossible. Further, it is not possible to satisfy the restriction with
only pure translation except along the y axis. Therefore, fifteen possibilities
remain which will satisfy the conditions imposed upon the mechanism, but
since simplicity is desired, those systems with three or less components

of motion were found to be attractive, They are:

° ry (Translation along y axis)

° ro, w, (Translation along y axis, rotation about an axis

parallel to z)

° Lo @ (Translation along y axis, rotation about an axis

parallel to x)

o r, T, @ (Translation in the z plane, rotation about an axis

parallel to z axis)

° r, w ,“’Z (Translation along y axis, rotation about an axis

lying in a plane parallel to the y plane).




Only these five concepts were studied.

For pure translation along the y axis only a self rigidizing device or a rigid
sliding mechanism can be used. The self rigidizing type includes inflatable
bags, inflatable bags with stressed stiffened skins, inflatable bags with
hardening skins, inflatable bags with hardening cores, foam filled bags,

extruded foams and plastics and bags with inflated cellular cores.

All of these rigidized systems were eliminated after a survey of the existing
state-of-the-art. The more obvious objections to these systems are:
difficulty in horizontal deployment under one "g'" conditions, difficulty in
demonstration of concepts that require special environments for deployment,
high weight (especially the foam in place type), and high development cost.
Possibly the greatest objection, however, is the inability to test flight hard-

ware prior to launch.

Other r_systems that were considered in this study are; 1) preformed metal
tapes wgich assume some predetermined shape when deployed from a roll,
2) metallic or other thin sheets that can be taken from a roller or other
storage device and fabricated into a stable section as it is being deployed,

3) thin sheets mechanically formed during deployment into a stable section,
and, 4) rigid sliding devices including sliding pages, telescoping boxes,

tubes or other shapes.

Mechanisms that translate along the y axis with a z component of rotation
are scissors or linkages whose plane is normal to the z axis. Likewise,
translation along the y axis with a component of x rotation are linkages

lying in a plane normal to the x axis.

A parallel or other four-bar linkage lying in a plane normal to z can provide

motion to guide an object along a path with both x and y translation and



z rotation. (Steam shovels or back hoes are examples).

The last motion considered can be obtained from any plane linkage deployed
in the y direction and lying in a plane canted at some angle to the x and y
planes. None of the concepts chosen for further study used the latter motion,
but it has possibilities if the solar panel is to be tilted with respect to the

spin plane.

As a result of the foregoing analysis, several extension systems were con-

ceived and are described in the following paragraphs.

2.3 CONCEPT DESCRIPTION

Following the development plan of Figure 1.1, the concepts are grouped in

rigid substrate and flexible substrate categories.

2.3.1 Rigid Substrates

2.3.1.1 Configuration A (Half Scissors, Figure 2.2)

This configuration consists of four rigid panels hinged at their ends and
deployed along the y axis (ry motion). The deployment motion is controlled
by links driven by screwjacks or other linear drive mechanisms mounted in

the housing. Solar cells are mounted to both sides of the panels.

Ficure 2.2 ConricuraTion A (HaLr Scissors)

10




2.3.1.2 Configuration B (Full Scissors, Figure 2.3)

The full scissors design is composed of two sets of hinged panels forming
two solar array surfaces when deployed. The extension, drive damping and
release systems are similar to the half scissor design mentioned previously.

Cells are mounted only on the outer surfaces.

Ficure 2.3 ConricuraTion B FuLL S

2.3.1.3 Configuration C (Sliding Plate, Figure 2.4)

This configuration consists of three flat, solar cell covered plates sliding
from a cell covered box. The box must initially be rotated upward 90°
before deployment. The design of the slide connecting the plates is similar

to that found in a filing cabinet,

Ficure 2.4 ConrFicuraTion C (Siiping PLATE)

11



2.3.1.4 Configuration D (Parallel Link, Figure 2. 5)

This design consists of four cell covered plates connected by a set of
parallel links. During deployment the plates rotate and translate outward
from the housing to their final position. The drive system requirements

would be similar to those of Configurations A and B.

Ficure 2.5 ConrFicuraTion D (ParacLer Link)

2.3.1.5 Configuration E (Telescoping Box, Figure 2.6)

The telescoping box design is a series of progressively smaller cell
covered boxes telescoping into each other, The deployment sequence
requires an initial 90° rotation before the boxes can be extended. The

drive is an inflatable bag within the structure.

Ficure 2.6 ConricuraTion E (TeLescorine Box)

12




2.3.2 Flexible Substrates

2.3.2.1 Configuration F (Integrally Stiffened Substrate, Figure 2.7)

The stiffening of the substrate for this design is accomplished by preformed
sheet metal tubes fastened to the back of a semi-flexible substrate. In the
stowed condition, the tubes are flattened and wound on a roller with the cells
and substrate. When deployed, the rods resume their original shape and
stiffen the panel. Two substrates are required for this system and are
attached to each other by a plate at their deployed ends. The rotation of

the rollers is synchronized to insure uniform motion.

Ficure 2.7 ConricuraTion F (INnTEGRALLY STIFFENED Sus=STRATE)

2.3.2.2 Configuration G (Sawtooth, Figure 2. 8)

The sawtooth arrangement is a variation on the stiffener principle of the
previous device, It consists of two preformed, curved, metallic substrates
joined to each other at their edges by a series of interlocking tabs. In the
undeployed configuration, the cells and substrates are wound on parallel,
synchronized rollers. During deployment, a latching mechanism is employed
to fasten the sheets to each other. This concept must first undergo a 90°

positioning motion.

13



Ficure 2.8 Ficure 2.8 ConricuraTion G (SawTooTH)

2.3.2.3 Configuration H (Scissor-Flexible Substrate, Figure 2. 9)

This system employs a linkage similar to Configuration B to guide a set of
flexible substrates from the rolls., It requires twice the number of links,

because it is packaged within a space half as long.

Ficure 2.9 ConricuraTtion H

(Scissors - FLEx SussTrAaTE)

2.3.2.4 Configuration I (Telescoping Rod, Figure 2. 10)

This method of deploying a set of rolled flexible panels uses a telescoping
rod ejected from the end of a package initially rotated into position. The

telescope lends itself well to a pneumatic erection system.

14



Ficure 2,10 ConricuraTtion | (TeLescorine Tusg)

2.3.2.5 Configuration J (Telescoping Rail, Figure 2.11)

The telescoping rail system consists of two parallel sets of sliding rails
joined by a cross member to make them an integral unit. In the stowed
condition the rails nest inside each other. The package is rotated into

position prior to deployment and then the rails are deployed, pulling the

substrate with them.

Ficure 2.11 ConricuraTion J (TeLEScorinG RaiL)

15



2.4 REDUCTION OF CONCEPTS

Since it was not practical to look at all of these concepts in detail, each

design was considered for:

Structural soundness

Simplicity of the deployment mechanism
Adaptability to possible drive/damper systems
Compactness

Vibration capability

Reliability

Ease of manufacture,

The concepts selected for further study were Configurations A, B, H,and I.

2.5 MECHANISMS

Only simple mechanisms were used in this study because of the requirements

of state-of-the-art, high reliability, simplicity of operation, moderate cost,

etc. It was also considered desirable to use devices previously proven

successful for similar applications since this obviously cuts qualification

and development time.

The deployable solar array mechanical system is made up of the following

set of mechanisms shown in the sequence of utilization:

16




— == Signal

™ Release 1 L
— - S —
I
— _ Panel Release
tioni
Posttioning | Restratnt
For systems requiring Dri‘lfi
positioning before de- Y
ployment only. Extension
y
Stop
Lock

For systems initially rotated into position before deployment, an additional

release and a positioning mechanism is required,

2.5.1 Release Systems

The requirements for a release system are compactness, fast reaction
time, and production of high forces through a short distance., Since the
input release signal from the spacecraft can be assumed to be electrical,
the search can be limited to either a pyrotechnic device or an electrically
driven motor or solenoid. The latter can be eliminated because of the non-
magnetic material requirement imposed on the design. (It may be advisable
however, to incorporate a re-usable solenoid or a motor for the proof-of-

principle model). Some of the common pyrotechnics available are:
1. Pin pullers
2. Pin pushers
3. Cable cutters

4, Bolt cutters

17



5. Explosive nuts
6. Explosive bolts
7. Shaped charges

8. Pyrofuse

When dealing with solar cells and other delicate electronic equipment

it is considered wise to stay away from those systems that tend to contami-
nate adjacent components. Therefore, all but self-contained reactions were
eliminated. The weight and volume of release systems are generally a
small percentage of the overall design. For that reason the design of this
subsystem was delayed until the major systems were firm, The technique
chosen was a redundant set of cable cutters that release the drive linkage

and allow the substrate rollers to turn.

2.5.2 Drive System

The input signal to the drive system is mechanical, provided by the release
system. The energy for deployment will be mainly kinetic energy resulting
from spacecraft rotation. A survey of existing state-of-the-art driving
systems points to storing the remaining required energy as a compressed
gas, a gas generator, or in a mechanical spring. For deployment concepts
chosen for further study, three are of a scissors or similar linkage system
and will require a long straight motion for deployment. Of the energy
storage methods discussed, only a piston or a tension spring can provide
this type of motion directly. A motor spring or air motor will provide
rotational motion which must be transformed into linear motion. This can
be done with 1) a motor spring or air motor combined with a screwjack, or
2) a motor spring or air motor combined with a shaft upon which a slider is

driven by a chain or cable system.

18



A similar driving motion is needed for the telescope arrangement, the
difference between the two being that the motion of the telescope is perpen-
dicular to the linkage drive and must be of a considerably longer stroke.

A trade-off matrix of the selected deployment concepts and the drive mecha-

nisms mentioned above is shown in Table 2. 1.

From this matrix study, it was concluded that the motor spring/jackscrew
drive system is most desirable for Configurations A, B, and H. The dis-
advantages of this system are 1) the low torque available, 2) the side loads
on the screws and the gearing, and 3) the requirement for synchronizing
mechanisms., Although it is not possible to eliminate these disadvantages
completely, they can be overcome., The only need for torque on the screws
is during static ground deployment tests since the rotation of the spacecraft
provides the bulk of deployment energy. This will, however, produce slow
deployment velocity during a non-spin condition. Side loading of screws in
most cases is undesirable but since the loads are low, it was felt the selec-
tion is justified. Gearing and synchronizing devices are necessary for all
the linkage concepts and, because they are compact, cannot be considered

disadvantageous,

The pneumatic cylinder was the drive system chosen for Configuration I.
Although this system requires extra components for gas storage, system
control, and leakage, the required stored volume does not compromise the
design. This is true because the telescoping rod does not package very
efficiently and ample volume is available in the structure. The control sub-
system will use highly reliable and redundant components. Leakage can be

made acceptable by using an inert gas.

19
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MAY NEED GEARING FOR
SPEED

FORCE/VELOCITY CHARACTERISTICS

NOT DESIRABLE

SHORT DEVELOPMENT AND TEST
SCHEDULE

LOW COST

COMPACT

LEAKAGE MAY BE A PROBLEM
DRAG OF SHAFT SEAL CAUSES
HIGH INITIAL LOAD

MAY NEED GEARING FOR SPEED
INCREASE

POSSIBLY TEMPERATURE SENSITI
DIFFICULT TO ADJUST
REPEATABILITY MAY CHANGE WITI
TEMPERATURE OF FLUID

WOULD NEED CONSIDERABLE DEVE
DESIRABLE FORCE /VEL.OC!TY
RATIO

RELATIVELY HIGH WEIGHT
STRAIGHTFORWARD DESIGN
CONSIDERABLE DEVELOPMENT
AND TEST TIME REQUIRED
RELATIVE HIGH COST
SATISFACTORY PACKAGING
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TABLE 2.1

MOMENTUM WHEEL

ESCAPEMENT

~-OPMENT]

MAY INTERFERE WITH THE
DYNAMICS OF THE VEHICLE
WILL NEED SPEED INCREASE
WEIGHT MAY BE EXCESSIVE
NEEDS BRAKE TO STOP WHEEL
AFTER DEPLOYMENT
ADJUSTMENT POSSIBLE

LOW STARTING LOAD
REPEATS ITSELF FOR ALL
CONDITIONS

WIDE SPEED RANGE

SIMPLE, PROVEN DESIGN

NO CONTAMINATION

UNDESIREABLE FORCE/ VELOCITY

RATIO

SHORT DEVELOPMENT AND TEST
REQUIREMENTS

LOwW CcosT

SATISFACTORY PACKAGING

ONLY SLOW DEPLOYMENTS POSSIBLE
EASY TO ADJUST SPEED

INITIAL MOTION REQUIRED TO START
THE BALANCE WEIGHT

GENERALLY USED FOR LOW LOADS
STRENGTH MAY BE A PROBLEM
INTERMITTENT MOTION

WEIGHT SHOULD BE COMPETITIVE
PROVEN DESIGN

VERY GOOD REPEATABILITY UNDER
ALL CONDITIONS

NO CONTAMINATION

REASONABLE FORCE/ VELOCITY RATIO
DEVELOPMENT TIME COULD BE
LENGTHY, TEST TIME PROBABLY SHORT]
MODERATE COST

REASONABLE SPACE REQUIREMENTS
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2.5.3 Damping System

The damping system controls the rate at which the solar panel deploys. The
initiation of this system is mechanical and occurs when the drive system
begins to function. Unlike the drive system, the damper system must
dissipate energy rather than use it. This dissipation of energy can be
achieved in several ways., It can be accomplished through friction, viscous

flow, ''stiction'’, or material damping.

For all of the deployment concepts selected for further study, the damper
installation requirements were found to be quite similar. On the rigid type,
the damper will be attached to the screwjack because of packaging consid-
erations and will be a rotary damper. On the flexible concepts it is necessary
to fasten the damper to the substrate roller to prevent the substrate from

billowing outward during deployment. This also will require a rotary damper.

The advantages and disadvantages of each damper considered have been
tabulated in Table 2,2. From this table, a damper was chosen based on the

following desirable characteristics:
e Strength to take load
] Wide operating range
° Operating characteristics independent of environment
e Ease of adjustment
° Minimum weight
e Simplicity of design
0 Reliability
° Proven principle of operation

° Non-contamination of adjacent mechanisms
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e Unlimited angular motion

e Force at least proportional to velocity
) Non-Magnetic materials

e Short development and test time

o Reasonable cost

e Compactness

Except for uniform performance under different environmental conditions,
especially vacuum, the centrifugal brake is the obvious choice. It is felt,
however, that through testing, the performance of the device can be pre-

dicted with sufficient accuracy to insure its reliable use,

2.5.4  Stop and Locking Mechanism

Stop and locking mechanisms are generally very simple and their nature
depends upon the individual configurations with which they are used. It was
felt, therefore, that the detail design would be best covered on the final
recommended design configuration on which it would be used, rather than

perform multiple design efforts on the several possible configurations.

2.6 STRUCTURE

The purpose of the housing on the deployable solar array is to support the
mechanisms and the substrate for vibration, spin, launch, and handling

loads. The structure must be rigid enough to provide for deployment with-

out binding of the mechanisms. The structure selected should be lightweight,

state-of-the-art design that is relatively easy to manufacture. A minimum
of dissimilar metals must be used to alleviate the problems of galvanic
action and differential expansion. Materials for the structure must be non-

magnetic, compatible with the space flight environment, and should possess
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a high strength-to-weight ratio. The most likely types of construction for
the housing are sheet metal, machined parts, honeycomb, trussworks,
laminated metals and plastics, or combinations of these methods. The
following paragraphs list the considerations for selecting methods of fabri-

cation.

Flat sheet metal spans are inadequate for vibration environments unless
stiffeners are added. Machine bulkheads are made lightweight by elimination
of overlap of webs and fittings and can be stiffened with intragal machined
stiffeners. They are, however, relatively expensive. Honeycomb structure
is generally light, but is sometimes difficult to attach to adjacent parts. As
the housing of the array, it also consumes a great amount of space, Problems
with truss works are usually found in lightweight joint design. The laminated

structures require more expensive tooling.

The methods of fastening include: welding, which may cause distortion;
bonding, which requires expensive tooling, but gives a uniform joint and is
ideal for thin sheets; and mechanical fasteners, which include screws,

bolts, rivets, and similar devices.

Considering these aspects of construction, structures for the four configur-
ations studied were chosen. For Configurations A and B (four inches by
thirteen inches), the ends of the structure will be machined parts or sheet
metal with attached fittings. The sides will be honeycomb or stiffened
sheet metal with lightening holes or truss type cutouts. The back will be
cutout honeycomb or possibly a sheet metal stamping. A hold-down plate
partially across the open front will be required as part of the release

system. This will be a honeycomb or stamped sheet metal panel,

Construction of Configuration H employs machined end plates similar to

A and B. Material for the sides and back are stamped sheet metal stiffened
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with lightening holes and/or beads. The hold-down strap or plate across

the front of the box will be also a stiffened sheet.

For Configuration I, the construction chosen was machine parts in the area
of the rollers and gears with the rest of the side panels of stiffened sheet
metal, The 25 inch x 13 inch dimension on the box will be stiffened sheet
metal or fiberglass reinforced plastic. The end cap of the box which
attaches to the telescope will be sheet metal. The preliminary weights and
volume for these four configurations were used for the trade-off study and

are tabulated in Table 2, 3.

2.7 SUBSTRATE DEVELOPMENT

As noted in Figure 1.1, the design of cell attachment follows two courses;
attachment to rigid substrate, and attachments to flexible substrate. Work

on the rigid type will be discussed first,

2.7.1 The stated objective of the study is to arrive at a general series-
parallel cell connection. From previous development, FHC has found the
"Z" bar concept shown in Figure 2. 12 to be the most satisfactory design
and therefore the study was limited to this concept. The gaps between cells

are in the 0,01 to 0. 02 range.
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Materials examined for the Z bars have been thin metal foil of 2% silver
content, pure silver, and brass, To date the 100% silver has proved most
favorable. The solder found to give the best results is a lead-tin-silver

(2%-5%) alloy.

A fabrication technique developed for the rigid substrate has been abstracted

from our previous in-house work and is described in the following paragraphs.

Groups of solar cells, selected in accordance with dimensional tolerance
requirements for a specific cell grouping, are placed in a locating and
soldering fixture. A preformed, pre-cut photo etched 0,003 inch silver
"Z'" tab and a 0. 003 inch silver ribbon conductor are located in the fixture
in position for soldering to the bottom surface terminals of the solar cells.
The ribbon conductor and the "Z'' tabs are soldered to the solar cells, using

a lead-tin-silver (2%-5% silver) solder,

The resulting cell grouping (Figure 2. 12) is the fundamental element used

in application of the solar cells to the module substrate. The "Z'" tab acts
as the common terminal for subsequent electrical connection of the cell
grouping to other similar elements. The ribbon conductor lends mechanical
stability to the grouping and also provides the means of electrical connection
between the end elements in adjacent rows of elements. As part of the fab-
rication procedure for the module structural substrate, a 0.030 lb/ft2 film
of FM-1000 adhesive (including scrim cloth) is bonded to the skin of the sub-
strate to provide a dielectric and mechanical barrier between the solar cells
and the substrate, This approach entirely eliminates the necessity for a
subsequent dielectric/mechanical coating sequence and greatly reduces the

probability of damage to the bonded substrate.
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The module structural substrate is then mounted in the bonding fixture. The
FM-1000 coated surface is cleaned (solvent wipe) and primed (A4004) for
silicone adhesive, Catalyzed RTV-40 silicone adhesive is then applied onto
the primed surface to the prescribed depth. A 0,005 inch glass fabric scrim
cloth, impregnated with RTV-40 silicone adhesive is then laminated onto the
uncured adhesive layer previously applied., The scrim cloth serves as an
additional barrier to short circuiting between solar cells and substrate and

improves the silicone adhesive tear resistance.

Final adjustment of the now reinforced adhesive layer is performed to
remove any trapped air and to achieve the desired adhesive thickness. Cell
groupings, which have been checked for adequacy of functional performance,
are ultrasonically cleaned preparatory to bonding. Using a locating and
aligning fixture, the cell groupings are placed in position on the adhesive
coated surface of the module substrate and seated in the adhesive by appli-
cation of modest pressure. The adhesive is allowed to cure at room temper-
ature under this pressure to assure positive bond surface contact. Upon
completion of adhesive cure, any excess is removed mechanically. Electri-
cal connection between cell groupings is made via the "Z'" tabs or ribbon
conductors as appropriate, employing the same soldering procedures used
in fabricating the cell groupings. The assembly is now checked for adequacy

of functional performance.

Cover glasses for the solar cells are ultrasonically cleaned and the surfaces
of the solar cells are cleaned by means of a light solvent wipe. Cover
glasses are prefitted and then applied to the solar cells and held under modest
pressure until the adhesive is cured. The entire assembly is then carefully
wrapped with polyethylene sheeting to protect all surfaces prior to final

assembly. Figure 2.13 is a photograph of this development.
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2,7.2 Development of Flexible Arrays

It has been determined that in addition to those requirements of Section 1.0,
a practical flexible solar cell array must be flexible only in one direction,
and possess tensile strength sufficient to sustain the necessary loads during
deployment. In addition, the electrical interconnection of the cells (in the
deployment direction) must be capable of flexing through an angle of approxi-
mately 45° and permit the closest feasible spacing of solar cells, To satisfy
these requirements, consideration has been given during the development
effort to the details of design, materials selection, fabrication feasibility,
and functional reliability of a practical flexible solar cell array for space-

craft, These studies are described in succeeding paragraphs.

In order to assess some of the practical manufacturing aspects of the flexible
solar cell array, development work was undertaken which resulted in the
fabrication of several small arrays. These items have served to demonstrate
clearly the feasibility of the selected design concepts as well as to provide

information for materials selection and fabrication methods.

Various design configurations were considered, each of which met, to some
degree, the basic requirements. From the fabrication standpoint, the most
important design concept proved to be the inter-cell electrical connection.

Three configurations were selected for trial, Small arrays were then made
using two of them. Soldered inter-cell connections were made in each case.

The three designs are shown in Figure 2. 14,

2.7.2.1 Substrate Concepts

Configuration X employs a hat-section made of 0,001 inch brass or 0.0015
inch beryllium - copper foil, which was termed a hinge strip. Both of these
materials were used successfully. The photograph of Figure 2.15 shows

the detail parts and the completed sample solar cell array made using
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Configuration X. Each row contains four cells connected in parallel by the

hat section hinge strips; the latter also connects adjacent rows in series,

Two flexible substrate materials were used in combination with the hat
section hinge strip. These are silicone rubber impregntaed fiberglass fabric

and mylar film. Both substrates were functionally satisfactory.

Since solar cells having both terminals on the bottom face were not available
a brass "'wrap-around' strip was soldered to each cell. This is shown by

the sketch in Figure 2. 16,

Configuration Y consists of a "'Z'" section strip made from fine-weave brass
wire cloth. This material is flexible and the strips are bias cut in order that
the action on the individual wires during roll-up and deployment will consist
of torsion, in part, rather than bending only. This concept proved to be use-
less because the fine weave of the cloth prevents the individual wires from
twisting. The very fine mesh wire cloth was most difficult to solder properly
because it acted as a wick to the liquid metal, decreasing its flexibility.

After experimenting with two sizes of wire cloth (60 mesh and 200 mesh),

this configuration was abandoned.

Configuration Z proved easy to fabricate. It consists of wire connections
between cells, The small soldered wires connect the N terminal of a given
cell to the P terminal of a cell in the adjacent row, as shown in Figure 2. 14,
An unsuccessful attempt was made to use soft-temper flexible stranded wire,
but wicking of the liquid solder occurred. The short pieces of the wire also
tended to become unstranded during handling. Two kinds of wire, solid
0.020 inch diameter silver coated soft copper wire and 0. 016 inch diameter

cupro-nickel wire (Driver Co. Alloy 180), were used successfully.
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A sample-size solar cell array, similar to that shown in Figure 2,15 was
constructed by using the wire-type inter-cell connection, but appears to be
less desirable than hinge strip connection in at least two significant respects.
Configuration Z array is not as flexible, will not bend around the roller

as readily, and the wires are yielded by the rolling-up action causing possible
fatigue. Less cell-to-cell spacing was found to be required for Configuration
Z. It was concluded that Configuration X was the most desirable of those

investigated.

2.7.2.2 Description of Configuration

The configuration selected for additional studies is an arrangement of solar
cells bonded to an epoxy-fiberglass laminate which is in turn bonded to a
mylar film substrate (Figures 2.15 and 2.16). ''Wrap-around' cells shall be
used on this design., The terminal for the N layer is brought down over the
edge and onto the bottom of the cell, producing both an N and a P terminal on
the bottom. If this cell is not available, a conventional cell can be converted
by means of a brass channel soldered to the top terminal strip, wrapped over
the edge of the cell and the fiberglass stiffening member, and then bonded to
the bottom of the fiberglass laminate. The electrical connections use a
beryllium - copper ''hinge'' strip connecting the P layer of one row of cells
to the N layer of the adjacent row. This hinge makes a parallel connection
between cells in a row and makes a series connection between rows., In
addition to providing electrical contact between rows, the beryllium copper
hat sections supplements the stiffness provided by the epoxy-fiberglass
strips. The hat section shape was also chosen to provide the flexibility

necessary to wrap the array onto a small diameter roller.
A thin sheet of flexible foam is attached to the side of the flexible substrate

opposite the solar cells. This foam has a pressure sensitive adhesive film

on one side which allows attachment to the substrate.
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2.7.2.3 Flexible Substrate Material Selection

Three materials were considered for this application: Silicone rubber coated
glass fabric, mylar, and a polyimide film (H-film). All give good service

in the space environment because the outer surface of the flexible substrate
will be covered with the solar cells and their supports. Sample arrays were
fabricated using both the mylar and the silicone rubber, The silicone rubber
coated fabric is much heavier than either the mylar or the H-film. Although
the H-film is slightly more stable in the space environment than the mylar,

it was not available to be used in the sample substrates during Phase I of the

program,

2.7.2.4 Solar Cell Stiffener

It was determined that the solar cells should be supported normal to the
direction of the array deployment and in the plane of the array by a rigid
member approximately the width of a solar cell to decrease the bending
stress in the cell while rolled. The material used for this member must be

non-magnetic and preferably non-conductive.

The various metallic materials investigated included aluminum, magnesium,
beryllium copper, beryllium, and titanium. The beryllium stiffener is the
lightest structure for a given thickness. However, its cost and toxicity were

considered to be too undesirable to allow practical application to the design.

Although metallic materials result in the lightest weight for the stiffeners,

it was tentatively decided that epoxy-fiberglass should be used for these
members, This decision was based on the non-conductive properties of the
material as well as Fairchild Hiller's experience in the fabrication of thin
glass laminates. The use of the non-conductive material reduces consider-
ab'ly the possibility of shorting and eliminates the necessity for the additional
insulation barrier normally provided., The use of the fiberglass laminate
permits direct bonding of the cell to the stiffener without the rubber im-

pregnated fabric generally used.
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Figure 2,16 shows the relationship of these stiffeners to the solar cell array.
Figure 2,15 (a) shows the solar cells about to be bonded to the stiffener.

2.7.2.5 Solar Cell Interconnects

Intercell connection is accomplished with beryllium copper foil formed into
a hat section. One sample array was fabricated using brass foil and another
using beryllium copper foil. Although the former performed satisfactorily,
beryllium copper was a slightly better selection because of bending stiffness
and fatigue life,

Figure 2,16 shows the configuration of these solar hinge strip interconnects.

Figure 2, 15(b) shows the hinge strip about to be attached to two solar cell

submodules.

2.7.2.6 Solar Cell Cushion

In order to protect the individual layers of the cells from vibration damage
and abrasion when in the stowed condition on the roller, a thin layer of
flexible urethane foam is interleaved between layers. The flexible foam is
obtained with a pressure sensitive adhesive backing for attachment to the
flexible substrate. See Figure 2.16 for descriptions of this installation,
Figure 2, 15(d) shows the solar cell array with the flexible foam attached to

the substrate.

2.7.2.8 Manufacturing Plan - Solar Cell Array

The solar cell stiffeners are fabricated using epoxy resin (MIL-R-9300) and
181 glass fabric (MIL-P-9084). The laminate is cured in an autoclave at
approximately 100 psi and 350°F. After cure the laminate is cut into strips

approximately one cm wide and twelve inches long.
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The solar cells are then bonded to the fiberglass stiffeners using General
Electric RTV-40 silicone rubber adhesive. The fiberglass stiffeners and
the bottom surface of the solar cells are primed with SS-4004 silicone primer

prior to application of the RTV-40,

If wrap-around solar cells are not available, standard solar cells shall be

reworked per Section 2.7. 2, 2,

Cover glass is bonded to the solar cells using LTV 602 adhesive, When this
adhesive has cured, the cover glass is then coated with a stripable coating

for protection during the following assembly operations.

Hat section solar cell interconnzcts are formed from pretinned beryllium
copper 0,001" strip and soldered to the bottom terminals of the solar cells
using 60/40 solder. The cells are positioned such that the interconnect joins
N and P layers of adjacent rows of cells - thus affording a series connection

between rows - and a parallel connection of cells in the same row.

The row of cells is then bonded to the flexible substrate using RTV-40. The
under surfaces of the row and the substrate are primed with SS-4004 silicone

primer before application of the RTV-40,

When the joint between the row and the substrate has cured, the flexible foam

is attached to the inner surface of the substrate,

After assembly of the completed solar cell array onto the take up roller and
attachment of the extension mechanism, the stripable coating is removed

from the cover glass and an isopropyl alcohol wash given the entire array.

2.7.2,9 Test Performed on Experimental Arrays

A test apparatus was constructed which permitted a simulated deployment
test to be performed on the three experimental arrays. This apparatus is

shown in Figure 2,18. It consists of a 1.5 inch diameter roller onto which
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the array was repeatedly wound and unwound. The substrate was made to
support a 10 pound static load throughout the simulated deployment. The
additional weighted container shown in Figure 2,18 was used to counter-

balance the rotational force. A digital counter was used to indicate auto-

matically the number of simulated deployment cycles.

The simulated deployment test was performed 500 times on each of the three
experimental solar cell arrays fabricated. All three arrays withstood the
500 cycles of deployment without serious physical effects caused by the test
itself, Certain defects which were already present on the cell inter-con-
nectors appeared to be accentuated by the flexing. Because the brass hinge
strips were hand formed, they sustained some damage where efforts were
made to produce sharp radii in the hat section with sharp-edged tools.

These defects were noted beforehand, Nevertheless, it was deemed advis-
able to proceed with the cyclic deployment test since the cell modules
functioned quite satisfactorily, Two small cracks were noted on the beryl-
lium-copper hinge strips in the array fabricated with that material., These
defects appeared to be slightly aggravated by the deployment test. A third
crack appeared after 100 cycles in the test. However, it may be expected
that either brass or beryllium-copper may be formed with the aid of more
suitable tools into hinge strips that will be free of cracks and will perform
satisfactorily in repeated deployment tests. The wire connectors in the
third array were not damaged in the test. In spite of the apparent relative
inflexibility of this array, the 10 pound force on the 3. 25 inch wide substrate
was quite adequate to straighten the array completely during each deployment

cycle.

There appeared to be no significant difference in the performance of the two
substrates used, 0.002 inch thick mylar film and 0,010 inch thick silicone

rubber impregnated fiberglass. Both were quite satisfactory.
A simple test was devised to demonstrate that the solar cell arrays function-

ed properly both before and after the cyclic deployment test. It consisted of

a light source and a d-c output voltmeter as shown in Figure 2,19, In each
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case the position and distance from the light remained fixed. A light meter
was used to ascertain that the incident energy remained substantially con-
stant, In all cases the experimental solar cell arrays functioned equally
well after sustaining 500 cycles of deployment as they did before the latter
test.

2.8 TRADE-OFF DISCUSSION

Following the outline of Figure 1.1 the trade-off will first select a flexible
substrate design and then a rigid substrate design. A selection will then be

made between the flexible and rigid substrate.

For this trade-off, only weight, occupied volume, reliability, cost and power-
weight ratio need be considered since all of the configurations meet the
specifications stated in Section 1,0, The rigid substrate has arbitrarily

been taken for evaluation first. These are configuration A and configuration
B.

For configuration A the power-weight ratio is affected by the total weight of
the structure, the packaging efficiency of the cells and a shadowing factor
due to the drive links. This shadowing factor has been determined as 3% for
the worst shadowing condition. The same factors, except shadowing, affect
configuration B. In addition, configuration B has twice the number of sub-
strate hinges which cut down the total cell area. This amounts to approxi-
mately 1%. The packing efficiency of cells for both are .93 (based on cell

geometry only). The power-weight trade-off can be made as follows:

Rp = iA_ A = Total area of substrate
Wa Ap = Usable area of configuration A substrate
=(.93) (.97) A
Rp - i AB= Usable area of configuration B substrate
Wy = (.93) (.99)A
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RA = Power-weight ratio of configuration A

Rp = Power-weight ratio of configuration B
Wp = Weight of configuration A = 13,83 lb,
WB = Weight of configuration B = 14,83
R .
A =" ,97A (14.51)(.93)

RB . 99A (13.83).93)
1.03

This shows configuration A to be 3% more efficient. The difference in re-
liability between configurations A and B is difficult to assess. The only
determination that can be made is that B is slightly less reliable because of
the greater number of parts in the system. The volumes of both configura-
tions are identical, The cost of B may be slightly more because there are
more parts. The selection of the rigid substrate of configuration A is made
on the basis of a slightly better power-weight ratio, better reliability factor,
and possibly, a slight reduction in the total cost.

Selection in the flexible substrate category is between canfigurations H and 1.
Since both configurations have the same area and the same method of attach-
ing cells, the power-weight ratio of configuration H is more desirable be-
cause of the smaller overall weight of the system. The selection for
occupied volume is obviously configuration H because its volume is half that
of configuration I. The reliability trade-off is a gray area, but favors con-
figuration H. This is due chiefly to the added positioning mechanism and

the pneumatic system that must be installed. Configurations H and I will
have approximately the same cost. The selection made for the flexible
system is configuration H, made on the basis of smaller packaged volume

and a higher power-weight ratio.

For the final selection between flexible versus rigid substrate, the argu-

ments will be limited to the same considerations as the preceding selections,
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Power-weight ratio has to take into account several things: the shadowing
effect of the scissors link on the rigid substrate, the packaging efficiency
of the cells on the flexible substrate, and the total weights of both configura-

tions. This trade-off is presented below:

Ry 7 Ap A = 97T (93A
Wa
= .87A
Ay
Ry = ®n W, = 13.83
= A
H = 12.86
WH .
R

H - .87(13.83)
Rp (.93)(.97)(12. 86)
1.04

The configuration H is shown to be 4% more desirable than configuration A.
For reliability, the rigid system is believed to be better. Lack of test data
on the substrate made analysis impractical. The unknown area is the inter-
connection between the cells, The mechanisms for both concepts have al-
most identical reliability numbers becau-e each have the same number of
parts and the same type of drive and damper systems. The occupied volumes
of the systems vary by a large percentage, with the flexible concept being
much more desirable., This is shown in Table 2.3, The cost will be about
equal for the deployment mechanism. If the substrate development is in-
cluded, configuration H will be more expensive, The selection for the final
design was chosen as configuration H. It is a trade-off of packaged volume
and a slight increase in power-weight ratio versus cost. Fairchild Hiller
believes that the flexible substrate has a greater potential than shown in this
design study. The confining depth dimension and the deployment require-

ments have greatly limited the end design.
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2.9 DESCRIPTION OF FINAL CONFIGURATION

The final configuration of the deployable solar array is shown in Figure 2. 20,
The end plates are machined magnesium upon which are mounted the sub-
strate rollers and the screw jack drive system. The top and bottom are
magnesium webs stiffened by beads and flanged lightning holes. The back,

or 25 inch x 13 inch dimension, of the structure is constructed of stamped
magnesium sheet forming a truss like pattern. The entire structure is
mounted to the spacecraft by four bolts in the corners of the back face of the
box and four additional bolts in the middle of the back face. The later
mounting holes are attached to the skin of the structure and provide support

for screw jacks when they are fully deployed.

The release system is activated by a signal from the spacecraft (assumed to
be electrical). This electrical signal activates a dual set of redundant cable
cutters. Severing of the cable does two things; it releases the substrate
rollers from the fixed position and releases the front plate of the structure.

The rollers are restrained during vibration to prevent unrolling during
launch.

The release of the front plate activates the drive system. The system is
designed to allow either one of the cable cutters to perform the release
function. The drive system for the deployable array consists of a neg'ator
spring driving a gear train which turns the screw jacks. The bearing-
mounted gears are fabricated of aluminum and coated with dry lubricant.

The spools for reeling and unreeling the spring are plastic.

The screw jacks are titanium and are of the ball bearing type screw. Both
screws work together and are synchronized by the gear train previously
mentioned. The screw jacks are half left-handed and half right-handed
threads arranged so that the slider blocks on each end of the screw will
proceed toward each other for the rotation caused by the spring. These
slider blocks are attached to the scissors links by the hinge pins. The

drive system becomes activated upon initiation of the release system.
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The extension mechanism consists of 2 sets of eight and one-half scissors
links which when stowed fold into each other, packaging two links in the

space of one,

The channel type drive link is machined aluminum and the box type link is

of aluminum honeycomb construction. They are joined by non-magnetic
stainless steel hinge pins. The drive links are attached to the substrate
through the end plate. The substrate has been described in detail in Section
2.7. Its rollers are magnesium tubing with plates on the end to prevent
lateral shifting of the substrate during vibration. The rollers are synchro-
nized through a gear train to insure their uniform deployment. Upon deploy-
ment, the rotational energy of the vehicle pulls the substrate and the links
from the structure. This motion is resisted by a centrifugal brake mounted
through a gear train to the substrate rollers. The centrifugal brake drum is
aluminum. The weights are beryllium-copper to which aluminum friction
pads are attached. The brake can be adjusted several ways since the friction
pad can be varied in position and composition. The weights may be changed
by either shortening or changing materials. During deployment the brake

is driven by the substrate,

The brake system contains an over-running clutch so that at the end of
deployment the inertia of the brake does not tend to rewind the substrate.

The stopping mechanism is simply letting the substrate "'bottom out'' on the
roller when full deployment is reached. This caused a slight amount of shock
in the substrate but, since the radial velocity at the full deployment is low,
the loads were negligible. Locking of the system is accomplished by main-

taining the spring load on the scissors links.

Figure 2,21 is a drawing tree of the design.

49



T CAMPE@ SvS TEM
%G gpake assY

-BL50 - ——

~ - /800 —_————— -—t
I

/_\
LDEM 4 - \ CABLE CABLE
(—@ ] 05% 57 /,/_@,{u-rvtér"lﬂ@

B

iS5 AN

oral
/@Necuroe SEEMIG

AOT 55 Y’/%
(4 Bcrr 1146)

—~
I’
TR JGLK

SV LTE
L
e Pt

b LiANGE

50



— DEDLOYED  ComFIGUIERTION
e : T 10069 ~ 2EPOTED  ComAeORATION

i g~5‘c/5§<

I eHan

Y

N END PLATE - N
f{ DEN&LEND. @ LOCUING LEVER

s | g
Hosia. | E“i_"’/ /_@ﬂ(ﬁfé~fd@5ﬂ’ﬂ7’é wppoRT ; - . s
i 2

| sreUcTVEE M- \\ i (Srower Pos/Tion) i R
[T, S
T W ''''' - —

| 4
1 1

1200
! TUBSTERTE WIDTH

i

287 EeL

i o -~ - - /4750 - =
5.9/43 &ex | i

b g e ],,//7, - —_— L
/// B
“h TE ASSY. i SSORS Lirik
N i 5 {U(%f&:ﬁjv) : ) Bl i ™
.
‘ AN
END FLATE -
\\\ 3 )ioee EnD . )
™ \\\ -
i OUNIT
‘ MOUNTING HOLe % (g) 2500
| \
I —
\
I
|
' |
i 1
|
| _ R
‘ i
|
|
| 5/



REVISIONS
] T oafi | aperoven
T
|
|
|
bes LN
INEL Tree
I
NCTE :
S ST OF LRTEEILLT EOP. e S
THOVIAL i LD OF DEQIVNG  BuiT
IOT DES G IGTEL 1AL SiDUGLL.
R ) - - = — = = = = = = - - -
41 S U A =
' — i - P — P
) B S I I R T _
L—J l L - i J 1 | ]
B — - .
. [T e - - — . - |
I [ T i !
LN N 61 et Eanet :
O Lo je0lT mweszon ) gowds
! L N 59 m -Jaoor - :,:,zwt # LER O rET 5(5'/«/ R
| i /.58 . . XN BICIF | CmEE RETHINEE
. l 1 l, | I [37 17 louxoomooss =reve e i
§ o= ey 4 B | XXe00C0G-56 DOMPEE SYSTEM
| R |1 |35 8 jrr ooe 55 BeaT1-FRCON BEAEMIGS o
SUBSTEATE 50087 PLATE ' N I B oo 72000 Wc'sf st OF SORING i
- " P N 33304 e—
(Cepoven FC51TION) I [ R [ I/ xx s .
' t h i , i
HEREN - e _ ‘
| s : — ' pucey seer misTAC. ! _ !
[ . v z . roe LoTTE - . .
o1 - z o - il ;
[ ’ . xxr2009 . X
' ‘ 00
PO e - : ;
i | . . .
: | { z 43 ‘ux 006 N .
- [ R I R i bormioos |
AN . !
oL s AR 11004 N N
; 4 i P , N -
IR S B the: i ; .
- — S . 12 € 357 - - R .
J [ 37 TEC ChTE Tk NS :
! ‘ N 25, i Lu . H-28CLp | HGE Dui- 57155025 | : i
1 138 LY II08 | SLSS0ES wRLF LINLK AS3Y - POy T R N .
! = 2Ll (%1, weseer [Zassons ik A35Y - gox e I T
\ . ’ L33 x0a0IS SUsseRs (K ATSY D) — Box TYRE :
‘ i ol Harrzaté 3055085 waLe o _
e EZN XN 9202Y [ KiSSOES LiNK N -
e 30 owseose  scissifs Lmik
| 3 I’ - 29 7 Tiezor) STk sl
FE —— le8 T xo-zz0z0
; A ve7 T
I [l Popt fee b srers I
: K N D £ esterr 1z
“ t LR A R U R B o 32018 rr/a,suasr
i R A N foxe- seos eociee asc
‘ 1 par- 9205 RouLef Sssv (sup
‘ B 4 t 303 |Gear - 101ER
o 2 Gee sy cuse
S | I
. | I _Bea _
\ | ~OT As‘v’/ﬂﬁu g&,,@ N .
1 ceew] JALK B I
' 1 :"Ftn/ ALSY BALBEGY
1 - : G
O
[ ¢
o
x
=
| — kel
W]
I S2aZ 4357 - OLER i
! _ A 557~ TACE P -
1 F (A 2557 - DRIE - ‘1
Xll '!OOA OLATE -.0(EK &bt i
DTN . k» Xxx-11000 [EnD BATE -LOWEEND T R N
iy . T - cosco-1] Oemivate SoiaR ARELY - GEs v, 1 —
T n..rFo nmq Parrno | BrsCRTION St |
[/5iseTs7lsp 1371 LIST GF MATERALS
MATERIAL APPROVAL DATE FAIRCHILD ROCKVRLLE,
s o & Oeariey edl® STRATOS MARYLAND
o s T o
T ToLERNCES £ LAYOUT
k o TREHERT PN e o BOSITi/E DEPLOYABLE S0u4K LEZAY
tovmr 5 13 1o ool 17 o FLEXIBLE SUBSTRATE
125 e | ol ot[1732] e faPPD
o 2} o350
" NS % oo PPROVL [Conz oEwT wo | Si2E | oRAWANG NG,
! [oe]
i B B T S [ 17232 | E )(XX <000
— APPUCATION (53 BCan 1L Suade | S Tree

Ficure 2,20 PosiTive DerrovasLE SoLar ARray
FrLexiBLE SuBsTrATE.

51,




NM_W_-._I OZ_>><ED FN,N NN_D.U_L&

*1LSAs *D3713 Iivdlsans *1SAS ¥3dWva LNIWAOTLEA aNV 3IAINA ‘LSAS IsSv33d JHNLONYLS
9Z0ZE=X XX 8Z02E =X XX
NId IONIH MNIT d1VH
§20ZE=X XX £202E=XXX
MNITl SHOSSIDS MNIT SHOSSI1DS
r202E=XXX Z10ZE=XXX 2101 E=XXX
MNIT 4TYH [ ] ONIHOVLLY MNIT=NIa ASSY *LM¥" A3TITINd
€20ZE=XXX $1102emXXX 1101E=XXX
MNI[T SHOSSIOS ASSY MDoAg *ous ¥3aLIND 318VYO
0102E=XXX OI0LE=XXX
B HOLOW ODNIddS ADNIH=N1d
2202E=XXX
—
MNIT SHOSS!0S 6002E=X XX 6001 E=XXX
ASSY LNAN HIAZT *IFH~ANls
1202E=XXX 800ZE =X XX 8001 E=X XX
ONILLIA MIHDS H3A3TT *TIAY=ANLS
0202E=XXX L00ZE=XXX L001E=XXX
ASSY 3ALvTid ASSVY MIHIS MVNIDVYS HIAIT=ASvIIaN
6102EmX XX 9DOZE=X XK 9001 E=X XX
LdVHS gnLs 1 HvEAD UINQ[=LJVHS DNI¥dHS NOISHOL
S10ZE=X XX SDOZE=X XX SO0 1E=XXX
ASSY ¥3T0Y WNHQ dN=3%VL=LdvHS ¥IA3T ISvIIIY
L10ZE=X XX FO0ZE=X XX YOOI E== XXX
=
Ld4vHS andls WNHa SIAIHA=LdVHS DNINJDS NOISHOL
£00EE— XXX 910ZE=XXX £002E=XXX €001E=XXX
HIAIT IMvHg 1d4vHS 8nls NOINId=Hv3D ONILLI4 IONIH
200EE=XXX S10ZE=XXX 200ZE=XXX 2001 E~XXX 2001 1=XXX
DONI¥dS NOISMOL ASSY ¥3110Y HINQI=ASSVY dvyID H3IAIN ONIMDOT ONISNOH
100EE=X XX P1OZE=X XX 100ZE~X XX 100LE=X XX $001 1=%XXX
ASSV FOHS IMvug HIAIA1=ASSY HvEAD [ || dN=3MvLl ASSY WNuad ASSY 3T18VYD 31vd aNa
000EP=XXX 0000L=XXX 0B0EE=XXX €10Ze=XXX | | 0002E =X XX 0001£=XXX 0004 | =X XX
*IVLSNI *LSAS ‘123713 (AWWNQ)Ilvilsans HIdWVa—nNYa HIIAI=HVID AAINA=ASSY WNHa *VYLSNI *HOIW ISvI13™ 31v-1d aN3

1

000000=XXX
AgNESSY

53




3.0 ANALYSIS

3.1 DYNAMIC ANALYSIS

3.1.1 Introduction

This section presents the analysis developed in support of the Deployable
Solar Array program. The analyses are presented in the order by which
they effect the detail design decisions.

Computer programs have been used extensively to economize on time and

cost. The detail results are presented in Appendix I.
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3.1.2 Vibration Analysis

The packaged solar array was analyzed to determine the vibration environ-

ment of the cells, The lateral natural frequency, magnification factor and
response of the roller-cell package was determined by analyzing a mathe-
matical lumped mass-spring model. The roller was idealized as a pin-pin

beam reflecting the proper stiffness and mass. It was assumed the stiffness
supplied by the substrate and cells was negligible campared to the stiffness of the
roller and thus not included. The mass of the roller, cells and substrate

were lumped into two masses as shown in Figure 3.1,

PINA ? % A PIN

pogp——— 3,225

- 9,675

-y 12,90

Ficure 3.1

VieraTioN AnaLysis Lump Mass MobpeL

It was further assumed the input to the packaged cells is sinusoidal and of
the magnitude specified in the deployable solar array sinusoidal test
specification. These inputs were multiplied by four to include the response

of the spacecraft structure.

The analysis was performed by initially deriving a set of deflection influence
coeificients for the two lumped mass model., The lateral natural frequency

was obtained from the mathematical model by matrix iteration of the

{xibs ® oy ] I A

equation:
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Where: x, = Column matrix of normalized mode shape, in/in
5ij = Matrix of deflection influence coefficients, in/lb
m, = Matrix of lumped mass, lb-seczlin
w = Frequency, rad/sec

Structural magnification factors for a 1 g input were calculated from the

equation:

fwr}- v [0 o) pmdnta ] {1}

Where: M.F,.

Column matrix of magnification factors

q Structural damping coefficient

The fundamental lateral mode of the roller-cell package was determined to be:
= 2
fn 87 cps

Using a conservative structural damping of q = . 05 the magnification factor

from the roller pin was calculated to be

M,F. = 20,0

For an input to the rollers of 8.4 g's, determined as previously explained,

a response of 168 g's will be experienced by the packaged cells.

The vibration analysis of the packaged array included only the substrate and
cells stowed on the roller. A more complete Phase II study would include
a response calculation of the stowed scissor links to determine excessive
vibratory loads. In addition, the analysis would be furthered by utilizing

a more sophisticated model.
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3.1.3 Mechanical System Analysis

3.1.3.1 Introduction

In this section the equations of motion necessary to describe the deployment

dynamics of the Deployable Solar Array are developed,

The assumptions used in this analysis are:

° Rigid body dynamics

° The deployment occurs in a zero gravity field

° Aerodynamic phenomena do not exist

] The angular velocity vector remains coincident with the
spin axis

° The dynamic system is symmetric about the spin axis.

3.1.3.2 Description of System

The system consists of a 3 foot diameter solid, homogeneous, cylindrical
centerbody around whose perifery are four equally spaced solar array
assemblies. Each assembly consists of a fixed housing structure, a flexible
substrate stowed on rollers and a set of scissors deployment links. When
released, the four solar panels are uniformly extended by centrifugal force
and the force of the spring driven linkage. Self energizing centrifugal
brakes geared to the substrates limit the deployment speed. Deployment
ceases when the substrates have been extended 9.5 feet from the center of

rotation.

A diagramatic sketch, dimensional nomenclature and a list of symbols and

definitions used in this analysis appears at the end of this section.
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3.1.3.3 Equations of Motion

Angular velocity and angular acceleration of the complete spacecraft about

the spin axis can be described using conservation of momentum principles.

Denoting the total angular momentum of the system before deployment as

C = w I (1)

it follows that the instantaneous angular velocity at any time during

deployment is

w = CJ/I (2)
c
and
. .2
o, = -CI/I (3)
where
W
c 4 8 2 4 2
= — = + + = + =
1 3[2+4Wb+3wp 4Wr 3#RC] Rc 3WpXe
4 2 4 3
—_— - +—
+3 V%XeRc 4#XeRc 3“Xe z/g (4)

and is a function of only the masses in the system and the deployment length.
Knowing the total momentum (C) from the initial conditions and substituting
equation (4) into equation (2), the angular velocity can be found for any length

of paddle. This is given in Figure 3. 2.

W ;
— 2 2 P
) R ee)]a /e
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The development of Equations (4) and (5) are found in Appendix L.

20

T
0 \

\\

0 2 4 € 3
(Xg=Rg) , FEET

., RAD./ SEC.

/

Ficure 3.2
Wc Versus (Xe— RC)

Having described the angular motion of the entire unit, the equilibrium

equation for each deploying panel can now be defined.,

The centripetal acceleration at any point on the deployed panels is:

Integrating this acceleration times the scissors mass from RC to Xe gives

the total instantaneous contrifugal force of the scissors unit.

F =W(X+R)w2/2g (7
n, p e c c
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Integration of this acceleration times the mass of the deployed substrate
from RC to Xe gives the total instantaneous centrifugal force of the deployed

portion of the substrate,
2 2 2
F = - w
n M ( X RC ) c 2 g (8)

The radial force exerted by the scissors unit, which aids in the deployment

is as follows:

F = (X -R) F /N‘[NZRZ-(X—R)z (9)
p e o Ty p e c

where

|
1

Force which activates the scissors unit, pound

=y
]

Length of one link in the scissors unit, feet

There are four (4) inertia forces restricting deployment due to the linear

radial acceleration, X,

(1) Scissors

FIp = - Wp Xe [ 2g (10)

(2)  Substrate (Rolled plus deployed portion)

This inertia force acts in the plane of the deployed substrate.

P “[Wr*“(%'Rc’] Xe/2g (11)

(3) Brake Unit

This inertia force acts in the plane of the deployed substrate.

2 2 2
F, = -S"W, RS X_ /g R (12)
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The braking force resisting deployment of the panels is derived in Appendix

I and acts in the plane of the deployed panels.

Cf S3 Wf Rl sz Xez sin 92
F = - (13)

f
. 3
g[R sine  , - Cf(Rl-R cos © )] Rr

f 1 f 1

The equation of motion for the radial motion of the deploying panels, then,

can be written by summing equations (7) through (13),

F + F + F_+F + F + F F = 0
I I I P n n f
P r f r p

or
(14)
2 2, 2
W o+ W +u(X -R)+@S"W R/R TI.. Fel:s
P € ¢ X -15I|X"-F -F_ -F_ =0
2g e 2] e p n n
X, r P

Since equation (14) is a non-linear differential equation involving variable
coefficients, a digital solution using iteration techniques taken over small
time intervals is required.

Solving equation (14) for Xe and integrating twice to obtain Xe and Xe gives

the following equations.

F tan @
yS
_—_— +
2g N + Fn Frl + Ff
r P
€ 252 Wfsz
W + W 4 u(X -R)+
p e c R 2
Ir
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X = f X d + X (16)
e e e
o o
t
X =/ X dt + X (17)
e e e
o)
o
Where
tané = (X -R) [4/N2R2 -(X -R) (18)
e c p e c
- +
R :JR 2, tr<Lp X TR (19)
r T
e T
Rr = Radius of spool on which the stubstrate is rolled.
e

Iterating these equations with equations (2) and (4) produces the following
results describing deployment of the Deployable Solar Array. Figures 3.3
and 3.4 present curves of deployed length vs time and radial velocity

vs time.,
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3.1.3.4 Results

The angular acceleration ( wc) occurs when (Xe - RC) equals 2,19 feet, This
maximum value is -0, 754 rad./sec. 2. The minimum angular acceleration
occurs when (Xe -Rc) equals 8 feet (full deployment), its value is

-0. 047 rad. /sec. 2.

Figures 3.3 and 3.4 show deployment distance and deployment velocity
versus time. It is evident from Figure 3, 3 that the speed brake is very
adequate as presently designed since complete deployment takes nearly 50
seconds to accomplish. Figure 3.4 is somewhat deceptive in that it
appears to show an initial velocity at the instant of panel release., In
actuality, the panels accelerate to the velocity shown in approximately 0. 01
seconds making the plotting of this acceleration impractical with the scale
used. The maximum acceleration, X.e’ occurs at time zero and is approxi-
mately 90 ft, /sec. 2. Peak deceleration occurs at 10,2 seconds and has a
value of -0.012 ft, /sec. 2 indicating inertia forces due to linear acceleration

are practically non-existent following t = 0. 01 seconds,

(R¥Lp) ~

0 R x E P
Ficure 3.5 Descrieptive Diacram
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a Linear acceleration, ft./sec,
C Total angular momentum, ft. lb. sec.
Cf Friction coefficient, 1b. /1b.
F Force, 1b.
2

g Gravity acceleration, 32.2 ft./sec.
I Mass moment of inertia about spin axis, ft. 1b., sec.
Lp Total length of substrate, ft.
N Number of scissors links
R Radius, ft.
S Gear ratio, Brake speed/substrate roller speed
t Time, sec.
W Weight, 1b.
X Radial station measured from spin axis, ft,
Xe Distance of outermost point on deploying panel from spin axis, ft.
91 Radial angle between speed brake mass hinge and friction point
92 Radial angle between speed brake mass hinge and mass C. G.

Kk Substrate weight per linear foot, 1b, /ft.

w Angular velocity, rad. /sec.

Subscripts

b Refers to stationary housing boxes
c Refers to cylindrical centerbody
e Refers to outermost point on deploying panel
f Refei‘s to speed brake friction device
n Refers to normal or radial direction
P Refers to scissors
Refers to substrate (rolled and/or extended portion)
t Refers to tangential direction

1 Refers to length
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3.1.4 Loading Analysis

3.1.4.1 Introduction

The purpose of this section is to develop the equations and present the
component loads for the deploying panels of the Deployable Solar Array.
The same assumptions and nomenclature are used in this analysis as are
used in the section describing deployment dynamics. The loading curves
shown i . the results were produced during the digital iteration solution

of the equations of motion discussed previously.

3.1.4.2 Loading Equations

The loads of primary interest in the deploying panels are the tangential
(in-plane) shear and bending moments, and the tension in the flexible

substrate material.

The in-plane loadings are a result of local tangential accelerations caused
by the angular acceleration of the entire unit about the spin axis (equation 3)
as well as Coriolis acceleration caused by the instantaneous deployment

velocity X, The total tangential acceleration at any point on the panel is:
. L4
a = w X+2w X (20)
t c c
Since the scissors unit is fixed to the centerbody at a point which does not
move radially, it is seen that

X -R
c

S A &0
P e c

The substrate, however, will deploy with a constant velocity since it is

being unwound from a roll.

X = X (22)
r e
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The assumption that the total tangential acceleration, a_, varies linearly

from zero at the spin axis to a maximum at Xe is consetrvative regarding the
scissors linkage inertia force but unconservative regarding the in~plane
substrate inertia force. It is evident from Figure 3. 6 that Coriolis accelera-
tion is very small near the completion of deployment and that the assumption
that a, is linear from the spin axis to the panel tip would serve to develop

t
adequate loads for design purposes.

The shear at a point X on the deployed panel can then be found by integrating

the inertia forces outboard of that point.

_ _ X w
dv = —atdm = (X )ate p + M) dX

e

<
1
1
©
Lol
—

Xe (Xe RC) g

a [W + M (X - R)](Xz-Xz)
te P e c e
)

2X_ (X - o (23)

W +u(X -R)] Xe
o) e c
[ X dX
- X

V = -
C

Integrating equation (23) from X to Xe yields the following equation for the

in-plane bending moment at a point X,

a [W + 8 (X -R )] <2X3-3XX2 + X3)
te P e c e e

6Xe (Xe-RC) g

(24)
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for both equations (23) and (24)

R £ X<£X
c e

It is assumed that the substrate material will not reach tangential loads and
that it will have to withstand only the tension loads imposed by the speed brake
and inertia loads caused by X o The inertia loads of interest are that of

the speed brake, expressed by equation (12), and that of the undeployed (rolled)

portion of the substrate, expressed as follows:

Fir - - [Wr - (X - RC)] X /2g (25)

Combining the speed brake force, expressed in equation (13) with the inertia
forces, all considered to be acting in the plane of the substrate and at the
instantaneous position RC, the tension in the substrate can be expressed as

follows for one thickness of substrate,

: Vo lwx -y 2w, RZ)..

p,., = _f 4 c f f (26)
r — —— | X
2 4g 2gRr e

Figures 3. 6, 3.7, and 3.8 show the results of the loading analysis.

3.1.5 Results

Figure 3.2 shows the variation in the angular velocity about the spin axis
versus panel deployment distance., The angular acceleration, ( ‘:)c ), occurs
when (Xe - RC) equals 2.19 feet, This maximum value is -0. 754 rad. /sec. 2
The minimum angular acceleration occurs when (Xe - RC) equals 8 feet

(full deployment and has a value of -0.047 rad. /sec.

Figures 3.3 and 3.4 show deployment distance and deployment velocity versus
time. It is evident from Figure 3.3 that the speed brake is very adequate as

presently designed since complete deployment takes nearly 50 seconds to
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accomplish, Figure 3.4 is somewhat deceptive in that it appears to show an
initial velocity at the instant of panel release., In actuality the panels
accelerate to the velocity shown in approximately 0.01 seconds making the
plotting of this acceleration impractical with the scale used, The maximum
acceleration, X.e, occurs at time zero and is approximately 90 ft. /sec. 2

2
Peak deceleration occurs at 10,2 seconds and has a value of -0.012 ft. /sec.

indicating inertia forces due to linear acceleration are practically non-

existent following t = 0, 01 seconds.
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3.2.3 Structural Analysis

A structural analysis was performed to establish the structural integrity of
the Deployable Solar Array. Margins of safety obtained by the analysis are
summarized in Table 3. 1. Supporting calculations are presented in

Appendix II.

Table 3.1 - Summary of Minimum Ultimate Margins of Safety

Item Load Mode of Allowable Actual Calc.
Condition Failure Stress psi  Stress psi  M.S.

Scissor linkage

Channel link 1 g static Shear due to 48, 000 35,000 +0. 37
deploy. torsion, bend-

ing, comp.

Box beam link 1 g static Shear due to 48, 000 9,000 +4. 3
deploy. torsion bend-

ing, comp.

Hinge Pins 1 g static Bending and 100, 000 53,000 + .89
deploy. Shear
Screw Jacks 1 g static Bending and 70, 000 68, 000 +0.03
deploy. Shear
End Plate 1 g static Bending 37,000 10, 000 +2.7
deploy.
Substrate Rollers Vibration Bending 38,000 11,000 +2. 4
Stowed
Housing Vibration Local buckling PCR:408 P=330 0.23
Stowed due to shaft 1bs.
loads
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Item L.oad Mode of Allowable Actual Calc.
Condition Failure Stress PSA Stress PSA  M.S,
Housing Vibration Tension and 50, 000 26,000 0.92
Attachments
Stowed Shear in bolt
Substrate 1 g static Tension 140 lbs/in 2.1 1b/in High
deploy.

3.2.3.1 Design Loads
The entire system was analyzed for three loading conditions

a) Static deployment under 1 g conditions was a load factor of 2 to
account for any random vibrations and disturbances which may

occur during deployment.

b) Dynamic deployment under 1 g condition with a load factor of 2. 0.

c¢) Vibration of the system in the stowed condition.

3.2.3.2 Static 1 g Deployment

The condition of maximum loading in the scissor linkage was obtained by ‘
equating to zero the derivative of the torsional and bending moments with ‘
respect to angle of deployment. Maximum torsion exists for an angle of ‘
deployment of 38. 5° and maximum bending for the linkage fully deployed. ‘
Maximum torsion resulted in the most critical combination of loads for the
linkage. The screw jacks were studied for bending stresses and deflections
during deployment. The housing was examined for its ability to react the

loads delivered to it by the shafts of the substrate rollers and screw jacks.

Thé hinge pins of the linkage were analyzed for the fully deployed condition

and the substrate was checked for tension during dynamic deployment.

Deflections of the scissor linkage during deployment was studied also and the

analysis indicated a considerable torsional deflection of the channel section of
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the scissor linkage may result during deployment. The linkage will, however, .
retain its integrity and function as required. If the deflection of the deploying
structure is considered a problem, additional study of the deflections would be

warranted.

3.2.3.3 Dynamic 1 g Deployment

The dynamic analysis of the deploying panel has determined maximum
bending, shear, tensile and axial loads in the scissor linkage caused by
deployment. Forces and moments in the scissor links due to dynamic
deployment were small for deployment rate chosen and the resulting stresses
were negligible. Maximum tension in the substrate was very low compared

to the allowable.

3.2.3. 4 Stowed Dynamic Loads

The dynamic analysis of the Deployable Solar Array in the stowed configura-
tion produced magnification factors for the rollers, the scissor linkage, and

the housing. Those responses are shown below.

Response (g)

Element Limit Ultimate
Roller & Substrate 168 252
Scissor linkage 100 150
Housing 15 22.5

Dynamic Response for Stowed Configuration Ultimate

Load = 1.5 x limit load

3.2.3.5 Stress Analysis

The linkage supports itself and the flexible substrate as a cantilever beam

during 1 g deployment. The most inboard link of the scissor linkage is,
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therefore, the most highly loaded member for any degree of deployment.
The total moment applied to this member is a function of the angle of deploy-

ment and expressed as follows:

2
— = 334 WR Cos2 e + 72.5 gR

M P Cos ©, ft-lbs.

P

where: M

is total moment about an axis perpendicular to

longitudinal axis of scissor mechanism.

RP = length of scissor link

[ = weight of substrate per foot

q = weights of scissor link per foot of link
(S} = angle between link and longitudinal axis

The total moment M is carried partially by bending and partially by torsion

of the links. Expressions for the torsional component of the moment M

T
and the bending component Mb are:
M. = MSin®
Mb = M Cos ©

As the angle © decreases during deployment, the bending component increases
continuously but the torsional component increases to a maximum and then

deteriorates. The value of © corresponding to the maximum value of M

T
can be obtained by solving the equation;
Mr
de
This occurs at © = 38. 50. Since the channel and box links are connected at

points where they cross,they deflect vertically by an equal amount. Thus

the moment carried by each is proportional to its bending stiffness. The
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amount of bending and torsion in each member of the linkage was determined

and the stresses produced in each was calculated.

The scissor mechanism was also analyzed for axial and transverse loads
resulting from rotational forces. The stresses due to these loads were

negligible.

The substrate rollers were checked in the stowed position under the loads
produced by the vibration environment. Buckling under combined bending

and shear was checked. The screw jacks of the deploying mechanism were
studied for stresses and deflections due to bending. Each screw was analyzed
as a two span continuous beam and influence lines were used to determine the
absolute maximum value of the moments and deflections. The sides of the
housing act as a bracket to carry the roller and screw jack shaft loads to

the vehicle. The bracket is subjected to concentrated loads in the plane of
the web. These loads act in such a way as to cause bending and shear. The
buckling strength of the box was determined and the ability of the box to

carry all applied loads was established.
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3.3 RELIABILITY ANALYSIS

3.3.1 Introduction

During the Phase I study, a preliminary reliability analysis of the scissors
mechanism with flexible substrate was performed. Based on studies (Ref.

9) made in the field of mechanical and electro-mechanical devices, predic-
tions have been made for selected components. Those studies were based on
the fact inat mechanical devices exhibit a wear-out characteristic. As the
device approaches its wear-life the probability of a catastrophic failure be-

comes progressively greater., Where the ratio of operating time (to ) to
wear out life (two) is low, the failures are essentially random. With an esti-

mate of (two) random failure rate can be determined.

For this analysis, the wear-life is calculated for the bearings, gears and
clutch. The mission time for the Deployable Solar Array is such that the
component parts will never realize their calculated life; therefore, only the

effect of random failures are considered for these components.

The prediction for the spring motor is based on life data presented by Hunter

Spring Company (Ref. 8).

No data is available for substrates and flexing conductors; therefore, the

life of each of these items has been estimated.

3.3.2 Assumptions

The analysis assumes that the following conditions exist:

Mission time - 25 cycles at one minute per cycle for a total time
of 25 minutes (24 cycles for ground check and one

cycle for flight,

Duty cycle - one minute per hour at 32 PRM
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Degradation . .
factor - 100 for mechanical parts due to launch environ-

ment.
It is also assumed that the designer has selected and specified materials ade-
quate for their intended use and the manufacturer has used these materials

as specified, employing workmanlike methods.

3.3.3 Model for Solar Cell Deployment

The reliability block diagram is shown below with the mathematical model
of the system.

BEARINGS
BRAKE GEARS
(72)
Rg RpRr Rg
CONDUCTORS SUBSTRATE SPRING
MOTOR
Re Rg Ry

Ficure 3.9 ReLiasiLiTy Brock Diacgram

3.3.4 Failure Rate Estimate

The calculations of the individual terms of the reliability mathematical model
and the estimating method is contained in Appendix III. Table 3.2 is a

summary of the analysis results,

Making use of the mathematical model above the system reliability (Rgyg)
is predicted to be approximately 0, 9448,
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6

Part Failure Rate X 10~ Reliability of Part
Bearing 288 0.999712
Brake 8 0.999992
Gears 501 0.999500
Motor 992 0.999008
Substrate 5000 0.995013
Conductors 50000 0.951229
System 56789 0.9448

Failure Rate Summary

Table 3.2
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3.4 THERMAL ANALYSIS

3.4.1 Introduction

This section of the final report presents a thermodynamic analysis of the
final configuration of the deployable solar array. The configuration for this
analysis is shown in Figure 2.20. A parametric configuration factor
analysis was also performed using parameters of substrate separation

distance, and angle of the solar flux.

This analysis also shows the effect of the radient interchange between the

substrates on the operating temperature of the solar cells.

A steady state heat transfer mode was assumed with the maximum orbital
heat fluxes, since an orbit had not been selected for the configuration.
Results of the steady state analysis show that the efficient operating
temperature of the solar cells was exceeded for the worst case conditions

chosen, but were acceptable for a spin stabilized vehicle.

3.4.2 Assumptions

The assumptions for the preliminary analysis were:

° The sun could be at any angle to the solar array so that

tH

incident albedo, earth, and solar flux could be ''seen' by the

substrates.

° The orbital heat fluxes assumed were for the maximum

value encountered,

o The steady-state condition was assumed because the orbit

parameters were unknown.

° The material properties of the solar cells were lumped

together and an effective value determined for simplicity.
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This was also done for the substrates.

° The value of the solar absorptance and emissivity of the
flexible foam were assumed to be 1.0 and 0.9, respectively,

These are the maximum possible values for each.

° The effect of the configuration or view factor was assumed
to vary as the distance between the substrates and angle of

incidence.

3.4.3 Method of Analysis

The configuration factors were détermined in parametric form. Their
effect is on the radiant interchange between the substrates. Two cases were
analyzed: 1) The sun was perpendicular to the solar cells and the total area
of the substrates was not subjected to any orbital heat flux and 2) The angle
of the sun to the substrate, at some point in the orbit allows the substrates

"see' solar, albedo and earth heat fluxes. An IBM 7090 computer

to
program was utilized to determine these factors. This program computes
the configuration factor given the spatial co-ordinates of emitter and of the

receiver.

The problem of radiant interchange between the substrates has a definite
effect on the temperature of the solar cell. In the first case mentioned
above, total area of the substrates are at different temperatures so that

the radiation can be given by:

q RAD = ¢ F,F (A T 3-A T4
where:

o = stefan - boltzmann constant

FA = configuration factor

Fe = emissivity factor

Al & A2 = areas of substrate
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T, & Ty = temperatures of each substrate .

When the angle of the substrate or solar flux is such that the substrates
"see'' this flux, a slightly different problem occurs. The area of the sub-
strate seeing this flux is now at a different temperature than the area
adjacent to it. The radiant interchange is therefore different because:

1) The areas are at different temperatures and therefore different values
of the radiant heat flux exist, 2) With these non-isothermal adjacent areas
different, the configuration factor between these areas and the substrate
parallel to it is also different. It could occur that this deployable array was
at some angle in the orbit where the substrates not only ''see'’ solar flux

but also albedo and earth heat flux. This problem. was assumed in the heat

transfer analysis.

A steady-state heat transfer analysis was performed on the deployable solar
array. The "worst" conditions of heat flux and angle of incidence were
assumed to exist. This gave the maximum temperature to which the solar
cells would be subjected. The array was allowed to be at some angle to

the orbit plane in order that the total area of the substrates would ''see"
solar, albedo and earth heat fluxes. This is shown in Figure 3. 10 and the
angle assumed is 36°. The corresponding incident fluxes were computed
according to the cosine of the angle and are also shown in Figure 3.10. The
material properties of density, specific heat and thermal conductivity are
shown in Figure 3.11. These properties were lumped into an effective
value for simplicity and identified as nodes 1 and 4 for the solar cells and
nodes 2 and 3 for the substrate. The steady-state analysis was performed
utilizing a two-dimensional heat transfer program. This was set up using
the thermal model shown in Figures 310 and 3.11. The effective emissivity

of the nodes 2 and 3 is given by

F o= for parallel plates
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3.4.4 Results

The results of the configuration factor analysis are shown in Figures 3. 12
and 3.13. In Figure 3. 12 the results are for the first case, i.e., the sun
perpendicular to substrate 1. This curve shows that the increasing distance
between the substrates decreases the configuration factor. As the distance
increases substrate 1 "'sees' less of substrate 2's area. Figures 3.13a
3.13b show the results when substrate 2 ''sees'' the solar flux directly and
the two adjacent non-isothermal areas exist. From Figure 3. 13a, the
configuration factor increases as the amount of substrate 2 "seeing'' the heat
flux increases. Then from Figure 3. 13 the distance between the substrates
increasing the configuration factor decreasés. The steady-state temperature
was calculated to be 197°F.

A less conservative analysis, using a spinning vehicle gave a maximum sub-
strate temperature of 120° F. This analysis also assumed the transient

mode rather than the highly conservative steady-state mode. In addition,
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this analysis approximated the three dimensional thermal system instead of

using the one dimensional analysis used in the detail preliminary analysis.

3.4.5 Conclusions and Recommendations

The two analyses performed indicate a wide possible variation in tempera-
ture. For example, the assumed orbital parameters (a spinning vehicle

versus a fixed vehicle in space), had the greatest influence on maximum

calculated temperatures.

It is therefore recommended that specific orbital parameters (apogee,
perigee, inclination) be defined. In addition, the limits on vehicle
rotation and the array orientation with réSpect to body axis should be
assessed. With these design criteria a detail thermal analysis may be

performed and the operating efficiency of the arrays in space may be

calculated.
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3.5 WEIGHT SUMMARY

Table 3.3 presents a detailed weight summary of Configuration H. This
table does not reflect exactly Table 2. 3 preliminary data but is close

enough to lend confidence that trade-off decisions are valid.

The item number appearing in the left hand column refers to item number

on the lavout (Figure 2. 20).
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TABLE 3.3

DEPLOYABLE SUBSTRATE SYSTEM
WEIGHT SUMMARY

Item
No. Nomenclature Quantity Total Weight
Structure
2 End Plate (Drive End) 1 30
3 End Plate 1 30
27 Housing 1 35
28 Plate Assembly (Substrate Support) 1 _.15
SUB TOTAL 1.10
Drive and Deployment Mechanisms
54 Spring Motor 1 .10
4 Drum and Gear Assembly (Drive) 1 .11
5 Drum Assembly (Take Up) 1 .05
6 Gear Assembly (Idler) 2 .06
7 Gear (Pinion) 2 .02
8 Shaft (For Item 4) 1 .04
9 Shaft (For Item 5) 1 .015
10 Shaft (For Item 6) 2 .015
15 Ball Bearing Screw Assembly 2 .75
18 Bearing Block Assembly (Scr. Support) 2 .06
19 Pin (Scissors Links to B/B Nuts) 2 .02
30 Scissors Link (End Link) 1 .15
31 Scissors Links 7 .91
32 Scissors Half Link 1 .05
33 Scissors Link Assembly (End Link) 1 .23
34 Scissors Link Assembly 7 1.25
35 Scissors Half Link Assembly 1 .06
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TABLE 3.3 (Cont'd)

Item
No. Nomenclature Quantity Total Weight
36 Scissors Hinge Pins 25 .08
29 Fitting - Support Plate Attach 1 _.04
SUB TOTAL 4.01
Damper Mechanism
11 Brake Drum 1 .16
12 Brake Shoe Assembly (Wt. & Friction Pad] 2 .20
13 Intermediate Gear 1 .05
14 Brake Lever and Gear 1 .05
52 Shaft (For Item 13) 1 .07
53 Gear and Clutch Assembly 1 .07
SUB TOTAL .60
37 Release System 1 _.30
SUB TOTAL .30
50 Substrate 2
Membrane .21
Stiffners 1.11
Adhesive _.50
SUB TOTAL 1.82
Electrical System
Cells Bond and Cover Glass 4,50
Wiring and Interconnections _.52
SUB TOTAL 5.02
Miscellaneous
Bearings 18
Fasteners _.15
SUB TOTAL .33
TOTAL 13.18
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4,0 RECOMMENDATIONS AND CONCLUSIONS

This final report presents the results of a study to select an optimum design
for a compact storable solar array system for use with stabilized satellites,
The study has culminated in a final design using a flexible substrate with a
scissors type extension mechanism. The scissors are driven by constant
torque spring driven screw jacks and controlled during deployment by a
centrifu;al brake mechanism, Fairchild Hiller believes that for the condi-
tions stipulated in the contract, the design submitted is near optimum. It is

a trade-off of packaged volume, and power/weight versus cost.

All of the contract requirements have been met or bettered except the require-
ment for a 12 lb. package. The design as submitted, is 1,18 lbs. over-
weight, This is due to the design requirements of static deployment under

1 g and also the package depth of 4 inches. The first imposes higher loads
than are necessary to fulfill the mission in space and the latter makes it
necessary to use thin inefficient structural members to take these loads.

A considerable weight saving could be made by the use of a deployment fix-
ture for static test or by deploying the substrate downward. This would also
help simulate the loads incountered during the spin condition. A further
weight saving may also be made by the use of lighter weight cells now under
development and close control of the substrate manufacture especially in the

area of bond thicknesses.

During this study an investigation was made to determine the parameters for
the box depth. Figure 4.1 shows these parameters, For the investigation
a .10 inch thick substrate was assumed. The two cases plotted are for
mechanisms composed of a 12-inch linkage with . 38-inch thick members and
a 24-inch linkage with . 50-inch thick members, The 12-inch linkage design
is similar to the one submitted. The 24-inch linkage would be a system ro-
tated 90° from the orientation of the specified system. It was found that for
the present packaging with 12-inch links, the panel length is ''substrate
limited' up to 6.7 feet and thereafter is ''link limited''. For the 24-inch
links the panel length is limited to 16.7 feet by the substrate and thereafter
is also '"link limited'. If the rotated system could be adopted, the full
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packaged volume would be used. From Figure 4.1 it is seen that if the depth
of the box were increased to approximately 5. 50 inch and a 24-inch wide sub-
strate used, four times the area could be deployed from only slightly more
than twice the present package size. It is also possible that a more efficient
packaging of the array could be made if the relationship between spacecraft
and fairing were known. Figure 4.2 is an investigation of the effect of sub-
strate thickness on package depth. Note in Figure 4.1 and 4.2 that for
packages less than 1, 25-inches no length of substrate is obtained. This is

due to the excessive bending of the solar cells on a small diameter roller,

For Phase II it is recommended the requirement for tilting the package
relative tn the spacecraft be included. This requirement was not made in
Phase I. Four flat panels on a spinning vehicle will not provide power

throughout a one year mission,

Another recommendation for the design is a central drive and synchronizing

system to deploy all panels at a uniform rate.

The feasibility of a flexible system has been proven through fabrication and
test of several sample substrates. Additional effort is needed: 1) for
developing manufacturing processes to reduce the cost of assembly, 2) for
testing to obtain high confidence levels of reliability, 3) for developing
methods of replacing cells on the substrate after manufacture, and 4) for

obtaining higher cell packaging efficiencies,

During the study it was found that the temperature for the solar cells arrived
at through our generalized analysis is very marginal. For a more refined

analysis, the specific orbital parameters are needed.

In the dynamic analysis it was found that the angular velocity of the space-
craft system is reduced to approximately 40 RPM after full deployment of
all panels. This could possibly eliminate the need for a despin system on-

board the spacecraft,thereby reducing weight of the overall system.
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The reliability of the system is high and results from a conservative design
using proven parts,
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5.0 PHASE II AND III PROGRAM PLAN

5.1 INTRODUCTION

Phase II will consist of design refinement of the structural-mechanical
system followed by a final analysis of the detailed parts and a re-analysis
of the complete solar cell array. This final analysis will cover
structural, dynamic, thermal, and reliability areas. The manufacture of
the proof of principle model for Phase II and the flight type articles of
Phase III will be manufactured in the model shop of Fairchild Hiller. A test
plan has been written for Phase Il and Phase III and is presented in this

section. The Q. C. and reliability plans are also submitted in this section.

5.2 DESIGN

A refinement of the design will be made to take into account any new
operating requirements and to reduce the cost and weight of the system.
Upon completion, detailed drawings will be made to Fairchild Hiller
Corporation standards. These drawings will start with the long lead time
items which are the centrifugal brake and the drive screw jacks. Orders
for purchased parts for the Deployable Solar Array will be started as soon
as the design refinement has been completed. Raw materials for the design
will be purchased early in the program. The materials specified are
plentiful and no difficulty is expected in obtaining the needed quantities.
Liaison with the model shop will be provided by the design group and will
extend for the full length of manufacture and test. Phase 1II liaison will be
covered by the Project Engineer since only minor design changes are

expected.

5.3 MANUFACTURING AND ASSEMBLY

The manufacturing and assembly for the mechanism will be in the model

shop of Fairchild Hiller Corporation, Bladensburg, Maryland. This work
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will be monitored by the Project Engineer and the quality and reliability

section of the corporation. Any further development of the substrate will

be at Fairchild Hiller Corporation's facility in Hagerstown, Maryland.

5.4 ANALYSIS

The stress calculations presented in the Phase I report will be revised as
design changes are made. Any other areas deemed necessary will also be
analyzed in Phase II. Detailed drawings will be checked by the stress group,
who will, in addition, provide drawing change coverage during the manu-
facture and test period. The stress group will also make an analysis of all
test fixtuires. The Phase III task of this group will be material review action
and drawing change coverage necessary to complete the flight worthy

articles.

The Dynamics group supportduring Phase II and III will include recommen-
dations on new parameters to be used for the centrifugal brake, a revision
of the vibration analysis to take into account the spacecraft stiffness, and

analytical backup during spin testing of the complete system.

A further thermal analysis is necessary for this system. This analysis
should include detailed orbital information and will also attempt to put in
more precise values for material properties. The latter may require some

test.

5.5 TEST PROGRAM

A two part test program is contemplated to support and evaluate Phase II
of the Deployable Solar Array Program. The first will include engineering
development tests of components of the Proof of the Principle Model. The
second part of the test program will accomplish an environmental test

program of the Proof of the Principle Model utilizing a dummy flexible
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’ substrate. Figure 5.1 presents a flow diagram of the proposed tests program
\

| program.
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9.5.1 Development Tests

The first part of the test program will be concerned with engineering
development tests to demonstrate the operational capability of the
mechanical components and subsystems. The damper component shall be
the first subsystem tested. Since it was not originally proposed to test live
solar cells on the Proof of Principle Model, it is recommended a sample
substrate of live and simulated cells be subjected to a limited number of de-
velopmental tests. In order to obtain representative and realistic load
environments during these tests, the total mass of solar cells must be
included on the array. However, to prevent excessive costs, Fairchild
Hiller proposes to simulate the cell mass with a combination of actual cells

and mass-size simulated aluminum strips. A pattern and distribution of
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the actual cells will be selected to provide representative conditions
throughout the panel array. Visual and electrical examination of the test
specimens will be conducted at least before and after its exposure to each
test environment. The following outline constitutes a basic plan describing

the suggested environments to be experienced by the developmental units.

5.5.1.1 Substrate Developmental Tests

Fairchild Hiller is suggesting that in addition to testing the Proof of
Principle Model, a sample substrate containing an arrangement of actual
and simulated cells be subjected to the following environments to investigate
the structural integrity of the flexible substrate concept. The substrate
shall be rolled on a drum in the same manner as the actual deployment

array during these tests.

° Fatigue - Tension Test

The substrate shall be subjected to a tension and fatigue test
by cycling the test unit on a spring loaded drum. The fatigue
shall be experienced by repeated flexures around the drum and
the tension load is applied by the spring loaded drum when the

substrate is in an extended position. See Figure 5. 2.

® Humidity Tests

The substrate will be rolled on the drum and suspended or
mounted in a Bowser Humidity Chamber and subsequently
subjected to a high humid atmosphere. Test Criteria: 24 hrs
@ 30° C and 95% R.H. A visual examination of the specimen
will be performed before and after exposure to the environ-
ment. Principal environmental effects of the test unit to be
investigated are:

a. corrosion

b. swelling

c. deterioration
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d. loss of strength
e. other changes in mechanical properties

f. adhesive degradation

Vibration Test

Part of the suggested evaluation of the proposed deployment
solar array will consist of a development vibrations test of a
sample substrate containing an arrangement of live and dummy
solar cells. Since live cells were not proposed on the Proof of
the Principle Model, Fairchild Hiller is suggesting an
additional vibration test to cover the concept of the live cells
attached to a flexible substirate. For developmental testing

the frequency range of 5 to 3000 cps shall be used, however,
since the sample substrate is smaller than the actual substrate,
the input levels shall be determined by analysis and subjected

to a constant sweep rate of 2 octaves/minutes. Major resonant
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frequencies of the specimen will be determined during each
axis of excitation and for each critical frequency noted. A 5-
minute resonant dwell will be performed at that frequency.
Test levels for the resonant dwell will be one-half the levels

used for the sinusoidal sweep test.

e Thermal Vacuum Tests

The substrate test unit will be mounted or suspended within a
space chamber and the chamber pressure reduced to 10™7 Torr.
The specimen will be heated (using heating blankets) to a
temperature of +70° C until stabilization of it is realized.
Temperature to the specimen will then be lowered to -70° C
until stabilization is reached. While maintaining the specified
chamber pressure level, three complete temperature cycles

shall be completed.

A visual examination of the test unit will be performed before
and after exposure to the environment to evaluate any changes

to physical and chemical properties of specimen materials.

5.5.1.2 Damper Developmental Tests

A mock-up of the centrifugal brake will be fabricated and tested utilizing a
calculated load which will be expected from the drive mechanism. The
damper will be static tested at this time to demonstrate its operation char-
acteristics and capability. This information is required for adjustments

during the static and spin deployments.

5.5.2 Environinental Test

The second part of the test program will consist of a carefully planned and
executed sequence of environmental tests conducted on the Proof of the
Principle assembly deployable solar array. The proposed test environments

are designed to simulate the array aerospace environments experienced on
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a typical spacecraft during shipping, ground handling, and storage, power
flight and space exposure. The sequence of test environments will be

performed, as nearly as possible, to an actual operational sequence so as
not to impose unrealistic environmental interaction effects on the test unit.
Overall test results will be used to substantiate the structural integrity of
the Proof of the Principle unit and to conclusively demonstrate the opera-

bility of the solar array deployment system.

In order to obtain representative and realistic load environments during
these tests, the total mass of solar cells must be included on the array of
the selected configuration. The cost of simulating this mass with actual
cells would be prohibitive. Therefore, Fairchild Hiller proposes to

simulate the cell mass with mass-size simulated aluminum slips.

During its acceleration and vibration environment, the test specimen will
be adequately instrumented to effectively measure its static and dynamic
characteristics. Stress levels and dynamic responses determined from the
test data will be compared to the design analysis to conclusively sub-
stantiate the structural integrity of the deployable solar array design con-
figuration. Visual examination of the test specimen will be conducted at
least before and after its exposure to each test environment. The following
outline constitutes a basic test plan describing the minimum environments
the Proof of the Principle unit will experience. It is understood that a
spacecraft has not been established to carry a deployable solar array pay-
load. Typical aerospace test criteria are presented as test environments
for this program where ever the environment was not specified in the RFP.
Ali the test conditions described in this proposal are in accordance with
portions of the following documentation:
a. Guidelines for research and development of deployable
solar arrays (from GSFC).

b. Mil-STD-202B - Test Methods of Electronic and Electrical
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Component Parts, 3/14/60.
C. Mil-STD-810 - Environmental Test Methods for Aerospace
and Ground Equipment, 6/14/62.

5.5.2.1 Temperature Storage Test

To evaluate the effects of long term storage, the test unit (in its packaged
configuration) will be suspended in a Bowser Test Chamber and subjected to
the following temperature storage environment:

6 hours @ -20° C

6 hours @ +60° C
The specimen will be visually inspected before and after each test condition

to determine the effects of the temperature environment on the test unit.

5.5.2.2 Humidity Test

While in its folded configuration, the test unit will be suspended or mounted
within a Bowser Humidity Chamber and subsequently subjected to a high
humid atmosphere, such as encountered in tropical areas. Test Criteria:

24 hours @ 30° C and 95% R. H.
A visual examination of the specimen will be performed before and after
exposure to the environment. Principal environmental effects of the test
unit to be investigated are:

Corrosion

a
b. Swelling

c. Deterioration

d. Loss of Strength

e. Other changes to mechanical properties
f. Adhesive degradation

5.5.2.3 Acceleration Test

To substantiate the structural integrity of the selected substrate for its
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anticipated steady-state powered flight loads, the test unit (in its in-flight
rolled configuration) will be mounted to a rotary accelerator and subse-
quently subjected to three minutes of a combined axial thrust and radial
(due to spin) acceleration., Actual test levels will be defined at the time of

test. For proposal purposes, the following typical conditions are assumed:

See Figure 5. 3.
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Adequate strain gage instrumentation will be provided and continuously
recorded during the test to conclusively evaluate the effects of the

acceleration environment on the test unit structure.

5.5.2.4 Vibration Test

Part of the overall evaluation of the proposed deployable solar array sub-
strate will consist of a development vibrations test. To perform the
vibrations environment test, a versatile and flexible group of vibrations

systems are available at both the Fairchild Hiller Bladensburg Test
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Laboratory and its affiliated Aerotest Laboratories in Long Island, New
York. The available systems are capable of performing sinusoidal, random

or combined sine/random noise testing.

To provide the specified vibrations test levels to the prototype unit, a Ling
A300-B Vibration System is proposed for this test. The system provides a
8000 pound sinusoidal force output with an automatic cycling frequency range
of 5 - 3000 cps. Its 12 inch (bolt circle) table also provides 5000 1b. RMS
random output force with half peak-to-peak displacement. Instrumentation
available for this test includes two 7 Channel Sanborn Tape Recorders
capable of simultaneously and continuously recording 12 channels of
accelerometers. A narrowband analyzer and X-Y plotter are available for
playback of the accelerometer data and its presentation as plots of accelero-

meter vs. frequency or power spectral density vs. frequency.

Approximately 6 accelerometer channels in each axis of excitation are
contemplated to be continuously recorded. The test unit, while secured in
its folded configuration, will be mounted to a shaker drive fixture and
subsequently subjected to the following three major axis sine and random

vibrations environment.

The input test levels specified in Table 5.1 are to the spacecraft interface.
Past experience indicates that spacecraft amplifications of 4 to 1 are
possible within the frequency range of 50 to 200 cps. Therefore, actual
input levels to the test unit (for this program) will be determined at the

time of tests and may be increased as much as 4 to 1 for the bandwidth

of 50 to 200 cps.
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TABLE 5.1 VIBRATION TEST LEVELS

A, Sinusoidal Tests
Frequency Thrust Axis Transverse Axis
(cps) (z) (g's) (x&y)  (g's)
5-50 2.3 0.9
50-500 10,7 2.1
500-2000 21.0 4,2
2000-3000 54.0 17

Constant sweep rate of 2 octaves/minute

B. Random Test (each axis)
Frequency Range PSD Amplitude Duration
(cps) (g2/cps)g-rms) Min.
20-2000 .07 11.5 4,0

Major resonant frequencies of the specimen will be determined during each
axis of excitation and for each critical frequency noted. A 5-minute
resonant dwell will be performed at that frequency. Test levels for the

resonant dwell will be one-half the levels used for the sinusoidal sweep test.
An evaluation of the test results will be used to support the analysis
performed and to substantiate the structural integrity of the substrate for

its anticipated powered flight vibrations environment.

5.5.2.5 Thermal Vacuum Test

The Proof of the Principle unit will also be subjected to a thermal vacuum
(cycling) test to determine if a typical orbital temperature/vacuum

environment is detrimental.
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The test unit will be mounted or suspended within a space chamber and the
chamber pressure reduced to 10~7 Torr. The specimen will be heated
(using heating blankets) to a temperature of +70° C until stabilization of it
is realized. Temperature to the specimen will then be lowered to -70° C
until stabﬂization is reached. While maintaining the specified chamber

pressure level, three complete temperature cycles shall be completed.
A visual examination of the test unit will be performed before and after
exposure to the environment to evaluate any changes to physical and

chemical properties of specimen materials.

5.5.2.6 Static Deployment Test

The Proof of the Principle Model shall be mounted on a fixture and deployed
under a static environment and at this time, the release system, the drive
mechanism, and the damper shall be adjusted and proven. These systems
may require additional adjustment during the spin deployment and if so,

the static deployment will have to be rechecked.

5.5.2.7 Spin Deployment Test

The spacecraft spin rate at deployment is estimated to be as high as 160
rpm. To demonstrate the performance of the solar array deployment
system under a dynamic environment, the Proof of the Principle unit will be
mounted to a rotating fixture and a limited deployment of the solar array
will be performed. Should it be necessary to perform a full scale simulated
satellite deployment, the dynamic vacuum chamber located at Goddard

Space Flight Center should be considered.

5.6 PRODUCT ASSURANCE

Product Assurance is intrinsic to Fairchild Hiller's functional organization.

Quality and reliability assurance activities are planned and time phased to
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. provide assurance that contract requirements are satisfied starting in the

design phase and continuing through to the use phase. To accomplish this,

° A quality system is maintained
° Reliability analysis is initiated during the conceptual stage
° The failure reporting and analysis system provides feedback

to designers

o Inspections and test results are recorded to provide

documented evidence of quality

] Product assurance tasks are planned in conjunction with the
total program and experienced personnel are assigned to each

task

5.6.1 Preliminary Inspection Plan

For Phase II and IIl of the Deployable Solar Array Program, an inspection
plan will be prepared. The plan will be made available to GSFC upon
request. A preliminary inspection plan consistent with Phase requirements
has been prepared and is contained in Table 5.2. NASA Quality Publication
NPC 200-3 has been used as a guide and for convenience, the preliminary
plan has retained the paragraph numbering system of that specification.

The Inspection Plan will provide further details for the implementation of

each function and the controlling media.

Table 5.3 is the program reliability tasks for Phase II and III.

5.7 SCHEDULE

Figures 5.4 and 5. 5 are the proposed schedule for Phase II and III

respectively.
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6.0 NEW TECHNOLOGY

No new inventions have been disclosed as a result of this contract.
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See Appendices.

8.0 GLOSSARY

Separate glossaries are provided in each appendix as noted.
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APPENDIX 1

This appendix presents the development of the equations used in Section 3.1.3

pertaining to the deployment dynamics of the Deployable Solar Array.

MASS MOMENTS OF INERTIA

A, Deployable Solar Array About Spin Axis

The mass moment of inertia about the spin axis can be broken down into
four (4) components
1. Cylindrical Centerbody: The centerbody is assumed to be a
solid homogeneous cylinder of radius R, for which the mass

moment of inertia is

- w R2
I, = WeRE/28 (A.1)

2. Panel Housing Box: A panel housing box, which includes those
portions of the deployment devices which do not move radially,
is assumed to be a point mass located a distance R, from the
spin axis for which the mass moment of inertia is

_ 2

3. Scissors Unit: The scissors unit is assumed to be a uniformly
distributed mass extending from R, to X,. The mass moment

of inertia for one unit about the spin axis is

2 2
W (X - +
I = p e Re) + WpXeRe) (A.3)
p 12 ¢ 4 g ’
4, Substrate: The substrate is assumed to be composed of an

unrolled portion, located a distance R, from the spin axis,
and a deployed portion extending from R, to X,. The mass

moment of inertia for one complete substrate about the spin
(A. 4)
[wr-y(xe-Rc)]Rg u(Xe-Re)®  w(Xg-Ro)(XetRe)2
Ir = g FT13g ¢ ig

axis is

I-1



The total mass moment of inertia of the Deployable Solar
Array about the spin axis is

I-= Ic +4al + 4Ip + 41 (A.5)

Performing the addition and rearranging terms yields the

following general equation
w

_ c 4 8 2 .4 2
I={|3 +4Wb+3Wp+4Wr+-§uRC]RC +3 WX,
4 2.4 1
+ 2 - Z2uX3 =
3 WpXeRe - 4WXRC +guXE | (A.6)

The time derivative of equation (A. 6) is required to evaluate
the instantaneous angular acceleration of the Deployable Solar
Array about the spin axis. The only time varying terms in

equation (A, 6) are those containing X,.

. w .
i- 4[# (x2-R%) + B (2Xe+RC)] Xl g (A.7)

Undeployed Substrate (2 Rolls)

The undeployed substrate is considered to be two homogeneous masses of

radius R,. wound around spools of radius R,. as shown in the following
r Te

RR ————— L—ﬂ—bxc

™

Xe - R_

(ONE OF THE TWO ROLLS)
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The mass moment of inertia of the substrate about the centerline of the

spools can be approximated as follows, neglecting the spool radius and mass.
I, = [Wr - “(Xe'Rc)] RI%/Z g (2 rolls) (A. 8)

The inertia moment caused by angular acceleration of the two rolls is
Tp=-Iw,. = -LX./ Ry (A.9)

An equivalent inertia force restraining deployment acting tangentially to the

roll and in the plane of the substrate may be taken as

- _ - 2
F, = Tp/Ry = - X, /Ry
or r
! . e
R —[Wr-u(Xe-RC)] X /2¢ (A.10)
r
C. Total Substrate (Rolled Plus Deployed Portion)

The inertia force for the deployed portion of the substrate may be taken as
" .o
F. = -uXs-Reo) X/ g (A.11)

I
r

Adding equations (A. 10) and (A. 11) to obtain the total equivalent inertia

force in the plane of the substrate gives

F = - [Wr+u(Xe—RC)] X./2g (A.12)

D. Speed Brake

It is convenient to transfer the inertia moment of the speed brake, due to

Xe, to the axis of rotation of the undeployed substrate roll so that an

equivalent inertia force similar to that of equation (A. 10) can be defined.

Neglecting the inertia of the gear train, the inertia of the speed brake about

its axis of rotation can be taken as

I; = W;R/ g (A.13)
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The equivalent inertia referred to the axis of rotation of the undeployed
substrate rolls is

2 2
I, = S"W;R; /g (A.14)
where

S = speed ratio, W, /Wr

noting that

wr = jie/Rl"
The equivalent inertia moment is
_ 1 . - _ 2 2.-
Te= - If w, = S WfRer/gRr (A. 15)

An equivalent inertia force restraining deployment acting tangentially to
the roll and in the plane of the substrate may be taken as
FI = Tf / Rr

f
or

2 e 2

SCISSORS FORCE

The scissors unit depicted in the following sketch consists of N links and

is driven by a constant torque spring system which applies a constant pair

of opposing loads, F

Ve 2 tending to deploy the linkage outward.

LY}',‘/ e e
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Two approaches are available to determine Fp = f(Fys). The first is to

start at point E and follow the load Fp through the linkage system ending

with the forces FyS which are required to support Fp . The second approach
is an energy solution in which the instantaneous linear motions (dy) of the
points denoted 'A' multiplied by the FyS forces must equal the instantaneous
linear motion (dx) of the point denoted 'E' multiplied by the Fp force. The
Fp/ 2 reactions do not move in the direction of the forces and, hence, do not

enter the calculation. Selecting the latter method for solution of

Fp = f(Fys) gives the following result.

Consider the half-link A-B:

DY

”..-ox-

x'-.l
/ Jsz 2
X = VvV B _
I y
1
axX y
: -
y ‘fRz ;
L -y
4
. o.x
X

The minus sign merely indicates that the points A and B cannot both move

away from the origin at the same time.
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Denoting dy as a minus distance gives

dX' = dy cot¢

Since the points 'A' are restrained against motion in the X direction, it can
be seen from proportionality (AC = 2AB) that the points 'C' will move a

radial incremental distance 2 dX',

Following this incremental motion through the links to point E will show

that
dXe = 2Ndy cot ¢

Writing the energy equation

FpdX_= 2Fy_ dy

or

Fp(ZN dy coté) = 2 Fy dy
S
It follows that

Fp = Fys tan¢/N (A.17)

where

2
tane = (Xe-Re)/ ‘/ NR2-(Xe-Rc) (A.18)
SPEED BRAKE FRICTION

The speed brake mechanism consists of a ''brake drum'' housing two masses
whose centrifugal forces cause two friction surfaces to bear against the
brake drum creating a torque which opposes the angular velocity of the
brake mechanism. A sketch of the mechanism is shown below to define

nomenclature.
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Noting that the forces and loads occur in pairs, the following equations

are written for the entire brake mechanism.

Summing moments about the mass hinge points gives

Wi Rg wf . .

(—E———)Rfsm 65 + F, (R] -Rgcos 0)) - F Rsing (= 0 (A.19)
But

Ft = Can (A. 20)

Substituting equation (A. 20) into (A. 19) and solving for F, gives

2 2 .
WsRf wfsing
¥n [Rf'fo fC(R2R ) (A.21)
g [Rgsin 8, -CHR; - fcosol]

The friction torque about the axis of rotation is
Ty = R F; = R, CsF (A. 22)

Solving for the torque about the axis of rotation of the undeployed substrate
rolls gives the following expressions.

Noting that

wf =S wr (A. 23)
Ty = ST,

and
wr :Xe/Rr (A- 25)
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it follows from equations (A. 22) that

. 2 .
CS3W;R,RFXS sin 6
) ) g 1 € 2 .
T, = ST = SRC4F,, g[Resin 0, -C{(R -R.cos 61)] R’

(A. 26)

An equivalent friction force restraining deployment acting tangentially to
the undeployed substrate roll and in the plane of the deployed substrate may
be taken as
Ff = TI‘ /RI‘
Therefore, 3 2.2
P CfS WleRersm 6 2 _
£ g[Rfsin 6 - C;(Ry -Rgcos 8 ) er]

(A. 27)
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APPENDIX II

STRUCTURAL ANALYSIS CALCULATIONS

1. Analysis for axial loads in Scissors links

Forces applied to the scissors linkage through the screw jacks are constant
but,the forces within the linkage are a function of the degree of deployment.

The forces acting on the linkage system are shown in Figure B-1,

F
FORCE IN
SCREW JACK

F/17 coT @ —=
’Q““ --——2F /17 COT §
F/17 c0T9_>

REACTED BY
TENSION IN
F THE SUBSTRATE

Ficure B (1)

The axial compression and transverse shear in the scissors links caused by
this loading is also a function of the degree of deployment and is different
for each member of the linkage, the most inboard link being the most stress-

ed. The shear and axial load for the most stressed link for © = 38.5°
(corresponding to maximum torsion) is computed below.

F_ = 30LBS,

F

Y =30/17 COT—
38,5 = 2,21 LBS,

=22 LBS,

\F‘ = 20LBS,

II.1




where:
P = 30 Sin 38.5° +2. 21 Cos 38, 5°

V = 30 Cos 38.5° -2.21 Sin 38.5°

P = 22,1 lbs,
V = 20 1lbs.

2. Bending under 1 g Deployment

The scissors links were analyzed for the bending and torsional stresses un-

der 1 g deployment. The loading of the system is shown in Figure B-2.

x 1 L] § L} ] 1 1 1 y.

L“ R T N D N N
AT T T
e A

NN

T T T T e

weight of substrate and cells per inch = 0,026 lbs/in.

q = weights of scissor links 0. 2325 1bs.

Il.2




The moment in the last link is:
2 2
M = 344 W Cos © +72.5qLCos O, ft-lbs.

Part of this is carried by torsion M,, and part by bending Mb of the links

T

MSin ©

=

M Cos ©

=

2 2
MT = 344 WL Cos © Sin ©+172.5 qLCos ©Sin

A plot of M, versus © is shown in Figure B-3.
MT
LB~FT. 6 = 38,5° Figure B-3

Variation of torsional

MT= 13,72 LBeFT,
moment with angle

of deployment

The maximum torsion in the links occurs for ©= 38.5°. The distribution
of moment to the channel and the box link of the scissors linkage can be
determined by considering the condition that the vertical deflections are

equal, and the conditions of equilibrium.
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1 2
2 2
M1L1 = M2L2
2ElI1 2E212
M1 = I1 = 0,138
1\/[2 |2 0.254
where:

(deflection condition)

Subscript 1 refers to channel link

Subscript 2 refers to box link

but M, +M_ = ™ (Equilibrium Condition)

1 2
M, =0.138 ¥ = 0.35™
0.392
M = 0.254 M = 0.65M™
2 T. 302

Thus, the bending and torsional components in each member can be computed

using a factor of 2 for all ultimate loads.

0.35x 164 x 2

=

T1
Mg = 0.64x164x 2
Mg, =A.35x207x2
Mpy = .65 x 207 x 2

115 lb-in (Torsion in channel link)

212 1b-in (Torsion in Box link)

125 1b-in (Bending in channel 1ink)

270 lb-in (Bending in Box link)

Stresses due to axial load, transverse shear, and bending shear are negligible.
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3. Dynamic Deployment Loads

The Maximum bending moment (m),transverse shear force (v) and axial
load (t) in each member of the scissors linkage can be related to the resul-
tant moment M, shear V and axial force T acting at each section of the

linkage for various degrees of deployment.

m=X_LCosG+1LSin9+_I\_/I_
2 2 2

v =V Cos©®+ T Sin®©+ M
2 2 2L

t =T Cos©+M Cot © -V Cos O
2 2L 2
where:
2L = length of a scissors link
© = angle of deployment

The stresses resulting from these forces and moments are negligible.
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Stress Calculations

a) Channel 7075 Al. Aly.

O~ = MC = 125x 1,25 = 1,400 psi

03 I .138
_-:3 T = Tc1 = 114 x .075 = 35,000 psi

K 24,4% 1073

245 2 2

\ o
= e .03 Tmax ‘I(") + ()" = 35,000 psi
= + T = 35, 700 psi
LE, T ax q‘z‘_ max s ps1

‘_ﬂ 0,375

M.S. = 48,000 -1 = 0,37
35, 000
where:

_ . 4
I = ,138 in.
Cl= 2.5 in,
C = .075 in. 3 . Ref. 1
K = 24,4 x10 Tin,

b) Box link 7075 al, aly.

o

270 x 1,15 = 1,270 psi

o

max

t

M. S.

II-6

0.10"
T r o=
= e 2t
4 ¢ T max

. 254
T 212
(a-t) (b-t,) 2x.02(2, 2)(. 29)
- 8, 320 psi
= 8,955 psi

= 48,000 -1 = 4.36
~B, 955

8, 300 psi
Ref, 1




where:

= ,254 in,
= 1,15 in.
2.3 in.
= 0.3 in,
= 0.1 in,

= ,02 in,

o o
u

+
!

c) Roller and Substrate (Response = 252 g ult,)

-

TR

.06" FIBERGLASS TUBE ‘ l

/1L

Weight of Substrate = 2.5 lbs,

Hp T

7 FE
o

W = 2.5 x252 = 46.3 Ibs/in,

13.6

2 2 .
Mpax = WL = 46,3 x (13.6) = 1070 lb-in.
B g

Z =1 = %’ = 0.1061n,°

(]
o-= M = 1070 = 11,000 psi

Z  0.106
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Buckling of tube

T or Cb Et = 0.3 x 2500 x 0,06 x 103 = 80, 000 psi

r .15
(7« buckling not critical)

Fry = 34,000 psi

M.S. = 34,000 -1 = 2.1
11, 000

d) Housing (Vibration Loads)

0.05 MAGNISIUM 0,06 MAGNISIUM | ’I [I l
/ - .
400 LBS 1 L
. — L
M 1300LB=IW L
1
. |
1 1 La 61,5 LBS
400 LBS 1
800 LBS F L
I 165 LLBS
4 1 L
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2
Scr = K E t_ K = 4.4
I-v2 \%
Ser = 8, 150 psi q = 440 lbs/in. q = 800 = 61.5 lbs/in.
13 (M. S. High
1 2
Ser © K _E t K= 21
1-v 2 b
s = 39,000 psi
cr ’
“hrwd - MC_ =£‘129%2£ = 2,830 psi (M.S. High)

Check housing for effect of locally applied concentrated loads.

Largest concentrated load = 330 1bs.

Bearing Stress: Plate is stiffened locally a one inch diameter
fip ~ P = 330 = 5, 500 psi.,
Y TAb . 06x1

Loocal buckling under concentrated loads

3 - 3
Pop = 1 Et = T _x8, 5x106X (0. 06)
"4 3 @-vHp 3 9 b
{ = 1630 Ilbs
b b
-—L Assume that effect of concentrated load will not
) T be felt more than 4'"' away from concentrated
load (b = 4'")
P,, = 1630 = 408 lbs. Largest concentrated load = 330 lbs.
4
M.S. = 408 -1 = 0.23
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e) Hinge Pins of Scissors linkage

The maximum moment transmitted by any hinge is for the fully deployed con-
figuration O = 10° at which point M = 26.0 S Cos> 10° + 7.64 Cos 10° =
33.2 ft-lbs = 398 lb-in of this 0,65 M is carried by the Box link section.

Using an ultimate factor of 2 g, the max moment across a hinge is 517 1lb-in.

.125 DIA BERILIUM
COPPER PIN

U _’ M = 517 1lb-in

P = 370 LBS

M= 517
8- IN Pl
P = 370 L.BS
Pin is in double shear: 155 LBS
-
2
A= 0,0123 IN
R —®~ 370 LLBS,
Z =1.,9 10m4 IN
~—
185 LBS

Shear Stress =

i

= 185

P T = 15,000 psi.
A 0123

II-10



Bending of Pin: Conservatively assume a gap of ,05"

M = 185x.05 = 92,5 1b-in; O = 9.5 = 49, 000 psi.

1.9x10°

Combined Stresses

r =‘/<15x103) 2 +'( 49x103) 2 - 29,000 psi.
max .___2_..—

3 .
= = 53, 000
O nax (24,5 + 29) x10 R psi
M = 90,000 -1 = 2.1 (Shear)
S 739, 000 B——
M_ = 100,000 -1 = 0.9 (Tension)
S 53 m—

f) End Plate (181 Fiberglass 0.06 thickness)

The end plate supports the substrate tension load as a channel in bending
about the end hinge of the scissors linkage.

total Moment = 2x10 1lbs x 3" = 30 lb-in x Factor of 2 = 60 lb-in
2
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Channel Section:

SUBSTRATE -—
P
TENSION -

(10 LBS, TOTAL) eo—

— >
¢ K| = >
I . , SCISSOR
5 J ) L ; >
06 LINK
__'_ 073 .
———— S —,1 | nal
L
51 -u -
et
‘——,d/ 6"
’
—i W

g) Screw Jack Bending Stress and Deflections

The location and magnitude of the linkage load on the screw jacks both de-
pend on the degree of deployment. An overlapping assumption is made that
the loads acting are the maximum loads possible but, act at the position

along screw to cause maximum bending and maximum deflections.
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TITANIUM SCREWS

M= 796 LB=IN,

P, = VARIABLE
P, = VARIABLE

Dz vARIABLE D, = VARIABLE

r—*—
&> AN

Absolute maximum moment = 157 1b-in

E b . o =M= 157 = 68, 000 psi.
0.1978 Z 23x10-

70,000 -1 = 0,03
68, 000

II-13
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where:

Z = 23x10"4p. 2
I = 6.9x10 %in. >
Absolute maximum deflection
5 = .0093PL3
EI
5 = .0093x130x7° - .04in. O.K.
15x10°5 x 6. 9x10 % —_—
h) Substrate Loads
Maximum load in substrate during dynamic deployment = 25.5 lbs. =

2.1 lbs/in.

Allowable load in substrate = 140 lbs/in.

M.S. = high

II1-14



APPENDIX III - RELIABILITY

This section of the Appendix presents the failure rate calculation.

1.0 BEARINGS

In the following analysis for the bearings the worst case was considered to
be typical. It is apparent this approach is conservative and reliabilities will
be higher than that computed. For the sleeve bearings on the scissors links
this approach appears realistic when considering these bearings rotate at

less than 1/2 RPM.

Duty Cycle - Assume one one-minute cycle per hour at 32 RPM
2% + @259
RMS speed = 50 = 4.2 RPM

Equivalent Duty Cycle = 4.2 x 100 = 13%
32

Speed Size Rating
Bearing Size = .375x25.4 =9.53 mm
Shaft Speed = 32 RPM
DN Value = 9.53 x 32 = 305 DN
13% Duty at 305 DN = .13 x 305 = 40 DN

Hot Spot Temperature = 150°F

Enter Figure 5-1 of Reference 1 for failure rate.
Failure Rate = 1%/1000 hours (uncorrected)

Assuming resultant thrust load is 75% load limit, enter Figure 5-6

of Reference 1.

Failure Rate = 1%/1000 hours (corrected)

II-15



Degradation factor for launch environment = 100
Failure rate = 100 x 1%/100 = 100%/1000 hours
Wear out failure rate in % /1000 hours for calculated life period (tc)

t = 10" = 100,000 = 1000 hours
FR 100

The unit being analyzed will never be subjected to 1000 hours of operation;
consequently, the only real possibility of failure for the mission as defined
would be the probability of random failure. From Reference 1, Figure 4-1,

the ratio of random to degradation in generic failure rate = 0.01.

Therefore, F random = .01
F degradation

FR = .01 (100) = 1.0%/1000 hours

R - oM _ o [0t 25_e—4x10'
) 1000 * 60 )

6

For total number of bearings (72)

72

( 4 x 10‘6) -288 x 10
RB = e = e

2.0 BRAKE

6

The main wear effect on the brake will be in the bearing. Wear is influenced

by shock loads on engagement, frequency, and speed of operation.

In this applicat‘ion, the DN value is less than 50 and the shock load experi-
enced on engagement, frequency, speed of operation are low values. A base
failure rate, without modification for the aforementioned factors of 1% are

1000 hours is assumed. The random failure rate is as follows:

Degradation factor due to launch = 100

II-16




FR =1 x 100 = 100%/1000 hours

Ratlo of Frandom to Fdegradation = .02
FR = .02 x100 = 2%/1000 hours
-6
R -o M _ ~f02 x 25\- e 0 %10
BR 1000 60

3.0 GEAR REDUCTIONS

This prediction applies to instrument type reduction gear boxes. Degrada-
tion due to accuracy which is attributable to increase in back-lash resulting
from wear which is a function of speed (ratio) duty cycle output loading, and
frequency of reversal. Since correlation between this prediction and a pre-
diction for larger reduction gear boxes is not available, this prediction will

at least give an indication of the approximate failure levels to be expected.

Assume Precision Class I AGMA spur gears.

Substrate Gears
Reduction in three passes
Ratio 1:1
Speed Input = 32 RPM

Assume one one-minute cycle per hour at 32 RPM for calculating a

duty cycle.

Duty cycle = 13% (reference Paragraph 1)

Effective Accuracy Failure Rate
EAFR = Base failure rate x duty cycle x number of passes
BRF = 10% failures per 1000 hours (reference 1)

EARF = 10%

1500 .13 x3 = 3.9%/1000 hours

I1-17




Effective reduction ratio failure rate

ERRFR = 100 dut le
"ratio X y eye
- L(i’Q x .13

a 13 %/1000 hours

No factor for reverse drive or stops. Bearings have already been considered.

Calculated life period.

Total component failure rate = 13+ 3.9 = 16. 9%/1000 hours
Degradation factor due to launch = 100

FR = 100 x 16.9 = 1690%/1000 hours
is = 100000 = 59.2 hours

Calculated life = tC =1
FR 1690

For this mission, the gears will never be operated 59. 2 hours. The only

real possibility of failure would be that of random failure.

Ratio FR o 02

FD
FR = .02 x 1690 = 33.8%/1000 hours t = 25 hours
60
-141 x 10”8
R - oM . f:338 _ 25)- e *
SG €\ 1000 60

Drive Gears

Reduction in one pass
Ratio 1:2. 4

Duty Cycle = 13% (Reference, Paragraph 1)
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Effective Accuracy Failure Rate

EAFR = Base failure rate x duty cycle x number of passes
BFR = 10% failures per 1000 hours (Reference 1)
EAFR = 10% _

1000 .13 x1 = 1.3%/1000 hours

Effective Reduction Ratio Failure Rate

ERRFR = —22 x duty cycle
ratio
- 100
645 x .13

1]

20. 2 %/1000 hours

Calculated Life Period

Total component failure rate = 20.2+ 1.3 = 21. 5%/1000 hours
Degradation factor due to launch = 100

FR = 100 x21.5 = 2150%/1000 hours

Calculated Life = t = ——= = 100000 = 46.5 hours
¢ 2150

For this mission the gears will never be operated to the life of 46. 5 hours.

The only real possibility of failure being that of random failure.

. FR _
Ratio of D .02
FR = .02 x21.50 =43%/1000 hours
-6
R - e (s m)- e -180 x 10
1 = € \'1000 60
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For both drive gear meshes,

R . 99964

DG

2
( -180 x 10'6) 360 x 10”8
e = e

Gear Reliability

~141 x 1078 -360 x 1070

R. = ) = e X e =

G (Rgy) (Bpg

4.0 SPRING MOTOR

Mean Cycles Between Failure

FR = —215 / 1000 cycles = 40%/1000 cycles (Reference 2)
Launch Environment
Degradation factor = 100

FR = 40 x 100 = 4000%/1000 cycles

Ratio of % = .02 Number of cycles =1
FR = .02 x 4000 = 80%/1000 cycles
1800 x 10°°
R :e—)\c_ 4.8 x1\= e
M1 - ¢ \1ooo
Test Environment
FR = 40%/1000 cycles
. FR
Ratio of D .02 Number of cycles = 24
FR = .02 x 40 = .8%/1000 cycles
-6
- AC -{.008 -192 x 10
= = — 24) = e
Faz ~ € © (1000 * )
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Motor Reliability

6 6

-800 x 10 -192 x 10
e X e

RM = RM1 XRM2 =

992 x 10”8
e

5.0 SUBSTRATE

There are no failure rate data available on the flexural capabilities of the
substrate. Therefore, the failure rate has been estimated at one failure per
5000 cycles. In addition, the fact that the substrate is rolled throughout the
launch environment renders the launch environment degradation factor un-
realistic, and is eliminated. In the interests of conservatism, any ratio of
degradation to random failure rate is also eliminated.

FR = 1 = .0002

5000

-.0002 x 25 _ _ -5000 x 1078

6.0 CONDUCTORS

Failure rate data for the conductors is also unavailable, so the failure rate
for this item is estimated at one failure in 500 cycles. Again, the launch

factor and failure rate ratio are eliminated for the reasons stated above.

. 1
Fo = Sgp = -002

-.002 x 25 50000 x 10 °
Rc = e = e



