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A quantitative assessment is provided of the difficulty of ground deployment tests and evaluates the validity
of modularized deployment testing for large space structures. An index that well shows the difficulty of ground
deployment tests is the ratio of gravity force to deployment force. The relationship between this index and the
accuracy of deployment tests is calculated using an analysis model of the large deployable antenna reflectors
onboard Engineering Test Satellite VIII (ETS-VIII). The index showed that a deployment structure whose diameter
is more than 10 m has insufficient evaluation accuracy; thus the structure should be divided into modules. The index
also showed that the single module of the large deployable antenna onboard ETS-VIII is of the appropriate size to
evaluate deployment reliability. The influence of module connection on the deployment motion is also examined.
The cross correlation between the changes in strain energy profile during deployment in a single module and those
in combined modules is calculated to show how many modules should be connected and tested. The resistance force
that arose due to the module connection is also calculated using the beam strain energy. It is clarified that ground
deployment testing for four combined modules should be conducted in addition to the ground deployment testing

for a single module when the deployment force margin is not large enough.

Nomenclature

A = cross-section area

Cy = cross correlation between changes in strain energy
profile during deployment in a single module and in
combined modules

D, = deployment force adjusted to agree with
experimental results

D; = true deployment force obtained by microgravity testing

E = Young’s modulus

e = estimation error of the deployment drive force

feq = equivalent resistance force

1 = second moment of area

ip = gravity force/deployment force

L = beam length

M = number of combined modules

N = number of data in strain energy profile during
deployment used to calculate C),

Poeam = total bending strain energy

Db = bending strain energy per unit volume

Di = average potential energy in beams during deployment

for ith module in isolation
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average potential energy in beams during deployment
for ith module among M combined modules
generalized parameter for the system equation of
deployment motion

= hinge displacement

translational displacement at edges of a beam

mode shape function of a beam

deployment angle

standard deviation of potential energy in beams during
deployment for ith module in isolation

standard deviation of potential energy in beams during
deployment for ith module among M

combined modules

rotational displacement at edges of a beam
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1. Introduction

ARGE deployable space structures, such as antenna reflectors,

solar paddles, extendable masts, and sun shields, are being
developed continuously to support future space activities. They are
designed to have sufficient deployment reliability, rigidity, and shape
stability against thermal and vibration disturbances. In particular,
deployment reliability is the most important factor to be considered
to avoid complete mission failure. Therefore, deployment analysis
and ground deployment tests should be carefully performed before
launch. To perform ground deployment testing for large-scale de-
ployable structures, gravity compensation equipment must be used
to avoid excessive gravity loading. Several ground testing arrange-
ments have been created to perform deployment testing.!? Differ-
ent kinds of suspension systems>~¢ are used for large deployable
structures. However, these systems offer only limited gravity com-
pensation, except for some special cases such as function testing for
robotic arms.” Because many of them cannot support and/or suspend
the center of gravity of each moving portion, gravity torque arises
around the center of gravity of each moving portion. In addition, it
is very difficult to estimate the center of gravity of the entire struc-
ture and moving substructures, which changes during deployment
motion. The estimation error of the center of gravity significantly
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changes the deployment characteristics.® In these cases, analysis
models are used to evaluate each ground test arrangement. The true
characteristics of deployment structures are then extracted from the
testresults by identifying each system parameter. There are many er-
ror sources in this process. For large deployable structures, gravity-
induced torque becomes much larger than deployment torque,
preventing accurate determination of deployment reliability.

The object of this study is to propose a modularized test method
for large deployable structures and to confirm the applicability of
the methodology. First, the accuracy of ground deployment test-
ing is considered. A difficulty index, which is defined as the ratio
of gravity-induced deployment force and deployment force, is pro-
posed for ground deployment testing. The index shows the limit of
each ground deployment test arrangement in terms of a structural
metric. Second, the relationship between the index value and the
accuracy of the deployment characteristic, evaluated using test re-
sults, is quantitatively estimated. Next, the cross correlation between
the changes in strain energy profile during deployment in a single
module and those in combined modules is calculated to show how
many modules should be connected and tested. Finally, the resis-
tance force due to the module connection is also calculated using the
beam strain energy to show that the cross-correlation value directly
indicates the variance of the deployment force margin.

II. Conventional Ground Test Methods

Conventional ground test methods for antenna reflectors can be
divided into the following two examples according to the size of
antenna reflectors.

A. Relatively Small Deployable Antenna Reflector

Only a few deployment structures can be deployed in one plane,
such as relatively small rigid antenna reflectors, solar array panels,
booms, and masts. For these relatively simple deployment struc-
tures, the system identification method® can be employed. The
Engineering Test Satellite VI (ETS-VI) was launched in 1994 by
the Japanese H-II launch vehicle. It had two large deployable main
reflectors and two deployable subreflectors (Fig. 1). The largest
reflector was 3.5 m in aperture diameter. All system parameters,
including the air drag and gravity compensation errors, were con-
sidered in the system equation of deployment motion

16 = q1 + @20 + q30* + q4f + g5 sin(ge + ¢7) (1)

where ¢, and ¢, are the driving force (including friction force and
resistance forces) and spring constant, respectively; ¢362 and ¢,0 are
aerodynamic effects, and gs sin(ge0 + ¢7) represents the effects of
the gravity cancellation equipment. Only two parameters, ¢; and ¢,,
represent the deployment characteristics of the reflector being eval-
vated. They were retrieved from the results of ground deployment
tests conducted on different test configurations. Through launch sur-
vival testing and thermal/vacuum testing, it was possible to confirm
that the antenna reflectors had a sufficient deployment force margin.
In-orbit deployment time of the reflectors was accurately predicted,
as shown in Table 1.!° In this table, o denotes the standard devia-

30 GHz/C band
Sub reflector (0.6 m)

30 GHz/C band

Main reflector (2.5 m) 20 GH2/S band

Sub reflector (0.8 m)

20 GHz/S band
Main reflector (3.5 m)

Fig. 1 Deployable antenna on board ETS-VI.

Table 1 In-orbit deployment time of the reflectors

Predicted deployment time, s

Measured
Event deployment time,s —20 —lo mean +lo +20
—Y wing part 2.0% 2.1 2.0 1.9 1.9 1.8
+Y wing part 2.0% 2.2 2.1 2.0 1.9 1.9
3.5-m main ref 20.0 265 235 214 197 184
2.5-m main ref 8.9 112 103 9.7 9.1 8.6

2+Y wing and Y wing are not distinguished.
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Fig. 2 Difficulty index value.

tion of driving torque measured by ground deployment testing. For
the deployment mechanism used for ETS-VI, average torque was
around 2 N - m and the 1o was around 0.2 N - m.

B. Large Scale Deployable Antenna Reflectors

The system identification method cannot be used for complicated
deployment structures such as deployable truss/frame structures, be-
cause the system equation of deployment motion is too complicated
to describe explicitly. A common solution is to use the finite ele-
ment method. The model is correlated to the test results to predict
in-orbit deployment motion. However, this method does not have
sufficient accuracy even for small deployment structures. A scaled
model of the basic module of the large deployable reflector (LDR)
of the Engineering Test Satellite VIII (ETS-VIII) was tested by the
Japan Aerospace Exploration Agency (JAXA) in a microgravity
environment created within a jet airplane, an A300. The estimation
error, which was found to be about 10%, was due to the approxi-
mations used to model nonstructural mass elements (such as mesh
and cables). For the full-scale reflector, whose size is 19 x 17 m,
it becomes virtually impossible to evaluate its actual characteris-
tics. Very large, complicated gravity compensation arrangements
are needed to perform ground deployment tests. In these cases, the
engineers are actually evaluating the characteristics of the ground
test system, instead of evaluating those of the reflector. Therefore,
the accuracy of ground deployment testing must be examined. If the
estimation error is several tens of percent of the designed deploy-
ment force, design engineers must add more force margin to the
nominal design values. If the error is several hundreds of percent of
designed deployment force, design engineers must divide the struc-
ture into modules of appropriate size or they cannot trust the test
results.

III. Difficulty Index and Evaluation Accuracy

A. Difficulty Index Value

When the deployment test is considered, the quantity i p, the ratio
of the gravity-induced force to the deployment force, is an index of
the difficulty of the ground deployment test.

gravity force
ip=—""—"""—"— 2)
deployment force
As shown in Fig. 2, Mitsugi defined the index of difficulty of
deployment test as a function of the size of the deployable structure



782 MEGURO, ISHIKAWA, AND TSUJIHATA

P 0.6m

0.6m

— 2
A

drive cable

center beam
plate(A)

X
motor

03m

synchronous
beam

upper beam

- side beai 0.15m
diagonal beam

constant force spring

lower beam

O stand

@ rotation hinge

Fig. 3 Simple planar truss.

Updated model ( revised center of gravity)

9

A)
Original model

Deployment drive force (N)

6 1 1 1
0 0.02 0.04 0.06 0.08

Deploy <<< Slide length (m) >>> Stow

Fig. 4 Result of the updated analysis model.
as the equation'!
ip =2D*D —d)/0.3d” 3)

where D is the antenna diameter and d is the stowed diameter. The
index showed that test engineers could not accurately measure the
deployment drive force of deployable structures that were more than
10 m in diameter. The basis of this metric is that conventional mea-
surement systems have dynamic ranges between 1000 and 10,000.
However, the quantitative relationship between deployable structure
size and evaluation accuracy remained unclear.

B. Simple Planar Truss Experiment

A simple planar truss experiment was performed to evaluate the
relationship between the difficulty index value and the accuracy
of deployment testing on the ground.'? The difficulty index value
was obtained by calculating an analysis model under 1g and Og
conditions. Figure 3 shows the simple planar truss, which was de-
signed and fabricated based on the deployable truss support structure
of the modular mesh antenna developed by Nippon Telegraph and
Telephone Corporation (NTT).'>!* To change the difficulty index
value, additional weights were installed on each side beam, and
the constant-force spring was changed. Two kinds of deployment
testing were performed. One was performed in a microgravity en-
vironment obtained by parabolic flights of a jet airplane, MU300,
and the other was performed on the ground. Assuming that the de-
ployment characteristics measured under microgravity represent the
true deployment characteristics of the planner truss, the accuracy of
ground deployment testing was evaluated.

Figure 4 shows the experimental results obtained by ground test-
ing. The analysis results are also plotted to show the prediction
accuracy. There is approximately 10% difference between the ex-
perimental and analysis results, even though the “true” deployment
force was used in the analysis model. The reasons for the differ-
ence are thought to be modeling inaccuracies of the suspension
system and the center of gravity of the planner truss. In this ground
deployment test, the suspending position and the tension of suspen-
sion wires were measured within 1% and 0.1% error, respectively.'
Total weight was measured within 0.1% error, and inertial moment
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Fig. 5 Relationship obtained between the difficulty index value and
the evaluation accuracy.

was negligibly small in this deployment testing. Finally, the center
of gravity of the planar truss was measured. The weight at each sus-
pension position was directly measured. The difference in weight
of the analysis model was approximately 0.02 kg (9%) even though
the weights of the analysis model matched those of each beam.
The results of the updated analysis model are also shown in Fig. 4.
The analysis model shows good agreement with the experimental
results. This agreement proves that accuracy of the analysis predic-
tion is mainly determined by the accuracy of estimating the center
of gravity of the planar truss. Unfortunately, measuring the center of
gravity of large deployable structures is extremely difficult, and usu-
ally such measurements are not conducted. Accordingly, the mass
properties of the deployable structure must be assumed to contain
some inaccuracy. This inaccuracy means that there is no basis for
correlating results from the analysis model to adjustments in mass
properties. The analysis model must be correlated by adjusting the
deployment force so that the estimate provides a reasonable safety
margin. Given this argument, it should be expected that a 10% dif-
ference between the experimental and the analysis results will be
inevitable due to the inaccuracy of the deployment force in Fig. 4.
Consequently, the accuracy of deployment testing was defined as

(Dy — Dys)/Dy x 100 (%) 4)

where D, denotes the deployment force adjusted to achieve agree-
ment with the experimental results and D; denotes the true de-
ployment force obtained by microgravity testing. The relationship
obtained between the difficulty index value and the evaluation ac-
curacy is shown in Fig. 5. The estimation error of the deployment
drive force is approximately 14% for the difficulty index value of
0. Assuming a linear relation between index value and estimation
error eg, the following empirical equation can be obtained:

eg =0.1ig + 14 (%) 5)

where i, represents the difficulty index value. The estimation error of
the deployment drive force exceeds 100% when the difficulty index
value = 900. In general, design engineers can redesign a mechanism
giving additional torque margin when the estimation error is around
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20%; however, they cannot accept an estimation error of 100%.
Therefore, the size of test articles should be reduced to keep the
difficulty index value around 100. Consequently, the authors sug-
gest module-based deployment testing as one of the best solutions
to evaluate deployment characteristics of large deployable space
structure on ground.

IV. Modular Structure for Large Deployable Antenna
Reflector On Board ETS-VIII

A. Module Design and Analysis Model

The modular configuration was employed in creating the large
deployable reflector (LDR) onboard ETS-VIII, which is being de-
veloped by JAXA and will be launched in 2006. Figure 6 shows
the in-orbit system configuration of ETS-VIIL. Two LDRs are to be
used for mobile communication and broadcasting experiments. As
shown in Fig. 7, each LDR consists of 14 basic modules, each of
which is about 5 m in diameter. Each basic module consists of a
cable-mesh reflector and a deployable support structure. As shown
in Fig. 8, the basic modules consist of cables, mesh, and the deploy-
able support structure that gives tension to the cables. A system of
cables form a mesh into a parabolic shape. The deployable support
structure is designed to have a spherical shape, which is best fitted
to a given parabolic surface. Therefore, standoffs are used to con-
nect the cable-mesh structure to the deployable support structure by
filling in the difference between a parabolic surface and a spherical
surface.!®!” Figure 9 explains the design rules for module arrange-
ment. There are only three simple rules to determine each nodal
position on an upper surface of a deployable support structure. Rule
A is that every rib member has the same length but not all ribs need
necessarily have the same relative angle. Rule B is that every node is
located on a predetermined spherical surface, and the relative angle
of a pair of specific ribs can be given in the x—y plane. Rule C is
that every node is located on a predetermined spherical surface, and

Large deployable reflector (LDR)

Solar paddle

Radiation panel
Solar paddle

4

Radiation
Antenna for  panel Phased array
positioning antenna feed system
experiment

Fig. 6 In-orbit configuration of ETS-VIIIL.
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Fig. 10 Analysis models of a basic frame and a basic module.

anode is located equidistant from two predetermined nodes, where
the distance equals rib length. For example, node 0 can be defined
as the origin of the x—y coordinate at first. Next, nodes 1 and 2 can
be determined by rule B, and node 3 can be determined by rule C.
The other nodes are determined in the same manner.

An analysis model was constructed by using the in-house anal-
ysis tool SPADE (simple coordinate partitioning algorithm-based
dynamics of finite elements).'3!® SPADE can analyze the deploy-
ment behavior of elastic structures that consist of beams, rods,
plates, cables, and membranes. Figure 10 shows analysis models
of a basic frame and a basic module, respectively. The model con-
sists of elastic beams connected by weld, revolute, and cylindrical
(sliding) hinges. The basic frame structure is stowed by moving the
slide hinge upward. The basic module consists of six basic frames
arranged spokewise around the central axis.
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Table 2 Deployment test steps for the EM of LDR

Test Number of Test equipment Test

step modules (gravity canceller) results

1 1 Fixed suspension system Fig. 12
using a simple test rig

2 3 Moving suspension system Fig. 13
(passive tracking)

3 7 Moving suspension system Fig. 14
(active tracking)

22000
[ Power unit for moving suspender |

't'llTr!ll i et

s

g —
jm o ch
T///%///'\(//////F/

loor

1] IC!
LJ

Moving suspender
’J LI

Suspension wire

12000

<420

7
LDR deployment controller .
Moving suspender controller Data control equipment

Fig. 11 Moving suspension system for LDR.
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Fig. 12 Driving force obtained by ground deployment testing for single
module.

B. Accuracy of Deployment Testing

A full-scale engineering model (EM) for LDR has been tested
step by step. Table 2 shows deployment test steps for the EM of
LDR. In the first step, deployment tests were performed on a sin-
gle module by means of a fixed suspension system using a simple
test rig. Figure 11 shows resulting deployment force profiles for the
single module. In the second, third, and fourth steps, 3, 7, and 14
combined modules were tested, respectively, using the moving sus-
pension system shown in Fig. 12. Figures 13 and 14 show resulting
deployment force profiles for three and seven modules, respectively.
The resulting deployment force profile changed remarkably after the
third step. The difficulty index value in each test step was calculated
by analyzing the deployment force profile in the gravity environment
without any gravity compensation. Figure 15 shows the difficulty
index value at each test step. The evaluation accuracy is calculated
using Eq. (5), assuming a linear relationship between the difficulty
index and the evaluation accuracy. The evaluation accuracy also in-
dicated on the right side of the vertical line. This figure clarifies
that the evaluation accuracy would be insufficient if ground deploy-
ment testing is performed on more than three combined modules.
For example, the maximum difference between the test results and
the analysis results shown in Fig. 14 is around 50%. The evaluation
accuracy obtained by ground deployment test double the accuracy
predicted by an empirical equation, because Eq. (5) was obtained by
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Fig. 13 Deployment force profile of three-module assembly.
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Fig. 14 Deployment force profile of seven-module assembly.
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Fig. 15 Evaluation accuracy of LDR on board ETS-VIIIL.

an extremely simple deployable structure. Equation (5) should be
improved by using other measured data; however, it is obvious that
the evaluation error of the seven combined modules is considerably
large. It is recognized, of course, that ground deployment testing
is still necessary to find errors in workmanship and/or interference
with nonstructural elements. However, it should be noted that only a
few deployment characteristics of large structures can be evaluated
by ground deployment testing. It is also recognized that the single
module of the LDR was the optimal size for evaluating deployment
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Fig. 17 Average strain energy in seven combined modules during
deployment.

reliability; we note that if ground deployment testing examined just
seven or more combined modules, the resulting evaluation accuracy
would be insufficient.

C. Cross Correlation Between an Isolated Module
and a Combined Module

Because of its spherical nature, the designed structure must be
deformed during deployment. In contrast, the basic module is not
deformed because the module consists of frame structures arranged
around a center axis. Therefore, the influence of module connec-
tion appeared in the changes in strain energy in structural members
during deployment. Figure 16 shows the relationship between the
number of connected modules and the beam strain energy during
deployment. In Fig. 16, the index of strain energy is represented by
the average strain energy, which is defined as the average of strain
energy for each unit volume in each structural member, calculated at
each deployment position by SPADE. The average strain energy in
module 1 changes when the number of connected modules increases.
The maximum peak appears when four modules are combined; the
peak decreases as the number of modules increases thereafter. Fur-
thermore, Fig. 17 shows the variation of beam strain energy only
in module 1; however, the strain energy varied among connected
modules. The difference in strain energy between modules in 7 and
14 connected modules is shown in Figs. 17 and 18, respectively.
By comparing Figs. 17 and 18, it is noted that the dispersion of the
strain energy also becomes small when a larger number of modules
are connected. Next, the relationship between the module design
and the beam strain energy was examined. Figure 19 shows mod-
ule numbering and variation in relative angle between each rib. The
relative angle between ribs varies with location due to the modu-
lar design as described in Sec. IV.D. The value was calculated as
the standard deviation of rib angles in each module. Figure 19 also
shows the distribution of average strain energy per unit volume. Any
relationship between variation in rib angle and strain energy cannot
be found. Instead, it is noted that enclosed modules show higher
strain energy than circumferential modules.

200
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Fig. 18 Average strain energy in seven combined modules during
deployment.
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Fig. 19 Module numbering and distribution of average strain energy
per unit volume.

To establish a design methodology for the module structure, the
quantitative relationship between the deployment characteristics of
a single module and those of combined modules was examined. A
cross correlation between the changes in strain energy profile during
deployment in a single module and those in combined modules was
derived from analysis results as follows:

I
Cu=——x 2 (P =5 )pilxl =5y ©
it x=1
1 N
A= e g
1 & 2
o = NZI(MM[X]—?:'M ) ®
1 N
pi = ﬁ;Pi[)‘] ©)
1 & 2
o, = N Z (Pi[x] - 131') (10)

x=1

where pM, oM are average and standard deviation of potential en-
ergy in beams during deployment for the ith module among M
combined modules, respectively, and p;, o; are those for the ith
module in isolation.

Figure 20 shows the relationship between the number of com-
bined modules and the cross-correlation coefficient between a single
module and a combined module. The cross-correlation coefficient
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Cross corelation

Number of combined modules

Fig. 20 Cross-correlation coefficient between an isolated module and
a combined module.

suddenly decreases to around 0.5 when four modules are combined,
and gradually increases thereafter as the number of combined mod-
ules increases. The relationship shown in Fig. 20 means that the
combined modules, which consist of four modules, must be tested
on the ground, in addition to testing for a single module. In other
words, ground deployment testing for the combined modules which
consist of more than five modules is not needed from a viewpoint
of deployment force margin.

D. Influence of Module Connection on Deployment Characteristics

As described in the Sec. IV.C, the cross correlation between the
changes of strain energy in a single module and in combined mod-
ules would rapidly decrease to 0.5 when four modules were com-
bined. From a viewpoint of deployable reliability, this decrement
means that the necessary force margin is double that designed for
a single module. In this section, the relationship between the beam
strain energy and the resistance force against deployment motion
is examined to estimate the influence of module connection more
clearly. To understand the influence of module connection number
on deployment characteristics, a resistance force against deploy-
ment motion was calculated by using strain energy. When inter-
nal force arises due to module connection in a deployable struc-
ture during deployment, two major resistance factors affect the de-
ployable characteristics. One is friction torque and/or force in each
hinge portion. The other is the dissipation of deployment energy
due to structural deformation. First, using a simple analysis model,
the resistance force reflected in the sliding hinges due to friction
was estimated quantitatively. The mode shape function expressed
as Hermite’s polynomial is

w(x)=[1—3(?/L*) + 2 /L) uy + [3(x*/L*) = 2(x* /L) u,

+[=x 4+ 2(x*/L) — (P /L))y + (P/L —x*/L*) ¢, (11)

where L is beam length and u, ¢ are translational and rotational
displacements, respectively. Assuming the boundary condition on
both edges is simple support and that the beam has uniform cross
section, the following relationship can be derived:
P _2, (12)
axr L
This relationship means that a uniform moment M arises along the
beam when Young’s ratio £ and the second moment of area / in
the y—z plane of area A are uniform along the beam. The bending
strain energy per unit volume, p,, can be formulated as

1 e (PN o = L (P M
?=2a o) VT4 02 ) 2EAl
13)
Consequently, bending moment M can be expressed using p, as
M =./(2E Alp;). As shown in Figs. 16 and 17, the maximum value
of average strain energy per unit volume is around 200 Pa. Here,

it must be noted that the strain energy in a single module arises

Equivalent resistance force (N)
o

Slide position (mm)

Fig. 21 Frictionforce insliding hinges calculated using the beam strain
energy.

14 modules |

Equivalent resistance force (N)

7 modules

Slide position (mm)

Fig. 22 Resistance force in sliding hinges due to the dispersion of the
beam strain energy.

only from springs that produce deployment force. Therefore, the
maximum value of strain energy due to module connection is around
100 Pa, excluding strain energy from springs. Using the material
and cross-sectional properties of the members in the analysis model
(E=2x10"Pa, A=3 x 107" m?, I =3 x 10~° m*), the moment
is estimated to be around 0.15 N - m. Assuming the coefficient of
friction to be about 0.1, the friction torque around the hinge axis is
estimated to be 0.015 N - m. Figure 21 shows the influence of the
friction torque on the driving force of the slider of a single module.
Comparing this result to the minimum driving force of around 50 N
obtained by ground deployment testing for the single module shown
in Fig. 11, it is obvious that the driving force has sufficient force
margin against the resistance forces.

On the other hand, the change in strain energy with displacement
of the sliding hinge during deployment can represent deployment
force or resistance force. The changes in strain energy are gener-
ated by the following factors: 1) structural deformation due to geo-
metrical incompatibility during deployment; 2) elongation of cable
elements in the reflector structure; 3) springing back of drive-spring
elements. Among these factors, 1 and 2 show positive changes, and 3
shows negative change. In this analysis, 2 and 3 are eliminated from
the analysis model to clarify the influence of module connection on
the deployment characteristic. The equivalent resistance force foq
can be obtained as

feq = APoeam/M As (14)

where A Ppeym 1S the change in total beam strain energy at each cal-
culation step, As is the change in slider position at each calculation
step, and M is the number of modules. Figure 22 shows equivalent
resistance force in the sliding hinges as a function of slide position.
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The peak resistance force, around 2.5 N, is larger than the fric-
tion torque, but it is small enough compared to the driving force of
ETS-VIII as shown in Fig. 12. The ratio of the maximum resistance
force in 7 combined modules to that in 14 combined modules is
3.4/2.1 = 1.6, whereas the ratio of the cross-correlation value of 7
modules and that of 14 modules is (1/0.5)/(1/0.72) = 1.4. These
two ratios almost agree with each other. This agreement shows that
the cross correlation between the strain energy in a single module
and that in combined modules well shows the influence of the mod-
ule connection, and the minimum deployment force margin appears
in four combined modules. Consequently, it can be concluded that
if the deployment force margin is not large enough, the ground de-
ployment testing for four combined modules should be conducted
in addition to the ground deployment testing for a single module.

V. Conclusions

The difficulty index value of the modularized large deployable
reflectors for ETS-VIII and the influence of module connection on
the deployment motion were examined in this paper using analysis
models. The following conclusions are obtained:

1) The difficulty index of a deployment structure, whose diam-
eter is more than 10 m, shows that the evaluation error would be
excessive, several tens of percent of the designed deployment force.
Therefore, module-based deployment testing is one of the best so-
lutions in evaluating deployment characteristics on the ground.

2) The difficulty index of the modularized LDR for ETS-VIII was
calculated. The single module of the LDR, which was about 5 m in
diameter, was designed to be of appropriate size to allow accurate
ground evaluation testing of the deployment reliability.

3) To show the quantitative relationship between the deployment
characteristics of a single module and those of combined module,
the cross correlation between the changes in strain-energy profile
during deployment in a single module and those in combined mod-
ules was derived from analysis results. The calculated values show
that ground deployment testing for the combined modules which
consists of more than five modules is not needed from a viewpoint
of deployment force margin.

4) The resistance force against the deployment motion mainly
arises by the dissipation of deployment energy due to structural
deformation. The ratio of the maximum resistance force in 7 com-
bined modules to that in 14 combined modules is 1.6, whereas the
ratio of the cross-correlation value of 7 modules and that of 14
modules is 1.4. This agreement shows that the cross correlation
between the strain energy in a single module and that in com-
bined modules directly shows the variance of deployment force
margin, and the minimum deployment force margin appears in four
combined modules.

5) As for the LDR on board ETS-VIII, each single module has a
sufficient force margin; however, if the deployment force margin is
not large enough, the ground deployment testing for four combined
modules should be conducted in addition to the ground deployment
testing for a single module.
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