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Analytical and Experimental Investigations
for Satellite Antenna Deployment Mechanisms
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This paper deals with the prediction of deployment dynamics, antenna vibration characteristics, and reliability
evaluation related with an antenna deployment mechanism (ADM) necessary for large satellite antenna develop-
ment. A statistical analysis is proposed to predict deployment dynamics of an antenna based on the driving and
friction torques of mechanical parts whose statistical distributions are fitted to normal distributions. Test results
comprised a range of +o¢ (standard deviation) predicted by the analysis. Vibration analysis was performed to
clarify the effect of ADM bending stiffness. The effect of ADM bending stiffness on antenna natural frequencies
was studied analytically to establish a guideline for determination of the ADM bending stiffness. The first
natural frequency of the antenna was lessened by 5 Hz due to the effect of ADM bending stiffness. A procedure
is proposed to evaluate the reliability of the ADM. The failure mode and effects analysis was conducted to
identify all possible failure modes, among which the critical modes were selected for further investigation.
Deployment reliability was calculated assuming that the deployment reliability of the ADM mainly depends on
the magnitude of difference between the driving and friction torque.

Introduction

ATELLITE communication systems will require large

satellite antennas to realize an economical communication
system with large communication capacity.' But large satellite
antennas for future communication systems raise the serious
problem of the shroud diameter limitations of the con-
ventional launch vehicles. Deployable antennas, which will
provide a direct solution to the problem, have been extensively
studied in recent years.’” Antenna deployment mechanism
(ADM) is one of the key technologies in large antenna devel-
opment for the realization of future economical satellite com-
munication systems.

The main purpose in analyzing the deployment dynamics of
an antenna is to select and verify the kinematic properties of
the ADM. Several studies®® have been published analyzing
detailed dynamic phenomena at small time intervals from
initial release to latch up. In these studies, driving and friction
torques have been used as definite variables. But in reality,
there are variations both in the driving and friction torques.!°
Accordingly, a probabilistic approach for predicting deploy-
ment properties is implemented by treating these torques as
random variables. The kinematic model is established by con-
sidering bearing and latch-pin friction torques, driving torque,
and mass properties of the antenna. Latch-up time and veloc-
ity, which depend on these parameters, are expanded about
the mean of the parameters in a Taylor series. Neglecting
higher orders, the expected value and variance of latch-up
time and velocity are calculated using the mean and variance
of each parameter. The validity of analytical approach is
shown by comparing with test results.

Satellite antennas used in the Japanese domestic communi-
cation system are required to point the Earth with high accu-
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racy.l!! The antennas are vibrated by thruster jets during
satellite attitude control and orbit correction maneuvers.
Structural deformation due to flexibility represents an un-
wanted disturbance for the antenna fine pointing. For this
reason, it is desirable to make the first natural frequency high
in order to keep the deformation small. The bending stiffness
of the ADM affects the natural frequencies of the antenna in
deployed configuration. Therefore, the effect of the bending
stiffness on antenna natural frequencies is investigated to
establish a guideline for determination of the ADM compo-
nent rigidities, which are influential to the bending stiffness.
Equations of motion for a system in which an elastic body is
supported by a helical spring are based on the assumption that
antenna displacements are expressed as the sum of elastic
deformations and rigid body displacements. The minimum
ADM rigidity is determined from the preceding results and the
system dynamic requirements of the spacecraft.

There is, in general, no backup satellite antenna in com-
munication systems due to weight considerations. Therefore,
antenna deployment must be accomplished successfully to
fulfill the function required by the communication satellite.
Reliability evaluation is very important with reference to space
mechanical components. A number of papersi?-!4 have been
published describing the failure analyses and life predictions
of mechanical components. But most of them deal with analy-
ses or predictions of mechanical parts, and the rather complex
mechanisms such as ADM require a somewhat different
approach. A reliability evaluation procedure for the ADM,
including selection of test items and reliability prediction, is
described in this paper.

ADM Description

The ADM is required to deploy the antenna from the
stowed configuration during launch and to lock it precisely in
a specified position in orbit. The requirements for strength,
resonance frequency, reliability, and weight were taken into
account in the ADM design. The ADM consists of two identi-
cal hinge mechanisms, each with a spherical bearing, a helical
spring, two latch pins, an arm, and a chassis as indicated in
Fig. 1. The arm is supported by a shaft through a bearing as
shown in Fig. 2. Bearing clearance was chosen carefully to
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maintain high deployment repeatability and to be a positive
quantity all the time in the temperature limit requirement of
—90~105°C. The titanium bush is interposed to prevent the
failure derived from the reduction in bearing clearance and is
the best selection in weight reduction. A helical spring pro-
vides the driving torque, which is determined so that it ensures
full deployment of the antenna and minimizes latch-up load.
One end of the spring is fixed to the arm, and the other end of
the spring is attached to the chassis. The latch pins and the arc
portion of the arm are lubricated with MoS, solid lubricant
film to minimize friction. The latch pins preloaded by springs
are attached to the chassis. During the deployment, the latch
pins slide along the arc portion of the arm and are driven into
the hole on the arm. To limit the deployment movement in the
specified position, blocks were fixed on the arm. These ensure
precise locking and prevent the backlash between the arm and
chassis in the deployed position. The deployment angle is 1.15
rad.

Deployment Dynamics
Formulation

Antenna deployment is described as a motion about the
hinge line of the ADM. The rotational velocity is calculated
assuming that the hinge line is fixed in the inertial space, and
the antenna is considered a rigid body during the deployment.
The undamped equation of motion is given by

I6+K0=Tp —Tr 6))

where I is the moment of inertia of an antenna about the hinge
line, K the spring constant, § the deployment angle, 7p the
initial driving torque, and Ty the friction torque. Using the
initial conditions of the system, § = 8 =0 at ¢ =0, latch-up
time and velocity can be obtained. As the latch-up time and
velocity depend on the moment of inertia, the spring constant,
and the friction torque, let ¥ denote the latch-up time or
velocity and x;, X, x; denote the moment of inertia , the spring
constant, and the friction torque, respectively. Any or all of
these parameters may be random variables. The probabilistic
function u is

u = u(x;, X3, X3) )]

We expand function u about mean parameters in a Taylor
series as

ou
=uy+ 2,06 —X) < >
0 12-—:1 ax i/

3 3 2
+3 X Lo =%y - )Qii>+~- 3)
= = 0

dx;0x;

Nl'—‘

in which X%; is the mean of x; and subscript 0 shows a value at
the mean of each parameter. The expected value of function u
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where p denotes the probabilistic density function of parame-
ters. Substitution of Eq. (3) into Eq. (4) leads to
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4| 4| +oo
(Xi X)) = j‘ E_ j_ O — X0 — X)) (61, X2,%3) dxy dx;, dx;
(6)
The probabilistic density function is expressed as shown in

Eq. (7), because random variables considered here are inde-
pendent of each other:

P (x1,%2,%3) = p(x1) - p(x2) - p(x3) )
Equations (6) and (7) yield the following expression:

RCAGY)

in which o; is a standard deviation of x;. Neglecting the third-
and higher-order terms in Eq. (5), the expected value becomes

o+ E<%> ©)
l“l 0

The variance of function u is given by

(u) = X_J_J (U —2Pp(x) - p(x2) - pxs) dxy dxz dxs
(10)

It can be also shown that the variance of function « is given by

3 2
<m=2<ﬂlé an

i=1 \0x;
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Equations (9) and (11) show that the expected value and
variance can be calculated using the mean and standard devia-
tion of each parameter.

Comparison with Test Results

The driving and friction torques of ADM constituent parts
will vary by virtue of manufacturing tolerances, materials
variability, and quality control. For example, there is a varia-
tion in driving torque, because springs are formed compulso-
rily with heat treatment in the manufacturing process. Initial
driving torque is shown in the measured graphic representa-
tion of Fig. 3. Friction torques, caused by bearing and latch
pins, are also susceptible to variation as shown in Figs. 4 and
5. These measured data show that the driving and friction
torque of the ADM constituent parts are variant and that their
distribution can be assumed as normal distributions.

The antenna deployment analysis was accomplished at
room temperature both in air and a vacuum. The parameters,
indicated in Table 1, were applied to the analysis. The moment
of inertia was tentatively considered to be deterministic to
make a comparison between the prediction and test, which
used a selected model antenna.

The expected value and variance can be calculated using
Egs. (9) and (11) on the assumption that the third- and higher-
order terms are neglected in the Taylor series expansion. Thus,
it is necessary to check that the higher-order terms are very
small. Calculating the ratio of standard deviation to the mean
about each parameter, it is found that the third-order terms
are very small compared with the second-order ones. Hence,
the error in neglecting the higher-order terms is small. The
simulated behavior of the latch-up velocity is calculated in Fig.
6. Analytical results are shown in Table 2.

Deployment tests were carried out using an inertia dummy
of an antenna to confirm the validity of the statistical ap-
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proach. An inertia dummy was used so that the effects of air
drag during deployment could be kept to a minimum. To
minimize the gravity effects, the ADM was mounted to a rigid
plate in vertical condition. The prediction and test results on
deployment properties are shown in Figs. 7 and 8. The test
results comprise a range of +o¢ predicted by the preceding
analysis. But the standard deviation of the test results is much
smaller than the analytical expected value. The reason for the
discrepancy is that the number of ADM’s is small. Only five
sets of ADM’s were used to obtain latch-up time and velocity
data. Generally, the standard deviation of the test results does
not coincide with that of analytical results as long as the
amount of test data is small. If we have a great number of test

Table 1 Measured parameters

Mean Standard
Parameters value, u deviation, ¢
Moment of inertia, N-m-s* 2.00 0.00
Spring constant, N-m/rad 0.29 0.01
Initial torque, N-m 1.84 0.04

Friction torque, N-m 0.722/0.54Y 0.062/0.07°

. . b .
*Data measured in air. “Data measured in vacuum.

Table 2 Analytical results®

Mean value, ¢ Standard deviation, ¢

Ttem In air In vacuum Inair In vacuum
Latch-up time, s 2.15 1.98 0.08 0.07
Latch-up velocity, rad/s  0.94 1.04 0.04 0.04

*Deployment angle 1.15 rad.
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data, the standard deviation of the test results will approach
the analytical expected value and 99% of the data will be
included within a range of +3o0.

Natural Frequency
Formulation

The bending stiffness of the ADM affects the natural fre-
quencies of the antenna in deployed configuration. The effect
of the bending stiffness on antenna natural frequencies was
investigated to establish a guideline for determination of the
ADM stiffness and associated component wall thicknesses.

Consider a system in which an elastic body is supported by
a helical spring as shown in Fig. 9. The undamped equation of
motion for the elastic body is

M]{v} + [K]iv} = {F} (12)
in which M is a mass matrix, K a stiffness matrix, v a displace-

ment vector, and F a force vector. The displacement vector
divided into x and y components can be expressed as

(v)= H (3)
¥

The mass matrix is divided in the same way and is assumed to
be a diagonal matrix to keep the matter simple. Equations of
motion for the system are based on the assumption that an-
tenna displacements are expressed as the sum of elastic defor-
mations and rigid body displacement. The antenna displace-
ments are approximately given by

(v = Yalva) + 017 (14)

i=1

(v} = Laiv,) - 01X} (14b)

i=1
where X and Y represent the coordinate vector of nodes and n
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the number of modes. Kinematic energy 7T and potential en-
ergy U are

2T = (i VIM {0} + {0, VIM {9y ) (152)

20 = Y olal (v ' IMA (va ) + (v Y IM, 10y ) + Kof?
i=1
(15b)

in which K, is a spring constant of the ADM and w; the ith
angular natural frequency of an elastic body. Substituting
Eqgs. (14) and (15) into the Lagrange equation,

d [oT or oU
55%)715*%—0 (162)
d (oT oT oU .
dr <8(1,-> " da; +5;‘_ =0 (i=12,..n) (16b)

the equations of motion are obtained:
Py + (P — P)i + Prywia, = 0

Paity + (P — Py)b + Pywla, = 0

17
Poai, + (P — P,,;)‘e' + Phwia, =0
Pz = Pi3)iy + . + (Pp— Pty + P+ K =0
where
Py = (v VMl tvad + (v ) M, vy ) (182)
Pp = {vy ) [M]{Y) (18b)
P = (v, ) [M,]{X) (18c)
Py= {XVIM X} + {Y}IM,]{Y) (18d)

Numerical Results

An antenna is divided into two parts: a reflector and the
ADM. The reflector is an elastic body and the ADM is ex-
pressed as a helical spring. To keep the matter simple, a
cantilevered beam structure was used in replacement of the
reflector. The decrease of the first natural frequency for the
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beam was calculated by considering three lower natural fre-
quencies. The analytical result is shown in Fig. 10, in which w?
is the ratio of the ADM spring constant to the moment of
inertia of the beam about coordinate origin. To satisfy the
frequency requirement of the antenna, each requirement for
the reflector and ADM is determined from the preceding result
by considering the weight needed to make each first natural
frequency high.

The bending stiffness of the beam was calculated using
force-displacement relation at the tip of the reflector. The first
natural frequency of the beam was 7.2 Hz. On the other hand,
the spring constant of the ADM was obtained using measured
force-displacement relations and was about 1.6 x 10* N -m/
rad. In this case, the frequency ratio of w/w; was 0.35 and the
first natural frequency of the antenna was 2.5 Hz. The first
natural frequency is lessened by about 5 Hz owing to ADM
bending stiffness. This indicates that the additional stiffness
increment on the ADM will largely increase the total system
bending frequency if a high frequency is still needed by the
spacecraft system requirement.

Reliability Evaluation
Problems Associated with Reliability Evaluation

Reliability prediction needs a statistical analysis using prob-
ability distributions. Indeed, it has been demonstrated in the
area of electronic parts to be feasible and accurate to make
such statistical determinations.'® Electronic parts are stan-
dardized and produced in large quantities. Furthermore, fail-
ure patterns of mature electronic equipment are reasonably
well defined by the easily managed exponential distribution.
Therefore, electronic parts readily lend themselves to statisti-
cal techniques. On the other hand, many mechanical parts are
designed for a particular application and are not standardized.
It is difficult to classify such parts with respect to reliability
considerations and the assignment of failure rates. These
make reliability determination difficult.

A reliability test may be conducted to obtain data necessary
for the application to statistical analysis. But many reliability
tests of mechanical components are subject to severe realistic
restraint, since many parts cannot be tested because of size,
cost, or time constraints. Because of a lack of basic reliability
data, especially regarding space mechanical components, a
realistic evaluation procedure needs careful selection of test
items to save money and time.

Procedure of Reliability Evaluation

A flow diagram of reliability evaluation is shown in Fig. 11.
First, the ADM was designed to fulfill the previously men-
tioned requirements. Next, the ADM was classified into sev-
eral blocks to make a reliability block diagram. The failure
mode and effects analysis (FMEA) was conducted considering
environmental conditions to identify all possible failure modes,

Structural/mechanical
design .

v

Reliability block
diagram

3

Envu'ox}lpental FMEA
conditions

o>
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Selection of
test items

v

[ Reliability prediction |

Fig. 11 Flow diagram of ADM reliability evaluation.
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among which the critical modes are selected for further inves-
tigation. Finally, deployment reliability was determined using
test data.

Failure Mode and Effects Analysis

Failure modes and their causes were examined considering
all the phases from design to operation. An FMEA chart is
shown in Table 3. Failure ranks are usually given based on the
degree of influence on the antenna system. It is found that
failure in every item leads to the fatal function loss in most
cases. In the present analysis, the failure ranks were deter-
mined on the basis of the failure frequency, the difficulty of
failure prevention, and whether the design was new. Rank I is
indispensable to design change. Rank II requires design re-
view, and rank III is considered minor. In general, the purpose
of FMEA is to take measures to prevent failures by pointing
out design deficiencies from the reliability point of view.
Because the ranks show the degree of failure related to gravity,
they can be considered to give priority in selecting test items.
Thus, the items indicated by rank Il were selected for further
investigation in evaluating the reliability of the ADM. The
bearing performance and friction are critical, and detailed
tests performed.

Failure Modes

Thermal stress is a serious problem because it causes the
variation of bearing clearance. An example of deployment
malfunction is shown in Fig. 12. The deployment angles at-
tained after release mechanism initiation are plotted against
the environmental temperature. Deployment sequence did not
begin at the temperature of — 90°C, and the deployment was
accomplished fully at a temperature of about — 60°C. As a
result of clearance measurements on bearings in the identical
lot, it was found that the bearing clearances were distributed
in a wide range as indicated in Fig. 13 and that a considerable
number of bearings had smaller clearances than the catalog
data. The difference of thermal expansion ratio among the
arm, bearing, and shaft caused the contraction of the arm,
and this reduced the bearing clearance. Hence, titanium bush
was interposed between the arm and bearing so that no exces-
sive force could be applied to the bearing in the temperature
range of — 90-150°C to prevent failures derived from the
reduction in bearing clearance. The change of bearing clear-
ance due to the contraction of the arm is given by

2mé
2 1 2
(mz_l){_m_f__w_E_n [L*_‘HZB

m2—1 E, | n?2—1

A=

19)

where m =b/cand n =a/b.

In Eq. (19), a is the outer diameter (0.d.) of the bush, b the
o.d. of the bearing, ¢ the inner diameter of the bearing, 6 the
interference between the bush and the bearing outer ring, F
Young’s modulus, » Poisson’s ratio, and subscripts 1 and 2
show the quantities related to the bearing and the bush. It is
found that the titanium bush effectively lessens the change of
bearing clearance.

It is absolutely necessary to understand Inbricant character-
istics, because there is quite a possibility that a change of the
characteristics interrupts the antenna deployment. The tests
on parts are more advisable than those on the assembled from
the standpoint of cost saving. Still, since characteristics of
parts may not represent the characteristic of the parts actually
used in the mechanism, the tests of a few mechanisms are
actually required. Therefore, it is very important to establish
the evaluation method of lubricated parts by seeing part char-
acteristics in relation to ADM characteristics. A procedure is
shown in Fig. 14. Because the difference in part test conditions
and environmental conditions (ADM test conditions) causes
the disagreement between two characteristics, part test condi-
tions were improved by inspecting the sliding surface and
friction coefficient in two conditions. After we confirmed that
the sliding surfaces on parts themselves and those inserted into
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the ADM suffered a similar damage, we continued to acquire
part data. An example of latch-pin friction characteristics is
shown in Fig. 15. Friction coefficients both in a vacuum and
in air that are initially about 0.2 start to increase after a few
thousand cycles. The friction coefficient in a vacuum is noted
to be smaller than that in air. The latch pin will have enough
endurance life when one considers the actual latch-pin opera—
tion cycles both before and after the satellite launch

Deployment Reliability

The probability of failure concerning mechanical parts such
as springs, sliders, and bearings is very small during the mis-
sion life. Because the ADM is used only once, it is not always
effective to perform a life test of the parts. It is proper that
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deployment reliability is considered to be determined by part
characteristics, because deployment dynamics depends on
those characteristics. Assuming that the deployment reliability
of the ADM mainly depends on the magnitude of the differ-
ence between the driving and friction torques, the deployment
reliability is defined as

R =prob(X>Y) 20)
in which X is the driving torque and Y the friction torque.
Since the driving and friction torques of ADM constituent
parts are fitted to normal distribution as previously stated,
these torques of the ADM can be also fitted to normal distri-
bution. Deployment reliability is easily obtained by computa-

Table 3 Failure mode and effects analysis of the antenna deployment mechanism

Failure
Assemblies Items Failure modes Causes Influences on system rank
Chassis Chassis Break/damage Dynamic and static load Unfulfillment of communication system 111
assembly Deformation Temperature change Drop in electrical performance 11
Dynamic and static load
Shaft Shaft Damage Dynamic and static load Drop in electrical performance 111
assembly Deformation Dynamic and static load Drop in electrical performance 111
Bearing Reduction in clearance Temperature change Unfulfillment of communication system 11
Increase in clearance Temperature change Drop in electrical performance I
Break/damage Dynamic and static load Unfulfillment of communication system 111
] Faulty fitting
Deformation Dynamic and static load Drop in electrical performance 11
Faulty fitting
Lubricant Peeling Slide Unfulfillment of communication system 1I
Inadequate lubrication
Increase in friction torque  Temperature change Unfulfillment of communication system I
Pressure change
Contamination Dust Unfulfillment of communication system I
Latch-pin Latch-pin Damage Shock load Drop in electrical performance I
assembly Spring Decrease in load Temperature change Drop in electrical performance 111
Arm assembly Arm Break/damage Dynamic and static load Unfulfillment of communication system 111
Deformation Dynamic and static load Drop in electrical performance 1
Driving spring  Drop in driving torque Temperature change Unfulfiliment of communication system 1I
Lubricant Peeling Slide Unfulfillment of communication system il
Inadequate lubrication
Increase in friction Temperature change Unfulfillment of communication system II
coefficient Pressure change .
Contamination Dust ) Unfulfillment of communication system Il
Block Deformation Temperature change Drop in electrical performance 3t
Connecting Bolt, nut, screw Looseness Dynamic and static load Drop in electr'{cal performance I
parts Damage Dynamic and static load Drop in electrical performance 1
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Fig. 16 Torque distribution of the ADM.

tion using the measured data. The example shown in Fig. 16
yielded the reliability of 0.9,,5. The reliability of the ADM
subsystem is the product of this failure and the structural
reliability. The actual reliability target will be determined con-
sidering the total system reliability requirement, weight, and
cost.

A very high reliability can be derived even under a very
conservative assumption as defined in Eq. (20) using the com-
ponent data obtained in a limited number of selected test
items. This evaluation procedure may be justified by the fact
that the reliability of a mechanical system that operates only
once is demonstrated avoiding very costly system tests that will
require a substantial number of identical mechanisms.

Conclusion
An analytical study was performed to predict deployment
dynamics of an antenna based on the fact that the driving and
friction torques of the ADM constituent parts fit the normal

SATELLITE ANTENNA DEPLOYMENT MECHANISMS 187

distribution. The expected value and variance of latch-up time
and velocity were calculated using the mean and standard
deviation of each part distribution. The analytical approach is
confirmed to be valid from the test results, which comprised a
range of o predicted by the analysis.

The effect of ADM bending stiffness on antenna natural
frequencies was studied analytically to establish a guideline for
determination of the ADM bending stiffness. Equations of
motion for a system in which an elastic body is supported by
a helical spring were led on the assumption that the displace-
ments of the antenna are expressed as the sum of elastic
deformations and rigid body displacement.

A procedure was proposed to evaluate the reliability of the
ADM. An FMEA was conducted to identify all possible fail-
ure modes. In this analysis, failure ranks were determined on
the basis of the degree of influence on the antenna system, the
failure frequency, the difficulty of failure prevention, and so
on. Critical failure modes from FMEA were found to be the
bearing performance and friction torque. Assuming that the
deployment failure mainly depends on the magnitude of the
difference between the driving and friction torques, the de-
ployment reliability was computed based on these distribu-
tions. The procedure proposed in this paper is a realistic and
reasonable evaluation method for a mechanical component.
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