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Abstract

During the in-orbit deployment of a large solar array on a communication satellite, it was observed that the
time required for successful deployment was significantly longer than the analysis predictions. The trend of
angular reaction rate induced on the spacecraft during the deployment was also significantly different
compared to analysis. A multi-body dynamics model developed using ADAMS software is used to study
the solar array deployment dynamics. Synchronization among multiple hinge-lines is achieved using a
Closed Control Loop (CCL) assembly consisting of flexible cables and compression springs. Torque exerted
by CCL depends on the differential rotation of consecutive hinge-lines, and large difference in deployment
angle can result in complete compression of CCL spring to its solid length, thereby affecting the CCL
stiffness. Sensitivity of spacecraft angular rate to stiffness of CCL is investigated. This stiffness change
affects deployment dynamics. A tension-based mathematical model for CCL to account for complete spring
compression is presented. Case studies are carried out to identify contributing factors for the long
deployment time observed in-orbit. As a result, an enhanced multi-body dynamics model is developed to
better predict the deployment dynamics observed in-orbit. A subsequent spacecraft with different
configuration of a solar array with same sized large panels is also analyzed using this enhanced model.
The deployment dynamics predictions for the subsequent spacecraft compare well with the in-orbit
observations, further validating the analysis model.

Introduction

Large solar arrays are required to meet growing power demands for spacecraft to support payload
operations. Spacecraft solar arrays are stowed during launch to meet launch vehicle envelope constraints
and structural stiffness requirements. They are deployed after reaching the intended orbit to enable
spacecraft operations. A typical solar array consists of a yoke and multiple panels, connected by hinges.
Another hinge connects the yoke to the spacecraft. During launch, panels are stowed on the spacecraft
structure by a hold-down and release system. Release of the hold-down system initiates the deployment
process, driven by torsion springs mounted on the hinges connecting the panels. The hinges are locked by
a cam and pawl arrangement at the end of deployment. A flexible cable-based CCL connecting consecutive
hinge-lines coordinates the angle of deployment to ensure a near-simultaneous deployment of all panels.
An eddy-current damper is used to reduce latch-up energy and hence, stress on hinges and panels.
Deployment is also influenced by electrical harness, hinge friction and inter-panel ejector springs.

A large solar array on a successfully launched communication satellite was configured with five panels
(panel size: 3.3m x 2.1m) in T-configuration and a yoke (3.3m x 2.1m) as shown in Figure 1. In-Orbit
deployment was planned in two stages: primary and secondary. Panels 1, 2 and 3 along with yoke were
deployed during the primary deployment. Panels 4 and 5 were locked to panel-1 during primary deployment.
Subsequent to latching of panels in primary deployment, the hold-down corresponding to the Panels 4 and
5 was released to initiate secondary deployment and latching of Panels 4 and 5. The spacecraft consisted
of two such solar arrays, one each on the North and South decks.

A multi-body dynamics model is used to evaluate the deployment mechanism performance and to
determine deployment time, velocities and reaction angular rates induced on the spacecraft during in-orbit
deployment. The deployment dynamics model is developed using ADAMS, a multi-body dynamics analysis
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tool. The modelling approach is derived from solar arrays, characterized by smaller sizes and lower inertias,
which have demonstrated good correlation with in-orbit observations from earlier spacecraft. The ADAMS
model in stowed, deploying and fully deployed configurations during the primary deployment is shown in
Figure 2. Solar array deployment mechanisms are tested on ground by providing overhead gravity
compensation systems. These systems are provided with slope in the deploying direction to compensate
for friction in the test set-up. The effect of gravity compensation systems is included in dynamics models to

predict ground test performance. The dynamics models are validated by comparing analysis results with
ground test results.

Panel-4

Panel-1 ! Panel-2 Panel-3

Spacecraft

Figure 1. Fully Deployed Solar Array Configuration

Figure 2. Stowed, Deploying and Deployed Configurations of ADAMS Model During Primary Deployment

The ADAMS model for the large solar array configuration was validated with ground tests. The predicted
deployment time range for primary deployment was evaluated to be 61s to 74s and deployment time
observed in ground test was 71s. Subsequently, the solar arrays were stowed and vibration tests were
conducted on the spacecraft. It was later transported to launch pad where deployment tests were again
carried out for both North and South solar arrays. Deployment of South array was carried out first and the
time for deployment was observed to be longer than expected. The test observation was attributed to the
friction in overhead gravity compensation test system and lower hinge spring torque margin for ground
deployment. The test set-up was cleaned and deployment test was repeated. The deployment time
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observed in the second attempt was 68s which was as expected. Next, a deployment test was carried out
for the North solar array which also exhibited delayed deployment on the first trial but the all subsequent
attempts were successful with nominal deployment times. Finally, as a measure of precaution, the spring
at the Satellite-Yoke hinge was modified to improve torque margin.

In-Orbit Observations

The estimated deployment time range for in-orbit deployment was 54.0s to 61.1s. However, the in-orbit
data indicated that the first hinge latched at 91.9s. Subsequently, other hinge-lines latched at 100.3, 107.6
and 118.7 seconds from the start of deployment. Deployment time for each hinge-line was monitored using
micro-switches. The details of hinge-lines and corresponding deployment time, both for analysis model and
in-orbit observation are summarized in Table 1. As the solar array deploys, a reaction rate is induced on
the spacecraft. When each hinge line latches the panels are set into oscillation, which is reflected in the
spacecraft angular rate. After all of the hinges are latched, the oscillations correspond to the deployed
natural frequency of the solar array. The spacecraft telemetry plot showing the spacecraft angular velocity
about the axis parallel to the solar array hinge axis (Roll axis) is shown in Figure 3. In absence of any other
dedicated telemetry, spacecraft roll rate and micro-switch data provide important information regarding the
behavior of solar array during deployment. A comparison of the in-orbit data and analysis prediction of
spacecraft roll rate during deployment is presented in Figure 4. It is evident that the in-orbit deployment is
considerably slower compared to prediction, and the predicted roll rate curve has regions of unexpected
slope change. The results for the South solar array deployment are shown, however similar in-orbit behavior
with delayed latching was also observed for North solar array.

The work in this paper addresses the difference between analysis predictions and in-orbit observations
during the primary deployment and discusses the probable causes. The paper presents a mathematical
formulation for CCL, accounting for the complete CCL spring compression to its solid length, along with its
implementation in ADAMS. CCL tension variation during different deployment phases and corresponding
stiffness are discussed. It also presents results of the sensitivity analysis and highlights the major modelling
changes carried out to improve the prediction of deployment time. Finally, the enhanced model is used to
evaluate dynamics of a solar array on a subsequent spacecraft launched successfully. Analysis results for
the subsequent spacecraft solar array dynamics compare well with in-orbit observations, thus validating the
model further.

Table 1. Solar Array Latch Time Comparison

Predicted Measured In-Orbit
Hinge line Time (s) Hinge line Time (s)

Yoke-Panell 54.0 SADA-Yoke 91.9
Panel2-Panel3 56.4 Panell-Panel2 100.3
SADA-Yoke 58.5 Panel2-Panel3 107.6
Panell-Panel2 61.1 Yoke-Panell 118.7
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Figure 3. Spacecraft Roll Rate during Solar Array Deployment
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Figure 4. Comparison of Roll Rates From in-Orbit Observation and Analysis Prediction
Probable Causes and Preliminary Analysis

Vorlicek et. al. [1] highlight that nominal deployment of solar array mechanism requires lubricated hinges,
appropriate clearances and favorable temperatures. In spite of meeting the above requirements, a large
variation between the predicted and actual deployment time is observed. Some of the major factors that
influence the rate of deployment of solar arrays are,

a. Mass and inertia properties of the panels
Torque characteristics of preloaded torsion springs that provide energy for deployment
Stiffness characteristics of CCLs which coordinate deployment among different hinge-lines
Eddy current damper that dissipates energy to reduce latch up velocities
Aiding/resisting torque characteristics of electrical harness
Hinge friction

~0o0oT

Systematic analysis is carried out studying the impact of each of the above influencing factors. Sensitive
parameters are identified and the observations are presented below,
a. 10% reduction in all spring preloads results in ~11% increase in the time for first latch. Drop in
spring preloads is however not a likely scenario and hence is not explored further.
b. Increase in CCL friction results in increased time, however the contribution is limited to 10%.
c. One particular case that results in better trends and increased deployment time involves increasing
the harness resisting torques and increasing the damping coefficient of the eddy current damper.
d. The spacecraft roll rate is found to be sensitive to the temperature of CCL loops when the dynamics
is analyzed for extreme temperature variations. The hinge temperatures during in-orbit deployment
were within acceptable range of 10-70°C, and hence this option is not explored further.
e. CCL modelling is found to be the governing factor behind ‘non-smooth’ predicted curve (Figure
4(b)), and the peaks are attributed to the modelling of sudden increase in CCL stiffness when the
CCL spring undergoes complete compression and reaches its solid length. A CCL assembly
connecting two consecutive hinge-lines is shown in Figure 5. CCL schematic depicting two
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segments separated by tabs (cable anchoring points) is shown in Figure 6. Pulley-1 is fixed to the
Panel-1 and Pulley-2 is fixed to the Panel-3. A temperature compensating spring helps to retain
CCL tension under varying in-orbit thermal conditions. A single CCL segment depicting the
compression spring and cable in series is presented in Figure 7.
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Figure 5. CCL Assembly Connecting Two Joints
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Figure 6. Schematic of a CCL Consisting of Two Segments Separated by Tabs
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Figure 7. Schematic of a Single CCL Segment Consisting of Cable and Spring

Force in the CCL segments vary during deployment due to differential rotation between hinge-lines thereby
exerting torque on hinge-lines to coordinate deployment, thus influencing both deployment time and
spacecraft rates. B. Wie et. al. [2] mention that CCL acts as a passive-control device and the torque is a
function of the differential angle. Oskar Wallrapp et. al. [3] and Yuanyuan Li et. al. [4] model CCL force and
the resulting torque as a function of pre-tension, change in distance between the pulleys and relative
rotation of hinge-lines. The radial and tangential forces on pulleys for unequal radius are also discussed.
They consider the stiffness of cable for arriving at CCL stiffness. Hongdong Wang et. al. [5] have also
considered CCL for synchronous deployment and used stiffness of the cable for modelling CCL torque.
CCL loop connectivity and torque distribution on panels due to CCL are also depicted. Vorlicek et. al. [1]
discuss the presence of springs on CCL cables to compensate for changes in cable length due to
temperature. Generalized torque exerted by flexible CCL cables considering the potential energy
formulation is discussed by Nataraju et. al. [6], K Balaji et. al. [7] and B Lakshmi Narayana et. al. [8]. They
assume constant CCL stiffness during deployment which is equal to the effective stiffness of the cable and
spring. Effect of spring stiffness is discussed by B. Wie et. al. [2] where they mention that springs act as
“hard cables” beyond a certain stretch, however the cable torques are modelled simply as the function of
stiffness and differential rotation.
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The potential energy [6-8] stored in a CCL assembly is given by Eqgs. 1-2

1
U= 3 (dif ference in angle of rotation)?(pulley radius)?(stif fness) ¢))
1/(R, 2,
U= (ta+B) Rk +ky) @
2\R,

Where:

R; are the pulley radii

a and B are the generalised coordinates

k; are the effective stiffness of different CCL segments.

The generalized torque (Eq. 3) at each hinge-line is obtained by differentiating potential energy with respect
to the corresponding generalized coordinate.

oU R,

The above partial differentiation assumes that R; and k; are constants and any variation in these paramters
is not captured in the above equation. R; is a physical parameter which cannot change during deployment.
However, k; can change during deployment if the CCL spring reaches its solid length or if the CCL slackens
during deployment. This mathematical formulation assumes that the stiffness of the cable assembly
remains constant. In preliminary studies, it is observed that the differential rotation between hinge-lines can
compress the spring to its solid length during deployment. This results in an increase in stiffness as spring
stiffness approaches a very high number. The effective CCL stiffness changes from effective stiffness (k)
to cable (wire rope) stiffness (k,,) as the spring gets fully compressed as shown in Figure 8. Thus, the
mathematical formulation for CCL is required to be modified to account for stiffness change which is
presented in the next section. Note that k,, corresponds to the stiffness of total length of cable in a segment.

Stiffness, k
&

Full Spring Extension
Compression

Figure 8. Change in CCL Stiffness with Extension
Tension-based Formulation of CCL

The tension based model focuses on evaluating tension in the CCL cable loops and then evaluating torque
at the pulley. Tension in the CCL is a function of the relative rotation of the two pulleys and the resulting
state of compression spring. If T, and T, are tensions in two segments of the CCL and R is the pulley radius,
torque is given by Eq. 4.

Torque = (T; — T,)R 4)
Let Leyee, Lo, and Ly, represent the length of a CCL segment corresponding zero preload (free length),
stowed configuration (non-zero preload), and fully compressed spring respectively. Also, let AL be the
difference between segment length at a given instant (L) and stowed length (L,) as given by Eq. 5. The

change in segment length from the free (zero preload) to stowed (preloaded) configuration is termed Static
Deflection (o) as given by Eq. 6. Change in segment length from stowed (preloaded) to complete spring
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compression is termed Full Spring Compression (8) and is given by Eq. 7. The change in segment length
corresponds to the sum of change in length of spring and cable. Full spring compression in terms of change
in length of the spring alone is given by Eq. 8. If the total segment length is greater than or equal to §, the
spring will be in fully compressed state. Note that if cable is infinitely stiff, the change in segment length will
simply be equal to the change in spring length.

AL =1L~ L, ©)
o = LO - Lfree (6)
8 = Lsoria— Lo ™
k
=01+ k—s) (stowed length of spring — solid length of spring) (8)

The mathematical expression that defines tension in CCL segment for all three phases is given in Eq. 9.
The corresponding plot is shown in Figure 9 where F, denotes the preload in the CCL segment in stowed
configuration. Finally, energy in the CCL segment can be evaluated using Eqg. 10.

0: AL< —0o
Tension = keff(AL +0) : —0<AL<6 (9)
keff(8 + 0') + kW(AL - 8) 5 < AL
0: AL< —o
1
i 2. _ <
Energy = 2 keff(AL +0)°: o< AL<S§ (10)
1 1
Ekeff(s +0)? + ks (8 +0)(AL - 8) + EkW(AL —-8)%68 < AL
l_.. r Y
o
2
[4)]
=
]
|—
_____ k,
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Figure 9. Tension in CCL Segment during Different Phases

A CCL that coordinates deployment of two hinge-lines that open by different angles requires different pulley
radii. An additional torque is also required to be modelled to completely represent the CCL. Figure 10 shows
tension in CCL with different pulley radii where 6 is the angle of the cable with respect to the line joining
centers of the two pulleys. The free body diagrams for the pulleys are shown in Figure 11 and the equivalent
force diagram of yoke is shown in Figure 12 where R, and R,, denote the axial and normal forces. Eq. 11
defines 8 where R,and R, are the radii of the two pulleys. Eq. 12 is valid as the pulley radii are much smaller
compared to the yoke and panel length. Torque on yoke is given by Eq. 13.
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The mathematical expressions for estimation of tension and energy (Egs. 9-10) are implemented in a
Fortran subroutine and linked to the ADAMS model for multibody dynamics simulation. Eq. 4 and 13 are
modelled in ADAMS as torque and the corresponding tension is computed using the subroutine.

Validation of Tension-Based Formulation of CCL

The earlier developed ADAMS model of the solar array is modified to include modeling of only torsion
springs, eddy-current damper and CCLs. The energy content of the total system, which is the sum of
potential energy, kinetic energy, energy damped and energy stored in CCL, is plotted and shown in Figure
13. The constant value of ‘energy content’ during simulation indicates that the formulation and
implementation of CCL tension is consistent with the expected CCL energy. On the contrary, for example,
if the torque acting on the yoke (Eq. 13) is not modelled, the energy content graph will not be constant,
indicating inconsistent tension model. Figure 14 plots the stiffness of CCL during deployment. Stiffness_ij
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indicates the ‘j'th segment of the ‘i'th CCL. The elevated CCL stiffness indicates complete compression of
the spring (where CCL stiffness increases to cable stiffness) and zero stiffness indicates slack CCL. The
nominal stiffness corresponds to the effective stiffness of the spring and cable in series.
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Figure 13. Energy Content during Deployment
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Figure 14. Change in CCL Stiffness during Deployment
Model Enhancements to Address In-Orbit Observations

Enhancements in the ADAMS model, to improve the estimate of deployment time and spacecratft roll rate
variation during deployment, and to address the differences with respect to in-orbit observations are
discussed below.

CCL Formulation

Tension based CCL model as discussed in the previous section is implemented. Also, tensile tests are
carried out to evaluate the stiffness of CCL cable. The measured stiffness is found to be lower than the
value used in initial model. Change in hinge friction due to variation in CCL tension during deployment is
also captured in the model. Updated formulation and accurate stiffness modeling of CCL improve the trend
of spacecraft body rate (shown in Figure 15(a)), eliminates the sharp corners (as were observed in Figure
4(b)) and increases the time of final latch from 60s to 72s.

Harness Characteristics

The electrical harness is looped across hinges and anchored to panels such that it aids the deployment for
most of the hinge rotation. The initial model used harness torque characteristics which did not account for
the storage effect from final stowing till in-orbit deployment of solar array. Harness characteristics
accounting for the storage effect are measured and implemented in the ADAMS model. Test results reveal
that the aiding torque drops significantly and the resisting torque increases when the harness is stored for
long duration. The deployment dynamics results are sensitive to harness torque characteristics and the
time for first latch increases from 53s to 77s. Time for final latch increases from 72s to 88s. The spacecraft
roll rate estimated during deployment from the model updated for CCL formulation and measured harness
torque characteristics is depicted in Figure 15(b).
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Damping Rate of Eddy-current Damper

Experimental observations indicate that the damping rate typically varies within a range of nearly 10%. A
value corresponding to the lower limit was initially used for the analysis which is now modified to the upper
bound, representing greater resistance torque and thus further increasing the first latch time by 14s and
final latch time by around 30s (Figure 15(c)).

Other Factors

ADAMS' Bistop function is used to model the forces resulting from latching of hinges. Stiffness and damping
of the Bistop function are modified to simulate the natural frequency and damping of the deployed array
observed after latching in-orbit. The friction at all hinges is also fine-tuned based on the hinge-
characterization tests which also results in minor changes in deployment time.
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Figure 15. Evolution of Spacecraft Roll Rate during Different Stages of Model Enhancement

Results from the Final Enhanced Model

The variation of spacecraft roll rate during deployment, evaluated using the enhanced model, that accounts
for all changes as discussed in previous sections, is presented in Figure 16 along with the in-orbit observed
roll rate. The comparison of deployment time of all hinge-lines is shown in Table 2. The time for latching of
first and the last hinge-line matches very well with the in-orbit observations. The peak rates are also in
agreement. Thus, the enhanced model is able to model the dynamics of deployment of the large solar array.
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Figure 16. Comparison of Spacecraft Angular Rate during Deployment
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b. Enhanced ADAMS Model

Table 2. Latch Time Comparison for Enhanced ADAMS Model

Analysis Measured In-Orbit
Hinge line Time (s) Hinge line Time (s)
SADA-Yoke 93.3 SADA-Yoke 91.9
Panel2-Panel3 97.1 Panell-Panel2 100.3
Panell-Panel2 99.3 Panel2-Panel3 107.6
Yoke-Panell 119.3 Yoke-Panell 118.7

Case Study for a Subsequent Spacecraft

41
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The enhanced analysis model formulation was also used to estimate deployment dynamics for the next
spacecraft with a comparable solar array configuration. The solar array on this subsequent spacecraft
consists of 2 panels and a yoke, each with a length of 3.3m. The spacecraft with stowed and deployed solar
array is shown in Figure 17. At the initiation of solar array deployment, the spacecratft roll rate is around
0.05°/s. The spacecratft roll rate observed during in-orbit deployment is shown in Figure 18. Peak rate was
observed to be 0.3°/s. The corresponding prediction from the ADAMS model is shown in Figure 19 where
peak rate is estimated to be 0.35°/s. Comparison of deployment time is presented in Table 3. The in-orbit

observed deployment time range was 26.4s to 38.4s which is in close agreement with the analysis estimate
of 27.1s to 39.4s.

Figure 17. Solar Array on Subsequent Spacecraft in Stowed and Deployed Configurations
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Figure 18. In-Orbit Observed Roll Rate for the Subsequent Spacecraft
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Figure 19. Roll Rate Estimated using Enhanced ADAMS Model for the Subsequent Spacecraft

Table 3. Latch Time Comparison for the Subsequent Spacecraft

Hinge line In-Orbit Time | Estimated Time
(s) (s)
SADA-Yoke 26.4 27.1
Panell-Panel2 28.6 29.4
Yoke-Panell 38.4 39.4
Conclusion

A large variation between predicted and actual in-orbit deployment time was observed during a solar array
deployment, even after ensuring lubricated hinges, appropriate clearances and favorable temperatures.
Angular rate induced on the spacecraft during deployment was also different from the prediction. Delayed
deployments were observed during ground tests but only during the trials immediately following long-term
storage of the solar arrays in a stowed configuration. Sensitivity studies were carried out using a multi-body
dynamics model in ADAMS. The mathematical model of the CCL is identified as a significant factor that
contributed to the observed difference in spacecraft angular rate. A tension based mathematical formulation
for the CCL that accounts for CCL spring compression and stiffness change is discussed, implemented and
validated. The model accounts for all phases of the CCL by incorporating the appropriate stiffness value
depending on the differential rotations of hinge-lines. Sensitivity studies are presented and multi-body
dynamics model is updated to address the in-orbit observations. Analysis indicates that deployment time is
most sensitive to resistance offered by the electrical harness which is routed across all hinge-lines, and the
damping rate of the eddy current damper. The resistance offered by the electrical harness increased after
it had been stowed for long duration, subsequent to the final ground test till the start of in-orbit deployment.
Delayed deployments during ground during tests were also observed only in the first attempts after long-
term storage and hence are also attributed to increased harness resistance due to long-term storage. The
enhanced dynamics model simulates the deployment time and spacecraft angular rate which is in close
agreement with the in-orbit observations. The enhanced analysis model formulation was also used to
estimate deployment dynamics for the next spacecraft with a comparable solar array configuration. The
predicted deployment time for all hinge-lines is in good agreement with the in-orbit observation, thus further
validating the enhanced model.
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Lessons Learned

Large inertia solar panels driven by hinges with torsion springs can result in large differential angles,
resulting in compression of the CCL spring to its solid length. The resulting change in stiffness
significantly affects the restoring torque produced by the CCL and the reaction rates experienced
by spacecraft. A CCL mathematical model should accurately account for complete spring
compression (to solid height) and the corresponding change in stiffness during deployment.
Electrical harness running from the panels to the spacecraft must be characterized for its hinge
torque contribution considering the storage time and temperature effects. It was observed that the
resisting torque from the harness can significantly alter the deployment time of a large solar array.
Ground deployment dynamics are sensitive to friction and slope of the gravity compensation
system. Caution should be exercised while validating a dynamics model based on ground test
results. True validation requires correct estimates for friction in gravity offloading trolleys and
correct representation of sensitive parameters.
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