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Abstract

A deep understanding of deployment behavior of a Solar Array Wing (SAW) is a necessity for in-orbit
spacecraft operations, but also for an adequate and optimized sizing of the subsystems composing the
SAW itself.

In general, the simulation of SAW deployment allows for design optimization and provides inputs to SAW
mechanical analysis during early stages of projects. Additionally, by considering on-ground effects due to
testing constraints separately (e.qg., friction from SAW gravity offloading devices), an accurate prediction of
the in-orbit behavior of the SAW deployment can be made by later-on removing these on-ground effects in
the simulation [1].

However, the prediction of the deployment dynamics is a complex exercise due to the large number of
parameters and their interdependencies which must be considered. Highest attention is to be paid towards
the Synchronization System (being the core of the deployment dynamics) in order to generate reliable
predictions.

In this research, we are presenting the different modelling approaches which we implemented for the
simulation of our SAWS’ Synchronization System. In addition, we are going through the hardware testing
required to get the necessary input for our models. This testing spans from cable-level tests to flight model
SAW level tests, via extensive testing on a breadboard wing, built specifically for the study of our
Synchronization System.

Introduction

In order to support the development of SAWs within Beyond Gravity, a simulation tool predicting the SAW
deployment behavior has been built using the Simscape Multibody toolbox within the MATLAB/Simulink
framework. The different modelling approaches of the synchronization system presented in this paper are
thus done using the same environment.

Lessons learned on collection of parameters from hardware as well as its implementation into the simulation
are presented to show the different iterations which were required to achieve creating a baseline for
deployments simulations reaching a reasonable accuracy level without overcomplications. It is to be kept
in mind that the model in questions aims to give a general understanding of the deployment dynamics to
help sizing the different systems of the SAW during its development.

Even though this paper focuses on the synchronization system, it is important to note that the model
elaboration and correlation highlighted the importance of using input data obtained from SAW-level tests to
generate and improve the core functions of our simulation framework driving the synchronization of the
SAW, and not only to rely on mechanism behavior measured at component level. It is indeed one of the
lessons learned.
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Synchronization System Background

The synchronization system mechanism of Beyond Gravity is shown in

Figure 1. It is composed of a set of pullies at each hinge-line and a pair of cables connecting the two hinge-
lines. In general, the SAW deployment is powered by springs at each hinge-line and the whole wing is
damped by an Eddy Current Damper (ECD) [2] situated at the root hinge. The cables used by Beyond
Gravity for the synchronization system are made from braided Kevlar fibers. Despite the tests done with
multiple cable types and parameters, all the results presented in this research focus on the parameters
achieved with one cable type only, for simplicity reasons.

Figure 1. Synchronization System

The main pullies of the synchronization system are all made of aluminum while the rollers (name given to
the small pullies redirecting the cables and maintaining them in positions) are made of stiff polymers.

Synchronization System Modelling

As the Synchronization cables in use are made from braided Kevlar fibers, several intrinsic parameters
have an influence on the stiffness and damping behavior of the system, such as the braiding angle, overall
cable length, and splice length of the cable. As these parameters may vary between projects, or even
between two Synchronization Systems within one project, these parameters need to be accounted for in
the modelling of the cables.

This is why multiple modelling approaches have been tried out and compared with each other. These
methods could be categorized as: using only building blocks from the provided simulation framework,
patching a custom synchronization system model into the framewaork, or even finding an in-between hybrid
solution. They are described below along with their dedicated lessons learned.

Model A
The original idea was to keep the general SAW model as simple as possible. For this reason, the
synchronization system was not modelled using rather complicated multibody objects, but the redistribution
of torque between hinge-lines was driven by a mathematical function. At this initial state, only the hinges’
angular difference to each other and thus cable elongation was used to calculate the cable force and thus
resulting torque on the hinges. The cable is thus considered as a spring with a constant stiffness as can be
seen on
Figure 2.

Figure 2. Model A
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Figure 3. Cable during Figure 4. Plot of 10 tensioning cycles. The used data is highlighted by the
tensile testing red box. Only tensioning stiffness is used, not relaxation

To feed such model, the Kevlar cables are characterized under multiple cycles of tensioning as shown by
Figure 3. The stiffness of the cable is then extracted from the linear portion of the tensile test results (see
Figure 4). This was justified by the expected operating cable force range coming from the initial simulations.
In order to better capture the variability of the cable, an average is done on the behavior observed during
multiple cycles.

Initially it was expected that modelling the synchronization system between two hinges simply as a spring
would be sufficient, with its constant stiffness corresponding to the theoretical synchronization cable
stiffness. However, it eventually became clear that more complex modelling was required in order to
accurately represent the complete system.

For example, linearized cable stiffness as measured during tensile tests cannot be used as-is for cable
simulation as it doesn’t encompass its actual non-linear behavior, especially apparent at low cable forces.
During wing-level tests it has been discovered that the cables were working at a lower stiffness than
anticipated, as the angle difference between hinges was measured to be larger than expected, at least for
a part of the deployment. For this reason, Model B was implemented.

In addition, the stiffness of the cable is constantly evolving: the more tensioning cycles, the stiffer it
becomes. The main reason for this is related to the realignment of fibers within the Kevlar braid. As this
effect tends to reduce over the number of cycles, it has been decided to consider only the values starting
from the second tensioning cycle. To be able to justify this omission, the step “cable integration into the
SAW” had to be adapted. A pre-tensioning step has been added to the flow in addition to some
recommendations on handling of these cables, to minimize disturbances in the fiber arrangement. The
addition of this new step into the installation process also has the advantage of ensuring a bit more
repeatability between multiple deployments on the same wing or between deployments of similar wings.

Model B
The second model extends the first one, but this time, the stiffness of the cable is modelled to be dependent

on the elongation of the cable. This was expected to represent more closely the behavior observed during
tensile testing of the single cable. This model is shown on Figure 5.

Figure 5. Model B
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This model is fully based on the test results obtained at cable level on the tensile test bench. Only the
implementation of the results in the simulation tool is modified. It can be seen on Figure 6 that results
obtained show a completely different behavior in SAW deployment, especially during the initial dynamic
motion of the outer panels. However, at this stage the simulated results were still quite far from observed
behavior.
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In order to verify that the assumptions on the cable working range were realistic, the actual cable force was
measured on the cable itself during a deployment on a SAW structural model. The SAW used during the
test was composed of two panels and the cable force measurement device attached can be seen in Figure
7. It has to be noted that this approach cannot be used on flight model hardware as the device clamps and
therefore potentially damages the cable.

Implementing the cable stiffness as a function of cable elongation or cable tension was expected to be a
more representative approach than the original implementation. However, this was found to not be entirely
sufficient, as it became clear that the cables exhibit a non-negligible hysteresis, where energy is lost in the
cable when force is applied to it, effectively making it a sort of damping element. One issue that arose at
this stage was that the initial state of the installed cable with respect to the one during the tensile test is not
known. This makes it difficult to achieve similar results between simulation and deployment if the initial
parameters set-up in the simulation have a minor deviation from actual built-in values in the hardware.

Measuring the cable force directly on the SAW turned out to be less instructive than hoped. This method,
being invasive, disturbed the synchronization system locally and thus the results could not be exploited to
their full extent. As the cable force throughout the entire deployment is an important metric in order to
compare it with the allowable loads of the hinges, it has been decided that future cable force estimates
would be extracted from hinge angles measured via video analysis of deployment videos.

Model C

After observing the damping during panel oscillations during SAW deployments and the lack thereof during
deployment simulations, it has been decided to model hysteresis in the mathematical representation of the
Synchronization System to better represent this loss of energy and get more accurate results. The updated
model is shown in Figure 8.
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Figure 8. Model C

The damping was initially determined based on hysteresis of the data obtained during tensile test results.
It has then also been estimated by analyzing deployment videos of a two-panel SAW developed at that
time. All different losses in the Synchronization System are grouped into this one parameter instead of
modelling all of them individually.

The loss of energy within the cable is assumed to be mainly coming from inner friction of the cable, more
specifically from friction generated between the fibers composing the braid.

Furthermore, a change in cable behavior throughout multiple tensioning cycles on a tensile test bench was
observed, which also showed that the deployment dynamics of a SAW will be significantly influenced not
only by the initial state of the cable at its installation into the SAW, but also by the number of deployments
already conducted with the SAW. This could be confirmed in tests conducted with the two different HERA
SAWSs, namely the protoflight model and flight model.

A further lesson learned during this process of cable characterization was therefore that an initial pre-
stretching preparation of the cables before installation on the SAW could partially mitigate this variability
between deployments.

This modeling approach provided good predictions after correlation with the two hinge-line SAW, however
it turned out to lack scalability (i.e., adding more panels decreased the prediction accuracy).

Model D

As the mathematical cable model was starting to become more abstract and parameters could not easily
be associated with physical characteristics, it was decided to change the approach by including in the model
the components which were previously neglected such as the rollers and pullies with their internal friction.
This is illustrated by Figure 9.

The newly added components have been initially characterized at a breadboard level as can be seen on
Figure 10. The friction of the rollers as well as their force transfer based on the contact angle of the cable
on the roller has been measured. In parallel, deployment tests with a breadboard SAW have been
conducted to gather deployment data of the complete synchronization system and not having it only as a
sum of its contributors.

Figure 9. Model D
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The breadboard SAW, as seen on Figure 11, is a wing with a flight representative synchronization system,
hinges, and realistic mass, but with frames replacing the standard sandwich panels. This breadboard SAW
can be adapted to different configurations, most notably the number of panels. A great feature of this
breadboard is that it facilitates the understanding of the dynamics of one single Synchronization System,
but then also the interactions of the various Synchronization Systems with each other. The use of a gravity
offloading jig is required during deployments, and its influence was also accounted for in the deployment
simulation.

Figure 10. Roller friction test Figure 11. Breadboard SAW for Synchronization Cable
characterization (Yoke + 2 panel configuration)

The reason why a breadboard wing was built was the eventual realization that correlation of simulations
using only component-level data as input with wing-level deployments proved to be exceedingly difficult.
The breadboard enabled the acquisition of wing-level data and therefore a more direct correlation between
simulations and deployment tests. From the roller friction test, it also became clear that cable is stressed
differently on each side of the roller. This was not modelled up to this point, and it became clear that the
rollers should no longer be neglected.

Model E

As the mathematical modelling approach described in the sections above was still failing to yield
consistently accurate results and correlation was very difficult, it was finally decided to model the
synchronization system fully within the multibody framework instead of the patchwork mathematical
approach. This modelling approach now “physically” links two hinge-lines to each other, rather than
distributing torque based on a mathematical function.

Figure 12. Model E

Deployment tests have been performed on multiple FM SAWSs, e.g., on the HERA SAW built for the
European Space Agency (see Figure 13). While this is useful for detailed correlation of the model, it
however only allows less intrusive measurements and less flexibility in test configurations than the methods
which can be used on the breadboard SAW. Figure 14 compares the simulation results with data obtained
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via video analysis of two different deployments of the same wing. One can see non-negligible differences
between two deployments, especially on the outer panels (called PH3 in the graph).
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Figure 13. HERA SAW in mobile Figure 14. Plot of variation between Simulation (Model E) and
deployment rig two Deployments of same SAW

Comparing the cable approach in Model D and in the Model E, no clear conclusion could be reached on
their accuracy. The reason for this is mainly the deployment behavior of a wing evolving over the number
of deployments, and even more if two wings of the same type are compared, as shown in Figure 14.

Conclusion

During the investigation and comparison of each of the modelling approaches, lessons learned have been
collected on both the testing and the use of the available test results. The driver for adding new parameters
was mainly the increase of panels within a wing as prediction deviations grow with the number of panels.
As the testing presented has only been performed at cleanroom conditions, the general deployment
simulation model has also been correlated uniquely at these temperatures. Future work could be focusing
on repeating this exercise in other conditions as each component of the synchronization system may have
different reactions to environment changes. In general, one can say that the current accuracy reached by
the last iterations of the models is very satisfactory in regard to the intrinsic variation in deployment behavior
of the same wing when deployed multiple times. Thus, the simulation provides a reliable prediction helping
the sizing of the different components of the synchronization system and assessing parameters such as
overall deployment time and deployment envelope.
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