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ABSTRACT
Multifunctional Structures for Attitude Control (MSAC) is a

new spacecraft attitude control system that utilizes deployable
panels as multifunctional intelligent structures to provide both
fine pointing and large slew attitude control. Previous studies
introduced MSAC design and operation concepts, simulation-
based design studies, and Hardware-in-the-Loop (HIL) valida-
tion of a simplified prototype. In this article, we expand the
scope of design studies to include individual compliant piezo-
electric actuators and associated power electronics. This ad-
vance is a step toward high-fidelity MSAC system operation, and
reveals new design insights for further performance enhance-
ment. Actuators are designed using pseudo rigid body dynamic
models (PRBDMs), and are validated for steady-state and step
responses against Finite Element Analysis. The drive electron-
ics model consists of a few distinct topologies that will be used
to evaluate system performance for given mechanical and con-
trol system designs. Subsequently, a high-fidelity multiphysics
multibody MSAC system model, based on the validated compli-
ant actuators and drive electronics, is developed to support im-
plementation of MSAC Control Co-design optimization studies.
This model will be used to demonstrate the impact of including
the power electronics design in the Optimal Control Co-Design
domain. The different control trajectories are compared for slew
rates and the vibrational jitter introduced to the satellite. The
results from this work will be used to realize closed-loop control
trajectories that have minimal jitter introduction while providing
high slew rates.

1 Introduction
Spacecraft attitude control is the process of orienting a satel-

lite towards different points of interest in space, precisely and ac-
curately. These functionalities of the attitude control system are
generally required for the proper functioning of both the space-
craft and the science payload. The performance of an attitude
control system can be measured using several metrics; two met-
rics that are important for many space missions include point-
ing accuracy and pointing stability [1]. Spacecraft with optical
payloads have traditionally demanded the highest levels of point-
ing accuracy, up to the nano-radian (milli-arc-second) scale [2].
Multiple new space telescopes are being designed with unprece-
dented levels of required pointing accuracy [3–5], motivating the
development of new ACS technologies with enhanced accuracy
(while maintaining or improving reliability).

Spacecraft attitude control has been provided convention-
ally by several technologies, including reaction thrusters, mag-
netic torque coils, and momentum management devices; Reac-
tion Wheel Assemblies (RWAs), Control Moment Gyroscopes
(CMGs), and nutation dampers are examples of moment man-
agement devices [7]. A key benefit of momentum management
devices is that they produce attitude changes by temporarily al-
tering the distribution of angular momentum between devices
and the rest of the spacecraft, without expending fuel to produce
any external torques. Despite the flight heritage of RWAs and
CMGs, several mission lifespans have been shortened due to the
common failure modes common to RWA and CMG based Atti-
tude Control System (ACS), resulting in an inability to provide
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FIGURE 1: MSAC system demonstration with the non-holonomic trajectories. The reachable space for the appendage/deployable panel
can be seen as the dashed yellow annulus ring sector. This control trajectory has been discussed and analyzed in more detail in Ref [6].

the pointing required by the science payload [8].
Recent spacecraft with higher pointing accuracy and sta-

bility demands (sub-arc-second) utilize RWAs or CMGs for
arbitrarily-large attitude control maneuvers, coupled with vibra-
tion isolation systems, to achieve the required performance [9].
The pointing accuracy, stability, and reliability required from
ACS systems for future missions motivate the investigation of
fundamentally new ACS strategies with potential for quieter and
more reliable operation.

The Strain-Actuated Solar Array (SASA) ACS was devel-
oped as a joint effort between the University of Illinois and
NASA JPL and NASA Ames to replace massive passive vibra-
tion isolation systems with active jitter cancellation using the de-
ployed solar-panels as multifunctional structures. These panels
provide precise, but limited (small angle), attitude control in ad-
dition to their primary functions. The SASA system has demon-
strated cancellation of mechanical vibration (jitter), and produc-
ing small slew maneuvers that hold a pose for short time periods
[10, 11].

A novel extension of the original SASA system, known as
Multifunctional Structures for Attitude Control (MSAC), was in-
troduced recently [6,12,13]. MSAC augments the capabilities of
the SASA system with the capability of producing arbitrarily-
large slews about all rotation axes. This new functionality is
achieved through mechanical and control system design mod-
ifications that support non-holonomic trajectories required for
unlimited slew angle magnitudes. These trajectories have some
similarities with older concepts that also use variable mass mo-
ments of inertia (VMOI), but the embodiment is fundamentally
different. Earlier efforts relied on mechanical designs with slid-
ing mode contacts [14, 15], whereas MSAC utilizes monolithic
structures, eliminating a key failure mode that is inherent not
only to the earlier VMOI concepts, but also to current RWA and
CMG technologies.

The article first summarizes the current state-of-art of the
MSAC concept and the development and validation of the con-
cept using conventional methods. Then, a new detailed design
process is explained that utilizes Pseudo-Rigid Body Models
(PRBMs) developed for compliant mechanisms to design com-

pliant actuators [16] without requiring expensive Finite Element
Analysis (FEA). The lumped MSAC prototype that has been
realized [12] had a strong two-way coupling between the me-
chanical design and the control trajectories that enable the large
slews. Such classes of problems are known as Control Co-Design
(CCD) problems [17]. Next, the obtained design is validated
using finite element analysis (FEA) for the predicted perfor-
mance. After validating the mechanical response of the actua-
tor, the PRBM model along with the control design is realized in
Simulink. The Simulink model is then utilized to obtain system
performance for trivial control trajectories. The paper concludes
with increasing the fidelity of the Simulink model to include the
drive electronics designed to realize designed the control trajec-
tories, and the difference in energy consumed for different elec-
tronic designs are presented.

2 State-of-the-Art
The MSAC system was discovered when the SASA concept

was realized in a 3D physics engine and the Pseudo Rigid Body
Dynamic Models (PRBDMs) representing the system exhibited a
secular attitude maneuver with random inputs. The MSAC sys-
tem utilizes existing deployable structures/appendages (such as
solar arrays or radiators) as multifunctional devices. This multi-
role use of the solar panels extends their utility at a low mass
penalty, while increasing spacecraft ACS reliability.

In a previous study, the principle of operation of the MSAC
system was introduced in detail and the initial designs for com-
pliant actuators that enable the MSAC concept were introduced
[6]. The utilization of transverse oscillations of the deployable
panels combined with moment of inertia (MOI) reconfigurations,
enables secular attitude slews. Both oscillations and reconfigu-
rations are achieved by exercising the same set of distributed ac-
tuators. Strategic adjustments to MOI between transverse oscil-
lations produce a secular change in attitude, one such simplified
trajectory is demonstrated in Fig. 1. One mechanism for chang-
ing MOI is to induce longitudinal strains, increasing or decreas-
ing the MOI about the vehicle axis of rotation. To illustrate one
possible instantiation of the MSAC concept, the two constituent
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FIGURE 2: Current Technology Readiness Level (TRL) of
MSAC concept: Hardware-in-the-loop (HIL) validation of low
fidelity MSAC prototype using a one degree of freedom roller
bearing (TRL 3).

phases are illustrated using a single axis of rotation MSAC sys-
tem as follows:

1. Strain deployable structures for jitter control or for produc-
ing small slew maneuvers in the transverse panel direction.
This is illustrated in Fig. 1, Phase I to Phase II or Phase III
to Phase IV.

2. Strain deployable structures to alter inertial properties, seen
in Fig. 1, straining from Phase II to Phase III or Phase IV to
Phase I.

In fig. 1 Phase IV, it can be seen that the satellite body has rotated
by a small angle θγ, while the panels have been reset back to
the same relative orientation with respect to the spacecraft as in
Phase I (θa).

Using the simplified system models, an estimate of perfor-
mance metrics for the slew rates were derived, utilizing conser-
vation of angular momentum, obtaining Eqn. (2)

Isat(θγ) = (Ie− Ic)(θa− θb), (1)

θγ =
(Ie− Ic)

Isat
(θa− θb). (2)

The average angular velocity of the attitude maneuver can be
approximated using the following linear approximation:

ωγ ≈
θγ

∆t
=

(Ie− Ic)(θa− θb)
Isat∆t

, (3)

where ∆t = tbc + tbe + te + tc is the time required to perform one
complete cycle (Phase I through Phase IV), as illustrated in
Fig. 1.

Next, a simplified prototype utilizing linear solenoid actu-
ators and rapid prototype parts to perform a Hardware-in-the-
Loop (HIL) test for the MSAC concept. After the initial vali-
dation of the MSAC concept in physics simulations, the MSAC
concept was realized using inexpensive lumped electrical actu-
ators (solenoids) and 3D-printed parts. The linear solenoid ac-
tuators were used with mechanisms that mimicked the lumped
DOFs of the PRBDM model from Fig. 1. The realized proto-
type, depicted in Fig. 2, was tested for attitude slews on a single

FIGURE 3: Illustration of distributed strain actuators used to
produce the contraction, bending, and extension deformations.
Strain actuators (e.g., piezoelectric patches, electromagnetic
coils, etc.) are depicted using small boxes attached to the deploy-
able structure body. Actuators undergoing extension are shown
in red, and those undergoing contraction are shown in orange.

DOF (vertical axis) roller bearing testbed. The results from this
provided hardware validation of the concept, albeit with discrete
actuators which were actuated with relays, and thus only had bi-
nary bang-bang control capability. These limitations constrained
the panel actuation frequency to be close to the first natural har-
monic, and thereby constrained the attitude slew rate and im-
pacted system jitter.

3 Compliant actuator design
With the recent validation of the MSAC concept and reach-

ing a NASA Technology Readiness Level (TRL) of 3 [12], the
next task was to design and realize compliant actuators that can
enable high fidelity MSAC capability, as seen in Fig. 3. To real-
ize non sliding mode based actuation, capable of producing de-
picted in Fig. 3, an example actuator mechanism utilizing piezo-
electric elements was proposed in Ref. [6]. The actuator realized
in this study was based on the previously proposed compliant
actuator design, modified for ease of manufacturability. The ac-
tuator consists of piezoelectric elements embedded in a metallic
bar. The bar is strained in the longitudinal direction by actuating
the piezoelectric elements. Some types of piezoelectric actuators
can achieve both extension and contraction via different modes
of actuation. The first task is to realize the lever-based actuator
presented in Ref. [6] and validate the deflection against the FEA
results.

3.1 Functional validation of compliant actuator FEA
model

MSAC was introduced in Ref. [6], and possible actua-
tor configuration was introduced that utilizes a compliant lever
mechanism to enable adjustable frequency and displacement
properties. This actuator concept was demonstrated using finite
element analysis (FEA) based on commercially-available piezo-
electric elements manufactured by Thor Labs. Actuator proper-
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ties could then be tuned along with control design to achieve a
desired performance for an MSAC system. In this study, we re-
alize the compliant actuator designs and compare them against
the earlier FEA results to validate the FEA model predictions.
The specific piezoelectric element used is the ‘Piezo chips actua-
tor’ [18]; it functions only in extension (not contraction). The
steady-state performance of the realized compliant actuator is
shown in Fig. 5. The results confirm that the FEA model pro-
vides an accurate estimate of steady-state displacement. The
FEA model, however, involves computational expense that is sig-
nificant enough to motivate investigation of reduced-order com-
pliant actuator models for control co-design (CCD) optimization
studies. An alternative mathematical model is discussed below
that estimates compliant actuator performance with significantly
lower computational expense (specifically, few CPU clock cy-
cles), but with slightly increased error in performance estimation.

3.2 PRBM/PRBDM for actuator design
The performance of the compliant actuator design was eval-

uated using a coarse-mesh FEA model. While this reduces
predictive accuracy a relatively small amount compared to a
fine-mesh model, it reduced computational expense significantly,
which is an important consideration when using models for CCD
optimization. While the actuator’s steady-state performance es-
timation is within 9%, the computational time required to evalu-
ate the performance of each design using the coarse-mesh FEA
model was still too high for the planned early-stage MSAC CCD
studies. To further mitigate computational expense, a 1R-PRBM
model was developed to estimate the performance of a compliant
actuator design [19]. The 1R-PRBM parameters are then used to
realize a 1R-PRBDM [16] based simulation in Simulink.

The 1R-PRBM is used to determine the effort and load arms
for the class 2 lever mechanism, which maximizes the deflec-
tions and minimizes the peak stress to be within the elastic lim-
its for a material. The PRBM design approach allows analyt-
ical design performance evaluation within one or two machine
cycles, enabling the quick exploration of the design space for
a valid/optimal design.Using the PRBM parameters the designed
compliant actuators are realized into Simulink using the PRBDM

FIGURE 4: Piezoelectric actuator with compliant mechanism to
amplify deflection, based on a simple class 2 lever mechanism.

model shown in Fig. 6. The mechanical design of the compliant
actuator is now reduced to determining the best independent de-
sign variables listed in Eqn. (4):

Φ = [K,h,w, t,a] (4)

The position of the joint is chosen to be at the midpoint of
the compliant member; this is because the compliant structure is
very small [19]. The spring stiffness (K) and maximum elastic
stress (σmax) depend on the physical and material properties of
the compliant structure, as defined in Eqn. (5) and Eqn. (6):

K = EI/h (5)

σmax =
Kwθmax

2I
, (6)

where I is the area moment of inertia of the deflected member,
θmax is the mechanism angular deflection, h, t, and w are the
length, thickness, and width of the compliant member, and K is

(a) Actuator at rest

(b) Extended actuator

FIGURE 5: Compliant actuator steady state performance with
maximum stroke
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Rigid body

Rigid body

Piezo
chip

actuator

Compliant
Revolute Joint
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w

FIGURE 6: PRBDM-based compliant actuator model and inde-
pendent design variables. The revolute joint is seen as red, and
the compliant member is seen in purple.

Model Hardware FEA PRBDM

Deflection
(microns)

26.5 24 26.8

Error (%) w.r.t
empirical data

0 9.5 1.13

Design perfor-
mance evaluation
time (secs)

- 2 0.02-0.05

TABLE 1: Hardware results vs FEA result for compliant actuator

the equivalent spring stiffness of the compliant member.
Based on this PRBDM, the performance of the compliant

actuator shown in Fig. 4 can be estimated, and the comparison
bewtween the model and the hardware results is presented in Ta-
ble 11.

4 Multi-body/multi-physics simulation
Using the PRBM model, a more complex dynamical model

can be realized in a multi-body physics simulation. The dynam-
ical model relies on PRBDMs in Simulink and is realized using
mechanics components available through Simscape. In this sec-
tion, a pair of compliant actuators are attached to a rigid bulk
mass for initial testing, referred to as stand-alone MSAC. Sub-
sequently, a 6U CubeSat model is realized in Simulink based on
PRBDMs to realize the mechanical components. The actuation
force is estimated using a top-level model for the electromechan-

1Associated code for the analytical PRBM design: https://github.com/

VedantFNO/SMASIS2020/blob/master/PRBM_compliant_act_design.m

FIGURE 7: Simulink piezo stack actuator interface with Sim-
scape Multibody components

ical piezo stack actuator controlled using electronic drive circuits
and open-loop control trajectories.

4.1 Interfacing different physics models
The piezo-stack-actuator model is classified as an electro-

mechanical device in Simulink. Interfacing these models with
the multibody parts is a non-trivial task, and is achieved by es-
timating the position of a piezo stack on the application of an
electrical signal, and applying a reaction force to estimate the dy-
namical response. An example of a piezo element that interfaces
with the joints in the multibody models is illustrated in Fig. 7.
The piezo stack is actuated using an ideal voltage source, and the
displacements produced from the actuator are fed into the joints
available from the Simscape Multibody libraries. The displace-
ments are then fed as inputs to the joints to calculate the forces
necessary to produce the displacement, and is fed back into the
piezo actuation module. This reaction force is then applied with
a negative unity gain on the piezo stack as a reaction force. This
force feedback allows for an accurate actuator simulation based
on a class 2 lever2.

4.2 Electronics design
Realizing a multi-body Simulink model with accurate piezo-

electric models allows usage of the electronics library in Sim-
scape to realistically model the power electronics circuits that
can actuate the piezoelectric actuators. Thus far, MSAC con-
cepts have relied on the usage of half-bridge circuits that were
developed for the SASA concept. These enable fast response
times, but also consume more energy than other options. This is
because of the probabilistic nature of mechanical noise and the
wide bandwidth and phase-matching capabilities required for ac-
tive noise cancellation.

Since the MSAC actuation is deterministic, the power-
electronics can now be tuned for operation at a particular fre-
quency, and reduce the power budget of the MSAC concept by
one or two orders of magnitude. The realization of higher fidelity

2Associated Simulink files for the models: https://github.com/VedantFNO/

SMASIS2020/tree/master/Simulink%20files
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(a) Trivial electronics design

(b) Resonance electronics design

FIGURE 8: Two different circuit topologies to power piezoelec-
tric stacks

power electronics models in the MSAC system simulation allows
exploration of different circuit topologies and their impact. A
tuned capacitor-inductor (LC) resonator (Fig. 8b) is one of the
simplest ways to reduce the power demand of a piezoelectric el-
ement since at low frequencies the piezo element is a capacitive
load. In this study, the conventional MOSFET-based design used
for SASA is compared against a resonance-based circuit with re-
spect to power consumption; the two topologies are shown in
Fig. 8. As seen in Fig. 8, the voltage source is considered as
an ideal Voltage source which operates in all four I-V quad-
rants. This simplification makes the trivial circuits in this paper
more efficient than practical battery-based half-bridge circuits,
more detailed electronics models will be a topic of study for sub-

(a) Isometric view (b) Side view

FIGURE 9: Stand-alone MSAC model realized in Simulink for
multi-physics simulation. The actuator is the orange monolithic
element, and the compliant joint is approximated by a joint with
a coordinate frame shown in teal.

sequent studies where the gains of including power-electronics
models in the CCD will be further pronounced.

5 Results and Discussions
In this section, the results from the multi-body Simulink

models are presented3. To provide a reasonably fair comparison,
the current designs are tuned for a good response for each subsys-
tem in isolation. The associated code for mathematical models
developed to enable CCD for MSAC, and multi-physics/multi-
body simulations for validation, are available at Ref [20].

5.1 Stand-alone MSAC
A simple MSAC system is defined here such that it incor-

porates all core aspects of a related CCD problem. The MSAC
actuator depicted in Fig. 6 is attached to a prismatic rigid body.
The actuator, along with the rigid body, is in free space with six
degrees of freedom with respect to the world frame of reference.
This model allows the measurement of spacecraft body attitude
slews.

The results of the Simulink model simulations for the stand-
alone MSAC are provided in Table 2 , for a 10 second long sim-
ulation. Slewing performance is comparable across the two de-
signs, but including an inductor on the electrical load side, as
illustrated in Fig. 8b, reduces the power consumption by an or-
der of magnitude. It should be noted that the system tuning was

3Associated graphs available on Github: https://github.com/VedantFNO/

SMASIS2020/tree/master/plots
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Model fidelity Slew mag-
nitude
[mrads]

Peak slew
rate
[rads/sec]

Power
draw
[W]

Mechanical-
control tuning

1.65 0.83 15.6

Mechanical-
electrical
control tuning

1.66 0.78 0.21

TABLE 2: Results for stand-alone MSAC simulation (time hori-
zon :10 secs)

FIGURE 10: 6U CubeSat with one set of deployable MSAC pan-
els

performed in a sequential manner, i.e., the mechanical design
was tuned to maximize deflection, then the control trajectories
was tuned to work close to the first natural frequency, and then
finally the inductor was chosen such that the resonance of the
electrical circuit matches the mechanical and control frequency.
Future studies will employ CCD optimization strategies to en-
sure that the best possible performance for each system type is
used in the comparison.

5.2 CubeSat MSAC
With the validation of the Stand-alone MSAC test, a 6U

CubeSat model was realized and tested with MSAC incorporated
into the CubeSat deployed panels. The attitude slews were per-
formed about one axis, without loss of generality, and the results
of the slew are shown in Fig. 11. In Fig. 11, the rotation angle
plot show the attitude slew about x-axis. The angular velocity
is a high-frequency periodic signal, which shows the vibration
noise produced by MSAC during slews. A key thing to observe
is that the signal amplitude is asymmetric about zero, showing
the secular slew along the positive x-axis. Table 3 summarizes

0 2 4 6 8 10

-2

0

2

4

6

8

10
-4

0 2 4 6 8 10

-0.02

0

0.02

0.04

0.06

FIGURE 11: Attitude slew of the 6U CubeSat with compliant
actuator designs and tuned electronics

the results from the tests for a time horizon of 10 seconds. The
slews obtained from the CubeSat tests are significantly smaller
than the stand-alone tests; this is because the system has not been
tuned for optimal response and because the inertia ratio of a 6U
satellite to a single-fold deployable panel is much larger as com-
pared to multi-fold deployable panels. MSAC slewing response
is expected to increase with an increase in the length of the de-
ployable panels, since the moment of inertia scales with length
cubed.

6 Conclusion and Future Work
In this study, mathematical models were developed to en-

able CCD of the MSAC system. Manual tuning was performed
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Model fidelity Slew mag-
nitude
[mrads]

Peak slew
rate
[mrads/sec]

Power
draw
[W]

Mechanical-
control tuning

0.87 0.065 12

Mechanical-
electrical
control tuning

0.825 0.067 0.7

TABLE 3: Results for a 6U CubeSat MSAC simulation (time hori-
zon :10 secs)

FIGURE 12: Mutual inductor based resonance circuit

in the studies presented here, but these models will be used in
future CCD optimization studies. The mechanical models were
approximated using a PRBM/PRBDM implemented in Simulink.
The native tools of Simulink support effective control system de-
sign and have been used to perform initial informal CCD studies
using the realized PRBDM. Subsequently, the value of including
electrical domain design elements in the MSAC system design
study was demonstrated. Specifically, this design space expan-
sion enabled reduction of power consumption by approximately
an order of magnitude. This improvement in performance is pos-
sible due to the deterministic control trajectories, and adapting
electronics to capitalize on having known trajectories. The re-

sults presented in this paper were a consequence of preliminary
sequential optimization/tuning of each system independent of its
impact on any other subsystem.

FIGURE 13: 3-DOF compliant actuator designed using PRBDM

An extension of this study will leverage the anticipated
strong design coupling that exists between the mechanical, elec-
trical, and control system domains. This extension will enable a
better understanding of the tradeoffs between slew performance,
power requirements, system cost, and system passive/active ele-
ment complexities. This extension will utilize CCD as a tool to
generate more comprehensive design data, from which a deeper
fundamental understanding of MSAC design tradeoffs can be de-
rived.

This study analyzed the electronic design of a simple LC
resonator circuit; future studies could utilize this framework to
analyze more complex drive circuits, such as the circuit illus-
trated in Fig. 12. The design in Fig. 12 powers two piezo devices
and cycles the energy between them, always out of phase. The
mutual inductor also allows for simpler low voltage isolated DC
power supplies, which have lower power losses and volume re-
quirements.

Some initial CCD results with different mechanisms and
electronic topologies have already been realized, but their re-
sponses have not yet been validated. Once such actuator design
can be seen in Fig. 13. This actuator has the same performance
as the actuator realized in this study, but has two bending degrees
of freedom and has a smaller form factor overall, which would
enable inclusion of more actuators in a given space to improve
system performance.
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