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ABSTRACT: Satellites are crucial for the modern world, enabling internet services and telecommunication, all powered by
solar panels. However, temperature changes, attitude maneuvers, and deployment impacts cause vibrations in solar panels, which
can hinder accuracy, stability, and structural integrity. As the number of satellites increases exponentially, this issue will become
more prevalent. Existing solutions are often bulky or consume significant power, highlighting the need for more modular and
effective solutions. This paper presents a single piezoelectric film that functions in dual mode as both a sensor and an actuator,
thereby reducing weight and cost. The prototype included a mockup solar panel with an embedded piezoelectric Macro Fiber
Composite (MFC) film and a control circuit. The control circuit, using a microcontroller, rapidly toggled Solid-State Relays (SSR)
to enable the MFC to operate in dual mode and drove the MFC to actively suppress vibrations based on a PID (Proportional-
Integral-Derivative) algorithm. Data from a wireless accelerometer demonstrated vibration reduction, with a 53% decrease in
root mean square (RMS) and a 54% reduction in peak-to-peak amplitude, thereby enhancing satellite stability and mitigating
structural fatigue. The results demonstrated that the prototype reduced vibrations via a cost-effective and modular design.
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B Introduction One of the project’s novelties is the ability to enable a single

Satellites are essential to modern life. They support commu-
nication, internet access, and broadcasting services.! Satellites
also provide navigational services via GPS and assist in weather
forecasting, environmental monitoring, and scientific research.?
A critical component of satellites is their solar panels, which
convert solar energy into electricity to power onboard systems.

One major challenge is the vibrations of these solar pan-
els. A common cause is thermal snap - sudden temperature
changes as satellites move in and out of Earth’s shadow cause
rapid thermal contraction and expansion, inducing vibrations.?
Additional vibration sources include attitude maneuvers and
deployment/docking impacts.*

These vibrations are among the top three causes of structural
fatigue in satellites. They can reduce the lifespan of solar panels,
degrade image resolution, and weaken communication signals.
With the number of satellites rapidly increasing, addressing
this issue is increasingly urgent. For instance, SpaceX’s Star-
link program alone plans to deploy up to 42,000 satellites into
low Earth orbit by 2032.° To be viable for space applications,
vibration control systems must be lightweight, modular, and
cost-effective, as launch costs scale significantly with payload.®

Piezoelectric materials are widely used in active vibration
control systems. The direct piezoelectric effect generates elec-
trical charges in response to mechanical deformation, while the
reverse effect induces deformation when an electrical field is
applied.” These properties make piezoelectric materials func-
tion as either sensors or actuators. However, the direct and
reverse effects cannot occur simultaneously in a single material,
so traditional systems use separate piezoelectric elements for
sensing and actuation.’

piezoelectric material to operate in dual mode, alternating be-
tween sensing and actuation through advanced circuit design.
This will reduce the piezoelectric material used in the active
control system by half, thereby cutting cost and weight. A thin,
flexible piezo MFC film was chosen for its lightweight and
easy integration with various host structures.’

The goal was to demonstrate that a single MFC film
controlled by a circuit with SSRs could effectively reduce vi-
brations by rapidly switching between sensing and actuation
modes. Experimental results confirmed the prototype system’s
performance, achieving approximately 50% vibration reduction
in a lightweight, scalable, and cost-efficient design.

B Methods

To build a prototype system, a mock solar panel was con-
structed using a 30 in x 5 in acrylic board, clamped at one end
and free at the other. This configuration allowed the panel to
resonate at a frequency under 1 Hz - similar to the solar panels
in space. Figure 1 illustrates the system setup for lab testing.
An MFC film (Smart Material, M5628-P1) was mounted near
the clamped end and connected to a custom control circuit
operated by a microcontroller (Raspberry Pi Pico, RP2350).
Additionally, an oscilloscope (Rigol, DS1104Z-S Plus) was
used to monitor the circuit during the test, though it was not
part of the prototype system.
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Figure 1: The system overview shows a model solar panel (30 inx 5 in x 0.08
in) with a single embedded MFC piezo film, a control circuit, and a lab test
setup that includes a digital oscilloscope and a laptop. Both the laptop and the
oscilloscope are for lab testing only and not part of the prototype.

The control circuit had three modes: sensing, actuation, and
discharge. In sensing mode, the MFC detected vibrations and
converted them into voltage signals. As shown in Figure 2,
these signals were processed by the microcontroller, which
then generated an actuation voltage to drive the same MFC
film as an actuator, providing a counteracting force to reduce
vibrations.
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Figure 2: The circuit diagram includes a microHVA-2 power amplifier on
the bottom right, a rechargeable 12 V lithium battery, and a control circuit on
a breadboard. The control circuit allows the single MFC film to act as both a
sensor and an actuator.

Sensing:

In sensing mode, the MFC film acted as a sensor, generating
a voltage proportional to the amount of axial strain variation
when the solar panel bent during vibrations. Figure 3 shows
the detailed circuit design diagram. The microcontroller acti-
vated Solid State Relays (SSRs) 1 and 2 (Panasonic, AQV258),
while all other SSRs remained off. SSR 1 and SSR 2 routed
the MFC output through a low-pass filter (C2, 10 nF) and a
voltage divider (R1 and R2 at 1 MQ) to smooth and scale the
signals. The filtered signal was then passed through a capacitor
(C1, 10 pF) to remove any DC (Direct Current) offset, and
a new DC bias of 1.65 V was added using a voltage divider
(3.3 V source with R3 and R4, both 1 MQ) (Figure 3). This
conditioned signal fell within the input range of the microcon-
troller, 0-3.3 V, enabling accurate vibration sensing. A green
LED 1 illuminated during sensing mode, while LEDs 2 and

3 remained off.
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Figure 3: The control circuit diagram shows the components and pins
interfacing with the MFC and the power amplifier. The microcontroller
rapidly toggles certain SSRs to enable the MFC to operate in either sensing,
actuation, or discharging mode to drive the MFC and actively suppress
vibrations based on a PID algorithm.
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Actuation:

Based on the sensed signals, the microcontroller applied a
voltage to the MFC film to induce a deformation in the op-
posite direction of the vibrations. This voltage was calculated
using a PID control algorithm, as shown in Figure 4:1°

de(t)
dt

Voue (6) = K, - e(t) + Kife(t)dt+1(d-

where ¢(z) is the error between the setpoint of 1.65 V and
the sensed voltage, K, K;, and K are the proportional, integral,
and derivative coefficients, respectively.
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Figure 4: The PID control flowchart shows how the actuation voltage is
derived from the sensed voltage using PID control theory. It’s used in actuation
mode, causing the MFC film to apply forces that counteract vibrations.

The PID controller is a robust closed-loop feedback mech-
anism widely used in industrial control systems due to its
simplicity and effectiveness.’® The controller continuously
calculates an error value as the difference between a desired
setpoint and the measured process variable (in this case, the
sensed voltage due to the vibration of the solar panel). The
PID then attempts to minimize this error by adjusting the sys-
tem output based on three distinct control terms: Proportional,
Integral, and Derivative. The Proportional term K, responds to
the present error, the Integral term Kj, accounts for the accu-
mulation of past errors, and the Derivative term K}, anticipates
future errors based on the current rate of change.' By carefully
tuning these three coefficients, the PID controller can pro-
vide precise and stable control of a dynamic system, effectively
dampening unwanted oscillations.

Tuning the K,, K;, and K coefficients is critical for opti-
mal performance. While many modern tuning methods exist,
the classic Ziegler-Nichols method was chosen because it is
a straightforward and practical approach well-suited for this
project.’ This method involves systematically adjusting the
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proportional gain K, until continuous oscillations of the sys-
tem occur (the ultimate gain, K,), and recording the period
of these oscillations, 7). From these two empirical values,
prescriptive formulas below for a standard PID were used to
determine initial stable coefficients:!

K,=06"K, K; =12 ’;—: K;=0075-K,-T,

This hands-on, observational process allows for a robust
starting point for the PID parameters without requiring
complex mathematical modeling of the solar panel dynamics,
balancing theoretical principles with experimental simplicity.

As for the implementation of the PID controller in Fig-
ure 3, because the Analog-to-Digital Converter (ADC) in the
microcontroller had a unipolar range from 0 to 3.3 V, the set-
point was set at an offset of 1.65 V, corresponding to the steady
state of the solar panel with no vibration. The microcontroller’s
digital output voltage was passed through a Digital-to-Analog
Converter (DAC) (Microchip Technology, MCP4921) and
was amplified 400 times by a power amplifier (Smart Material,
microHVA-2). Two output pins of the power amplifier were
used: Output B and the Bias pin.'”* Output B contained the re-
sulting amplified output, and the Bias pin outputted a constant
DC voltage of 500V. During actuation mode, the microcon-
troller switched SSR3 and SSR4 on (Panasonic, AQV258) and
left all other SSRs off, thereby connecting Output B and Bias
Pins to the MFC (Figure 3). The Bias pin was necessary be-
cause it allowed for both positive and negative input voltages
to the MFC film, enabling it to bend forward and backward.
LED 3 was on while LEDs 1 and 2 were off, indicating live

actuation mode.

Discharge:

After actuation, the residual charge remained on the MFC
film, which could interfere with sensing. To safely transition
back to sensing mode, the MFC needed to be discharged.
First, both MFC terminals were set to the same voltage. Since
the MFC film was connected to the Bias pin at 500 V, the
Output B pin of the power amplifier also had to output 500 V,
creating a net difference of 0 V on the power amplifier outputs
and discharging the MFC (Figure 3). For this to happen, the
microcontroller needed to output a constant voltage of 1.25 V
via the DAC to the power amplifier's analog input, because it
corresponded to 500 V after being amplified by the power am-
plifier. Then the microcontroller turned SSR 5 (Littelfuse Inc.,
PAA193) on and all other SSRs off to connect both MFC
terminals to the ground, bringing them to 0 V (Figure 3). A
red LED 2 was on while LEDs 1 and 3 were off, indicating live
discharging mode. The discharge process took about 10ms in
total. After the MFC was fully discharged, it was then safe to

switch to the sensing mode.

Cycling:

This system continuously cycled through sensing, actuation,
and discharge modes to process active vibration control in real
time. Each cycle consisted of: 20 ms sensing, 20 ms actuation,

and 10 ms discharge. This allowed the MFC film to operate at

a frequency of 20 Hz, effectively functioning as both a sensor
and actuator in a closed-loop control system.

Testing:

The prototype was tested for its ability to reduce vibra-
tions on the mock solar panel. Two trials were conducted:
one with PID control and one without. Figure 5 illustrates a
mechanical release mechanism employed to generate a consis-
tent disturbance. A wireless accelerometer (WITMOTION,
WT9011DCL) was attached to the free end of the panel to

measure the vibrations.

Figure 5: This figure depicts the mechanical release mechanism that provides
consistent disturbance and a wireless accelerometer for data collection during
the lab test. Both are only needed for testing and not part of the prototype.

In addition to the accelerometer, the MFC itself was also
used to monitor vibrations. The microcontroller recorded both
sensed and actuation voltages during each trial. With the mi-
crocontroller and rapid switching via SSRs, the single MFC
film successtfully operated in dual mode, validating its use in
active vibration control. The performance of the prototype
system and the experimental results further supported our hy-
pothesis.

B Results and Discussion

Results:

The prototype system was built and tested using a mock
solar panel. A consistent release mechanism introduced a
controlled disturbance that excited the solar panel. A wireless
accelerometer was attached to the free end of the solar panel
to record the vibrations. The solar panel was first excited with-
out the use of the control system, and acceleration data was
collected. Then the solar panel, under the same excitation, was
dampened with the control system turned on to determine the
effectiveness of reducing the vibrations. Acceleration data was
collected the same way, using the wireless accelerometer. The
controlled vibration data was compared against the uncon-
trolled vibrations. They were both plotted onto an acceleration
(g) over time (s) graph in Figure 6.
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Figure 6: The accelerations recorded by the wireless accelerometer compare
the controlled (in red) test vs the non-controlled (in blue) test. It indicates the
effectiveness of the control system with a 34% reduction in settling time and
53% in RMS acceleration.

In Figure 6, the peak-to-peak accelerations were calculat-
ed based on the collected acceleration values. The differences
between the first five crests and troughs of the acceleration
values of the controlled and uncontrolled tests were compared.
The controlled vibrations had a 54% reduction in average. Set-
tling time is the duration for vibrations to fall within +0.05
g against the final value of 0 g. It was reduced from 7.54 s
(uncontrolled) to 4.98 s (controlled), a 34% improvement. The
root mean square (RIVIS) value was used to determine how far
the collected acceleration values deviated from 0 g, reflecting
on the overall stability of the solar panel with and without con-
trol. The uncontrolled result had an RMS of 0.17 g, whereas
the controlled test had an RIMS of 0.077 g, resulting in a 53%
reduction.

Figure 7 compares the voltages generated by the MFC film
in sensing mode for both controlled and uncontrolled cases.
This voltage corresponds to the axial strain at the clamped end
of the solar panel and is directly proportional to the displace-
ment of the free end. The controlled sensed voltage is nearly
in phase with the uncontrolled sensed voltage. Conversely,
the output voltage driving the MFC actuation mode is out of
phase with the sensed voltage being controlled. This negative
correlation confirms the effective functioning of the Propor-
tional (P) component within the PID controller. Essentially,
the MFC film senses the solar panel's deformation during
vibration. The microcontroller, implementing PID control,
generates an opposing voltage amplified by the power amplifi-
er to drive the MFC film, counteracting the panel deformation
and reducing vibration.
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Figure 7: The voltages recorded by the MFC film in sensing mode show the
voltage over time for controlled and uncontrolled vibrations. Voltage is used
as a measurement of strain on the solar panel, corresponding to the vibrations
it experiences. The negative correlation between the sensed voltage (red solid
line) and the output voltage to drive the MFC (orange dashed line) confirms
the effective functioning of the Proportional (P) component within the PID
controller.

Figure 8 shows exponential curves that fit the vibration
peaks, which were used to evaluate the attenuation in vibra-
tions. The uncontrolled vibrations had an initial value of 0.77
g and a decay constant of -0.366. The controlled signal start-
ed at 0.36 g with a decay constant of -0.384, indicating faster
damping.
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Figure 8: The exponential decay model uses curve fitting of peak accelerations
for the controlled and uncontrolled vibrations. It compares the rate of decay
of controlled and uncontrolled vibrations. The estimated decay constant
decreased from -0.366 (uncontrolled) to -0.384 (controlled), indicating faster
damping.

Discussion:

The tests using the accelerometer confirmed the effective-
ness of the control system. A 54% reduction in peak-to-peak
acceleration showed that the control system lowered the
magnitudes of vibrations (Figure 6). The reduced peak accel-
erations indicated that the mock solar panel stayed closer to its
setpoint when the control system was active. Additionally, the
control system achieved a 53% reduction in RMS acceleration,
reflecting improved stability. Enhanced stability is crucial for
satellites, as it can lead to better pointing accuracy and higher
image resolution. Furthermore, the control system can mitigate
fatigue damage in solar panels, potentially extending their op-
erational lifespan.

The time histories of acceleration and voltage supported
these findings, as shown in Figure 7. The wireless acceler-
ometer measured at the free end of the solar panel, while the
voltage history represented axial strain variations in the MFC
film attached to the clamped end. Both curves showed a sim-
ilar reduction, around 50%. The strong correlation between
the wireless accelerometer and MFC voltage also validated the
MFC’s accuracy in sensing vibrations. Thus, the control sys-
tem with an embedded MFC film is capable of self-sensing,
eliminating the need for an external accelerometer and further
reducing weight and costs if implemented in space.

The exponential functions also confirmed the effectiveness
of the control system. The linear coefficient in the exponential
model for the controlled test was 0.363 - about half that of the
uncontrolled case, indicating an effective reduction in initial
vibration amplitude. The decay constants were -0.384 for the
controlled case and -0.366 for the uncontrolled case, indicat-
ing that vibrations dampened more quickly with the control
system. Additionally, both exponential models had a high R?.

The control system also reduced the settling time by
37% further demonstrating its ability to dampen vibrations
quickly. In space, this faster stabilization is beneficial in mit-
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igating disturbances caused by thermal snap, docking, and
attitude maneuvers. This result supported our hypothesis that
a dual-mode MFC can be effective in active vibration control
systems for solar panels.

Despite its compact size, the prototype system proved high-
ly effective. The MFC film measured only 1.1 in x 2.2 in, while
the model solar panel was 5 in x 30 in, making the panel 62
times larger than the area of the MFC. The combination of
the MFC film and the Raspberry Pi Pico microcontroller of-
fered a lightweight (under 60 grams), low-cost (under $250),
modular, and scalable design. The control system is the first
of its kind to utilize a single MFC as both a sensor and actu-
ator, thereby significantly reducing cost and complexity. The
low cost and weight of the control system will reduce large
amounts of cost when mass produced, and the use of one MFC
makes the system easier to monitor and maintain. By reducing
vibrations, the control system could alleviate satellite failures,
which can cost the industry millions of dollars per incident."

The system’s operating frequency may limit its effectiveness
in dampening the solar panels that have a high resonant fre-
quency. This system operated at a period of 50 ms, including
20 ms of sensing, 20 ms of actuation, and 10 ms of discharge,
which corresponded to a frequency of 20 Hz. This frequency
was 20 times faster than the resonant frequency of the mock
solar panel (1 Hz). It was observed that the operating fre-
quency should be at least 10 times faster than the resonant
frequency of the solar panel to ensure control stability. Because
the system cycled through sensing and actuation modes, the
sensing duration actually added a delay to the actuation mode
and induced a control error, which decreased the effectiveness
of the dual-mode PID. To reduce the control error caused
by this time delay, one method was to increase the operating
frequency or shorten the sensing duration. However, the la-
tency in SSRs and the microcontroller’s ADC constrained the
highest possible operating frequency. Therefore, the system
operating frequency of 20 Hz was chosen to balance the sta-
bility and error reduction, making it 20 times faster than the
solar panel's resonant frequency. The proposed solution may be
suitable for the solar panels with a long wingspan that have a
resonant frequency under 1 Hz. For the short-wingspan solar
panels with a higher resonant frequency, such as those used in
a CubeSat, the effectiveness may be hindered.

B Conclusion

In conclusion, the control system is the first of its kind to
utilize a single MFC as both a sensor and an actuator, offering
a significant reduction in size, weight, and cost. Its modular
design and proven effectiveness make it a promising solution
for space and Earth applications.

While the prototype performed well on a model solar panel,
scaling it for larger panels is necessary for real-world applica-
tions. The plan includes using multiple and larger MFC films
to accommodate larger or hinged panels. To implement the
prototype system in space, the author also intends to test the
updated system in space-like conditions, such as a vacuum,
microgravity, or extreme temperatures, and compare its perfor-
mance to Earth-based results.

The control system has a wide range of applications, par-
ticularly for long, beam-like structures that experience
low-frequency vibrations. In space, these include solar sails
and wind turbines on spacecraft. On Earth, the control system
could be applied to the blades of wind turbines, where vibra-
tion reduction can enhance performance.™ It also has robotics
applications, where it could help stabilize machines operating
in unpredictable environments.
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