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Abstract

In this study, an active vibration control (AVC) strategy is effectively used on a system made
of a honeycomb polymer—paper core and carbon fiber-reinforced polymer (CFRP) plates. A
cost-effective and practical solution based on an AVC system has been developed and tested
using a microcontroller unit (MCU) from Texas Instruments. The control system is studied
by applying out-of-plane disturbances to the composite panel via an electrodynamic shaker,
by exciting the identified mode shapes obtained through experimental modal analysis, i.e.,
impact tests. The actuator chosen for the AVC system is a Macro Fiber Composite (MFC)
patch. Multiple analog signal processing circuits were developed to scale and shift the
signal at the input and output of the MCU. The proposed control algorithm is based on a
positive position feedback (PPF) technique. Modal analysis was performed to identify the
natural frequencies and mode shapes of the structure, which are essential for the design
and tuning of the modal-based PPF controller. This analysis also enabled optimal sensor
and actuator placement, ensuring effective targeting and control of the dominant vibration
modes. Then, a series of tests were performed using pure sine excitations at frequencies of
interest, close to the 2nd and 8th mode at 25.13 Hz and 129 Hz, respectively. The results of
the experiments revealed a velocity attenuation of 55.8% to 76.9% and a Power Spectral
Density (PSD) attenuation of 5.8 dB to 12.8 dB, depending on the mode under study. Owing
to the size and mass properties of the Macro Fiber Composite (MFC) patches, the control
system is very much suitable for automobile and aerospace applications.

Keywords: active vibration control system; honeycomb; modal analysis; positive position
feedback controller

1. Introduction

AVC has been introduced as a technology to manage vibrations in various engineering
applications, leveraging advances in control systems. Unlike traditional passive strategies
that absorb vibrations without power input, AVC systems employ sensors and actuators
to actively counteract unwanted vibrations in real time. AVC has been gaining a lot of
attention in the past decade in a wide range of industries. Lee et al. [1] reduced the rotor
and airframe vibrations of a helicopter using AVC techniques. They achieved a reduction
in vibration of 90% to 98% in a lift-offset compound helicopter when excited with rotary
vibrational loads. Testing the performance of the aircraft, the cantilever-like structures are
subjected to high vibrations due to their low dynamic stiffness and the effect of the flow field
around the aircraft model, leading to discrepancies in the test data. To control the vibration
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in this case, Liu et al. [2] used energy-fuzzy adaptive proportional-derivative control to
stabilize the structures in subsonic and transonic regimes. Balakrishna et al. [3] developed
a wind tunnel active vibration reduction system, which is prone to sting vibration during
the test. They used a piezoceramic actuator embedded in the sting to attenuate the modal
response even in post-stall conditions, providing an effective solution for sting vibration
problems in wind tunnel testing. In 2021, Ma et al. [4] developed a Kalman filter-based
control algorithm to control the amplitude of vibrations of an Electrically Controlled Rotor,
also called as swashplateless rotor. AVC also aids in the precise functioning of robots,
controlling the vibrations induced during the motion of the robot [5]. Wang and Keogh [6]
implemented AVC on a 6-axis industrial robot which was used for machining operations
to increase the positioning accuracy and surface finish achieved. Jiang et al. [7] used
piezo actuators to reduce the relative vibrations between the workpiece and the tool in a
milling machine.

The application of AVC in automotive systems imposes strict constraints on com-
pactness and weight, motivating the development of embedded and lightweight control
solutions. In this work, a compact AVC implementation based on a 32-bit Texas Instruments
(TT) microcontroller is experimentally validated on a carbon fiber-reinforced composite
sandwich plate, a material system widely used in automotive and motorsport applica-
tions due to its high strength-to-weight ratio. Conventional AVC systems often rely on
bulky and expensive laboratory-grade hardware, limiting their suitability for mobile ap-
plications. The structural configuration significantly influences the dynamic response of
sandwich structures. Ying et al. [8] demonstrated that geometric and material periodicity
can be exploited to tune stiffness and damping characteristics. Complementing such struc-
tural tailoring, embedded active control strategies provide additional vibration mitigation
capability. Previous studies have demonstrated the feasibility of microcontroller-based
AVC, including implementations using 8-bit and 32-bit embedded platforms for real-time
control applications [9,10].

A wide range of control algorithms have been proposed for AVC, including PID,
LOR, position feedback, MPC, neural network-based, and data-driven strategies. Among
these, PPF remains attractive due to its simplicity, modal selectivity, and ability to enhance
damping around targeted frequencies while limiting spillover. Resonant second-order feed-
back strategies analogous to PPF have been successfully applied to rotating structures [11]
and experimental validations on composite plates using MFC patches have confirmed
the robustness and efficiency of PPF under various configurations [12]. More advanced
model-based and adaptive approaches have also been investigated, such as RWNN-based
control [13], robust Hoo/H2 observer-based methods [14], and adaptive iterative learning
schemes [15], demonstrating improved performance under nonlinearities and uncertainties.
In parallel, optimal sensor—actuator placement strategies have been explored to enhance
controllability and reduce control effort [16,17].

Recent studies have extensively explored AVC strategies for smart structures, par-
ticularly emphasizing piezoelectric actuation and embedded real-time implementation.
These works encompass diverse control algorithms, modeling approaches, and hardware
platforms applied to beams, plates, and composite structures. Accurate structural modeling
and proper enforcement of boundary conditions are essential for reliable vibration analysis
and controller design. For example, Kurpa et al. [18] analyzed the free vibration of porous
functionally graded plates using the R-functions method to impose complex boundary
conditions without geometric approximations. The importance of nonlinear and stochastic
modeling was highlighted by Pellicano and Zippo [19], who reported extreme transient
responses in randomly excited cylindrical shells, demonstrating the limitations of purely
linear analyses. In smart composite systems, multi-mode suppression using functionally
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graded piezoelectric actuators has been demonstrated in MIMO configurations [20], while
observer-based and predictive strategies have improved robustness and disturbance rejec-
tion [21-23]. Nonlinear actuator modeling and adaptive control schemes have also shown
effective vibration attenuation, particularly in MFC-based implementations [22]. More
recently, lightweight control algorithms optimized for low-end microcontrollers have con-
firmed the feasibility of advanced AVC on resource-constrained embedded platforms [24].

In parallel, nonlinear passive and hybrid vibration mitigation strategies have gained
attention. High-static-low-dynamic-stiffness (HSLDS) mechanisms have demonstrated
substantial transmissibility reduction under harmonic and seismic excitations [25], while
origami-inspired quasi-zero stiffness metastructures have shown effective low-frequency
isolation [26]. Hybrid active—passive systems integrating microcontroller-driven active
components with passive absorbers have further enhanced low-frequency suppression [27].
Additionally, adaptive piezoelectric metamaterials with digital shunt circuits [28], semi-
active microcomputer-controlled isolators [29], LPV-based embedded active isolation plat-
forms [30], and microcontroller-based piezoelectric AVC systems for lightweight struc-
tures [31] collectively confirm the growing feasibility of real-time embedded vibration
control across automotive and aerospace applications.

AVC emerged as a response to the intrinsic limitations of passive damping solutions
for lightweight and flexible structures. Passive strategies, including tuned mass dampers or
viscoelastic layers provide fixed damping characteristics and often fail to ensure broadband
attenuation under varying operating conditions. To overcome these constraints, active
control methodologies were developed, relying on real-time sensing and actuation to
counteract unwanted vibrations.

The theoretical foundations of AVC were established in the 1970s through state-space
control for distributed parameter systems. Within this framework, Balas introduced a
rigorous state-space formulation for the control of flexible structures, enabling systematic
controller synthesis for distributed vibration systems [32]. Ensuring closed-loop stability in
such systems has led to the widespread adoption of collocated actuator—sensor configura-
tions, which inherently mitigate destabilizing spillover from unmodeled high-frequency
dynamics; a foundational treatment of modeling and control design for large flexible space
structures, emphasizing modal formulations for vibration suppression, is provided in
Ref. [33]. Building on this modal control viewpoint, modal positive position feedback can
be used to add damping to selected modes and effectively attenuate vibrations in flexible
structures, as demonstrated in Ref. [34].

A significant advancement in the development of AVC was the introduction of PPF
by Fanson and Caughey [35]. Their work demonstrated that a second-order compensator
tuned to a specific modal frequency can substantially enhance modal damping in collo-
cated systems, offering improved robustness and modal selectivity compared to classical
proportional or derivative feedback. Subsequent studies examined the stability limitations
associated with actuator dynamics and other practical implementation constraints, estab-
lishing design guidelines to ensure reliable operation of PPF-based control systems [36].

The introduction of smart materials, and in particular piezoelectric sensors and actu-
ators, enabled integrated sensing and actuation within structural components. Hagood
and von Flotow developed coupled electromechanical models for piezoelectric damping,
providing the foundation for smart AVC architectures [37]. Later comprehensive treatments
consolidated both the theoretical and practical aspects of piezoelectric vibration control,
addressing implementation issues, robustness considerations, and design methodologies
for reliable smart AVC systems [38,39].

Extensions of classical PPF strategies included modified formulations to enhance
damping performance in lightly damped systems [40] and multi-modal PPF approaches
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capable of suppressing multiple resonances simultaneously [41]. In parallel, adaptive
and hybrid control strategies were developed to improve robustness under parameter
uncertainty and time-varying dynamics [42,43].

With the rapid evolution of embedded processing platforms, practical implementation
aspects such as sampling delays, discretization effects, quantization errors, and compu-
tational limitations became central considerations in AVC system design. Foundational
contributions in active vibration and noise control addressed both theoretical and digital
implementation challenges, establishing guidelines for real-time realization on resource-
limited hardware platforms [44,45]. Beyond classical control developments, recent research
in structural dynamics has highlighted the role of geometric symmetry and structural
configuration in vibration behavior. Structural symmetry simplifies modal decomposition,
clarifies modal coupling patterns, and can reduce computational effort in finite element
analyses. Exploiting symmetry properties and modal strain energy distribution has also
been shown to support improved actuator placement and controllability assessment in
composite and sandwich structures. These contributions reinforce the importance of accu-
rate structural modeling and modal characterization as a prerequisite for effective active
vibration suppression and illustrate how geometric symmetries simplify modal and dy-
namic analysis of structures, which indirectly supports the understanding of symmetry in
vibration design [46], while covering symmetry considerations in structural health moni-
toring, including vibration characteristics [47]. Taken together, these contributions outline
the scientific and technological framework within which modern embedded PPF-based
AVC systems are situated.

In this study, an embedded AVC framework based on PPF is developed and experi-
mentally validated on a composite honeycomb sandwich plate, extending the preliminary
results published in Ref. [48]. The main novelty of this work lies in the complete system-
level implementation and experimental validation of a PPF-based active vibration control
strategy on a low-cost microcontroller platform, demonstrating performance comparable
to laboratory-grade real-time systems. PPF is selected for its simplicity and suitability for
real-time implementation with minimal setup complexity. The proposed system integrates
a microcontroller-based controller with surface-bonded Macro Fiber Composite (MFC)
patches acting as collocated sensor-actuator pairs. The procedure begins with modal identi-
fication and finite element analysis to determine the dominant vibration mode and optimal
actuator placement based on modal strain energy distribution. The PPF compensator is
subsequently designed and discretized for implementation on a resource-constrained mi-
crocontroller, with attention to sampling requirements and numerical stability. Dedicated
analog signal-conditioning circuits interface the piezoelectric elements with the embedded
platform to ensure proper scaling and signal integrity. The overall control architecture
is validated experimentally under harmonic excitation, demonstrating the feasibility and
practicality of microcontroller-based AVC for lightweight composite structures.

2. Materials and Methods

Most of the experiments found in the literature on AVC were conducted in a laboratory
wherein a real-time data acquisition system like dSPACE (MicroLabBox with DS1202
PowerPC DualCore 2 GHz processor board and DS1302 I/O board, Paderborn, Germany)
was used. The idea proposed in this study is to substitute the acquisition system with
a microcontroller unit (MCU). This approach presents both advantages and limitations.
The main limitation lies in the reduction in control resulting from the lower resolution
and processor speed of the MCU. Nevertheless, the use of an MCU represents a practical
and feasible solution for the intended application. Because of the size and weight of the
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MCU, it is a more suitable candidate for AVC implementation in both automobiles and
aerospace structures.

The microcontroller imposed stringent constraints on the resolution of the analog-
to-digital converter (ADC), wherein the data acquisition system typically used in this
application operates with 64-bit ADC resolution. Therefore, the MCU should incorporate
an ADC with the highest possible resolution to achieve accuracy and precision comparable
to those of the dSPACE data acquisition system, while still preserving the compactness of
the MCU board. Additional constraints included the need for a higher clock speed, a higher
ADC sampling frequency, an integrated DAC, and MATLAB R2024a and Simulink R2024a
compatibility. Microcontrollers from Arduino, Texas Instruments and STMicroelectronics
were identified as strong contenders for the application. Considering the three microcon-
trollers, see Table 1, the Texas Instruments (Dallas, TX, USA) TI C2000’s TMS320F2837xD
LaunchPad was selected because of its higher clock speed and its higher-resolution ADC.
The computational demand of the implemented PPF controller is minimal, as it consists of
a second-order discrete filter requiring only a small number of floating-point operations
per sampling interval. Running on the 200 MHz C28x core of the TMS320F28379D [49], the
estimated computational load remains well below 1% of the available processing capacity.
In terms of power consumption, the microcontroller operates with a typical core power of
approximately 0.5-0.7 W.

Table 1. Comparison of MCUs from Arduino, Texas Instruments and STMicroelectronics.

Parameters Arduino Due TI TMS320F2837xD STM32F373C8
Clock speed (MHz) 84 200 72
ADC resolution (bits) 12 12/16 12/16
24 in 12-bit mode; 21 in 12-bit mode;
Number of ADC channels 12 12 in 16-bit mode 11 in 16-bit mode
DAC resolution (bits) 12 12 12
Number of DAC channels 2 3 3
Compeatibility with Simulink Yes Yes Yes

2.1. Interfacing MCU with Simulink

The C2000 MCU is connected with the PC via serial communication. The embedded
coder support package for Texas Instruments C2000 processors in MATLAB generates
ANSI/ISO C/C++ code which can be subsequently complied and deployed on the TI
C2000 MCUs using the Code Composer Studio IDE 2020, provided by Texas Instruments.
Embedded coder allows the code generated from Simulink algorithms to manage software
interfaces, optimize the implementation, and minimize memory usage. The embedded
coder support package also provides automated code building and execution, together
with dedicated libraries, and it also supports real-time parameter regulation and tuning.

2.2. Analog-to-Digital Signal Processing Circuits

The ADCs integrated in the TI device adopt a successive approximation register
(SAR) architecture with selectable resolution of 16 bits, with differential input, or 12 bits,
with single-ended inputs. Multiple ADC modules are available, enabling simultaneous
sampling. The ADC wrapper is start-of-conversion (SOC)-based. The sensors employed
in the system produce output signals ranging from —10 V to +10 V, whereas the ADC
inputs of the MCU should be in the range of 0 V to +3 V. For this reason, dedicated signal-
conditioning circuitry was implemented to match the sensor output to the microcontroller’s
input range. Specifically, a resistive voltage divider was first employed Figure 1a to scale
the voltage amplitude of sensors from 10 V up to £1.37 V (Equation (1)). Subsequently, a
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non-inverting summing amplifier Figure 1b was placed in series to provide the required
DC offset while maintaining a unity gain, ensuring that no amplification was added to the
signal. This configuration shifts the scaled waveform by 1.5V, resulting in a final signal
confined within the MCU'’s allowable 0-3 V input window.
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Figure 1. (a) Resistive voltage divider, (b) non-inverting summing amplifier.

The circuits were designed in the Simulink environment, shown in Figure 2, and then
implemented on solderable prototyping boards, as shown in Figures 3 and 4.

- (Sl
- fTF{' S =

Figure 3. Signal processing circuit (SPC) at input of ADC in 12-bit mode, called Input-SPC.
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Figure 4. Signal processing circuit (SPC) at output of DAC, called Output-SPC.

In addition to the previous implemented circuits, since the TI device integrates SAR
ADCs that operate in differential mode, an additional circuit is required to generate the
complementary inputs ADCINXN and ADCINXxP (see Ref. [19]) and establish the ADC’s
required common voltage (Equation (3)).

ADCINxN + ADCINxP

Vem = > (3)

A fully differential amplifier, seen in Figures 5 and 6 and Table 2, from Linear
technology-LTC6362 (Milpitas, CA, USA) is employed. The LTC6362 is a low-power, low-
noise differential amplifier with rail-to-rail input and output swing, specifically optimized
to drive low-power successive-approximation (SAR) ADCs.
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Figure 5. Simulink block diagram illustrating the circuit needed at the input of the MCU when
operating the ADC in 16-bit mode.

D@0 00OC 3
00000000009

Figure 6. Realized circuit related to Figure 5 with the addition of three 3.9 nF capacitors to minimize
voltage fluctuations, providing a low-impedance path for parasitic currents.

Table 2. Resistances used in the circuit of Figure 5.

Resistance [Q)]

Rd; 3300
Rd, 490
Roq 3300
Ro, 1000
Ros 3300
Roy 1000
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The amplifier is configured to convert a single-ended sensor output signal from the
preceding conditioning stages into a differential, non-inverting output. The amplifier
produces complementary outputs (OUT+ and OUT—), which form the differential pair
required by the ADC. The amplifier common-mode pin is biased to a constant 1.5 V, using
a resistive voltage divider network powered at 12 V supply, in order to guarantee that both
amplifier outputs remain inside the ADC input window.

F
ds3V + Kf

§=—a (4)

1+ X

Ka

Rd, 490
S T V A [ Y

Viode Rdy + Rdq Vin = 150 + 3300 >V ®)

The feedback and input resistors were chosen for the required differential gain while
preserving symmetry. Specifically, Ro, and Roy act as feedback resistors and determine
the closed-loop gain, together with Ro; and Roz, where the gain is established by the ratio
Aj = Rop/Roq and Ay = Ros/Ros. A; and A; are equal to guarantee the symmetry.

2.3. Macro Fiber Composite (MFC) Patches

The proposed control system in this study focused on developing a lightweight
and portable system. To meet the requirements, smart materials were considered as an
ideal choice for actuators. Macro Fiber Composites (MFCs) are composed of rectangular
piezoceramic fibers embedded between layers of adhesive, electrodes, and polyimide films.
The electrodes, patterned in an interdigitated configuration on the polyimide layers, enable
efficient transfer of the applied electric field directly to and from the ribbon-shaped fibers.
This architecture allows in-plane poling and facilitates both actuation and sensing within
a sealed and mechanically robust package. When an electric voltage is applied, the MFC
operates as an actuator, inducing bending or deformation in the host structure, enabling
vibration generation, or actively suppressing structural vibrations. In the absence of an
applied voltage, it can work as a highly sensitive strain gauge sensor capable of detecting
deformations, noise, and vibrations. Different types of MFC patches are available based
upon the behavior of the patches under an applied voltage. The MFC P1 type, which
works on the ds3 effect [12], is chosen for this application. The d33 effect is achieved
through the stacked arrangement of the piezoelectric material. In this configuration, the
piezoelectric stacks are arranged such that the application of a voltage across the electrodes
induces a longitudinal extension of the stack, commonly referred to as operation along the
3-3 axis. This characteristic makes stacked piezoelectric actuators particularly suitable for
applications in vibration isolation. For a given applied voltage V, the resulting net static
displacement 6 of a piezoelectric ceramic actuator configured in parallel can be expressed as

ds3V + Kﬂ

0= ———+= (6)

1+ X

Ky
where d3; is the strain constant of the piezoelectric material in the 3-3 axis, K is the external
spring stiffness, K, is the actuator stiffness (K, = E;A;/ Ly, where E;, A;, and L, are the
actuator’s young’s modulus, cross-sectional area, and length, respectively). F is the external

load force.

The advantage of piezoelectric stack, compared with other configurations such as

piezoelectric wafers, is its ability to provide high force. However, this comes at the expense
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of a limited displacement range. The P1-type patches elongate up to 1800 ppm if operated
at maximum voltage range of —500 V to +1500 V. When subjected to an oscillating voltage,
the patch oscillates at the same frequency as the input.

The thin rectangular MFC patches, produced by Smart Materials Corp (Dresden,
Germany), were bonded using an epoxy glue, while the electric connections were made by
soldering the wires directly to the patches, which can be used both as actuators or sensors;
in our study, two different sizes were used separately as actuators (M8557-P1) and sensors
(M8507-P1). The same properties for both patches are shown in Table 3.

Table 3. Dimensions and electrical properties of MFC patches.

M8507-P1 MB8557-P1

Active length [mm] 85 85
Active width [mm] 7 57
Overall length [mm)] 101 103
Overall width [mm] 13 64

Capacitance [nF] 3.1 16

Free strain [ppm] 1035 1350

Blocking force [N] 65 693

2.4. Signal-Conditioning Hardware: Voltage Amplifier

In this work, the output of the DAC of the TI F28379D board ranges from 0.3 V to
3V, while the MFC actuators operate on a voltage range of —500 V to +1500 V. Therefore,
a TREK high-voltage power amplifier (model PA05039, see Table 4 and Figure 7) was
employed to provide the necessary gain (x200). The PA05039 accepts an input range
between —2.5 V to + 7.5 V; consequently, an additional analog conditioning circuit stage
was implemented to scale and offset the output of the DAC to a voltage range of —2.5 V to
+7.5'V, such that the required level of shift and gain is achieved and the DAC can be used
as the low-voltage command source for the high-voltage amplifier.

Table 4. Specifications of the voltage amplifier.

Parameter Value
Input voltage range —25V to+7.5V DC or peak AC

Input impedance 25 k() nominal
Output voltage range —500 V to +1500 V
Output current range 0to £35mA DC

0 to 50 mA peak AC
DC voltage gain 200 v/v (non-inverting)
Offset voltage Less than1V

Slew rate (10% to 90%) Greater than 50 V/us

Figure 7. Voltage amplifier used after the MCU.
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To accomplish the aforementioned goals, in Figure 8 is represented the employed
circuit including the resistive voltage divider supplied from a 12 V source which provides
the bias node used to generate the offset, while in Figure 9 the signal processing circuit
implementation is shown. The bias is summed with the input signal to produce the required
DC shift prior to amplification. The resistance data is reported in Table 5.

IN
G5 — AN “\
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| }—¥ ‘ Rz out
- T e N -
R [ > JESN
12 b - - - Na)-
. (i +) Y N e imm Lk
V= Rdt R3 .
s AN
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Ri2 < -~ R4
i)=0 S |
L d *

VIRTUAL GND

oc MI9000000

o¢ .,>ooo 0000 [N
YCENINO G000
3RR00Q0V0
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000
| 000
| 000
| 000
I 000
000
o

Figure 9. Signal processing circuit represented in the schematic of Figure 8.

Table 5. Resistances used in Figure 8.

Resistance [)]

Rd; 8200
Rd, 950
R 460
Ry 8400
Rs 8400
Ry 27000

2.5. Positive Position Feedback Control Algorithm

PPF control is one of the most commonly used algorithms for resonant control tech-
niques. Its working principle is explained as follows: consider a single-degree-of-freedom
system with a single decoupled mode, as represented by the following equation:

§(t) +2Zwnq(t) + wiq(t) = gwpy )

where ( is the damping ratio and wj, is the natural frequency of the structure. g is the plant
gain, 77 is the compensator output, which is the position of compensator. g is the position
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of the structure under study. The PPF controller is modeled as a second-order dynamic
system, which is represented by the following equation:

1(t) +2Ccwen (t) + wfq(t) = kqw? (8)

where (. is the damping ratio of the compensator, w, is the frequency of the compensator
and k is the compensator gain. The stability of the PPF controller is found by combining
the above two equations, limiting them to a second-order level and assuming no external
forces on the structure:

q 20wy 0 | g wi  —gwilfql _]oO
e N ) S el ) T

The PPF controller is stable if the stiffness matrix is positive definite, that is, the eigenvalues

are all positive.
(3) @2) ~ (~s) (-K)(«?) > 0 W
gk <1

The compensator implies active damping if # is —90° out of phase with respect
to g at wy,. It adds active flexibility at lower frequencies and active stiffness at higher
frequencies. Therefore, the compensator is usually turned at w. = w, in order to have the
desired attenuation of the amplitude of vibration. The transfer function takes the form of
Equation (10).

_ w?
T 240 2
§% + 20cwes + Wi

H(s)

At frequencies higher than the cutoff value w,, the magnitude of the transfer function

(11)

decreases sharply, exhibiting a roll-off of approximately —40 dB per octave. This steep
attenuation mitigates spillover effects associated with high-frequency vibration modes. In
contrast, for frequencies below w,, the magnitude of the transfer function H(s) remains
close to 0 dB, a condition that may promote spillover phenomena. In this context, spillover
refers to unintended interactions whereby the control sensor detects non-target modes and
the actuator inadvertently excites them, an effect that is particularly pronounced when
sensors and actuators are located in close proximity. Under these conditions, the effective
damping ratio of the controlled system can be expressed as

-
G=C+ 4 (12)
Equation (12) illustrates the damping augmentation effect introduced by the PPF
controller. When the compensator is tuned close to the natural frequency of the targeted
mode, the closed-loop dynamics can be approximated by a second-order system in which

the effective modal damping is increased by the additional term % This relationship

highlights that the vibration suppression performance is primarily gO\gerned by the appro-
priate selection of the controller gain and damping parameters, wherein the parameters
g and {, must be selected with care, as they directly shape the resulting Bode response
of the closed-loop system. Compared with negative position feedback, PPF demonstrates
superior robustness against high-frequency spillover. Specifically, the asymptotic decay
rate of the PPF transfer function follows a 1/w?, trend, whereas negative feedback ex-
hibits a slower 1/w roll-off. Although PPF is typically recommended for lightly damped
structures with well-separated modes, in the present study it is shown to effectively at-
tenuate spillover effects originating from modes beyond the targeted frequency range.
Extending modally optimized control strategies to nonlinear vibration regimes requires
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accounting for frequency shifts due to hardening or softening behavior, as well as the
emergence of subharmonic, superharmonic, and combination resonances. A commonly
adopted approach involves the use of a linearization stage followed by a conventional
linear control algorithm. Alternatively, a PPF-based controller can directly accommodate
weak nonlinearities without explicit linearization.

The selection of the PPF parameters was carried out using a modal-based tuning
strategy. The compensator natural frequency was set close to the experimentally identified
natural frequency of the targeted mode, ensuring effective damping augmentation in the
vicinity of resonance. The compensator damping ratio was chosen to provide a well-
conditioned second-order response, balancing vibration attenuation and stability while
limiting excessive amplification near the tuned frequency. The controller gain was initially
selected based on stability considerations derived from the closed-loop formulation and
then refined experimentally through real-time tuning in the Simulink environment. The
gain was gradually increased until significant vibration attenuation was achieved without
inducing instability or noticeable spillover effects. The gain selection was performed
experimentally to maximize attenuation while preserving stable behavior, consistent with
the practical tuning approach used in industrial implementations, where, in general, a
systematic gain-sensitivity map that represents the attenuation and stability versus gain is
required when the controller must operate across a wide range of operating conditions.

As a resonant, mode-selective controller, PPF effectiveness is maximized when the
compensator frequency is aligned with the targeted modal frequency. The experimental
results reported in this work therefore correspond to the tuned configuration adopted
for the selected mode. For applications where the modal frequency can drift, due to
temperature or boundary-condition variations, a detuning-robustness characterization,
around 1-2% of the selected mode, is a natural extension.

This combined analytical-experimental procedure allowed effective suppression of
the selected mode while preserving robust closed-loop behavior; the stability is supported
analytically by the positive-definiteness condition of the closed-loop stiffness matrix and
all eigenvalues are strictly positive, which provides a direct stability criterion within the
adopted reduced-order coupled formulation.

A classical gain/phase margin analysis would require a dedicated loop model identifi-
cation consistent with the implemented digital controller and is beyond the scope of this
experimental validation.

For a multi-degree-of-freedom structure, the practical implementation of PPF control
is governed by

Mx 4+ Cx + Kx = C,v,

13
vs = Cox (13)

where M, C, and K denote the mass, damping, and stiffness matrices, respectively; x is
the physical displacement vector; v, and v; are the actuator and sensor voltage vectors;
and C; and Cs represent the actuator and sensor participation matrices. Introducing a
reduced-order modal representation,

x=Ug (14)

with g denoting the generalized modal coordinates and U the matrix of eigenvectors, the
system equations can be rewritten in reduced modal form as

é_'_ZZQq +A‘7 = Eva

15
vs = CsXx (15
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For real-time embedded implementation, the PPF controller originally designed in the
continuous domain as a second-order resonant filter was discretized within the Simulink
environment and deployed to the TI F28379D microcontroller using embedded coder with
a fixed-step discrete solver. The control loop operates with a constant sampling period
corresponding to the selected sampling frequency (4096 Hz), forming a deterministic
sequence of SAR-based ADC acquisition, discrete PPF computation, and DAC-based
actuation. The sensor signal is acquired through the onboard SAR ADC configured in 12-bit
mode, for single-ended input [49], while the discrete PPF algorithm runs in floating-point
arithmetic on the C28x core, thus avoiding fixed-point truncation effects in the control
computation. To mitigate quantization effects and prevent saturation of the DAC or high-
voltage amplifier during tuning, a pre-filter gain was introduced to scale the measured
signal to the normalized range expected by the controller and to limit the overall loop
gain. This gain was determined experimentally to achieve maximum vibration attenuation
without introducing saturation or instability in the closed-loop system.

2.6. Honeycomb Carbon Fiber Sandwich Panels

Carbon fiber honeycomb sandwich panels are inevitable in the high-performance
automotive industry, motorsports, and aerospace applications. The plate is made up
of two stiff outer skins of carbon fiber with a low-density, low-stiffness inner core of
polymer honeycomb. The outer skin of the composite plate is made up of carbon/epoxy
composite with a 0/90° lay-up, wherein each layer has a thickness of 0.17 mm. The plate’s
properties have been identified using static and dynamic tests. The inner core is made
of PLASCORE PN2 aramid fiber paper and DuPont Nomex paper, with hexagonal cell
dimensions L = H = 4.5 mm, t = 0.0762 mm, and 6 = 30° and an average 2.92 mm core
thickness. The plate was divided into 54 points, 6 columns and 9 rows, and each point
was analyzed during experimental modal analysis using the impact hammer. The plate is
attached to a rigid frame using bungee cords to keep the plate in position. During the test
performed, the attachment points had to be reviewed because of observed inconsistencies
at low frequencies. The observed effect was due to the too-short wires used for connecting
the plate with the support and hence the plate was not freely suspended. Hence, at lower
frequencies, the system behaves as one. The specifications of the plate are mentioned
in Table 6.

Table 6. Specification of CFRP plate.

Property Specification
Designation of carbon composite GG285P(T700)-DT 120-40 (H 100 cm)
Designation of polymer NOMEX
Polymer thickness 3 mm
Plate dimensions 1000 mm x 500 mm

The properties of the carbon fiber fabric used are given in Table 7.

Table 7. Specification of the carbon fiber fabric used.

Parameter Value
Yarn type Toray T700 12K
Weaving style Plain
Standard width 1000 = 5 mm
Standard length 50 £5m
Warp (ends/cm) 1.80 = 0.1
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Table 7. Cont.

Parameter Value
Weft (picks/cm) 1.80 + 0.1
FAW 285 + 15 g/m?
Resin content 40 £ 3% by weight
Volatile content <1% by weight
Laminate thickness 0.31 mm

2.7. Shaker

To conduct the study from a control perspective, the composite sandwich plate was
excited using an electrodynamic shaker (TIRAvib S 502, Schalkau, Germany), to provide
controlled and repeatable out-of-plane disturbances for modal identification and closed-
loop tests. The shaker is characterized by a rated peak force of 18 N and operates over
a wide frequency range from 2 Hz to 10 kHz, making it suitable for the excitation of
low-frequency flexible modes of the structure. The shaker allows a maximum sinusoidal
velocity of 0.8 m/s and a rated travel of 5 mm, ensuring sufficient excitation authority
without inducing mechanical nonlinearities. The excitation force was measured using a
force transducer, and a steel stinger was employed to connect the transducer to the plate
in order to minimize misalignment and transverse loading. The shaker input signal was
generated through the experimental control chain and used consistently throughout both
the identification and control experiments.

2.8. Laser Vibrometer

The out-of-plane vibration response of the composite sandwich plate was measured
using a laser Doppler vibrometer (Polytec OFV-505, Waldbronn, Germany), interfaced
with an OFV-5000 vibrometer controller. The non-contact nature of the measurement
eliminates mass loading effects and avoids mechanical interference with the structure,
which is particularly important for lightweight composite plates. The vibrometer output
signal was routed through the experimental control chain and synchronized with the
excitation and control signals, allowing precise time- and frequency-domain analysis of the
structural response.

3. Experimental Setup

The locations of the sensor and actuator are crucial parameters for achieving effective
control. The placement of sensor and actuator depends on the mode shape to be controlled,
considering that the PPF algorithm is a modal-based algorithm, implying the need to input
the natural frequencies of the structure into the transfer function of the algorithm. Hence an
experimental modal analysis using impact testing was used to find the natural frequencies
and mode shapes of the CFRP plate under study.

3.1. Experimental Modal Analysis

The test setup for experimental modal analysis is outlined in Table 8 and Figure 10.
A monoaxial piezoelectric accelerometer (DYTRAN 3035B (Chatsworth, CA, USA), sensi-
tivity: 98.8 mV/g; range: 0.5 to 10 k Hz) and an ICP impact hammer 086C01 (sensitivity:
11.2 mV/N; range: +444 N) are connected to the data acquisition system using shielded
cables and BNC connectors.
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Table 8. Test parameter values.

Test Parameters Value
Trigger level 0.0053 V
Pre-trigger delay Os
Bandwidth 512 Hz
Resolution 0.5Hz
Acquisition time 2s
Number of spectral lines 1024

—— ¢
Accelerometer

Impact hammer

INPUT 2

SCADAS DAQ

e

Computer

CFRP plate

Figure 10. Test setup.

Three measurements were averaged for each of the 54 defined points. A total of twenty-
four modes has been identified in the frequency range of 0 to 512 Hz. The first three modes
correspond to rigid body modes. The two selected modes for the application of active
vibration control are at 25.13 Hz and 132 Hz, which are shown in Figure 11, respectively.
These two modes fall within the frequency range of interest and they can be controlled
with a single-input-single-output osystem, hence requiring on sensor and one actuator.
Moreover, selecting which natural frequencies to control—and the corresponding mode
shapes—is a crucial step when using a positive position feedback controller. The actuator
should not distort the target mode shape that the controller is designed to suppress: in
our case, the actuation is provided by piezoelectric patches. When the patches expand and
contract along their in-plane longitudinal direction (i.e., along the long side of the patch),
they generate a bending action, out of plane, that induces curvature in the plate. Therefore,
the control action is intrinsically related to the local curvature field associated with each
vibration mode. In modal coordinates, the effectiveness of the positive position feedback
controller depends on the modal participation factor, which quantifies the projection of
the actuator-induced bending distribution onto the corresponding mode shape. Modes
exhibiting significant curvature and strain energy concentration in the region covered by
the patches provide large controllability coefficients and enable efficient energy exchange
with the controller. Conversely, modes characterized by negligible curvature or nodal
lines within the actuator area are weakly controllable and only marginally affected by the
feedback action. For this reason, the selected vibration modes are chosen specifically to
satisfy this deformation constraint. This spatial compatibility ensures that the control action
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predominantly augments the modal damping of the targeted modes. At the same time, the
limited projection onto non-selected modes mitigates spillover effects and preserves modal
orthogonality. As a result, the controller can effectively attenuate the disturbance without
altering the intrinsic dynamic behavior of the structure, maintaining the original modal
stiffness and mass characteristics while increasing dissipation in the controlled subspace.

Mode 1 at 16.22 Hz

Mode 8 at 132 Hz

Figure 11. Results of modal analyses done by impact test.

3.2. Experiments on Active Vibration Control

The system under investigation is a 3 mm thick composite plate made of carbon fiber
honeycomb sandwich panels. The plate is excited using an electrodynamic shaker, with the
excitation point located at (165 mm, 250 mm) with respect to the lower-left corner of the
plate. A harmonic steel stinger is placed between the shaker and the transducer in order to
minimize misalignment and transverse force components. The vibration response of the
plate is measured using a laser Doppler vibrometer. The selected measurement point is
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located at the center of the actuator patch, as shown in Figure 12. The control algorithm is
implemented on the TI LAUNCHXL-F28397D microcontroller unit (MCU).

Figure 12. The plate with actuator and sensor patch.

Two experimental configurations are investigated using the microcontroller: case 1,2
and 3, see Figure 13. In case 1 and 2, the laser vibrometer signal is used as the input to the
controller. In case 3, the M8507-P1 Macro Fiber Composite (MFC) patch is used as a sensor
and provides the input to the controller. In this latter configuration, the M8507-P1 patch is
placed close to the actuator and connected to the MCU through a custom-designed analogic
signal-conditioning circuit, which scales the voltage signal to remain within the acceptable
limits of the analog-to-digital converter (ADC). In both configurations, the output of the
laser vibrometer is used to monitor the plate response. The MCU is interfaced with the
Simulink environment, allowing real-time tuning of the controller gain. The PPF algorithm
is deployed on the flash memory of CPU1 using Simulink embedded coder. The output
signal generated by the MCU is sent to a high-voltage power amplifier and then applied
to the M8557-P1 MFC patch, which acts as the actuator, through the designed analogic
signal-conditioning circuit. This setup constitutes a closed-loop control system on which
the experimental tests are conducted. The closed-loop control architecture is illustrated
in Figure 13. In the first configuration, when the vibrometer is used as the controller
input, the green arrow indicates the signal path to the MCU for test case 1 and 2. In the
second configuration, the vibrometer is used only for response measurement, while the
controller input is provided by the MFC sensor patch, i.e., test case 3. An additional test
case (case 4) was performed in order to compare the results: the same algorithm used
within the microcontroller was deployed on a dSPACE control platform.
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MEFC actuator
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Figure 13. Closed-loop control system scheme.

Input-SPC:
£10V—~+1.37V—~0-3V

DAC

4. Experimental Results

This section investigates the experimental cases of active vibration control under pure-
tone sine wave excitation. In the first case, the shaker applies a harmonic disturbance at
129 Hz, close to the structure’s natural frequency, that is controlled using a laser vibrometer
as the input sensor. The second case focuses on control at 25.13 Hz, where the controller
is reconfigured to target a lower-frequency mode while still using the vibrometer as the
controller input and for the measurement of response. In the third case, the control of
the same 25.13 Hz mode is performed using the MFC patches as sensors and actuators,
requiring an adjusted controller configuration. In all cases, the experiments follow the same
procedure of shaker excitation, signal acquisition, controller activation, and post-processing
of the measured data. In the fourth case, the mode at 25.13 Hz was excited using as a
dSPACE controller as the control unit.

4.1. CASE 1: PURE-TONE SINE 129 HZ—Vibrometer as Input

The objective of this experiment is to control a disturbance at 129 Hz, that excites the
8th mode, close to its natural frequency at 132 Hz. The Simulink block diagram with the
transfer function is shown in Figure 14.

A

Output offset Voltage to unit conv

F2837x/07x/38x C2837x/07x
amaf—T > 636960 :
N 5% + 485 + 656960 ARG
ADC gain_in gain_out .

gain sensor actuator

Figure 14. Simulink block diagram of the control scheme for the mode at 129 Hz.

The plate was excited through the shaker with a pure-tone sine wave at 129 Hz
using an input signal ranging from —0.5 V to +0.5 V and loading was performed for a
duration of 16 s to avoid transient responses after the controller was switched on, and
the experimental results were post-processed. The time-domain analysis of the laser
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vibrometer measurements shows a significant reduction in vibration velocity when the
controller is active. With the controller switched off, the measured velocity was 0.086 m/s,
while activating the controller reduced the velocity to 0.038 m/s. This corresponds to an
approximate 55.8% reduction in vibration velocity in the time domain. Further analysis
in the frequency domain was conducted using the Power Spectral Density (PSD). When
the controller was inactive, the PSD amplitude was —13.53 dB, whereas activating the
controller reduced the amplitude to —19.39 dB. This change corresponds to an amplitude
reduction of approximately 6 dB, as illustrated in the PSD comparison shown in Figure 15.

0.06 |

0.04 |H

0.02 [

Velocity [m/s]

=0.02
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(a) Measured velocity:
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Figure 15. Velocity (a) and PSD (b) results measured by vibrometer during deactivated (blue) and

activated (orange) controller phases at 129 Hz (case 1).
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4.2. CASE 2: PURE-TONE SINE 25.13 HZ—Vibrometer as Input

In this experiment, the controller is set up to reduce the excitation around the mode at
25.13 Hz, where the controller transfer function was adjusted accordingly. The Simulink
block diagram with the transfer function is shown in Figure 16.

K-

Output offset Voltage to unit conv

gain sensor actuator

Figure 16. Simulink block diagram of the control scheme for the mode at 25.13 Hz—with the
vibrometer as input.

The shaker was excited with a pure-tone sine wave at 25.13 Hz using an input signal
ranging from —0.8 V to +0.8 V. Time-domain analysis of the laser vibrometer measurements
indicates a substantial reduction in vibration velocity when the controller is active. With the
controller switched off, the measured velocity was 0.078 m/s, while activating the controller
reduced the velocity to 0.018 m/s. This corresponds to a vibration velocity reduction of
approximately 76.9% in the time domain. Frequency-domain analysis was performed using
Power Spectral Density (PSD), which shows that the input signal from the shaker exhibited
a PSD amplitude in the response point of —12.73 dB, whereas the vibrometer output signal
showed a reduced PSD amplitude of —25.56 dB when the controller was active. This
change represents an amplitude reduction of approximately 13 dB, as illustrated in the PSD
comparison shown in Figure 17.

4.3. CASE 3: PURE-TONE SINE 25.13 HZ—MEFC Patch as Input

The objective of this experiment is to control an excitation close to the mode at 25.13 Hz,
using an MFC patch as the sensor and actuator. The controller transfer function was
adjusted accordingly, as seen in Figure 18.

The shaker was excited with a pure-tone sine wave at 25.13 Hz using an input signal
ranging from —0.8 V to +0.8 V. As in the previous case, signal acquisition was initiated and
the controller was switched on. Time-history analysis of the laser vibrometer measurements
shows a clear reduction in vibration velocity when the controller is active. With the
controller switched off, the measured velocity was 0.067 m/s, while activating the controller
reduced the velocity to 0.018 m/s. This corresponds to a vibration velocity reduction of
approximately 73.1% in the time domain. Frequency-domain analysis was performed using
Power Spectral Density (PSD): without control, a PSD amplitude of —15.28 dB is measured,
whereas the vibrometer output signal showed a reduced PSD amplitude of —27.04 dB
when the controller was active. This difference represents an amplitude reduction of
approximately 12 dB, as illustrated in the PSD comparison shown in Figure 19.

To better evaluate the results and the performances of this study, an additional experi-
mental test case was conducted, case 4, in which the MCU was replaced with a dSPACE
real-time control platform. The shaker was excited using a pure-tone sinusoidal signal
at 25.13 Hz. When the controller was switched off, the measured voltage amplitude was
0.56 V, seen in Figure 20. Upon activating the controller, the voltage decreased to 0.21V,
demonstrating a significant attenuation of the response. This reduction corresponds to
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an approximate 62.5% decrease in voltage responses in the time domain. Moreover, the
control performance achieved using the MCU was found to be comparable to that obtained
with the dSPACE system, thereby demonstrating the applicability and effectiveness of the
MCU for real-time vibration control implementations.
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Figure 17. Velocity (a) and PSD (b) results measured by vibrometer during deactivated (blue) and
activated (orange) controller phases at 25.13 Hz (case 2).
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Figure 18. Simulink block diagram of the control scheme for the mode at 25.13 Hz—with the MFC

patch as input.
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Figure 19. Velocity (a) and PSD (b) results measured by MFC patch during deactivated (blue) and
activated (orange) controller phases at 25.13 Hz (case 3).
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Figure 20. Time-history responses measured by MFC patch and controlled by dSPACE during
deactivated and activated controller phases at 25.13 Hz.

5. Discussion

The experimental results demonstrate that a microcontroller-based implementation of
positive position feedback can achieve a substantial attenuation of vibration in a composite
honeycomb sandwich plate, even under the strict constraints imposed by embedded
hardware. The observed reduction of approximately 74% in velocity amplitude and about
12 dB in PSD for the first flexural mode (25.13 Hz) confirms that the proposed control
architecture is able to inject effective modal damping despite the limited ADC resolution,
DAC range, and computational resources of the MCU. From a practical standpoint, this is a
nontrivial result: it shows that the gap between laboratory-grade real-time platforms (such
as dSPACE) and low-cost embedded controllers can be narrowed significantly with careful
system-level design.

When interpreted in the context of previous studies, the achieved attenuation is
consistent with, and in some cases comparable to, results obtained using more complex or
computationally demanding platforms. Earlier works on PPF-based control of plates and
beams implemented on dSPACE or similar DAQ systems typically report attenuation levels
in the range of 60-90%, depending on modal separation and actuator authority. The present
results fall within this envelope, reinforcing the idea that the control law itself—rather than
the computational sophistication of the hardware—is the dominant factor for narrowband,
modal vibration suppression. This aligns with findings in the literature that emphasize
the robustness and spillover-resistant nature of PPF for lightly damped structures with
well-separated modes.

A critical aspect highlighted by the experiments is the role of signal conditioning and
hardware integration. The necessity of custom analog circuits to scale and shift sensor
signals into the ADC range, and to properly drive the high-voltage amplifier for the MFC
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actuators, emerges as a decisive factor in ensuring stability and performance. Inadequate
conditioning would have amplified quantization noise or introduced offsets that could
severely degrade control effectiveness. This observation corroborates earlier studies that
stress how embedded AVC performance depends as much on analog front-end design as
on the digital controller itself.

The choice of MFC patches as collocated or near-collocated sensor—actuator pairs also
proved effective. Their high force capability, low mass, and compatibility with surface
bonding make them particularly suitable for lightweight composite structures. The exper-
imental attenuation confirms that, when placed in regions of high modal strain energy
(identified through modal analysis and FEM), even a single actuator—sensor pair can exert
sufficient authority over a targeted mode. This result supports the broader consensus in the
literature on optimal placement strategies and validates the practical usefulness of modal
strain energy as a guiding criterion.

It is worthwhile to observe that the present approach is effective under pure-tone
harmonic excitation, which is a common scenario when the excitation source is a rotating
machine (aerospace turbines, wind turbines, reciprocal machineries and engines, pow-
erplants); on the other hand, other real scenarios, like wind-induced vibrations, ocean
waves, or earthquakes, are typically characterized by randomness; in such cases there is
no evidence of good performance by the PPE. Moreover, PPF is inherently a narrowband
controller, and its performance is strongly tied to accurate tuning of the compensator
frequency. Frequency shifts due to nonlinear effects [50], temperature variations [51], or
boundary-condition changes could therefore reduce effectiveness. While PPF has been
shown to tolerate weak nonlinearities, more severe nonlinear behavior or closely spaced
modes would likely require adaptive or observer-based strategies, as suggested in more
recent studies.

The experimental analyses developed in this work are intentionally focused on the
harmonic forcing close to the selected resonance, which is the primary use-case for resonant
PPF control in rotating machinery contexts. While broadband disturbance rejection is not
the principal objective of a resonant controller, the strong high-frequency roll-off of the PPF
filter (=—40 dB/oct beyond cutoff) is beneficial to mitigate spillover effects. Broadband
excitation testing is therefore positioned as a complementary validation step when the
intended application involves wideband forcing.

An important feature of the control proposed in this paper is the scalability; this work
proves the effectiveness of a SISO control of a single mode. Extending this framework to
multiple modes or to MIMO configurations is feasible in principle, but it raises additional
challenges related to spillover, interaction between controllers, and computational load.
Although the selected MCU has sufficient resources to handle multiple second-order
compensators, careful tuning and possibly decentralized or decoupled control strategies
would be required to maintain robustness.

In a broader context, the findings reinforce a key idea emerging in recent AVC re-
search: effective vibration control does not necessarily require high-end hardware, but
rather an intelligent co-design of structure, sensors, actuators, control law, and embedded
implementation. The present study adds experimental evidence that microcontroller-based
AVC is a viable and attractive solution for automotive and aerospace applications, where
constraints on mass, volume, power consumption, and cost are often more restrictive than
computational limits.

6. Conclusions

This paper proves the feasibility of implementing positive position feedback-based
active vibration control on a composite honeycomb sandwich plate using a low-cost mi-
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crocontroller platform. The present work demonstrated that effective modal vibration
suppression could be achieved through an integrated embedded architecture combining
microcontroller-based control and piezoelectric actuation on a composite structure. Indeed,
the key contribution of this study is the experimental proof that a resource-constrained
embedded microcontroller can deliver vibration attenuation performance comparable to
conventional systems.

By integrating Macro Fiber Composite patches as sensor-actuator pairs with appropri-
ate analog signal conditioning, the proposed embedded control architecture was shown to
effectively suppress the targeted flexible mode, despite limitations in ADC/DAC resolution
and computational resources. The results confirm that, for narrowband vibration sup-
pression, control performance is primarily dictated by system-level design and controller
tuning, rather than by the use of high-end real-time hardware.

The study also highlighted practical considerations for embedded active vibration
control, including the importance of optimal actuator placement based on modal strain
energy and robust hardware integration. Although the experiments were conducted on a
single specimen configuration and focused on single-mode control under harmonic excita-
tion, the findings provide a strong basis for extending the approach to multi-modal and
multi-input-multi-output configurations, as well as to more realistic excitation scenarios.
Overall, the work supports the viability of microcontroller-based active vibration control as
a lightweight, cost-effective solution for automotive and aerospace applications.
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