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Comparative study of MIMO control methodologies
for vibration reduction in Self-Sensing

multi-piezoelectric systems

Halim OULD LAHSEN, Anton KORNIIENKO, Julien HUILLERY,
Fabien MIEYEVILLE,∗†‡

Abstract

This work addresses the challenge of vibration control in a flexible plate using
two piezoelectric patches in a Self-Sensing Actuator (SSA) configuration, meaning
they simultaneously serve as sensors and actuators. Two H∞ MIMO control strate-
gies, centralized and structured, are developed and compared, accounting for the
coupling effects between the piezoelectric elements. Additionally, a third strategy
based on a previously developed SISO methodology is also included for comparative
analysis. The identification-based modeling approach coupled with model reduction
techniques enable the design of a low-order controller, achieving significant vibration
reduction within a specified frequency range.

Keywords: H∞ control, centralized control, structured control, Self-Sensing Actua-
tor, piezoelectric actuation, flexible structure, vibration control.

1 Introduction

Ambient vibrations represent a significant class of challenges to address in various in-
dustrial applications, particularly in the fields of automotive, aerospace, and robotics,
see [3, 9, 16, 13, 14]. These vibrations degrade system performance, accelerate failures,
and can lead to severe malfunctions or complete loss of functionality.

Recent advances in active control have enabled the development of effective solutions
to mitigate these vibrations, [4, 11]. Piezoelectric materials, due to their high performance
and rapid response, are widely used in such systems. Their ability to meet stability and
reliability requirements makes them essential components in vibration control and numer-
ous studies have demonstrated the effectiveness of these materials in reducing vibrations
in flexible systems, [9, 8]. Among the approaches developed, the Self-Sensing Actuator
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(SSA) technique, introduced by [2], employs a single piezoelectric element as both a sensor
and an actuator. This method simplifies the control system architecture by eliminating
the need for separate sensors and actuators, thereby reducing costs and enhancing overall
reliability.

In our previous work [7] under publication, a robust H∞ control methodology was
applied to a SISO system, demonstrating the effectiveness of local vibration reduction
with a single SSA piezoelectric element. In the present work, we extend this methodology
to a MIMO system with two SSA piezoelectric elements, taking into account the coupling
between the two piezoelectric elements and allowing to address more global vibration
reduction objectives. Since most of the methodological aspects were developed in our
previous work [7], here we focus more on practical questions and mainly on the possibility
of decentralized control design and implementation.

We adopt an approach for model identification, where each transfer function is iden-
tified separately, taking into account the modal similarities of the piezoelectric elements.
Once the MIMO system model is obtained, its order is reduced according to the original
idea of [11]. Then, two control strategies based onH∞ synthesis are developed: centralized
and structured control, where specific constraints are imposed on the controller structure.
The methodology emphasizes the importance of structured control, where the design en-
sures that each piezoelectric element is controlled by an independent local controller.
While centralized control is also considered for benchmarking purposes, the primary fo-
cus is on achieving decentralized control that respects the structural constraints of the
system. In addition, the controllers are designed to impose roll-off characteristics outside
the frequency range of interest. This ensures a reduction of the control signal’s power and
improves robustness as well as measurement noise filtering. Simulations and experimental
results illustrate the effectiveness of the proposed control design methodology.

Notations: In this work we denote Gx→y and Tx→y respectively the open-loop and
closed-loop transfer function from signal x to signal y, Throughout the study, the system
is assumed to be a Linear Time-Invariant (LTI) system, allowing all computations to be
performed in the Laplace domain. Temporal signals are represented in lowercase (e.g., vs,
vc), while Laplace-domain signals are represented in uppercase (e.g., Vs, Vc).

2 Experimental bench

A suspended 33×33 cm2 flexible plate equipped with two piezoelectric patches is used for
experimental illustration of the vibration control solution proposed. Fig. 1 and 2 provide
a schematic representation and photos of the experimental setup.

The vibrations of the flexible plate are induced by applying an excitation signal vexc
to the ”Data Physics” ”M20/PA300E” shaker which in turn applies a disturbing force
at a specific excitation point on the plate. The excitation signal vexc is generated by the
”DS 1104 R&D” controller card and amplified by a ”Data Physics” 30W power ampli-
fier. The vibrations of the plate are measured by two identical piezoelectric elements
(PE1 and PE2) ”DuraACT P-876.A15” by ”PI Ceramic” with internal capacitances
CPE1

p ≈ CPE2
p ≈ 37nF . As depicted in Fig. 1, the two measured signals vPE1 and

vPE2 are passed to the two SSA balancing bridges (one for each piezoelectric element)
before reaching the controller. In return, the controller computes the control signals vc1
and vc2 applied to the piezoelectric elements through the SSA balancing bridges. With-
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Figure 1: Experimental setup for active vibration control with Self-Sensing Actuators.

out these circuits, the actuation signal and the detection signal share the same terminals,
creating a direct coupling that introduces additional noise, thus disrupting the control by
reducing the signal-to-noise ratio. The balancing bridges separate these signals, reducing
interference and improving the signal-to-noise ratio. Additionally, digital compensation
is also performed to optimize the system’s performance. Further details about the SSA
implementation and modelling used in this work can be found in [7].

The vibrations of the plate exhibit its most significant power spectral density level in
the frequency range Ω = [200; 300]Hz. This frequency band Ω is thus selected for control
purpose as it includes the plate’s most energetic vibration modes.

Vibra�on
shaker
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Controller
Board

Piezoelectric
elements

Plate

Figure 2: Photos of the experimental bench.
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3 Identification and model reduction

The overall process of system modeling, order reduction, and control synthesis is summa-
rized in Fig. 3. The goal is to obtain a decentralized, robust reduced-order controller that
decreases the system vibrations in the frequency band Ω without spillover effects. The
approach used was initially proposed in [11] and specialized to the SSA configuration in
our work under publication [7]. In this work, we focus only on new aspects of the work
necessary to address the decentralized nature of the controller required for implementa-
tion simplification. The interested reader is invited to consult the details on H∞ criteria,
digital controller implementation, and SSA direct term compensation in [11] and [7]. This
section presents identification techniques used to build a model of the instrumented flexi-
ble plate, along with model reduction methods used to simplify the system representation
while preserving relevant dynamics for control.

The proposed modeling procedure is based on system black-box identification [5]. Even
though the subspace based identification can be used to directly obtain the MIMO state
space representation of the system, in this work we opted for SISO by SISO polynomial
transfer function identification based on prediction error methods. This approach appears
to be more numerically stable and allows, together with the nominal transfer function,
to estimate the size of the uncertainty due to the noise and time-limited identification
experiment. The increase in model order caused by the separate identification of each
transfer function is compensated by the proposed pole selection procedure, as explained
later.

3.1 Input-output and system definitions

The system to be controlled involves three input signals: the excitation signal vexc and
two control signals vc1,2 . The excitation signal vexc is applied to induce vibrations in the
plate, while the control signals vc1,2 are applied to the piezoelectric elements through the
SSA balancing bridges. In response to these inputs, the system produces two output
signals vs1,2 , which are the measures from the two piezoelectric elements through the SSA
balancing bridges, see Fig. 1. The behavior of the MIMO system to be controlled can
thus be described in the Laplace domain by the following equation:

[
Vs1

Vs2

]
=

G(s)︷ ︸︸ ︷[
GVexc→Vs1

GVc1→Vs1
GVc2→Vs1

GVexc→Vs2
GVc1→Vs2

GVc2→Vs2

]Vexc

Vc1

Vc2

 (1)

where Vc1 and Vc2 are the control signals in Laplace domain applied to PE1 and PE2,
respectively, and Vs1 and Vs2 are the output signals measured from the corresponding
piezoelectric elements connected to the SSA balancing bridges.

3.2 Identification steps

Black-box identification approaches rely on collecting experimental measurements and
processing the input-output signals to estimate the parameters of a transfer function whose
structure is given. In this work, the ARX (AutoRegressive with eXogenous input) model
structure combined with the prediction error method [5] is adopted. The ARX structure
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Figure 3: Proposed Control design methodology

is preferred for its explicit parameter estimation formulas and superior numerical stability,
as established in [6] and widely applied in industrial settings [15].

A trade-off has to be made in the choice of the model order. It should be high enough
to capture the important dynamics of the system, but not so high as to avoid overfitting
the measurement noise, which would introduce excessive uncertainties. In this work,
Akaike’s Information Criterion [5] is used for order selection. Moreover, the model order
can further be reduced by adding a second step to the identification process: the first step
classically involves using the experimental data to build a high-order ARX model. In the
second step, noiseless simulated data is generated through temporal simulations of the
first identified model and then used to estimate a new lower-order ARX model, denoted
GI(s) (see Fig. 3).

3.3 Model order reduction

The order of the initially identified model GI(s) remains too high with respect to the
control objectives and could lead to the design of an unnecessarily complex high order
controller. To address this, the model order reduction method based on Modal Form
Truncation (MFT) introduced in [10] is used to eliminate the irrelevant poles outside the
frequency band of interest Ω = [200; 300]Hz. However, MFT generally introduces errors
between the original model, GI(s), and its truncated counterpart, GT (s), especially around
the locations of zeros. To mitigate this problem, as discussed in [12, 7], the optimization
step involves adjusting the zeros of GT (s) to minimize the relative error between the
original model, GI(s), and the optimized version,

Another key aspect of the proposed system identification is the poles selection proce-
dure. This is particularly relevant in polynomial identification, where transfer functions
are estimated individually for each input-output pair. Indeed, since they are influenced
by the same vibration modes of the plate, these transfer functions theoretically share
common poles. However, if the identification process is conducted separately for each
transfer function, the estimated poles are not exactly identical but rather close to each
other. Blind concatenation of the identified transfer function would result in an overly
high order MIMO system model. To avoid this, we propose to select and fix the common
poles between the identified transfer functions.

Let GO
i (s), with i = 1, . . . , 6, be the transfer functions associated with each input-

output pairs of (1). Each transfer function has poles pi,j, where i is the index of the
transfer function and j is the index of the pole. The poles are compared between the
different transfer functions. They are considered to be close if the difference between
them is less than a threshold ϵp = 2π × 0.5:

max
k,l

∥pi,k − pi,l∥ < ϵp (2)

Once the closest poles are identified, their average position is computed by taking the
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(c) Vc2 → Vs1
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Figure 4: Identified modelsGI
x→y (solid blue lines) and reduced-order modelsGR

x→y(dashed
red lines).

average of the real and imaginary parts:

p̄j =
1

n

n∑
i=1

pi,j (3)

This provides an average value for each pole j, which is used to adjust the poles in all
transfer functions. This method ensures the consistency of the poles across the transfer
functions GR

i (s) and improves the accuracy of the overall model. The overall reduced
model obtained after this pole selection procedure is denoted as GR(s).

To validate the modeling process, Figure 4 illustrates the initial identified models
GI

i (s) and the reduced models GR
i (s) for selected transfer functions of the global MIMO

model. This visual comparison highlights the consistency between the initial and reduced
models and demonstrates the effectiveness of the reduction process in preserving the key
dynamic behavior of the system while simplifying its representation.

Please note, that the difference between this reduced order model GR(s) and initially
identified high order model GI(s) is taken into account in control design similarly to the
model reduction uncertainty as detailed in [7].
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4 Control strategies

In this section, we describe each approach based on the type of control and the method-
ologies derived from the schematic presented in Figure 5. Specifically, the SISO, MIMO
centralized, and MIMO structured approaches are introduced with a focus on their re-
spective principles and design characteristics.
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Figure 5: Comparison of SISO and MIMO control strategies in the system configuration
for vibration control with two piezoelectric elements. (a) SISO, (b) MIMO.

4.1 Independant SISO design

In the Independent SISO approach, each piezoelectric element is treated as a separate
system and its control is designed independently thanks to the H∞ design procedure
without considering coupling effects exactly as proposed in [7]. This method assumes
no interaction between the two piezoelectric elements. The design of two controllers
K1(s) and K2(s) is performed separately, which simplifies the design but ignores couplings
between the elements.

4.2 Centralized MIMO design

In the MIMO centralized approach, the interactions (or couplings) between multiple inputs
and outputs are explicitly modeled and accounted for during controller design. Here, a
single global controller is designed for the entire system, represented by a 2x2 matrix as
illustrated in Figure. 5b:

KC(s) =

[
K11(s) K12(s)
K21(s) K22(s)

]
(4)

where Kij(s) are the controller transfer functions for each input-output pair. The H∞
criteria proposed in [7] is extended and applied to our system with two control inputs Vc1 ,
Vc2 and two measurement outputs Vs1 , Vs2 , see also [11].

This method has the potential to achieve the best performance by using the overall
system model, including all couplings. However, the high computational complexity and
implementation cost make it impractical for systems with many piezoelectric elements.
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4.3 Structured MIMO design

In the structured (or decentralized) MIMO approach, we aim to achieve the benefits of
the MIMO centralized method while maintaining a simpler, diagonal controller structure.
The structure of the control law is given by:

KS(s) =

[
K11(s) 0

0 K22(s)

]
(5)

Here, the diagonal structure implies that each piezoelectric element is controlled indepen-
dently by its respective controller, K11(s) or K22(s). However, the synthesis considers the
full MIMO model, ensuring that couplings between the elements are accounted for during
the design stage.

The MIMO structured methodology can be seen as a special case of the MIMO cen-
tralized approach. If no structural constraints are imposed during the synthesis of the
structured controller, the solution converges to the centralized controller. However, by
imposing the diagonal structure, the implementation complexity is significantly reduced,
making this approach scalable to larger systems with many piezoelectric elements.

However, the obtained design problem is a non-convex one since it is associated with
the structured H∞ design. It can be solved [1] provided a good initial guess for the
controller is given. In this study, we initialize the structured controller using the in-
dependently synthesized K1(s) and K2(s) from the SISO methodology. The structured
controller matrix is thus initialized as:

KS
0 (s) =

[
K1(s) 0
0 K2(s)

]
(6)

This initialization takes advantage of the fact that K1(s) and K2(s) performed well in
simulations and experiments when applied independently. By using these as a starting
point, the iterative optimization process converges to a solution KS(s) that maintains the
performance benefits observed in the SISO design when applied to the overall system as
explained in the next section.

5 Results and analysis

In order to illustrate the results of the proposed design methodologies, tree simulations
and experiments where performed. First is based on the independent SISO design in
Figure 5a where only one piezoelectric element is controlled at time (say K1), putting
another controller to zero (K2 = 0). Second and third are implemented according to
Figure 5b with controllers KC(s) and KS(s) obtained respectively based on Centralized
and Structured MIMO H∞ design.

For the evaluation of simulation and experimental results, measurements of vsi were
performed for each piezoelectric element and used as an indicator of the local dynamic
response of the plate. The reduction rate is computed in the time domain using the Root
Mean Square (RMS) value of each measurement in open-loop (vOL

si
) and closed-loop (vCL

si
)

configurations:

rvibRMS(PEi) =

(
1−

RMS(vCL
si

)

RMS
(
vOL
si

)) 100% (7)
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The higher this indicator is for a given piezoelectric element, the better the vibration
reduction rate is locally achieved by that piezoelectric element. To evaluate the overall
reduction, we decided to compute the common RMS value by simply concatenating the
output vectors as follows:

rvibRMS(PE1, PE2) =

1−
RMS

([
vCL
s1

vCL
s2

])
RMS

([
vOL
s1

vOL
s2

])
 100% (8)

Table 1 presents the reduction rates obtained for each control strategy, both for simu-
lation and experimental cases, as well as for each of the two piezoelectric elements (PE1

and PE2) separately. Additionally, the average reduction rate for the two elements is also
provided to give an overall evaluation of the control strategies’ performance.

The results show different level of vibration reduction depending on the selected con-
trol strategy.

The SISO PE1 strategy achieves a significant reduction in PE1 vibrations in simu-
lation (56%) and experimentation (53.2%), but its effect on PE2 remains minimal (8%
in simulation and only 2.96% in experimentation). This result is not surprising since it
indicates a strong selective action on PE1 with negligible impact on PE2.

Similarly for the SISO PE2 strategy which achieves a better reduction level at the
PE2 location. Surprisingly, it shows an asymmetry between simulation and experiment
(42.4% vs 28.6%).

The discrepancy may be due to unmodeled effects in the experimental setup. A pos-
sible explanation is that PE2 is located closer to the excitation point, leading to different
boundary conditions compared to PE1, which is more constrained. In both SISO cases
however, the common reduction rate is smaller confirming the strong selective action of
each piezoelectric element.

The MIMO Centralized strategy leverages the coupling between PE1 and PE2, lead-
ing to best overall performance. A good level of vibration reduction is obtained for both
locations. While the overall reduction reach the best score of 38.8% and 40.5% in simu-
lation and experiment respectively.

The most interesting results are obtained with the MIMO Structured strategy. Despite
the fact that a diagonal structure on the controller is imposed, the reduction level is only
slightly decreased compared to the MIMO Centralized strategy. This tendency is similar
for both local and overall reduction levels.

Additionally the power spectral density (PSD) for the signals vs1 and vs2 in open and
closed-loop configurations for MIMO Structured strategy is shown in Fig. 6. The results
indicate that the experimental and simulation data exhibit similar peak attenuation levels
between open and closed-loop cases across the frequency range Ω. This verifies that the
reduced-order model provides an adequate representation of the system dynamics within
the specified frequency range. Additionally, stability is maintained, and no spillover effects
are observed.
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Table 1: Summary table of reduction rates of the control signal for each configuration

Strategy Simulation Experimentation

rvibRMS(PE1) rvibRMS(PE2) rvibRMS(PE1, PE2) rvibRMS(PE1) rvibRMS(PE2) rvibRMS(PE1, PE2)

SISO PE1 56% 8% 27,5% 53,2% 2,96% 23,76%

SISO PE2 7% 42,4% 28,5% 11,8% 28,6% 20%

MIMO Centralized 40,1% 37% 38,8% 39,5% 41,5% 40,5%

MIMO Structured 37,22% 35,91% 36,55% 41,8% 33,89% 37,5%
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Figure 6: Power spectral density of the obtained signals: (a) vs1 and (b) vs2 . Experimen-
tal Open Loop (black line), experimental Closed Loop (red line), simulated Open Loop
(dashed blue line), and simulated Closed Loop (dashed green line).

6 Conclusion and future perspectives

In conclusion, this study demonstrates the effectiveness of advanced control strategies for
vibration suppression in a flexible plate using piezoelectric patches in a Self-Sensing Ac-
tuator (SSA) configuration. Among the evaluated approaches, the structured H∞ MIMO
control strategy stands out, achieving a notable 40% reduction in vibrations while ad-
dressing the coupling effects between the piezoelectric elements. This result highlights
the structured strategy’s ability to address the trade-off between performance and con-
troller complexity, making it a promising solution for practical applications requiring
precise vibration control. Future work could explore the integration of this approach into
more complex systems combining more then two sensors/actuators.
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