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ABSTRACT

This study investigates the active vibration control of a smart composite box beam equipped with piezoelectric
layers using a fuzzy control strategy. A non-classical beam model based on two-dimensional cross-sectional
analysis is employed to capture the dynamic behavior of composite beams with arbitrary cross-sectional
geometries and anisotropic materials. The proposed formulation provides high computational efficiency while
preserving the accuracy of three-dimensional modeling. The governing equations are derived considering six
degrees of freedom, transverse shear effects, and material coupling terms. After modal reduction based on the
first vibration mode, the equations are discretized in the time domain using the central difference method. The
performance of the fuzzy controller is evaluated under dynamic loading conditions, and the obtained results

demonstrate effective vibration suppression together with reduced oscillation amplitude and improved transient

response.
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1. Introduction

Smart structures equipped with piezoelectric sensors
and actuators have become widely used for active
vibration control in lightweight engineering components
such as wind turbine blades, helicopter rotor blades, and
high—aspect-—ratio wings. Due to their low inherent
damping, these structures often experience significant
vibrations during operation, making passive control
strategies insufficient. Piezoelectric materials are
especially attractive because they simultaneously enable
sensing and actuation through their electromechanical
coupling capabilities.

Active vibration control of smart beams has been
extensively studied using various control techniques.
Early investigations on isotropic piezoelectric beams
modeled via Euler-Bernoulli theory demonstrated the
effectiveness of classical PID controllers for vibration
suppression [1]. Fuzzy logic—based controllers were later
introduced to enhance robustness against nonlinearities
and parameter uncertainties, leading to improved
dynamic performance [2]. More recent studies have
extended active control methods to composite beams,
where complex couplings, transverse shear effects, and

anisotropy significantly influence the dynamic behavior
[3,4].

Despite recentadvancements, only a limited number
of studies have employed advanced composite beam
formulations capable of fully capturing material
couplings, warping effects, and transverse shear
deformation in. active «vibration control applications.
Motivated by these limitations,, the present study
develops an efficient framework for modeling and active
vibration control of smart composite.box beams equipped
with surface-bonded piezoelectric layers using a fuzzy
logic controller. The propased non-classical model
accounts for all six degrees of freedom; ‘complete
material and geometric couplingeeffects;’and transverse
shear deformation, making it suitable‘for arbitrary cross-
sectional geometries and anisotropic /materials: By
deriving reduced-order governing equations through
energy methods and finite element formulation; the
approach significantly reduces the computational “cost
compared to full three-dimensional modeling while
maintaining high accuracy. The obtained results
demonstrate effective vibration suppression together



with reduced oscillation amplitudes and improved
transient response.

2. Methodology

In developing the active vibration control framework
for both isotropic and composite smart beams, the
electromechanical coupling mechanisms play a central
role, beginning'with the sensing process governed by Eq.
1, where the sensor, voltage is obtained by applying the
signal-conditioning gain to the induced electric current
generated by the piezoelectric layer during deformation.
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This voltage forms the primary feedback signal for
the control system and directly entersithe fuzzy inference
mechanism. Correspondingly, the actuation mechanism
is described through Eg. 2, which expresses the
equivalent nodal force produced>when®a voltage is
applied to the piezoelectric layer.
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This formulation quantifies how the applied electrical
input creates bending and shear forces within the
structure, allowing the electromechanical actuation to be
incorporated into the global dynamic model.

With the sensing and actuation relations established,
the beam dynamics are reduced onto the first bending
mode to facilitate real-time control implementation. The
resulting modal equation of motion, expressed in Eq. 3,
connects the modal inertia, stiffness, and
electromechanical forcing term into a compact single-
degree-of-freedom representation.
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This reduced model captures the dominant vibratory
behavior while enabling efficient numerical integration
and fast controller response. For the composite smart
beam, the multi-field coupling effects inherent in
anisotropic box-beam sections are incorporated through
the strain and kinetic energy formulation in Eq. 4, which
represents axial, bending, shear, torsional, and warping
contributions using a unified strain wvector. This
expression forms the foundation for constructing the
stiffness and mass matrices required for high-fidelity
modeling of composite beam behavior.
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The fuzzy control strategy is constructed based on a
simple set of linguistic inference rules relating the sensed

voltage V. to the actuator voltage V,, expressed as
follows:

1. IF “Vsis N” THEN “VaisP.”
2. IF“VsisZ” THEN “Vais Z.”
3. IF“Vsis P” THEN “Vais N.”

Once the dynamic and electromechanical models are
established, the fuzzy controller synthesizes the control
voltage using the inference logic presented in Eq. 5,
where the actuator voltage is generated based on the
membership degrees associated with the sensed
deformation.
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This nonlinear mapping enables smooth and adaptive
control behavior, allowing the system to respond
effectively under both transient and steady-state
conditiens. The composite beam model used for
evaluating this controller is represented by the three-
node,/ eighteen-degree-of-freedom Timoshenko finite
element shown in Figure 1, which accommodates
transverse shear deformation and non-classical coupling
effects essential for modeling composite box-beam
dynamics accurately.

Figure 1. Three-nodded Timoshenko beam element
modeling composite box beam with shear and.coupling
effects.

3. Discussion and Results

The effectiveness of the proposed controllerin
positioning and vibration suppression is demonstrated
through several key results. In Figure 2, the fuzzy control
of the smart composite beam under impulsive loading is
presented, where a shear force of 100 N and a bending



moment of 10 N-m are applied at the free end. In the
present study, an actuation voltage of 2000 V is applied
to the walls of the box beam, producing the equivalent
shear load. The results clearly show that the fuzzy
contreller significantly reduces the oscillation amplitude
compared to the uncontrolled case and suppresses the
vibrations with much lower overshoot.
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Figure 2. Dynamic response.of the smartcomposite beam
under impulsive loading usingfuzzy control.

Additionally, the linear velocity of the tip of'the smart
composite beam is shown in Figures 3..The results in
Figure 3 indicate that the fuzzy controller dissipates the
amplitude of velocity oscillations inya significantly
shorter time and drives the dynamic response of the
system toward the steady-state condition. The rapid
reduction in velocity amplitude demonstrates the
controller’s strong capability in absorbing vibrational
energy and preventing the continuation of oscillationsin
the composite structure. Moreover, the absence of severe
oscillations and the smoother velocity response highlight
the robust stability of the control system even in the
presence of complex material and geometric couplings of
the composite box beam.
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Figure 3. Linear velocity at the free end of the smart
composite beam.

4. Conclusion

This study presents an active vibration control
framework for smart composite box beams equipped
with piezoelectric sensor—actuator layers using a fuzzy
logic control strategy. Finite-element modeling, modal

reduction, and electromechanical coupling relations are
integrated to accurately capture the dynamic behavior of
composite box-beam structures with arbitrary cross-
sectional geometries and anisotropic materials. The
proposed non-classical model considers six degrees of
freedom together with complete material and geometric
coupling effects, while maintaining significantly lower
computational cost compared to full three-dimensional
modeling. The obtained results demonstrate that the
fuzzy controller provides fast, stable, and effective
vibration suppression under different loading conditions,
accompanied by reduced oscillation amplitudes and
improved transient response.
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Table 1. Properties of the smart composite beam [15]
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Fig. 4. Three-nodded beam element.with 18 degrees of freedom [16]
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Table 2. Stiffness matrix of the smart composite beam [13]
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Fig. 5. Model of the smart beam
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Fig. 7. Membership function plot of actuator voltage
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Table 3. Properties of the smart Euler-Bernoulli beam
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Fig. 13. Actuator voltage of the smart Euler beam under impulsive loading
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Fig. 17.PID control response of the smart Euler beam under impulsive loading
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