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Abstract

This paper presents a fuzzy-logic-based observer and a positive position feedback controller to reduce a
standard beam's free vibrations using a piezoelectric actuator. It is aimed that fuzzy-logic-based observer is
used as feed-through and improves the overall performance of the PPF controller. For this aim, the cantilever
beam and a piezoelectric patch are initially numerically modeled using the finite element method considering
the close loop control algorithm. The displacement and strain responses results are compared with the
experimental model. Then, two controllers are applied to the designed system: positive position feedback
(PPF) and fuzzy-logic-based positive position feedback (FLBPPF). The uncontrolled and controlled system
responses are investigated and compared in terms of the linear strain and tip displacement results. Using the
FLBPPF controller, the settling times of controlled systems are decreased by about 20.7% and 41.6%
regarding the linear strain and tip displacement response compared to the PPF controller.
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1. Introduction based on intelligent materials [2-4]. Smart materials
such as piezoelectric, shape memory alloys, and
magneto/electrorheological fluids have been used
in various applications to implement the desired
control strategies. Piezoelectric material-based
actuators/sensors are widely used in vibration
control studies. They provide comparable low-cost,
large bandwidth, fast response, low-weight,
reliability, and low power consumption properties
actuating and sensing the vibrations in flexible
structures [5].

There are several studies in the literature about
piezoelectric material-based active vibration

Active vibration control is studied to suppress or
reduce redundant vibrations in structures using an
actuator and sensor pairs. The harmful vibrations
frequently occur in structures, and they need to be
handled under control to prevent structural stability
failure. Even when harmful vibrations do not
exceed reasonable levels, transverse resonant
vibrations can eventually cause the fatigue of
structures and reduce the service life [1].

There are many other motivations for applying
active vibration control to the structures. Most
efforts on active vibration control are typically
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control with different goals. Zhang et al. [4] studied
thin-walled structures to achieve vibration
suppression with a controller design. They
implemented a PID control to suppress both free
and forced vibrations according to vibrations
excited by various disturbances. Boz et al. [2]
investigated a thin, flexible smart plate with an
optimal velocity feedback controller using surface-
bonded piezoelectric patches as actuators while
using a collocated vibrometer as the velocity
sensor. Similarly, Liu et al. [3] presented an
optimum control method for a nonlinear vibration
system that is a flexible, simply-simply supported
beam with a piezoelectric sensor and actuator. They
emphasized the delayed control in nonlinear
systems has a significant role in vibration control
engineering, and the study of delayed vibration
control of nonlinear systems is essential. In
literature, it is observed that there are two essential
processes in active vibration control. The first
process is the optimal placement of the
sensor/actuator pairs, the most critical factor in
determining controllability and observability.
Researchers have made significant contributions to
the literature about the optimal placement using
different structures [6-8].

The second one is the effective controller design
that is the primary purpose of this current study.
The researchers developed control algorithms for
active vibration control using plate-like flexible
structures or flexible conical shells with
piezoelectric actuators. Following this purpose,
Liileci [9] investigated active vibration control
techniques with piezoelectric actuators, aimed to
reduce vibrations of the first three bending modes
of a cantilever beam with several modal control
techniques such as resonant control (RC), integral
resonant control (IRC), positive position feedback
with feed-through (PPFFT) and positive position
feedback (PPF). Wang et al. [10] introduced the
adaptive robust sliding mode control algorithm
based on Lyapunov's direct technique to reduce the
beam's vibrations. They used the surface-bond PZT
patches as a sensor and actuator for the active
vibration control. Zhang et al. [11] investigated
controller design problems of the robust finite

frequency H.. passive fault-tolerant static-output-
feedback. Omidi et al. [1] also presented a
technique for active vibration control in flexible
structures. They developed the hybrid positive
feedback (HPF) that uses two compensators. A
second-order compensator for the displacement
feedback and the first-order compensator for
velocity feedback compose the controller.
Parameswaran et al. [12] presented a robust
controller based on the sliding mode method on a
simple cantilever beam. They explained that the
first two bending modes are controlled to
investigate the improved control strategy's
operational effectiveness. Nestorovi¢ and Oveisi
[13] investigated the problem of a robust controller
for the vibration reduction of an intelligent beam
using a piezoelectric actuator to reach the desired
robust stability. They proposed a multi-objective
robust control strategy for vibration reduction of a
smart cantilever beam. They have also worked on
the development of classical controllers. The
researchers have focused on improving the PPF
controller design by developing several algorithms.
Kwak and Heo [14] presented the multi-input and
multi-output positive position feedback (PPF)
controller for the grid structure to control
vibrations. They reported that the MIMO PPF
controller using the block-inverse method could
reduce the proposed structure's lowest four modes
with two sensors and two actuators. Orszulik and
Shan [15] proposed a PPF controller using the
adaptive online parameter estimator based on the
recursive least squares method with a forgetting
factor. Ferrari and Amabili [16] increased this
controller's performance with the non-collocated
configuration by using a PPF controller.

Beyond these studies, researchers presented
active vibration control studies using fuzzy logic
approaches. Zori¢ et al. [17] presented a particle-
swarm optimized self-tuning fuzzy logic controller
for the active vibration control. They improved the
FLC performance via a self-tuning process with
membership function optimization using the PSO
algorithm. Tairidis et al. [18] developed a genetic
algorithm to optimize the fuzzy model's
membership functions for active vibration control.
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The researchers have been worked on active
vibration control in different studies [19-23].

This study uses a piezoelectric actuator and a
strain gauge as the actuator/sensor pair for active
vibration control. These are located in the root of
the cantilevered flexible beam in a collocated
controller design to decrease the structure's free
vibrations. However, our previous study [24]
included the numerically applied tuner-based PID
and a positive position feedback controller for
damping the structure's forced vibrations using a
piezoelectric actuator. The numerical state-space
model is also obtained similar to our previous study
[24], using ANSYS/ Workbench software.

The paper's investigation introduces a fuzzy-
logic-based (FLB) observer to improve the positive
position feedback (PPF) controller performance to
damp the flexible aluminum smart beam's free
vibrations. The fuzzy-logic-based observer is fed
forward to the PPF controller in the control
methodology for obtaining the proposed FLBPPF
controller. The developed simulation model's strain
and tip displacement responses are compared with
the experimental setup results to verify the model.
On the other hand, experimental studies are realized
according to the modeling and controller design
simulations. As a result of this study, uncontrolled
system, PPF and FLBPPF controlled system
responses can be investigated numerically and
experimentally. Their performances are compared
in terms of the strain and tip displacement results.

2. Numerical modeling of smart beam and
verification with experimental model

A flexible aluminum beam is used as a prototype to
show the proposed vibration control algorithms'
efficiency. The dynamic characteristics of a
structure are determined in order to tune control
bandwidth for vibration suppression. A thin
aluminum beam with dimensions 450x35x1.7 mm
as the host structure and a piezoelectric patch with
dimensions 50x35x0.7 mm as the actuator are used
as parts of the smart beam. The piezoelectric patch
is placed in the extreme strain region of the first four
vibration modes. The aluminum beam and the

piezoelectric patch are modeled in the
ANSYS/Workbench software by considering the
closed-loop cycle. The smart beam is shown in Fig.
1 as the numerical model and the experimental
setup. The piezoelectric patch and the strain gauge
are used as a pair of sensor/actuator, and they are
placed on opposite sides of the aluminum beam at
the exact corresponding location.

The numerical and the experimental modal
analyses are implemented using the proposed
models. The results of the modal analysis are
presented in our previous study [24]. The
experimental and numerical modal analysis results
are close enough to each other. The "SPMWRITE"
command [9,24,25] used in calculating the state-
space matrices provides a numerical model of the
smart beam in ANSY S/Workbench. The numerical
model's state-space matrices for the first four modes
are calculated based on the modal parameters. The
numerical model derived from the SPMWRITE
command contains infinite or multiple modes
information. Only the first four modes of the smart
beam are used to avoid time-consuming analysis.
Besides, the state-space model should include two
inputs (the controller and the disturbance) and two
outputs (the strain and the tip displacement).

The active vibration control experimental setup
of the flexible smart beam is given in Fig. 2. The
setup has two inputs (the controller and the
disturbance) and two outputs (the strain and the tip
displacement) to simulate the numerical model. A
commercially piezoelectric patch (Pl Dura-act
876.A12) is used as the controller actuator. A piezo
amplifier for the piezoelectric patch (Pl E-413.D2)
amplifies the controller signal to levels between -
250 and +400 Volts. A modal shaker is used as the
disturbance actuator in order to stimulate the
flexible smart beam. A strain gauge (120 ochms), by
HBM, Inc., is used to measure the patch location's
linear strain. An industrial laser displacement
sensor (Micro-epsilon optoNCDT 1700) is used to
measure the transverse displacement of the smart
beam's free end.
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Fig. 2. The schematically experimental setup with a flexible smart beam

Finally, the data acquisition, controlling, and system (Dewesoft-Sirius) and the PCI 1/O card
signal processing are operated by the data logger (Humusoft-AD622) in MATLAB/Simulink/2015b.
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The numerical model is updated in order to
correlate the dynamic characteristics of numerical
and experimental models. Vibratory system
responses are investigated in both frequency and
time domains. The examination of the vibration
systems in the frequency domain provides
important information [1,16]. Similarly, time-
domain investigations are also conducted in
[17,18]. In numerical and experimental runs, the
smart beam's strain and tip displacement responses
are analyzed with two excitation inputs: the modal
shaker and the piezoelectric actuator. The system is
distorted with an excitation signal of 8 Hz near the
first natural frequency to improve response
verification clarity. The experimental model (Fig.

1.b) is driven by a piezoelectric patch sinusoidal
signal with 8 Hz frequency and +50 V amplitude for
2 seconds. The linear strain and tip displacements
are measured using the strain gauge and the laser
displacement sensor. The laser displacement sensor
is used only for response verification; it is not used
in closed-loop control. Excitations are applied
similarly to the numerical model. In Figs. 3 and 4,
the comparisons of both responses piezoelectric
patch excitation are given. It is seen that the linear
strain and tip displacement responses RMS (Root
Mean Square) values are matched at a rate of 94-
97% for both numerical and experimental analysis
results.
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Fig. 3. The linear strain response by the piezoelectric patch excitation
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Fig. 4. The tip displacement response by the piezoelectric patch excitation
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Piezoelectric patch excitations initiate the
model verification run of the smart beam. The
system response also needs to be confirmed by the
disturbance (shaker) excitation. For this purpose,
the numerical and experimental models are excited
by +1N shaker impulse signal for 0.1 s in both
numerical simulations and experiments. A force
sensor is used to measure and verify the amplitude
in the experimental setup. The results are illustrated
in Figs. 5 and 6. The linear strain and tip
displacement responses are matched at a 90-95%
rate in RMS for both results. The beginning region
of the experimental and numerical values differ due
to the prototype structure's hysteresis dynamical
damping characteristics that are not inserted in the
numerical analysis. Also, in Figs. 2-5, it has a lag of

1 second to show that the system was initially
stable.

3. Active vibration control of the designed
smart beam

The PPF controller generally provides better
control performance in many modal controller
studies. The researchers presented several versions
of it in their work [1,26]. The PPF controller has
different usages on several structures for active
vibration control. A second-order transfer function
(compensator) is used as positive feedback in the
PPF method. Further details on the PPF method are
referred [9,24,27,28]. The second-order transfer
function of the PPF controller design is
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Fig. 6. The tip displacement response by the shaker excitation
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where K is a positive scalar gain and &, is the
damping ratio of the n-th mode and w,, is the natural
frequency of the n-th mode. Here, the second-order
compensators of the PPF controller are constituted
to damp vibrations of the first three modes. A small
damping ratio for the first three modes of the
proposed beam is selected as 0.02 to show the free
vibration controller performance. Also, the positive
scalar gain is selected as 107 due to practical
considerations. Alternative design methodologies
have been added to the PPF controller to improve
the controller performance [14-16].

We propose a fuzzy-logic-based (FLB) observer
to improve this work's positive position feedback
(PPF) controller performance. The schematic
representation of the PPF and FLBPPF controller
designs is shown in Fig. 7. The fuzzy-logic-based
observer is fed into the system output in the control
methodology for obtaining the proposed FLBPPF

controller, and it is not an individual controller
design itself. In the fuzzy-logic-based method, the
trained data obtained from the input and output
values of the PPF controlled system are added to the
system's output as positive forward-feeding. In this
way, this observer helps to improve controller
performance with fuzzy information about PPF
controller behavior. It is observed that the PPF
controller's overall performance is enhanced with
an FLB contribution to the free vibration control.
The fuzzy-logic-based observer model is
composed of a single input/output (SISO) system.
The input signal, which is given in voltages, is
formed as the fuzzy structure. On the other hand,
the output signal, namely linear strain, is formatted
to indicate a linear increase. The fuzzy membership
functions used in the model are shown in Fig. 8,
where NB, NS, PS, PB, and PVB are called
negative big, negative small, positive small,
positive big, and positive very big, respectively.
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Fig. 7. The schematic representation of PPF (a) and FLBPPF (b) controller designs
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Fig. 8. Membership functions of the fuzzy logic model
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Table 1. Fuzzy logic rules MATLAB/Simulink. The simulation block diagram
Input Output containing the FLBPPF controller is shown in Fig.
Voltage [V] Linear Strain 9. Due to the collocated FLBPPF controller design,
NB NB the linear strain output is evaluated as positive
NS NS position feedback instead of the tip displacement.
For a better control performance, the coefficients
i P are obtained by trial-error iterations and tests: K;=8,

PB PB K2=40, K5=120, K4=10, and Ks=0.5 are selected.

PVB PVB

In the study, Gauss-type membership functions
The
distribution range is specified by the fuzzy neural

are selected.

4, Results and discussions

In this study, a beam's active free vibration control
membership  function's performance using a piezoelectric actuator is
investigated by a PPF controller enhanced using an

network in the model's contents. Thus, membership FLB observer. It is shown that the overall

functions are distributed according to the neural
network training results between -250 and 300 V.
The fuzzy logic model is composed of only five

rules given in Table 1.

The PPF and the FLBPPF controllers are
active

designed for

performance of the PPF controller is improved
using a fuzzy-logic-based observer for the free
vibration control. The time responses of the linear

strain and tip displacement for both PPF controlled

(experimental and numerical) and uncontrolled
vibration ~ control in  systems are presented in Fig. 10.
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Fig. 10. The response of linear strain (a) and the response of tip displacement (b) of the PPF controlled and the
uncontrolled system both numerically and experimentally

Experimental and numerical results are in
agreement according to the PPF controlled without
the fuzzy-logic-based observer. The PPF controller
decreases the settling time of both linear strain and
tip displacement from 20 seconds to 1.45 seconds
and from 20 seconds to 1.8 seconds. Upon
inspecting Fig. 10, the PPF controller design
provides good performance for free vibration
considering the beam's size and dynamic
characteristics.

The comparison of both controller responses in
simulations is illustrated in Fig. 11. Here, the free
response of the FLBPPF controller is evaluated; the
proposed controller reduces the settling times of
both strain and tip displacement from 20 seconds to
1.15 seconds and from 20 seconds to 1.05 seconds,
respectively. Also, it is observed that the control
response of the FLBPPF is more effective than the
PPF control response in terms of the linear strain
and displacement.

The numerical settling time values of the PPF
and FLBPPF controlled systems are tabulated in
Table 2. According to Table 2, it is noted that active
free vibration control of the system using PPF and
FLBPPF control is realized successfully in both
control techniques. However, the FLBPPF
controller shows better damping performance in the
simulation runs and experimental results according
to the free vibration responses. Using the FLBPPF
controller, the settling times of controlled systems
are decreased by about 20.7% and 41.6% regarding
the linear strain and tip displacement response
concerning the PPF controller. It is shown that the
tip settling time for the displacement response of
the smart cantilever beam is significantly reduced.
The reduction of tip displacement vibration is
essential to reducing the beam root vibration
according to the structural behavior.
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Fig. 11. The response of linear strain (a) and the response of tip displacement (b) of the PPF controlled and the
FLBPPF controlled in the simulation

Table 2. The comparison of controller performances

Settling time [s] Relative
improvement
PPF FLBPPF  of FLBPPF [%]
Linear Strain 1.45 1.15 20.7
Tip Displacement 1.80 1.05 41.6

5. Conclusion

A fuzzy-logic-based observer is designed to
improve the positive position feedback (PPF)
controller performance for the flexible smart beam's
active free vibration control. The experimental
applications are performed according to the
modeling and controller design. In this study,
uncontrolled, PPF, and FLBPPF controlled
transient responses are investigated and compared
in linear strain and tip displacement values, both
numerically and experimentally. The numerical and

experimental results indicate that the FLBPPF
controller performs superior to the PPF controller
response. Thus, this study's main contribution is
that the FLB observer improves the PPF controller's
performance for free vibration control.
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