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Abstract. Vibration at the tip of various flexible manipulators may affect their operation accuracy and work efficiency. To
suppress such vibrations, the feasibility of using MFC actuators and sensors is investigated in this paper. Considering the
convergence of the famous filtered-x least mean square (FXLMS) algorithm could not be guaranteed while it is employed for
vibration suppression of plants with varying secondary path, this paper proposes a new multiple model switching adaptive control
algorithm to implement the real time active vibration suppression tests with a new multiple switching strategy. The new switching
strategy is based on a cost function with reconstructed error signal and disturbance signal instead of the error signal from the error
sensor. And from a robustness perspective, a new variable step-size sign algorithm (VSSA) based FXLMS algorithm is proposed to
improve the convergence rate. A cantilever beam with varying tip mass is employed as flexible manipulator model. MFC layers are
attached on both sides of it as sensors and actuators. A co-simulation platform was built using ADAMS and MATLAB to test the
feasibility of the proposed algorithms. And an experimental platform was constructed to verify the effectiveness of MFC actuators
and sensors and the real-time vibration control performance. Simulation and experiment results show that the proposed FXLMS
algorithm based multiple model adaptive control approach has good convergence performance under varying load conditions for the
flexible cantilever beam, and the proposed FX-VSSA-LMS algorithm based multiple model adaptive control algorithm has the best
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vibration suppression performance.
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1. Introduction

Flexible mechanical arms made by flexible components
have been widely used in the fields of high-precision
industry and aerospace industry in recent years (Kiang et al.
2015). However, the vibration at the end of the flexible
robot arms with varying loads may affect the operation
accuracy and work efficiency (Ma et al. 2015). Structural
vibration control should be concerned due to numerous
reasons, including but not limited to fatigue-induced failure,
excessive wearing of machinery, and radiated noise.
Conventional passive vibration suppression methods are
unsuitable for such applications while less weight is desired
and low frequency vibration should be suppressed. In this
era, there is a growing interest towards smart materials in
order to achieve sensing and actuation. Piezoelectric
materials are a class of smart materials which are often used
in energy harvesting, vibration control, and health
monitoring applications as they exhibit strong electro-
mechanical coupling, large blocking force, high structural
stiffness and quick response time. But due to its high
brittleness, low flexibility and low conformity to curved
surfaces, its applications are limited (Song et al. 2006,
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Gripp and Rade 2018).

To overcome these limitations, NASA developed Macro
fiber composite (MFC) which have piezoelectric fibers with
rectangular cross section surrounded by polymer matrix and
sandwiched between protective and electrode layers. The
feasibility of using MFC actuators and sensors to suppress
circular plate vibration is investigated by Leniowska and
Mazan (2015). Actuation equation of MFC coupled plate in
different boundary conditions is deduced, and an equivalent
finite element modeling method is proposed which uses
MFC actuating force as the applied excitation by Tu et al.
(2018). To give an accurate prediction of MFC bonded
smart structures for the simulation of shape and vibration
control, a linear electro-mechanically coupled static and
dynamic finite element models based on the first-order
shear deformation hypothesis is developed by Zhang et al.
(2017).

In order to generate a proper anti-disturbance signals for
the actuators of various smart structures, many control
algorithms have been proposed. Among these algorithms,
FXLMS algorithm becomes the most popular adaptive
feedforward control method with simple structure, and fast
convergence properties (Morgan 2013). Ardekani analyzed
the convergence of FXLMS algorithm theoretically
(Ardekani and Abdulla 2010). Leva implemented FXLMS
algorithm based vibration controller using a high-speed
computational architecture, based on a field programmable
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gate array (Leva and Piroddi 2011). Huang implemented an
improved multi-input multi-output filtered-X least mean
square algorithm (Huang et al. 2013).

But if we implemented FXLMS algorithm for active
vibration control of flexible mechanical arms with varying
loads, the convergence of the algorithm will decrease, or
even worse, controller would diverge. Online system
identification techniques are required to ensure the
convergence of the FXLMS algorithm. Many researchers
have made considerable efforts to develop FXLMS with
online identification strategy for practical purposes. A new
ononarc-tangent function based FX-VSSLMS algorithm
improving the convergence compared with conventional
FXLMS is proposed by Gomathi and Saravanan (2016). A
new multi-channel FXLMS with online secondary path
modelling based on the auxiliary random noise technique is
proposed by Pu et al. (2019). An enhanced FXLMS
algorithm using simultaneous equation method for adaptive
vibration suppression of time-varying structures is proposed
by Niu et al. (2019). While if the models of the controlled
plant with different loads could be identified offline which
is more practical for flexible manipulators, multiple model
switching strategies may also be a better choice.

Zhao investigated self-organizing map based multi-
model inverse control algorithms can improve the control
performance of the investigated system, as compared with
the classical PD controller (Zhao et al. 2016), and it shows
multiple model strategy may be a good choice for active
noise control or active vibration control applications. Zhao
set up multiple models to cover the uncertainty of the real
secondary path to deal with a grand uncertain secondary
path problem in active noise control (Zhao et al. 2007).
Huang proposed a multiple model switching based active
noise control algorithm and implemented on Texas
Instruments digital signal processor (DSP) TMS320F28335
and real time experiments were done to show the
effectiveness of using multiple model strategy (Huang et al.
2017).

Considering the multiple model switching strategy
proposed in Huang et al. (2017) has an white noise
excitation input, which is also a disturbance for the
vibration control system, this paper proposes a new multiple
model switching strategy with a new cost function by
reconstructing the error and the disturbance signal. The
computation burden of the proposed multiple model
switching strategy could be significantly reduced as none
online adaptive model identification process is carried out.
And more, to improve the convergence of FXLMS
algorithm, a variable step-size sign algorithm proposed by
Li et al. (2014) is employed to deduce a new FX-VSSA-
LMS based multiple model adaptive control algorithm.

In this paper, six Macro Fiber Composite (MFC) patches
are applied for vibration sensing and active control for a
cantilever beam. Four of them are utilized as actuators: Two
provides the excitation force, the others create the control
force. Two of them are used as sensors. Model sets of
different secondary paths are established for a piezoelectric
flexible beam with different tip mass using offline system
identification. Whenever the load of the cantilever beam
changes, an optimal controller based on FXLMS or FX-

VSSA-LMS algorithm with the corresponding secondary
path model could be selected to achieve a good vibration
suppression performance according to our proposed model
switching criterion. Utilizing the proposed control
algorithm, the active vibration control of the first three
vibration modes is implemented. The effectiveness of the
MFC sensor and actuator for sensing and controlling
vibration is validated by experiment. And the feasibility of
the proposed two multiple model adaptive control
algorithms are also validated by both simulation and
experiment.

2. Constitutive relationships of MFCs

Thin piezoelectric actuators and sensors are used in a
variety of applications such as active vibration control,
structural health monitoring or shape control. In these
applications, PZT ceramics are commonly used due to their
relatively low cost, high bandwidth and good actuation
capabilities. The major drawbacks of these ceramics are
their brittleness and very low flexibility. This problem can
be overcome using piezocomposite transducers in which
piezoelectric fibers are mixed with a softer passive epoxy
matrix. A typical piezocomposite transducer is made of an
active layer sandwiched between two soft thin
encapsulating layers as shown in Fig. 1 (Deraemaeker and
Nasser 2010). In terms of practical applications, Macro
Fiber Composite (MFC) piezoelectric sensors/actuators are
particularly interesting. They are laminated structures with
built-in piezoelectric fibers and electrodes enabling the use
of the piezoelectric effect. MFC elements offer many
advantages: they have low weight and rigidity; they can be
assembled in a laminate; they are resistant to elevated
temperatures occurring in the laminate production process.
Schematic representation of d33 and d31 type MFC is
shown in Fig. 2.

For d33-MFCs, using the standard IEEE notations for
linear piezoelectricity, the constitutive equations for an
orthotropic piezoelectric material are given by Eq. (1).
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Fig. 1 Flat piezocomposite transducers with surface
electrodes (Deraemaeker and Nasser 2010)
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Fig. 2 Schematic representation of d33 and d31 type MFC
(Pandey and Arockiarajan 2017)
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Here E; and D; are the components of the electric
field vector and the electric displacement vector, and T;
and S; are the components of stress and strain vectors.

For d33 piezocomposites, the plane stress hypothesis
implies that T; = 0. The constitutive equations are given

by Eq. (2).
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3. FXLMS and FX-VSSA-LMS algorithm
3.1 FXLMS algorithm

In terms of adaptive control algorithms, myriad methods
have been implemented in vibration suppression. Among
them, the adaptive filtered-x least mean square (FXLMS)
algorithm has wide applications due to its simplicity and
robustness for active noise control and vibration control
applications. Block diagram of the classical FXLMS
algorithm based on the gradient descent method is
illustrated in Fig. 3.

In Fig. 3, x(n) is the external disturbance that usually
serves as the feedforward reference signal, where n
indicates the time sequence; P(z) is the open-loop
response of the primary path under vibration disturbance
excitation; S(z) is the secondary path to generate response
y'(n) to cancel d(n); the residual vibration response e(n)
is the superposition of d(n) and y'(n); W(z) is the finite
impulse response filter and its coefficients are adaptively
updated to control the secondary path S(z) for minimum
e(n) in real-time; the coefficient updates are ruled by least
mean square (LMS) algorithm whose inputs are filtered
reference signal x’(n) and residual response e(n); x'(n)

S(2) L‘
LMS

X (n) Algorithm |

Fig. 3 Block diagram of classical FXLMS algorithm

refers to x(n) filtered by the offline-estimated secondary
path.
The output of the FXLMS controller is

ym) = X"(n) » W(n) ®)
The update equation for the coefficients of W(z) is
Wn+1) =W(n)+ ue(n)X’'(n) (@)

Here, X'(n)is the reference signal x(n) filtered by the
estimated secondary path model$(z). In FXLMS algorithm,
p is the step factor, and

0 <p<1/Amax ®)

Here, Amax is the largest eigenvalue of the input signal
variance matrix.

3.2 FX-VSSA-LMS algorithm

While a vibration control system employs the above
FXLMS algorithm, the convergence speed would affect the
stability of the vibration controller. Variable step-size (VSS)
techniques could be adopted in the least-mean-square
(LMS) algorithm for improving the convergence rate.
Among them, Li proposes a new variable step-size sign
algorithm (VSSA) for unknown channel estimation or
system identification, and applies this algorithm to an
environment containing two-component Gaussian mixture
observation noise (Li et al. 2014). The step size is adjusted
using the gradient-based weighted average of the sign
algorithm. The proposed scheme exhibits a fast
convergence rate and low misadjustment error, and provides
robustness in environments with heavy-tailed impulsive
interference. In this paper, we adopted this VSSA algorithm
to develop a new type FX-VSSA-LMS algorithm. The
block diagram of the proposed FX-VSSA-LMS algorithm is
shown in Fig. 4.

The update equations of the step size is shown as
follows

p(m) = au(n — 1) +yllp(m)|* ©)
p(n) =p(n—1) + (1 — Dsign(e(m))x(n)

Similar to the step size, the parameter y determines the
convergence time and level of misadjustment of the
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Fig. 4 Block diagram of the proposed FX-VSSA-LMS

algorithm
algorithm.
The output of FX-VSSA-LMS controller is
y(n) =X"(n) *W(n) (@)

The update equation for the coefficients of W(z) is

Wrn+1) =W +pun)emX ' (n) (8)

4. The proposed multiple model adaptive control
algorithm

4.1 FXLMS algorithm based multi-model switching
adaptive control

Multi-model switching adaptive control structure is
mainly composed of three parts: identification model set,
switching criterion, and controller set. Fig. 5 shows FXLMS
algorithm based multi-model switching adaptive control
using the multi-model switching strategy proposed in
Huang et al. (2017).

Here S,(2),5;(2),...,Sn(z) are secondary path models
of the identification model set. S,(z) is the secondary path
model selected by switching criterion using residual test.
m(n) is a zero-mean white noise used to drive the
secondary path models. When the secondary path changes
rapidly, the multi-model switching criterion could detect

Physical primary path
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/ o path
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Secondary path
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——‘ Sl(:) ™

Select $(2) using residual test

Fig. 5 Block diagram of multiple model adaptive control
structure

the change and switch to the appropriate secondary path
model S,(z) with the minimum cost function shown in Eq.

©)

n

Jim) = ) eHDR () ©)

Jj=0
Here ¢g;(n) is the residual error for the i-th model
g(n) = e(n) —y;(n) (10)

A is forgetting factor, t is time index. The model which
has the minimum residual power is selected as current

S.(2).

4.2 New FXLMS algorithm based multi-model
switching adaptive control

Considering the switching criterion proposed in Huang
et al. (2017) has a white noise input, which is also a
disturbance for the control system, this paper proposes a
new multiple model switching criterion with new cost
function using reconstructing the error and the disturbance
signal as shown in Fig. 6.

As shown in Fig. 6, signal reconstruction technique is
employed in the proposed algorithm by using the identified
secondary path model set. And e, (n),e,(n), , erm(n)
is the reconstructed error signal and d,,(n), d,(n), -,
d,n(n) is the reconstructed disturbance signal. The cost
function J;(n) can be improved using the reconstructed
error signal e,;(n) and the reconstructed disturbance
signal d,;(n).

aelle,;(MII* + B Xizg e " Dlle; (NI
aglleri (M1 + Ba Xj=g e 4 Dlley (D2

Ji(n) = (11)

Here a, and a, are the weighting factors for the
current reconstructed error signal and the reconstructed

x(n)

d,,(n)

d,,(n)

= 2 V()

»[ Sa() f—>| W) $.(2) e =
l d, (n)

e, (n
LMS =

Fig. 6 Block diagram of FXLMS algorithm based multi-
model switching adaptive control
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disturbance signal. 8, and B, are the weighting factors
for the past reconstructed error signal and the reconstructed
disturbance signal. 1, and A, are the forgetting factors
which could guarantee the cost function bounded. If larger

%, %, A, and A, are chosen for the cost function, faster
e d
response time could be expected but with more mis-

switchings. While smaller 2¢, %4 3, and 1, are chosen

ﬁe’ ﬁdl
for the cost function, response time will be extended.

The algorithm procedure can be shown as follows:

(1) Constructing a model bank with m fixed secondary
path models;

(2) Calculating J;(n) for each model;

(3) Selecting S,(z) which has the minimum residual
power;

(4) Employing the FXLMS controller corresponding to
the selected S;(z). The computation burden of the
proposed multiple model switching strategy could
be significantly reduced as none online adaptive
model identification is carried out.

4.3 New FX-VSSA-LMS algorithm based multi-
model switching adaptive control

The VSSA algorithm in section 3.2 combines the
benefits of the gradient-based algorithm and sign algorithm.
The gradient-based algorithm makes the proposed algorithm
converge fast with colored input signals and simultaneously
the sign algorithm guarantees its robustness against
impulsive interference. By adopting VSSA into the
proposed FXLMS algorithm based multi-model switching
adaptive control in section 4.2, a new type FX-VSSA-LMS
algorithm based multi-model switching adaptive control
approach is shown in Fig. 7.

For easy understanding of the proposed algorithm, the
algorithm procedure of the proposed FX-VSSA-LMS
algorithm based multi-model switching adaptive control
algorithm is summarized as follows:
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5,(2) =)
= Y &

——‘ U:)] >

— .§,L:] !

¥,

d,(m)

s — '

m >| n;"u»] 4 S,(2) (e P
gl e

Fig. 7 Block diagram of FX-VSSA-LMS algorithm based
multi-model switching adaptive control

(1) Constructing a model bank with m fixed secondary
path models;

(2) Calculating J;(n) for each model using Eq. (11);

(3) Selecting S,(z) which has the minimum residual
power;

(4) Employing the FX-VSSA-LMS controller corres-
ponding to the selected S,(z).

5. Co-simulation with Adams and Simulink

A cantilever beam with varying tip mass can be
employed as a test benchmark for flexible manipulators
with varying loads. To test the feasibility of the proposed
algorithm, a co-simulation platform was built using
ADAMS and MATLAB Simulink. MFC layers are attached
on the both sides of a cantilever beam as sensors and
actuators to construct a smart beam. The structural diagram
of the flexible cantilever beam with varying load is shown
in Fig. 8. The length of the cantilever beam is 500 mm. The
width of the cantilever beam is 35 mm. The thickness of the
cantilever beam is 1 mm. The elasticity modulus of the
cantilever beam is 190 GPa. The density of the cantilever
beam is 8 g/cm?®. The Poisson’s ratio of the cantilever beam
is 0.29. The weight of the cantilever beam is 140 g.

The virtual prototype built in Adams is mainly divided
into three parts, as shown in Fig. 9. Part 1 is a fixed base,
part 2 is the flexible cantilever beam with MFC layers
attached on the both sides as sensors and actuators, and part
3 is a mass block which could be varied from 0 g to 140 g.

500

lFS T]rc
s mm [
| W

/ Sensor / Sensor \>l
Disturbance Actuation

Fig. 8 Structural diagram of flexible cantilever beam with
varying load

2/ |

34'”

Fig. 9 Virtual prototype of the smart cantilever beam with
varying tip mass
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Frequency characteristics of the secondary path for the
whole system under different operating loads is shown in
Fig. 10. Model 0 is the secondary path model with empty
loads. Model 1 is the secondary path model with 14 g loads.

Model 2 is the secondary path model with 28 g loads.
Model 3 is the secondary path model with 42 g loads.
Model 4 is the secondary path model with 56 g loads.
Model 5 is the secondary path model with 70 g loads.
Model 6 is the secondary path model with 84 g loads.
Model 7 is the secondary path model with 98 g loads.
Model 8 is the secondary path model with 112 g loads.

Model 9 is the secondary path model with 126 g loads.
Model 10 is the secondary path model with 140 g loads.

Data communication unit of Adams and MATLAB is
shown in Fig. 11. These modules could be imported into
Simulink to establish a co-simulation program.
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Fig. 10 Frequency characteristics under different loads
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Fig. 12 Co-simulation Simulink program for multiple
model adaptive control

The co-simulation Simulink program for multiple model
adaptive control is shown in Fig. 12.

Comparison simulations are done to test the feasibility
and advantages of the proposed FXLMS algorithm based
multi-model switching adaptive control algorithm, as well
as the proposed FX-VSSA-LMS algorithm based multi-
model switching adaptive control algorithm. And FXLMS
algorithm with online secondary path modelling method
proposed by Pu et al. (2019) is also compared to show the
advantages of the proposed algorithms.

To compare the control performance of different control
algorithms, a narrowband signal combined by the first three
natural frequencies of Model 0, Model 1 and Model 5 is
employed as the vibration disturbance signal. The tip mass
is 0 g from 0 s to 40 s. The tip mass is 14 g from 40 s to 80
s. While the tip mass is 70 g from 80 s to 120 s.

As it is shown in Fig. 13, algorithm A is FXLMS
algorithm with online secondary path modelling method
proposed by Pu et al. (2019), algorithm B is the FXLMS
algorithm with multiple model switching stategy proposed
by Huang et al. (2017), algorithm C is our proposed
FXLMS algorithm based multi-model switching adaptive
control algorithm, and algorithm D is our proposed FX-
VSSA-LMS algorithm based multi-model switching
adaptive control algorithm.

With the same FXLMS controller and the same initial
condition, the proposed multiple model switching adaptive
control algorithm could provide a better vibration
suppression performance. While the vibration control
performance of the proposed FX-VSSA-LMS algorithm
based multi-model switching adaptive control algorithm is
much better than traditional FXLMS algorithm based multi-
model switching adaptive control algorithm.

To compare the control performance, a control
performance index (CPI) is defined as follows
N |2
i=1le (D]
CPI = 20log g =~ (12)
I @I

d(i) is the output of the error sensor without active
vibration control. And e(i) is the output of the error sensor
under active vibration control. While the vibration
disturbance is suppressed, CPI is negative. While the active

v
Alogrithm A
Algorithm B
Algorithm C
Algorithm D

\I\l\
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Fig. 13 Co-simulation control performance comparison
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vibration controller failed to suppress the vibration
disturbance, CPI is positive.

The CPI of FXLMS with with online secondary path
modelling method proposed by Pu et al. (2019) is -16.35
dB. The CPI of our proposed FXLMS algorithm based
multi-model switching adaptive control algorithm is -51.53
dB. While under the same condition, the CPl of the
algorithm proposed in Huang et al. (2017) is -43.92 dB,
which also confirms the good vibration suppression
performance of our proposed algorithm. The CPI of our
proposed FX-VSSA-LMS algorithm based multi-model
switching adaptive control algorithm is -64.67 dB, which is
best CPI among these algorithms. And it confirms the
feasibility and advantages of the proposed multiple model
switching strategy and the two improved algorithms.

6. Experimental results and analysis

The schematic diagram and experimental configuration
of the real time experimental platform are illustrated in Fig.
14. A stainless steel beam with a tip mass is employed to
simulate flexible robot arm with varying loads. To suppress
the vibration response while the beam is subjected to
continuous excitations, MFC actuators and sensors are
attached to the surface of the beam to construct a smart
piezoelectric beam. The type of the MFC actuator is M-
5628-P2. The length of each actuator is 56 mm, and the
width is 28 mm. The driving voltage range is 0-300V. The
type of the MFC sensor is M-0714-P2. The length of each
sensor is 14 mm, and the width is 7 mm.

A Matlab XPC real time control system is established
using two charge amplifiers (YE5852A made by Sinocera
Piezotronics, Inc.), a four channel power amplifier (E01.A4
made by CoreMorrow), and an NI PCI-6289 data
acquisition board. The input voltage range of the power
amplifier is 0-10 V, and amplification factor is 30. The
average power of each channel is 35 W, and the ripple is 5
mV. The charge input range of the charge amplifier is +£10°
pC, and the output voltage range of the charge amplifier is
+10 V. The output noise is less than 5 uV.

The photograph of the experimental platform is shown
in Fig. 15. In addition, all of the control algorithms are
developed with Matlab Simulink.
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Fig. 14 Schematic diagram and experimental configuration
of the experimental platform

To evaluate the effectiveness of the proposed controller,
firstly, a vibration disturbance is imposed on the beam
surface. And the vibration response of the vibrating beam is
obtained by the piezoelectric MFC sensor attached on
flexible beam. Then the electric charge signal of the
piezoelectric MFC sensor is changed to voltage signal by
the charge amplifier. After A/D conversion, the collected
digital signals are obtained by the target PC. Based on
Matlab XPC environment, the control signal is calculated
according to the four algorithms in section 5. Then the
digital control signal is input into the power amplifier after
D/A conversion. Finally, the amplified control signal is
imposed on the piezoelectric MFC actuator to suppress the
vibration of the flexible beam.

Narrowband signal combined by the first three natural
frequencies of the smart cantilever beam with 0 g tip mass,
14 g tip mass and 68 g tip mass is employed as the vibration
disturbance signal. Real time control experiments are done
to verify the real-time control performance. The tip mass is
0 g from 0 s to 40 s. The tip mass is 14 g from 40 s to 80 s.
While the tip mass is 68 g from 80 s to 120 s. There are two
methods to change the tip mass: (1) Using neodymium
magnets to change the tip mass without stopping the real
time control experiment, and the weight of each
neodymium magnet is 1 g. (2) Assembling different
stainless steel discs from 14 g to 140 g, and restart a new
real time control experiment.

As shown in Fig. 16, algorithm A is FXLMS algorithm
with online secondary path modelling method proposed by
Pu et al. (2019), algorithm B is the FXLMS algorithm with
multiple model switching strategy proposed by Huang et al.

Target PC
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Charge
ampli lier
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beam

Fig. 15 Schematic diagram and experimental configuration
of the experimental platform
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Fig. 16 Real time control performance comparison
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(2017), algorithm C is our proposed FXLMS algorithm
based multi-model switching adaptive control algorithm,
and algorithm D is our proposed FX-VSSA-LMS algorithm
based multi-model switching adaptive control algorithm.
The CPI of algorithm A is -47.38 dB. The CPI of algorithm
B is -60.83 dB. The CPI of algorithm C is -65.32 dB. The
CPl of algorithm D -77.73 dB. And it confirms the
feasibility and advantages of the proposed multiple model
switching strategy and the two improved algorithms again.
Experimental results show that the proposed FXLMS
algorithm based multiple model adaptive control approach
has better convergence performance under varying load
conditions for the flexible cantilever beam comparing with
the FXLMS algorithm with online secondary path
modelling, and the proposed FX-VSSA-LMS algorithm
based multiple model adaptive control algorithm has the
best vibration suppression performance.

7. Conclusions

The feasibility of using MFC actuators and sensors to
suppress the vibration at the tip of various flexible
manipulators is investigated in this paper. Two new multi-
model switching adaptive control algorithms were proposed
to ensure that the optimal controller is matched to control
the flexible cantilever beam when the load of the beam
changes. The computation burden of the proposed multiple
model switching strategy is significantly reduced as none
online adaptive model identification is carried out. The
proposed algorithms are tested and compared on an Adams
and Matlab Simulink co-simulation platform. Preliminary
simulation results show the proposed two algorithms are
effective with good transient performance. A stainless steel
beam with a tip mass is employed to simulate flexible robot
arm with varying loads. Six Macro Fiber Composite (MFC)
patches are applied for vibration sensing and active control
for a cantilever beam. Four of them are utilized as actuators:
Two provides the excitation force, the others create the
control force. Two of them are used as a sensor. The real
time experimental results verify that the proposed multiple
model switching adaptive vibration control system using
MFC actuators and sensors can be employed to suppress the
tip vibration flexible manipulators.
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