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Abstract

Active vibration control to suppress structural vibration of the flexible structure is investigated based on a new control strategy consid-
ering structure-actuator interaction. The experimental system consists of a clamped-free rectangular plate, a controller based on modal
control switching, and a magnetostrictive actuator utilized for suppressing the vibrations induced by external excitation. For the flexible
structure, its deformation caused by the external actuator will affect the active control effect. Thus interaction between structure and ac-
tuator is considered, and the interaction model based on magnetomechanical coupling is incorporated into the control system. Vibration
reduction strategy has been performed resorting to the actuator in optimal position to suppress the specified modes using LQR (linear
quadratic regulator) based on modal control switching. The experimental results demonstrate the effectiveness of the proposed methodol-
ogy. Considering structure-actuator interaction (SAI) is a key procedure in controller design especially for flexible structures.
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1. Introduction

As is well known, an effective approach in making some
structures more efficient is to reduce their weight especially in
the area of aerospace. As a result, these structures are typically
made thin. However, some components of these structures are
prone to experiencing excessive vibrations such as flutter and
fatigue failure. In order to solve these vibration problems, both
passive and active vibration control approaches have been
developed and implemented. For instance, the inertial actuator
as a usual vibration control method [1, 2], is a mass supported
on a spring and damper. Due to its structural features, it some-
times is not as lightweight as is required. Subsequently, active
actuators made of smart material are applied onto the flexible
structures. Many investigators have implemented experimen-
tal research for active vibration control employing smart mate-
rial actuators [3-8].

Compared to piezoelectric ceramic material (PZT) and
shape memory alloy (SMA), giant magnetostrictive material
(GMM) has some advantages such as generation of large
forces, high load bearing capability, high magnetomechanical
coupling, and rapid reaction. In view of the advantages of
GMM, giant magnetostrictive actuators are a promising tech-
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nology in active vibration control [9, 10]. Moon and Lim have
designed a linear magnetostrictive actuator (MSA) using Ter-
fenol-D, and analyzed the characteristics of the actuator by
implementing a series of experimental and numerical tests
which confirmed that the linear MSA had a good control per-
formance [5]. Braghin and Cinquemani introduced a linear
model of magnetostrictive actuators that was valid in a range
of frequencies below 2 kHz, and the model was verified
through experiments [9]. Zhou and Zheng presented a nonlin-
ear constitutive model-based vibration control system for giant
magnetostrictive actuators, and the effectiveness of a real con-
trol system for suppressing a vibration was demonstrated by a
case study with negative velocity feedback [11]. However, a
more widespread application for giant material actuators
(GMA) is restrained by an inherent property of GMM. There-
fore, researchers have started to focus on the characteristics of
GMA, such as nonlinear hysteresis phenomena [12-15] which
can cause the instability of the system. The nonlinear behav-
iors can be modeled by a range of approaches [16-20]. Liu and
Zhang constructed a dynamic model in a given rate range for a
rate-dependent hysteresis system, and a PID control combined
with feedforward compensation was employed on a giant
magnetostrictive actuator. The results gotten by simulations
and experiments indicated the effectiveness of the proposed
methods [21]. Aljanaideh and Rakheja proposed a phenome-
nological hysteresis model for the hysteresis nonlinearities of
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Table 1. Parameters of GMM.

Parameter Value
Young's modulus (N/m?) (2.5~10)x10"
Tensile strength (MPa) 28
Compression strength (MPa) 700
Magnetoelastic coupling factor 0.75
Relative magnetic conductivity 3~15
Resistivity (Q-m) 60x10°®
Guide rod Preloaded bolt
Uooer end cover Disk spring
R Side wall
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Fig. 1. GMA model.

a magnetostrictive actuator, and the model effectively describe
the nonlinear hysteresis properties of the actuator [22]. From
previous investigations of vibration control systems, mostly
the nonlinear behaviors of actuators are considered by using
compensation algorithms, with little consideration of the rela-
tionship between actuator and structure that is also important
for the whole system. In Ref. [23], computational models con-
sidering the interaction between the GMA and structure were
developed, and the results demonstrated that consideration of
the CSI and the dynamics of the GMA can improve the per-
formance of a controller significantly. In this paper, the main
purpose is to demonstrate the control strategy with consider-
ing the interaction between the actuator and the structure for a
flexible structure, thus the nonlinear behavior for GMA like
rate-dependency hysteresis will not be described.

For flexible structures, application of an external force will
generate a reactive force to the object producing the external
force. For smart material such as piezoelectric/piezomagnetic
actuators, this interaction may affect the performance of these
actuators. In this work, in order to validate the proposed
method, an interaction model between structure and actuator is
derived and constructed. Based on the model, the experiment
is implemented utilizing the proposed control strategy. The
experiment results demonstrate the effectiveness of the control
model.

2. Model establishment of giant magnetostrictive ac-
tuator

In order to improve the control efficiency, the actuating

[ o

Fig. 2. Equivalent circuit of GMA.

principle of the actuator should be studied. A giant magne-
tostrictive actuator (GMA) is used in this paper as shown in
Fig. 1 and the parameters of GMM (giant magnetostrictive
material) are shown in Table 1.

2.1 Positive effect of GMA

When the voltage is applied to the ends of a coil, GMM will
produce a deformation along the axial direction due to the
Joule effect. This process is also named the “positive effect”
and is shown in Fig. 2.

As is well known, magnetomotive forces (briefly named
MMF) can be defined by their forms, and the two of them are
given as follows

MMF = NI !

{MMF =R,® M

where N is the number of coil turns; 7 is the coil current;
R, is magnetic reluctance; and @ is the magnetic flux.
Here eddy current effect is neglected. According to Eq. (1),
we can get that

D= @)

Furthermore, the output force of GMM can be expressed by

F=0K, =d— ®

33

where K, is the interaction coefficient between force and
flux and d,, is piezomagnetic strain constant. Substituting
Eq. (2) into Eq. (3), a new form with respect to the current is
written as

NIK, NI _ NU
R R d33 RRmdSS .

m m

F=

Q)

2.2 Inverse effect of GMA

Aside from the positive effect of GMM, there also exists an
inverse effect named the “Villari effect” shown in Fig. 3.
When a force acts on the end of GMM, the voltage of the coil
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AU

Fig. 3. Equivalent circuit of inverse effect.

will be changed.
For GMM, constitutive equation is given by

o

=—+d, H
2 E 33 (5)
B=d,o+u’H

where ¢, o and E are strain, stress and elastic modulus,
respectively. B, H and u° are magnetic induction, mag-
netic field strength and magnetic conductivity, respectively.
Moreover, according to the Faraday theorem, the induction
voltage can be described in the following form

AU = Nd,,SEﬁuﬂ (6)
A dr

where S is the cross-sectional areca of the GMM rod, and
L is the induction coefficient. From Eq. (6), it can be seen that
the induction voltage has a relation with the strain change ratio
and the current change ratio.

3. Structure-actuator interaction model

For an active control system with an intelligent material ac-
tuator, theoretically only the actuator has a control effect on
the structure, and the structure (i.e. the controlled object) has
no influence on the actuator. However, especially for intelli-
gent material, the structure will produce an opposing force to
the actuator. The control stability is then destroyed due to the
inverse effect. It is important that structure-actuator interaction
(SAI) should be considered when a control system is designed
including intelligent materials such as piezoelectricity and
piezomagnetism. SAI will be described as follows.

When GMM is driven by voltage, it will generate axial dis-
placement which satisfies the material mechanics theory

x=el, )

where x is axial displacement; [ is the length of the GMM
rod. According to Eq. (7), the change rate of axial displace-
ment can then be expressed by

dx_l de

@ _, 9e 8
dt " dt ®

In addition, Eq. (4) can be shown in the form of current
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Fig. 4. System model considering SAI.

changing with respect to time, thus Eq. (6) also can be written
as

AU =| MSE \dx {1, R, 1dF ©)
1, Jdt \NK, )at

Due to the significant changes for some parameters such as
E, d, and x° under the action of pressure and tempera-
ture, correction coefficients will be introduced into Eq. (9),
thus changing it to

AU=, [—Nd”SE Jﬁm[L 2, ]d—F (10)

1 Jar NK, | dt

m

where y, and y, are correction factors. From Eq. (10), it

R
and L—= only have
] 72[ NKJ y

r

can be seen that y, [w

relations with the characteristic parameters of GMM, so Eq.
(10) is simplified as
dx dF

AU=Z—+Z,— 11
v Ty (an

Nd,,SE R
where Z =y | —2—| and Z,=y,| L——|. Note Z
lm NKF

that Z, and are not constants due to the correction factors,

and the two values are only applied to the current case and
gotten by identifying trial results.

In order to indicate that some parameters of GMM influ-
ence the parameter K, , another correction coefficient is in-
troduced. Substituting Eq. (11) into Eq. (4), the output force is
given by considering structure-actuator interaction

7 U—Zlﬂ—zzd—F NK,
B dt dt (12)
F = = )
TR RR

m m

From Eq. (12), we can see that the coefficient Jf}i\fi

only has relation with the material characteristic parameters of
GMA. Therefore the coefficient is replaced here by Z,, and

Eq. (12) also can be written as

F=2U-Z2Zx~Z7,ZF. (13)

According to the equations shown above, the system model
is shown in Fig. 4.
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4. Control algorithm

In this paper, a hybrid modal space control method is pro-
posed, and the process of this method is derived by following
equations. Here, the governing equation of motion for a struc-
ture with piezoelectric actuators is written as

Mi+Kx=u (14)

where u represents the load due to actuation, M is the
mass matrix, K is the stiffness matrix, and x contains
node displacements. In order to realize decoupling, the dis-
placement of nodes in physical space will be transformed to
modal space according to expansion theorem

x=d¢q (15)

where ¢ is the vector of mode shape, and ¢ is the corre-
sponding modal coordinate. Substituting Eq. (15) into Eq. (14),
it can be gotten by

MéG+kog=u. (16)

In this paper, normalization of mass is employed and Eq.
(16) can be written in the following form as

G+Qq=¢"u. 17)

Then, for any order natural frequency, the governing equa-
tion is given as follows

G, +oq=¢u=F (18)

where @, is the natural frequency and F, is the actuating
force.

4.1 Independent modal space control

According to the active control principle, the control force
can be written as
E:_glql_htq.t i=12,--,N 19

where g, is displacement gain and % is speed gain. Then
the closed loop formed in modal space is expressed by

qi+hiq.i +(gi+wi2)qi =0. (20

From Eq. (20), it can be seen that the governing equation of
each order is in a separate state. It is easy to design the control
law, and the real control signal can be written as

u=- M¢ (2.4 +h) @1

i=1
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4.2 Dependent modal space control

For dependent modal space control, let 7, be
N

F=-3(8.4.+h4,) i=12.N (22)
s=1

and the closed loop form considering the external control is
given by

G+, + Y (g, +016,)q, =0 @3)
s=1 s=1

where i, and g, are the speed gain and the displacement
gain in modal space, respectively. In addition, here &, can

0, i#s

be given by J, :{1 . The real control signal is

, I=s
shown in the form as
N N

u=MgF =Y MGF ==Y > MpF (2.4, +hd,). @4

i=1 =l s=1

4.3 Hybrid modal space control

In order to describe hybrid modal space control, let
h :[q q'T , Eq. (17) can be written in the form of the state

space

h=Ah+ Bu (25)

o ol]
where 4= ,B=| _|.
-Q 0 #

In modal space, according to Eq. (25), we can get that

ho=Ah+Bu, (i=12,n) (26)

0 I 0
where 4, = 5 B = .|
—o; 0 ¢

For dependent modal space control, the linear quadratic in-
dex can be written as

J= %_[:(hTQh +u’ Ru )t @7

where Q is a diagonal matrix and R is a symmetric posi-
tive definite matrix.

Similarly to independent modal space control, the linear
quadratic index can be written as

1 ¢
=5l (W' Oh +uru)dt  (i=1,2,-.n) (28)
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where Q, is the second order diagonal matrix and 7 is a
constant.

In accordance with optimal control theory, the optimal con-
trol force is expressed as

F,=-r"'B'G(t)h @)

ci i

{ F.=-R"'B'G(t)h

where G(¢) and G (¢) are obtained from Riccati equations
as shown in Eq. (30).

{ ~A"G(t)-G(t)A+G(t)BR"B"G(t) -0 =0 0

-A"G (t)-G (1)A+G (t)Br'B'G (1)-0 =0

in addition, Eq. (30) is easy to be solved by MatLab.

In the process of the closed loop control, a modal tracking
strategy is taken to determine control-switching, which is de-
scribed as follows. According to the principle of mode super-
position, a definition with respect to modal coordinate is given
by

W, :leh,»ll (1)

where W, represents the aggregate weighting of the con-
trolled modes. Moreover, one may define

| (32)
' W/I

where I', denotes the contribution of i-th mode to the ag-
gregate weighting. Obviously, if the controlled mode needs to
be determined, one condition should be satisfied by

I =max([,T,,.T,) (33)

where T'; indicates the chosen mode that is used to deter-
mine feedback gain. Fig. 5 shows the program flow chart of
hybrid modal space control.

Here, the control program shown in Fig. 5 is called modal
control switching. In control process, the actuator output will
produce a appropriate signal according to the modal tracking
Sstrategy.

5. Experiments and results

With the actuator model completed and control algorithm
considering SAI designed, it is of importance to experimen-

tally evaluate the proposed method for active vibration control.

In this section, an experimental setup is described, and ex-
perimental results are presented and discussed.

Sensor signals

Modal
v superposition
Modal

coordinate
Mode recognition criterion
\ ] T, :max(l"‘,l'z,---,l" )

n

Nt M5 \fain controlled modes |-
M M
Feedback Feedback
gain gain changing
Optimal

control signal

Y
Actuator

Fig. 5. The program flow chart of hybrid modal space control.

External

Actuator I Excitation

Sensor

hybrid modal
space controller

Fig. 6. Diagrammatic sketch of the experimental system.

5.1 Experimental setup

In this experiment, the actuator is positioned near the end of
the rectangular plate and is mounted on a support. The sensor
is placed on the opposite side of the actuator. Fig. 6 shows a
diagrammatic sketch of the experimental system.

The system shown in Fig. 6 is realized by adopting three
means. Firstly, the relative parameters of actuator are acquired
by some trials, the real actuator is seen in Fig. 7. Secondly, the
rectangular plate with one side clamped is constructed by us-
ing virtual prototyping technology (VPT). Thirdly, the hybrid
modal space control algorithm is implemented using Mat-
lab/Simulink.

From Eq. (13), note that SAI needs three parameters Z,,
Z, and Z,. Through addressing the trial results, these are
given by Z, =1200,Z, =0.045,Z, =0.204 . Besides, it is also
noted that Eq. (13) can be divided into two models according
to the computation requirements for a control system. The first
model is the full expression of SAI given in Eq. (13). The
second model is an ideal linear actuator, which neglects SAIL
This model, F =Z\U , is usually used. In subsequent simula-
tions, the vibration suppression results will be given consider-
ing these two models respectively.

In addition, some relative parameters of the plate structure
are listed in Table 2.
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Table 2. Parameters of the plate structure.

Parameter Value
Length (mm) 100
Width (mm) 50
Thickness (mm) 2
Density (kg/m®) 2800
Young’s ratio (GPa) 70
Damping ratio 0.0002
Table 3. Natural frequencies of the plate structure.
Number of order 1 2 3 4 5
Natural frequency (Hz) 242|382 | 61.8 | 81.3 | 96.1

Displacement
Indicator

Fig. 7. Giant material actuator.

5.2 Experimental results and discussion

For the aim of active vibration control, only the first five
modes are considered, and their natural frequencies are given
in Table 3.

In this section, several experimental results are presented for
illustrating the influence of interaction models on the control
system. For exciting the mode shapes of the plate structure, a
concentrated load is applied at a central location on the free
end of the plate, which is a sine sweep excitation signal with
an amplitude of 100 N and a frequency of 0~200 Hz. In the
first experimental results, the first two modes are controlled
and the remaining three modes are regarded as residual modes,
as shown in Fig. 8.

In the second set of experimental results, the first three
modes are controlled and the remaining two modes are con-
sidered as residual modes, which is shown in Fig. 9.

As can be seen in these two figures, the vibrations are sup-
pressed by using an additional actuator. In Figs. 8 and 9, it can
be seen that the plate with SAI considered has more “stiffer”
than the one without SAI considered. When the first two
modes are controlled, the vibrations are suppressed by using
the control method without SAL. But when the first three
modes are controlled, for the response of the third order fre-
quency, the control method without SAI does not act. The

J. Jiang et al. / Journal of Mechanical Science and Technology 32 (8) (2018) 3515~3521

40k . without control
-~ without interaction

—— with interaction

Magnitude (db)

Frequency (Hz) 10

Fig. 8. Frequency response of the plate.

without control
- without interaction

——— with interaction

Magnitude (db)

Frequency (Hz)

Fig. 9. Frequency response of the plate.

proposed approach, meanwhile, effectively suppresses vibra-
tion suppressing effectiveness whether in either the first ex-
perimental results or in the second experimental results.

6. Conclusions

This work presented in this paper indicates that the pro-
posed active vibration control with SAI (structure-actuator
interaction) considered can be utilized successfully to suppress
vibrations of a flexible plate structure. In this investigation, the
SAI model is constructed according to magnetomechanical
coupling, based on which the controller is designed. In order
to improve the control effect, a modal control switching strat-
egy is employed. According to the proposed methodology, an
experimental setup is established to verify the feasibility of the
method. The experimental results show that the stiffness effect
of the plate structure could be increased and the amplitudes of
the plate vibration are reduced more effectively. Furthermore,
the present methodology can be extended to other flexible
structures.
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