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KEYWORDS Abstract Photostrictive actuators can produce photodeformation strains under illumination of
Fuzzy active control; ultraviolet lights. They can realize non-contact micro-actuation and vibration control for elastic
Independent modal; plate structures. Considering the switching actuation and nonlinear dynamic characteristics of
Photostrictive actuators; photostrictive actuators, a variable structure fuzzy active control scheme is presented to control
Thin plate vibration; the light intensity applied to the actuators. Firstly, independent modal vibration control equations
Variable structure of photoelectric laminated plates are established based on modal analysis techniques. Then, the

optimal light switching function is derived to increase the range of sliding modal area, and the light
intensity self-adjusting fuzzy active controller is designed. Meanwhile, a continuous function is
applied to replace a sign function to reduce the variable structure control (VSC) chattering. Finally,
numerical simulation is carried out, and simulation results indicate that the proposed control strat-
egy provides better performance and control effect to plate actuation and control than velocity feed-
back control, and suppresses vibration effectively.
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1. Introduction and can realize non-contact micro-actuation and vibration con-
trol for elastic structures. In addition, it requires no additional
high voltage or strong magnetic generating equipment. It can
realize light-weight, small size applications, and is especially
used for control signal transmission and active control in vac-
mpon ding author. Tel.: +86 25 84893491 186, uum and outer space envi.ronment. Photostrigtive actuators

E-mail addresses: hrb100200@ 163.com (R. He). sjzheng@nuaa. made up of lanthar.lum-.modlﬁed lead 21'rcona‘.[e titanate (PLZT)
edu.cn (S. Zheng). ceramics have received increased attentions with many advanta-
ges over conventional electro-mechanical actuators, such as
non-contact actuation, remote control, and immunity from
electric/magnetic disturbances. Tzou and Chou,! Shih and
&8 . . . Tzou? investigated the constitutive model and the coupling
PLSEVIER Production and hosting by Elsevier behaviors of photostriction, photodeformation, pyroelectricity,

With its unique mechanisms of energy conversion, a photostric-
tive actuator is immune from the electromagnetic interferences,
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thermoelasticity, and opto-piezothermoelasticity for one- and
two-dimensional distributed photostrictive actuators. Liu and
Tzou® proposed a wireless vibration control method of plates
using distributed photostrictive actuators. Since the pioneering
work of Liu and Tzou, some researchers have investigated vibra-
tion control of beams, plates, and various kinds of shells using
photostrictive actuators with uniform illumination.*® Yue
et al.'® explored a new multiple degree-of-freedom (multi-DOF)
distributed actuator configuration spatially bonded on the sur-
face of shell structures to enhance the spatial modal controllabil-
ity. Sun and Tong!! presented analytical investigation on wireless
remote vibration control of flexible beams with a non-linear expo-
nential model of photostrictive film actuators. Very recently,
Zheng'? carried out finite element simulation of wireless struc-
tural vibration control with photostrictive actuators. Chen
and Zheng'? presented a novel binary-coded genetic algorithm
(GA) based linear quadratic regulator (LQR) control scheme.

It is noteworthy that the characteristic of active vibration
control using photostrictive actuators is different from that
using usual piezoelectric actuators. The major difference is that
the light intensity applied to photostrictive actuators is always
positive and the deformation of photostrictive actuators is al-
ways tensile. So the light illumination should be alternatively
applied to the top and bottom photostrictive actuators. In view
of switching actuation, variable structure control (VSC) action
takes place. Variable structure control is basically a control
law that switches rapidly between two values or gains, with
an objective of bringing the system’s state trajectory onto a
specified surface, called the sliding surface. To achieve variable
structure control successfully, it is key to choose the switching
surface. Furthermore, a major drawback of VSC in practical
applications is the chattering problem. However, the optimal
sliding surface and chattering problem for wireless vibration
control have not been discussed. Moreover, as far as the authors
are aware, most of past work in the area of wireless vibration
control has focused on applications of two control algo-
rithms®>%? (i.e., variable light intensity control and constant
light intensity control), and most of the novel emerging control
methods have not been applied to wireless vibration control.
Fuzzy logic control has emerged as one of the most active and
fruitful approaches to deal with complex and ill-defined dy-
namic systems.'*!'> The motivation is often due to the fact that
system knowledge and dynamic behavior are qualitative and
uncertain, so the fuzzy set theory appears to provide a suitable
representation of such knowledge. Usually, the qualitative
knowledge is firstly represented by fuzzy sets, and then, by using
a compositional rule of inference and approximate reasoning, a
fuzzy control law can be constructed. Compared to conven-
tional control theories, fuzzy logic control does not rely on the
analysis of a mathematical model of a plant. In essence, fuzzy lo-
gic can emulate human thinking and organize the approximate
and indeterminate natures of the environment. Though this
method has not been viewed as a rigorous theory, it is believed
that the basic idea behind the approach would have a significant
influence on the practice of controlling complex systems vibra-
tion in the future.

This paper presents an investigation into the variable struc-
ture fuzzy active vibration control of a simply supported rect-
angular plate using photostrictive actuators. The paper is
organized as follows. Section 2 introduces a mathematical
model of a thin plate laminated with photostrictive actuators.
The proposed variable structure fuzzy active control algorithm

is presented in Section 3. Numerical simulation results are
shown in Section 4, and Section 5 concludes this paper.

2. Modeling of thin plate laminated with photostrictive actuators

Two pairs of photostrictive actuators are respectively placed
on the top and bottom surfaces of a simply supported isotropic
plate, as shown in Fig. 1. The photostrictive actuators are as-
sumed not to significantly alter the inertial mass and effective
stiffness of the base plate structure.

The results of Ref.® reveal that effective control depends
on the locations of actuators. In detail, in order to ensure
the controllability for most of the vibration modes, the actua-
tors need to be placed unsymmetrically at the L,/2 and L,/2
lines. In this paper, it is assumed that the polarity directions
of the surface-bonded actuator patches 1 and 2 are in the x-
direction and y-direction, respectively. Their placements are
defined by edge coordinates, xy, x3, y{, ¥5 and x}, x3, ¥, )3
When the patches are activated, the induced bending moment

% and M7 along the different polarity directions can be de-
rived using the unit step function.®

Substituting the modal expression written as a summation
of sinusoidal modes into the system equation leads to an equa-
tion in term of the modal coordinate. Integrating over the
whole plate surface, applying the modal orthogonality of nat-
ural modes, the modal equation can be written as®

ﬁmn + 2Cnmwmni7mn + wimrlmn = F‘V:ml (1)

where 7,,, is the plate response amplitude of the mnth mode,
{,m the damping ratio, w,, the natural frequency of the mnth
mode, and F;,, is the modal control force, which is defined as

F,, = _(anx + any)g([) (2)

mn

where S(7) is the photodeformation strain of the photostrictive
actuator, and
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Fig. 1  Plate with surface-bonded actuators.
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where Y, is the elastic modulus of the actuator, A, the actuator
thickness, / the plate thickness, p the density of plate.

The photodeformation effect induced by the photostrictive
actuator is defined by®

S(t) = d E(t) — A0(1)] Y, (4)

where ds; is the piezoelectric-strain constant, A a thermal stress
coefficient, E(¢) the total induced electric field including both
the photovoltaic effect and the pyroelectric effect, 0(¢) the tem-
perature change of the photostrictive actuator due to the high-
energy illumination. The detailed expression of E(f) and 0(¢)
can be referred to Ref. 6.

3. Independent modal variable structure fuzzy active control
design

3.1. Light switching function design

As mentioned previously, the paired photostrictive actuators are
respectively placed on the top and bottom surfaces of the plate.
By activating the light sources alternatively, both positive and neg-
ative control actions can be generated. It is apparent that the alter-
nate mode of light illumination is important. In this paper, light
switching function is taken as the following linear function:

s=en+i (5)

where ¢ is a positive constant, which is simply the slope of the
switching surface. When the light illumination is alternatively
varied with the sign of the switching function, the modal con-
trol force F, is rewritten as

mn

Fe, = —sign(s) (Mo + M) S(0) (6)

mn

where sign(‘) is a signum function. In this paper, it is assumed
that the remnant strain and electric field of actuators can dis-
appear immediately when light direction is changed. With ref-
erence to Eq. (5), it can be seen that the switching function is
determined by parameter ¢ only. Therefore, how to determine
the value of ¢ is the next issue to be considered.

According to the VSC theory, ¢ must be chosen in such a
way that the existence and the reaching of the sliding mode
are guaranteed. The mathematical form of this condition can
be stated as

if s >0
if s <0

§<0
§>0

ss <0 or { (7)

Take the derivative of sliding surface with respect to time, then
S‘ - C’;,mn + i;lmn (8)
Substituting Eqgs. (1) and (6) into Eq. (8), then
$ = Clyn + Tjyn = wnm”mu + | mn| >0 ifs<0
[<0 ifs>0
©)
Eq. (9) shows that only if the system state trajectory in
phase plane moves into the region between the two lines L;
and L, (see Fig. 2), the reaching conditions could be satisfied.
This part of the area is known as the region of attraction. The
lines L; and L, are formulated as

L: wﬁmnnm +
L: wﬁmnnm +

P .
7(2$mn(/)nm - c)nnm

_(zénmwmn - C)i;[m,, - ,;mrlmn | mn

§= Cllmn + Hon =

(zé’mnwmn - C)’;’nm = | nm‘

) (10)
(Zé’mnwmn - C)’?mn = ’ mn|
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attraction

(a) 2§mn mn c>0
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(b) 24’”1” mn - < 0

Fig. 2 Sliding mode.

As shown in Fig. 2, the switching line s = 0 located in the
region of attraction is known as the sliding mode. With ideally
switching control force F;,,, the system state trajectory could
reach the sliding area in finite time. Once the system state tra-
jectory slides towards the origin along the switching line, the
vibration will be suppressed.'® In the sliding mode area, system
states satisfy s = ¢n,,, + flmn = 0, that is, ij,,, = —cn,,,,. It is thus
clear that ¢ > 0 guarantees the stability of sliding mode mo-
tion. At the same time, the parameter ¢ directly determines
the sliding speed, and influences the range of the region of
attraction; thereby affects the length of the sliding mode area.
The length of the sliding mode area / is written as

2|, |VT+ e

. 2
20— 2L @€ + |

(11)
|w

From Eq. (11), it can be seen that the length of the sliding
mode area is proportional to the modal control force strength,
thus increasing the intensity of the modal control force is al-
ways beneficial; For a flexible structure, 0 < (., < 1, the
length of the sliding mode area is limited. When ¢ equals to
the product of {,,, and w,,,, the maximum value of the length
of the sliding mode area, which is most favorable to the vibra-
tion suppression, is obtained. Thus the expression of s can be
rewritten as

§= Cmnwmnrlmn + i]mn (12)

3.2. Light intensity self-tuning fuzzy active control design

Designing light intensity self-tuning fuzzy active controller is
shown in Fig. 3. The center of the plate (x = L,/2 and
y = L,/2) is used as the reference point to evaluate control
effectiveness. A laser Doppler vibrometer remotely measures
the displacement of this reference point, which is used as the
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Fig. 3 System structure diagram.

feedback reference in a closed-loop control system. A modal fil-
ter (MF) is used to obtain the designated modal displacement
for the vibration displacement sensed by the laser vibrometer.
The designated modal displacement and its derivative are used
to construct the sliding mode function and taken as fuzzy con-
troller inputs. Here, the sign of the sliding mode function is ta-
ken as an index to decide which actuator should be irradiated.
The designated modal displacement and velocity are multiplied
by the scale factors K4 and K, respectively. The fuzzy output is
determined from a look-up table. This fuzzy output is then as-
signed a numerical value which is multiplied by K, to obtain
the desired light intensity (7).

The system response only changes near the fuzzy linguistic
value “Z0O” when the displacement 7,,, becomes very small in
vibration. Meanwhile, the other fuzzy linguistic values clearly
do not work in description and resolution for the displacement
at the moment. Ideally, when the displacement decreases, fuzzy
partition should also be able to fully describe and analyze
small displacement changes, so as to improve the control sys-
tem resolution capacity in a small range, which is required to
real-time tuning for scaling factors. In the meantime, for the
sake of most possibly increasing the modal control force, tun-
ing law for fuzzifier factors, K4 and K,, are selected as:

When s = ¢n,,, + flgm = 0

{Kd =3/ N

13
KV = 3/’1mnwmn ( )

Fuzzy scaling factors, Ky and K,, are responsible for map-
ping inputs, the displacement #,,, and the velocity #,,,, to the
universe of discourse [—3, 3].

Since vibration has been basically suppressed in the later
stages of the vibration control, there is no need to impose control
force, and then the light intensity should be reduced to zero.
Therefore, tuning law for defuzzifier factors K, is selected as

S| Tmax
K, = . 14
“T s+ 3 (14)
where |[s| is the absolute value of switching function

S = Ny + N> Imax the provided maximum light intensity,
and J a small positive constant.

Fuzzy controller is designed as follows:

(1) Selecting linguistic variables and membership functions.

The chosen inputs of the fuzzy controller are the modal
displacement #,,,, and velocity #,,,, which are defined on the uni-
verse of discourse [—3, 3]. The chosen output is the light intensity
I(1) irradiated on the photostrictive actuators. Considering that
light intensity 1(¢) is always positive, the output are defined on
the universe of discourse [0, 3]. Accordingly, the set of linguistic
values for the inputs are {NL,NM,NS,ZO,PS,PM,PL}, and

Z0

NL NM NS u PS PM PL

(a) Inputs

;,ZO PS PM  PL

1

o 1 2 3 "
(b) Output

Fig. 4 Membership functions of the inputs and output.

the output is {ZO,PS,PM,PL}. Here, NL, NM, NS, ZO, PS,
PM and PL refer to negative large, negative medium, negative
small, zero, positive small, positive medium and positive large,
respectively. In this paper, the triangular membership functions
shown in Fig. 4 are used, which fuzzify the set elements on the
universe of discourse.

(2) The establishment of the fuzzy control rules.">

According to the fuzzy control rules, fuzzy output can be in-
ferred from the inputs of the fuzzy. Usually, fuzzy control rules
are based on the actual control experience. With reference to the
history of vibration response, it is observed that, when ,,, < 0
and 7,,, < 0, control force F;,, imposed on the plate should be
large. For the photostrictive actuators, in order to produce a
large control force F;, , control light intensity have to be large,
corresponding to the fuzzy linguistic value PL; Similarly, when
W > 0and 7, > 0, one of control light intensity should also be
PL; Otherwise, when 7, <0 and #,, >0, or p,, >0 and
1 < 0, there is no need to impose large control force on the
plate, so one of control light intensity should be ZO, PS or
PM; Through summing up the above-mentioned experience,
the fuzzy control rules are shown in Table 1.

(3) Defuzzification.

The resulting fuzzy set must be converted to a single crisp
value in order to form a control signal to the plant. In this pa-
per, center of gravity (COG) method is adopted. The resulting
defuzzified value is

oo = [ n@5a7 / [ w(@as (15)

where X is a point in the universe X of the resulting fuzzy set,
and py(X) the membership of the resulting conclusion set.

(4) Building fuzzy control table.

The basic idea of fuzzy control table is shown as follows.
Firstly, fuzzy control table is built by means of inferring all
possible control actions offline with discrete premise universes
before putting the controller into operation. With two control-
ler inputs and one output, the table is a two-dimensional
lookup table. Secondly, fuzzy control table is stored in com-
puter memory. Finally, when the fuzzy controller is put into
operation, the computer only needs to look up the control ta-
ble and pick the corresponding output scaling value in accor-
dance with the scaling values of the sampling modal
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Table 1 Fuzzy control rules.
n i

NL NM NS V40) PS PM PL
NL PL PL PL PM ZO ZO Z0O
NM PL PL PL PS Z0 ZO PS
NS PL PL PL Z0 ZO PS PM
y4e) PL PM PS V40) PS PM PL
PS PM PS Z0 ZO PL PL PL
PM PS y40) ZO0 PS PL PL PL
PL Z0 Z0O Z0 PM PL PL PL

displacement 1,,,, and velocity #,,,. The desired light intensity
1(1) is obtained by multiplying the lookup value by K,. The
pre-calculation improves execution speed, as the runtime infer-
ence is reduced to a table lookup.

In this paper, it is assumed that there is a resolution of 47
points in each universe, so the table holds 477 elements. In or-
der to improve the control effect, the choice of 10 points is
from the universe [—3,—1] and [1,3] with a step of 0.5, the
choice of 18 points is from the universe [—0.9,—0.1] and
[0.1,0.9] with a step of 0.1, and the choice of 19 points is from
the universe [—0.09,0.09] with a step of 0.01. That is to say, the
smaller the control input value, the higher the resolution. Since
the fuzzy control table holds too many elements, it is not given
in detail. Fig. 5 illustrates a nonlinear control surface include
472 points, of which every four points constitute a rectangular
plane. In addition, Fig. 5 suggests that the fuzzy control table
is consistent with the fuzzy control rules.

3.3. Chattering reduction

The phenomenon of some oscillations in some vicinity of the
switching surface is called chattering problem. Due to physical
limitations in real-world systems, directly applying the control
law shown in Eq. (6) usually leads to chattering problem.
Chattering is undesirable, since it involves a high speed switch-
ing control activity to cause energy wasting, and furthermore
may excite high-frequency dynamics neglected in the course
of modeling. Chattering must be reduced for the controller
to perform properly. This can be achieved by smoothing out
the control discontinuity in a thin boundary layer.'®!7 In this
paper, the following continuous function A(s) is used to
approximate the sign function sign(s):

A(s) =s/(|s|+9) (6> 0) (16)

Fuzzy control output

|2 .
G/o CI‘{I/ 0
17 ’}’e

(]

: 2
0 \ﬂ\"\l exrsC

\9
-2 D_\S‘)\aceme“

Fig. 5 Control surface.

4. Case study

In this section, one case study of active vibration control is per-
formed for a simply supported plate to validate the effectiveness
of the proposed control strategy. The dimensions of the controlled
plateis L, = 0.8 m, L, = 0.6 m,and 2 = 0.001 m. The plateis as-
sumed to be steel with material properties given as Y = 2.1x
10" N/m?, p = 7.8 x 10° kg/m3 and p = 0.3. Two paired actua-
tors, with the same dimension: 0.24 m x 0.06 m x 0.00025 m, are
perfectly bonded on the top and bottom surfaces of the plate. The
calibrated parameters of actuators from Ref.® are used for case
study. In the arrangement, the corner coordinates or locations of
the two paired actuators are x} =0.05m, xJ=0.29m,
»1=024m, y5;=030m, x]=034m, x;=040m, )| =
0.06 m, y5 = 0.30 m, respectively. Only the (1,1) mode is taken
as the sample mode to evaluate in closed-loop controls which are
presented next. The exact natural frequency of (1,1) mode is
10.705 Hz determined by the formula®

O = 12\/DJ(ph) {(m/L,\,)2 + (n/Ly)z] (17)

where D denotes the flexural rigidity of the plate.

For observing the time history of displacement response, an
initial modal displacement of 1.0 x 10 m and an initial
damping ratio 1% are imposed to the (1,1) mode. With refer-
ence to Eq. (12), the switching function is

s = 0.67261,, + i (18)

Applying the proposed chattering reduction scheme, the
parameter ¢ takes a small positive constant 0.0001. However,
since the modal control force varies with time, it is difficult
to obtain an analytical solution of the modal equation. Thus,
a classical numerical method, the Newmark-f method, is
adopted to estimate discrete time responses.

With reference to Fig. 6, the settling times corresponding to
the velocity feedback light intensity control and the proposed
light intensity control are 3.5 and 2.2 s, respectively. It is obvi-
ously seen that the proposed light intensity control algorithm
provides better control performance than the velocity feedback
light intensity control. Fig. 7 shows that the modal control

— Variable structure fuzzy control
——Velocity feedback control

0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Modal displacement (mm)
o

Fig. 6 Time history of displacement response.

o
=

— Variable structure fuzzy control
——Velocity feedback control

Control force (N/kg)
(=)

0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Fig. 7 Time history of control force.
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Fig. 9 Time history of photo-induced electric field.

force with the proposed control algorithm is greater than with
the velocity feedback in the earlier stage of the vibration
control (0-2 s), and is gradually reduced to zero with the light
intensity being reduced to zero in the later stage. As seen in
Fig. 8, due to the use of the proposed self-tuning law for fuzz-
ifier factors K4 and K, greater light intensity is applied to the
top and bottom actuators in the earlier stage of the vibration
control (0-2s). Meanwhile, it is also indicated that when the
vibration is gradually suppressed, the system state trajectory

=

[=}

Light intensity (mW/cm?)

1200 -
Chattering
80
40
2.0 25 3.0

0 0.5 1.0 1.5
Time (s)
(a) Upper actuators

1200 -
| Chattering
800
400
1.5 2.0 2:5 3.0

0 0.5 1.0

Light intensity (mW/cm?)

Time (s)
(b) Lower actuators

Fig. 10  Time history of control light intensity without chattering
reduction.

approaches on the sliding surface. In this time s ~ 0, the light
intensity is reduced to zero according to the tuning law for
defuzzifier factors K. Fig. 9 shows that the amplitude of
photo-induced electric field with the proposed control algo-
rithm is much larger than that of the velocity feedback light
control. The time history of control light intensity without
chattering reduction is presented in Fig. 10. Comparing
Fig. 10 with Fig. 8 suggests that chattering for the variable
structure control is reduced by the introduction of the pro-
posed chattering reduction method.

5. Conclusions

(1) In order to overcome nonlinear dynamic characteristics
of photostrictive actuators, a variable structure self-
adjusting parameter fuzzy control algorithm of light
intensity is investigated, in which an idea of an off-line
calculated fuzzy control table is adopted. The optimal
switching surface is derived to increase the range of
the sliding area to facilitate vibration suppression. Self-
adjusting parameter scheme is applied.

(2) Compared with velocity feedback control, the proposed
control strategy forces the actuators to produce greater
modal control forces in the earlier stage of the vibration
control, so suppresses the vibration more effectively.
When vibration is effectively suppressed, the light inten-
sity is reduced to zero.

(3) Due to the introduction of the proposed chattering
reduction scheme, chattering for variable structure con-
trol is significantly reduced and thus the control quality
of the system is improved.
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