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Abstract: An optimal control method based on the minimum energy of the vibration system is proposed for piezoe-

lectric damping control of the reinforced aircraft plate. Subsequently, the dynamic equations of the piezoelectric

damping reinforced plate system and the state space equations are derived. The method to determine the weight

matrix of the system is presented based on the minimum energy of the vibration system. In order to obtain the op-

timal controller, the control parameters of the feedback controller are obtained by using the optimal method. A pi-

ezoelectric vibration optimal control experiment platform is designed to control the vibration of reinforced aircraft

plate. The experimental results show that the method has good control performances.
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0 Introduction

As for the vibration control of flexible struc-
tures, the researches on the active control tech-
niques have been widely concerned because its
control effect hardly depends on external interfer-
ence. The active control techniques based on the
piezoelectric elements use the positive-inverse pie-
zoelectric effect of the piezoelectric elements, so
the vibration of structures is controlled by desig-
ning an external controller and applying the con-
trol voltage to piezoelectric pieces. Recent years,
the vibration control of flexible structure using
piezoelectric materials has become a hot topic in
the field of structural vibration"*'.

In order to improve control performance, the
optimal control method has been extensively in-
vestigated™. However, determining the weight
matrix is a difficult problem when control force is
designed by using the optimal algorithm. In pre-
vious papers, the weight matrix of optimal con-
trol is usually obtained by trial, but the heavy

work and uncertainty of control can lead to some
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difficulties in solving the questions. Min et al. [*
determined the weight coefficient by trial and ex-
periments in the control of intelligent boring tool.

1. I8 proposed the necessity of the choice

Lin et a
of weight matrix combining the minimum energy
of noise and input as control target in the noise
control of piezoelectric laminated structures.
Wang et al. I put forward to the method of deter-
mining the weight coefficients through vibration
damped effect and energy consumption. Chen et

HoJadvised to choose the weight coefficient ma-

al.
trix by experience. Angeles et al. ' designed the
weight coefficient matrix of optimal control based
on values of the energy scale factor. Chang et
al. " explored the choice method of weight ma-
trix by taking the energy of structural vibration
and control signal as a control target function.

In this paper, a method which determines
the optimal control parameters of structure vibra-
tion based on energy minimum of vibration sys-
tem is proposed. Furthermore, it is applied to the

piezoelectric damping control of the reinforced
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plate structure in aircraft. The total energy func-
tion of the vibration system is taken as the target
function, and the weight matrix that makes the
energy of structural vibration minimal can be ob-
tained by combining the regional optimization
method. Additionally, the optimal control pa-
rameters of the feedback controller can be ob-
tained by the optimal control algorithm. The ex-
periment platform of optimal control is designed
for piezoelectric damping, and then the reinforced
plate structure of aircraft is studied by experi-
ment. The experimental results show that the

control method has good control performances.

1 Electromechanical Model of All-
Clamped Reinforced Plate Em-

bedded Piezoelectric Elements

In this paper, the vibration control problem
is studied for the all-clamped reinforced plate
stuck with the piezoelectric elements, which have
five piezoelectric pieces stuck on the position as
shown in Fig. 1. Different piezoelectric elements
are acted as sensors and actuators in different con-
trol modes. The length, width and thickness of
the all-clamped reinforced plate are 830 mm, 530
mm and 1 mm, respectively. The whole plate is
divided into nine parts by four long trusses. The
center position is piezoelectric actuator and sensor
for the first mode, then the left and the right are
for the second mode. Therefore, the upper and
the down pieces are for the third mode. The sizes
of piezoelectric piece are 30 mm X 30 mm X 0. 2
mm. As the reinforced plate is a complex contin-
uous structure containing rib, it is more difficult
to establish the mechanics model. However, the
system can be simplified as a spring- mass system
with only one degree of freedom near a resonances
frequency. Its electromechanical model is de-
scribed in Fig. 2.

The piezoelectric element is used as a con-
troller, and its energy that inputs into vibration
system is small. That is to say, the vibration de-

flection of the system is small. The global struc-

Fig. 1 Sketch diagram of reinforced plate
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Fig. 2 Electrical and mechanical model of reinforced

plate structure

ture including piezoelectric elements can be regar-
ded as linearly elastic. The dynamic equations of

the resonance frequency at some order have been
obtained"**

Mj+Cj+Kq=>)F, — > F, (D
where q represents the rigid mass displacement,
F; the other forces applied to the equivalent rigid
mass, and I, the control force applied by piezoe-
lectric elements. M,C and K are mass, damping
and stiffness matrices of the structure, respec-
tively. The piezoelectric element is attached to
the plate surface, and thus its electro-mechanical
equations as actuators and sensors can be written
as

F, =—awv,; (2)

I,=a,v('1,-—c(>,'b,- (3

where v; and I; are the outgoing voltage and cur-
rent from the piezoelectric elements, respective-
ly. «; is the force factor, and ¢, the blocked ca-
pacitance of the piezoelectric elements. The pa-

rameters of the structure are described as follows

a; =A.C; (4)
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where fo;» fi;are the resonance frequencies of a
certain order of the piezoelectric element at short
circuit and an open circuit, respectively, ¢; is the
damping ratio of the plate when the piezoelectric
element is in open circuit, A; the proportionality
coefficient of voltage to displacement in open cir-
cuit.

The governing equations of the vibration sys-

tem can be obtained from Eq. (1)
x=Ax +Bu+B.F €]
y=Cx 9

0 1 0 q
A= N » B, = s X = | . |
— wy *Zgwo Mﬁla,' q

0
B.F= {MlFJ .C=[1 0]

where w, is the resonance {requency and ¢ the

damping ratio.

2 Optimal Control Based on the
Minimum Energy

Taking the mechanical energy of vibration
system as the objective function, the weight ma-
trix with the minimum energy can be obtained
under constraint conditions by regional optimiza-
tion. The corresponding optimal feedback control
parameters can be obtained by using the optimal

control algorithm.
2.1 Optimal control algorithm

In order to achieve the optimal control volt-
age p;» the quadratic from performance function

can be expressed as''*"

J :%J’/ (x" Ox +u"Ru)d: ao

0

where J is the performance index of optimal con-
trol corresponding to state equation. Q and R are
the semi-positive-definite and positive-definite

weight matrices on the outputs and inputs, re-

. w’ 0
spectively, Q =« { 0 1} » R=pI ,here, ¢ and B

are the coefficients of weight matrices; And¢,, ¢,
the initial time and final time, respectively.
The actuator input voltage can be written as
u—=—Kx an
K=—R"'BTP 12)
where P is the positive-definite Riccati matrix of
the system, which satisfies the following Riccati
equation
A"P+PA —PB,R 'BfP+Q=0 (13)
Substituting Eq. (11) into Eq. (8), we will de-
duce

x=(A—B Kx+B,F 14>

2.2 Determination of weight matrixes Q and R

Applying linear quadratic regulator (LQR)
algorithm to the design of control force, the
weight matrixes @ and R are the two important
control matrices which determine the control
force and the structural reaction under the control
force. It is demonstrated from Eq. (10) that the
structural reaction decreases and the control force
increases with Q. On the contrary, the smaller
the R is, the bigger the control force is and the
smaller the structural reaction is. Since the actu-
ate force of the vibration system is provided by
piezoelectric pieces, the control force of piezoelec-
tric materials is proportional to the voltage in lin-
ear range. In order to increase the control force,
the control voltage needs to be improved. How-
ever, high voltage not only needs sufficient power
supply system, but also brings a series of security
issues. Therefore, voltage cannot be too high in
practical applications. In previous papers, the op-
timal control voltage is usually obtained by trial,
which can lead to heavy workload and uncertain-
ty. In this paper, the mechanical energy of the vi-
bration system is used as target function, and the
values Q and R of the minimum energy can be ob-
tained under the safety voltage constraints by the
regional optimization.

Eq. (14) can be written in the form of differ-
ential equations

¢+ 26, + wliq, = Fisinge (15)
where §; =2Cwo; + k2 » wei =wi; + ki, . The solu-
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tion of Eq. (15) is
q; =A% sin(wyt +0,) + B;sin(Qt + ©;) (16)

where A; \/ qs: Qm +8qo'> , 0, =
W di

waiq0i _ 2 _ 0 _
arctan - i 0 sWai T Wi «/1*@ ’Ci* ~,B, =
W o;

qoi -+ 0 qoi
F,; 200
» — m— 2 =arctan ——— 5 .
(wh — Q27 + 48107 02F — wl;
The initial condition is set as follows
qo :[(101 QOz]T i]o :[éol éoz]T an

The vibrational energy of the system is

T
U, :%J (gMq + gKq) dt (18)
0

The conditions of the minimum energy under the
constraint are
minU, (19
sote <120V
The optimal control voltage that satisfies the
condition can be obtained by the regional search.

Q and R can be obtained by the following

procedure:

Step 1 Set initial values of the weight matri-
xes Q and R.

Step 2 Calculate K using LQR (A, B, Q,
R.

Step 3 Calculate the mechanical energy of

system using Eq. (18).
Step 4 Get the optimal control matrix K un-

der the constraint through the regional search.

3 Simulation and Experimental Veri-
fications
3.1 Simulation analysis

In this paper, the active vibration control of
the reinforced plate in aircraft is investigated.
The experimental platform of the vibration con-
trol is set up, and the performance of the control
algorithm is studied by experiment. The first
three order’ s natural frequencies are obtained
using sweep frequency with the range 40—500
Hz. The first three natural frequencies measured
by experiments are summarized in Table 1. At

the same time, the dynamic equation parameters

of the vibration system can be solved in Table 1.

Table 1 Measurement parameters of structure
N First- Second- Third-
ame order order order
Short circuit of resonance fre-
168.51 238.30 362.41
quency fo;/Hz
Open circuit of resonance fre-
168.76 238.57 362.67

quency f1,/Hz
Open circuit of damping ratio 0. 007 4

The ratio of open circuit volt-

age to the central displacement 10 356
of plate/(V +m™ ")

78. 25
0.001 3

Capacitance/nF

Force factor

The relationship between the mechanical en-
ergy of the vibration system and the weight func-
tion obtained by simulation is shown in Figs. 3,4.
It is showed from Fig. 3 (a) that the optimal
weight matrix coefficient a equals 3. 8 when fis e-
qual to 2 based on the minimum energy theory.
Fig. 3(b) clearly displays the relationship between
energy and weight matrix coefficient 8 when o is
equal to 3.8. It is seen from the figure that the
energy is the minimum value when g equals 2. 0.
In Fig. 4, we demonstrates the relationship be-
tween energy of the vibration system and coeffi-
cient of weight matrix. As shown, the existing
locations that correspond to the minimum energy

can be determined quantitatively by adjusting the

weight matrix coefficients « and g.

-
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Fig.3 Relationship between energy and weight matrix

coefficients

3.2 Experimental set-up

The piezoelectric sensors and actuators are
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Fig. 4  Relationship between energy of vibration sys-

tems and weight matrix coefficients a and g

bonded to the plate in the experiment. The power
amplifier is HVP-300D made in the company of
Nanjing Foneng. The vibration signal of piezoe-
lectric sensors by the dSPACE1103 board is sent
into optimal controller that provides the control
voltage. The control voltage enlarged by the am-
plifier is put into the piezoelectric controller,
which controls the vibration of the reinforced
plate. The weight matrix coefficients can be cal-
culated through optimal control algorithm of the
minimum energy and the vibration can be con-
trolled by experiment. For the sake of safety, the
control voltage should be controlled within
120 V.

3.3 Experimental results

It is indicated from Figs. 5—7 that the vibra-
tion of the structure is efficiently suppressed u-
sing independent modal control under the experi-
mental conditions. The displacement amplitude of
the first-mode is decreased by 43. 58% as shown
in Fig. 5. Moreover, we can see the displacement
amplitude of the second-mode is decreased to
70.29% in Fig. 6. In addition, the results clearly
shown from Fig. 7 illustrate the third-mode is de-
creased by 58. 17%. Furthermore, the displace-
ment amplitudes of the first-mode, the second-
mode, and the third-mode are deduced 4. 546,
10. 289 and 6. 605 dB, respectively. Vibration ac-
celeration amplitudes of the first three modes are

obviously suppressed.

0 50 100 150 200 250 300 350 400 450 500
f/Hz
(a) Comparison of displacement of vibration
control for first-order frequency response
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Magnitude / V

‘00.00 0.02 0.04 0.06 0.08 0.10
t/s
(b) Comparison of displacement of vibration
control for first-order time response

Fig. 5 Comparison of displacement of vibration control

for the first mode
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(a) Comparison of displacement of vibration
control for second-order frequency response
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(b) Comparison of displacement of vibration
control for second-order time response

Fig. 6 Comparison of displacement of vibration control

for the second mode
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control for third-order frequency response
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Fig. 7 Comparison of displacement of vibration control

for the third mode

4 Conclusions

In this paper, some conclusions are achieved
as follows:

(1) An optimal control method is proposed
to control the vibration of flexible structures by
using piezoelectric elements. Dynamic model of
piezoelectric reinforced plate is achieved, and the
vibration of piezoelectric structure is controlled by
the optimal control method based on the energy
minimum.

(2) A method solving the weight matrix
based on the minimum energy of the vibration
system is advised. The weight matrix which
makes structural vibration the minimum energy is
obtained. The control parameters of feedback
controller are obtained by using the optimal
method. The vibration of piezoelectric structure
is controlled.

(3) The experimental platform is set up and
the experiment is carried out. The experimental

results show that the control law designed in this

paper has better inhibition performances on the
vibration of flexible structures. The calculation
work of the control law is small, so it is easy to

implement,
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