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Adaptive predictive controller, consists of an on-line identification technique coupled with a control scheme, is
used in this paper for a plate vibration suppression. It is assumed, that the system to be regulated is unknown and
the controller schemes presented have ability to identify and suppress the plate vibrations with only an initial es-
timate of the system order. The choice of structure is motivated by its representative nature. This configuration
has also been studied by the authors both analytically and experimentally, using several kind of controllers (PID,
PI2D, fuzzy, LQR). There are two fundamental steps involved in the closed-loop system. The first step is to
identify a mathematical model. The second step is to use the identified model to design a controller. One draw-
back of this approach is that, the control signal is fed to the actuator after updates of the control law expression,
which always leads to some delay. In order to align better the updating process, the authors introduce the predic-
tion of plant output with established error convergence. The one-step ahead system output prediction is calcu-
lated from the recursive formulas of the interpolation functions chosen. Simulation are included and discussed.

1 Introduction

The main aim of the control system designed for plates is to
cancel its vibrations and related acoustic radiation as much
as possible. There are many control strategies that could be
developed for the considered structure [1, 2]. Problem of
suppressing vibration of circular plate has been also studied
by the authors using several kind of controllers (PID, PI2D,
fuzzy, LQR) [3-7] which parameters were statically calcu-
lated using MATLAB/SIMULINK simulation tools. It is
well known that most control law design methods require
an explicit mathematical model of the system to be con-
trolled. Derivation of the models for planar structures with
the point or surface mounted sensors/actuators can be
guided into two ways. The first approach consists of model-
ing the fluid-acoustic-structural dynamics in the form of the
partial differential equations derived from physical prin-
ciples and it was also used by the authors [4, 5]. The second
way in which a model can be established is system identifi-
cation and it is used here. Process of designing the control-
ler involved making preliminary tests which results were
used to identify considered system. Using selected identifi-
cation method one could received values of unknown sys-
tem model parameters. They were applied in algorithm for
reducing vibration of plate. Described procedure has li-
mited accuracy because parameters are appointed only once
and used for all calculations. However, computational com-
plexity of this algorithm is low, that’s why it could be ex-
ecuted on low performance PC computers.

Development of IT technologies gives opportunities to use
more advanced techniques. One of them, which involves
on-line adapting of controller is considered in this paper.
Adaptive control is a set of techniques for the automatic,
on-line adjustment of control-loop regulators designed to
maintain a given level of system performance. In this me-
thod process of identification of the system and updating of
the adapter parameters is integral part of algorithm. As a
rule, the adaptive control algorithm can be seen as a combi-
nation of two algorithms:
¢ an identification algorithm using measurement for sys-
tem model,
e a control law computation algorithm for determina-
tion, at each instance, the adaptive controller parame-
ters and the control to be applied to the system.

Application of its is possible if PC computer works
under a real time operating system. For this reason the de-
signed adaptive controller was implemented on the RTAI-
Linux platform. Moreover, in order to align better the up-
dating process, the authors introduce the prediction of plant
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output with established error convergence. The one-step
ahead system output prediction is calculated from the recur-
sive formulas of the interpolation functions chosen. Finally,
simulations results obtained for the considered plate are
presented.

2 Plant description

An active vibration control system is proposed for sup-
pressing the small amplitude vibration of circular plate
(Fig 1.). An experimental set-up consists of a hard-walled
cylinder with a thin metallic plate at one end. Primary exci-
tation is provided by a low frequency loudspeaker installed
centrally at the bottom of the cylinder. The vibration of the
plate are measured by the application of strain sensors. In-
telligent materials such as 2-layer piezo disk elements are
used as the actuators.
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Fig. 1. Research position
1 — circular plate, 2 — PZT elements, 3 — strain sensors,
4 - loudspeaker

Process of reducing vibration is controlled by PC computer
with the Real Time Application Interface (RTAI) installed
on it. This is an extension of Linux operating system which
guarantees deterministic response time, because all of real
time applications are build as kernel modules and if they
run, they always have higher priority than ordinary Linux
process. Linux task is treated as idle task, that means that
they are executed only if there is no RTAI Linux tasks. De-
scribed way of running real time applications significantly
increase rate of executing them and give a chance to use
more advance algorithm such as shown on Fig. 2.
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Fig. 2. Algorithm used in experiment

The main loop of chosen procedure involves 3 fundamental
steps: taking measurements from strain sensors, identifying
a mathematical model and designing a controller.

3  Identification of the system

The determination of the structure of a parametric system
model is an important first step before going on to design
an adaptive control algorithm. The capabilities of the adap-
tive control depends on the faithfulness with the model
represents the system and its behaviour. If the set of actua-
tors and sensors are located at discrete points of the struc-
ture, they can be treated separately. But the distinctive fea-
ture of smart structures commonly used for vibration con-
trol is that the actuators/sensors are distributed and often
integrated with the structure, which makes separate model-
ling impossible. Moreover, in the case of plates, the vibra-
tion of the structure can be coupled with the surrounding
medium.

Greater attention has been focused on the identification of
process models in recent years, as a part of the controller
design methods that rely on an explicit process model. Un-
fortunately, theoretical models provided excellent agree-
ment with real systems and them dynamics are quite diffi-
cult to obtain. In these situations models should be identi-
fied based on actual process data. In this paper the identifi-
cation of Auto-Recursive eXtensive (ARX) model is consi-
dered.

3.1 Linear ARX model

In ARX models the current output is considered to be a
function of past values of both the input and output. Thus
the ARX model takes the form [1, 8]:
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yik)y+ayk=)+..+a,y(k—n)= 0
bu(k—d)+...+b,y(k—d -—m+1)+n(k)

where y(k) represents the output at time k, u(k) represents
the input at time £, n is the number of poles, 7 is the number
of zeros plus 1, d is the number of samples before the input
affects the system output, and #(k) is the white-noise dis-
turbance.

Reorganizing Eq. (1). one could get equation for calculating
model output y(k):

y(k) =k =10, Vk (2a)
where:
k=D =y h=Dmyhom),
u(k=d),...,u(k—d —m+1)]
9=[a1,...,an,bl,...,bm]T (2¢)

Vector ¢ represents the output observed from real process,
6 - unknown parameters of model. Then real process output
could be obtain as:

y(k) = p(k =18 +1(k),

and 7(k) is unmeasured noise.

Vk 3)

The ARX model structure can be given also by the follow-
ing equation [7]:

A(gylk)=B(g Hu(k)g ™ +nk), )
and after simplifying we get:
B(qil) -d 1
y(O) =——=Tu(k)qg " +———n(k), (52
Ag™) Aq™)
where
AlqgH=1+aq ' +...+a,q ", (5b)
Blgh=bqg"'+...+b,q ", (5¢)
Considered ARX model is presented on Fig 3.
n(k)
k-d 1 y(k)
D ) + -

A@q)

Fig. 3. ARX Model Structure

3.2 ARX model with d-step prediction

Often for developing of the adaptive controllers one uses
method with d-step prediction presented below:

yk+d)=p(k)d, Vk (6a)
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p(k) =[=y(k),...=y(k —n+1),
u(k),...u(k —m+1)]

0 = [ala'-'aan’bl"“’bm]T

(6b)

(6¢)

The main aim of identification process is to obtain vec-
tor 8 which will minimize difference between output of the
process y(k) and result of the model for each step . In lite-
rature, there are discussed many methods of calculating the
model. Authors focused on procedure used for an algorithm
with prediction proposed originally by L. LJUNG,
T. SODERSTROM [8].

0(k)=0(k —1)+
a(k)P(k —d - )p(k —d)
1+¢" (k—d)P(k —d —D)p(k —d)

(7a)

(k)

P(k—d)=P(k—d —1)+
a(k)Pk—d ~Dop(k—d)p" (k—d)P(k —d 1) (70)
1+0" (k—d)P(k —d —)p(k —d)

&(k) = y(k)— @(k —d)0(k ~ 1) (7c)
a, l|e(k)|>5y1-a,
a(k)=
0, l|e(k)<oyl-a, )
Py =pl (7e)

Equations presented in this paragraph were used for build-
ing algorithm for obtaining a model of considered process.

3.3 Result of system identification

Working and precision of this algorithm depends on chosen
values of several parameters: 0<a<lI, ¢ and p>0. Accuracy
depends also on numbers n and m. This two parameters are
important for developing adaptive controller which will
updates control law using data from identification process.

In this paper authors considered model with parameters m
and n equals 2. Fig. 4 and Fig 5. shows example results of
identification process of considered system.
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Fig. 4. Example of identification process
for 500 samples
‘— * output of real process, ‘---- output of model
As it can be seen on Fig. 4, after several initial steps algo-
rithm starts to work very well: result of calculation is com-
parable with measured output of system. Finally, in this
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paper authors considered system described by discrete
transfer function as follows:

y() 113284y (k=D + 013377y (k =2) =
0.00276u(k —1)—0.00199u(k —2)

Error
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Fig. 5. Error of identification process

Error of identification process (Fig. 5) is limited and consti-
tute a small part of real output. Result of conducted exami-
nation shows also that accuracy of method increase when
sampling rate of process increase either. It is possible only
after using more advance software like real time operating
system (for example RTAI).

4  Adaptive predictive controller

Adaptive controller uses result of identification process to
establish control law. Authors have chosen PID structure as
a regulator which reduce vibration of the plate. Generally
scheme of designed system can be presented as Fig. 6.

rtk) _e(k) PID u(k) ARX y(k)
- model

Fig. 6. Block diagram of PID controller

Main task of PID controller is minimizing of error signal
e(k) which is calculated as difference between desired
setpoint r(k) and output of system. In considered case,
where adapter should reduce vibration of plate, the most
expected value of signal (k) equals 0. That means that reg-
ulator PID should reduce signal y(k) (e(k)=-y(k)).

It was assumed, that the system in analysis is represented
by m=2 order discrete transfer function, as showed in

Eq.(9)
G — B(z") bz '+bz”
PAETYY l+az! taz

_ ©)

The technique used to find the controller parameters is the
pole placement. The purpose of the method is to design the
controller so that all poles of the closed-loop system assume
prescribed values. We seek a controller:

_ oz _ 4 +511271 +..+q,z"
P(z™) 1—|-p1271 .t p,z"

(10)
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of order n satisfying the polynomial Diophantine equation

[1]:
a(z)p(z) +b(2)q(2) = d(2) (1)

where d(z) denotes a designed polynomial of m+n order
which moved the system roots to some predefined location.

In theory, if the system is controllable, the poles and zeros
can be placed anywhere to improve close system perform-
ance. It can be done analytically by solving the linear sys-
tem of equation with (m+n)x(m+n) non-singular Sylvester
matrix:

a, 0 0 b 0 0[] po dy
a, ag - b2 bl P1 dl
: a . 0 Poby 0 : :
Lo . (12)
Ay : 4y bm : bl P |=
0 a, a; bm b2 90
i 0 0 am 0 0 bm_ _qm i dm+n_

In practice, there are numerical troubles for solving a
higher-order of Diofantine equation. Moreover, a low-order
controller is generally preferred for physical implementa-
tion reasons, so we took into account a PID controller de-
scribed as follows:

_0E"Y _
Pz

gz

qo + 412
- (13)

1+ pz” + pyz

G

As a result of solving linear system equations (12) of four
order one should get unknown parameters of PID control-
ler: g9, 91, 42, P1, P2, Which determines output control signal

u(k):
u(k) =q,y(k)+q,y(k—1)+q,y(k—-2)+
= pu(k=1)— p,u(k-2)

(14)

5 Simulations results and conclusions

The system identification was performed with own software
on PC computer working under RTAI-Linux operating sys-
tem. Before implementation of adaptive control law design
on real plant the simulations in MATLAB was performed.
In order to determine the dynamics of the plate system, the
obtained model was first subjected to a sinusoidal signal
with constant amplitude and frequency. Figures below
shows result of simulation of described object for two dif-
ferent input signals (for close- and open- loop system).
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Fig. 7. Response of open-loop system for sin signal
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Fig. 8. Response of close-loop system for sin signal

Comparing the plate responses for the open and close-loop
systems, it can be seen that the obtained controller was
damped the output signal very well, more than 60%.

Next, the forcing function used (excitation) was a chirp
signal as depicted in Fig. 9. It can be seen that the uncon-
trolled plate response vibrates significantly while the con-
troller causes that plate vibrations have been reduced very
well again (Fig. 10). However, there is one disadvantage of
such control - a steady-state error appears in close-loop
system (Fig. 10).
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Fig. 9. Response of open-loop system for chirp signal
(50-300Hz)
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Fig. 11. Control signal generated by adaptive predictive
controller in case when chirp signal (50-300Hz) as excita-
tion is applied

Figure 11 shows a plot of the control signal generated by
controller in the close-loop system. It can be seen that the
maximum of such control occurs during the several initial
steps of chirp excitation, and next, the control signal is
rather adjusted. Finally, results of simulation shows that
designed controller suppress the plate vibrations signifi-
cantly even if identified model is only of second order.
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