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Abstract: In this study, a PD" controller was designed for the active vibratioppression

of a smart beam equipped with PZT (Lead-Zirconatanhte) patches. The smart beam is a
cantilever aluminium beam having eight symmetnc#dicated surface-bonded piezoelectric
patches. In this particular application, a grougP@fl patches closed to the root of the beam
was used as actuators and from the remaining opatch was nominated as a sensor. All the
actuators were used in bimorph configuratiofiDPlcontrollers were known to provide better
flexibility in adjusting the gain and phase chaesistics than conventional integer-order PID
controllers. The parameters of B controllers are composed of the proportionalitystant,
integral constant, derivative constant, derivativder and integral order; hence its design is
inevitably more complicated than that of a PID colier. First, the optimization problem of
the regulator controller’s required parameters astablished by using the transfer function of
the smart beam. That transfer function was expetiaby obtained by means of using
aforementioned group of sensor/actuator piezoétegatches. The FD* controller was then
considered by using a fourth degree approach diraged fraction expansion (CFE) method.
Following this, the optimization problem of findirtgpe PtD" controller's parameters was
solved by using both the MATLAB Optimization Toolkand an optimization model, which
has been developed in house by using MATLAB Sinkupackage program. The simulation
results obtained in time domain demonstrated that designed controller successfully
suppressed the vibration levels of the smart beairthé first two flexural modes.
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1. Introduction

Lightweight flexible aerospace structures requirgraper active control mechanism to
attenuate the vibration levels they experiencegrater to preserve their structural integrity.
Recent technological developments on piezoelenteterials have successfully paved ways
for active vibration control applications. The zoelectric materials offer cost effective
solutions when used in the active vibration supgoes of flexible structures due to their
direct (i.e. sensing) and converse (i.e. actuapoeyoelectric effects.

During the previous studies conducted in the Dwepamt of Aerospace Engineering of
Middle East Technical Universily, the structural modelling characteristics and vecti
suppression of in-vacuo vibrations of the finitedaitat aluminium cantilever beam-like
(called as smart beam) structures were analy2eliskan® presented modelling of the smart
structures by using finite element modelling teqoei Nalbantoglu® showed that the



experimental system identification techniques coaldo be applied on these flexible
structures to identify the system more accurafe system model of a flexib&tructure has
large number of resonant modes; however, genet@lest in control design is only on the
first few ones by reducing the order of the systandel™®. The effect of H controller on
suppressing the vibrations of a smart beam duestswo flexural modes were presented by
Yaman et al®®. Further studies continued by Kircali et!af! on active vibration control of a
smart beam by using a spatial approach. And regeative vibration suppression of a smart
beam via self-sensing piezoelectric actuator wadietl by Aridogan et &f. In all these
studies, the smart beam was considered as an linbeder plant for the active vibration
control applications. The usage of non-integer ordentrollers for integer order plants
provides better flexibility in adjusting the gaincdaphase characteristics than that of in integer
order controllerd®®***? This flexibility makes fractional order control gowerful tool in
designing of robust control system with less cdldgrgparameters to tune. Additionally, the
introduction of the fractional order control makaesnore straightforward trade-off between
the stability and other control specifications thiave a better performance. ThereforéDP|
controller, which is an important member of PID tolers family and widespread in
applications, has motivated many researchers fsigdealternativé™. The fractional order
algorithm for the control of dynamic systems hasrbatroduced and superior performance
of CRONE (French abbreviation for Commande Robuk@rdre Non Entier), over the
conventional PID controller, has been successfigignonstrated by Oustalolif. Podlubny
31 has proposed a generalization of the PID contralePtD* controller which is known as
fractional order PID controller, whekeis the non-integer order of integrator anis the non-
integer order of the differentiator term and dentaed that the PD* controller has better
response than classical PID controller. Recentiessudf PtD* controller are the frequency
domain approachéd®®, implementations on physical systeftfs'® and tuning applications
[19,20,21].

In this study, a PD* controller was designed for the active vibratiopession of a smart
beam which was modelled as an integer order pResigning of PID* controller was
fulfilled in two steps. First, the optimization fnlem of a regulator controller’s required
parameters was established by using an experirheotahined transfer function of the smart
beam by using the aforementioned piezoelectrichest@s sensor and actuator pairs. In this
particular problem, PD" controller was considered by using a fourth degrpproach of
continued fraction expansion (CFE) method. Thendpegmization problem of finding the
PI"D" controller's parameters was solved by using bbéhMATLAB Optimization Toolbox
22l and an optimization model which was developeddnse by using MATLAB Simulink
package program.



2. Mathematical Model of the Smart Beam

The smart beam (Fig. 1a) was a cantilever aluminogam (490 x 51 x 2 mm) with eight
surface-bonded SensorTech - BM500 (25 x 20 x 0.5 RPAT patche&? (Fig. 1b). A very
thin isolation layer was placed between the aluammbeam and PZT patches so that each of
the PZT patches may independently be employedsassor or an actuator.

(a) (b)
Fig. 1: (a) Smart beam (b) Piezoelectric patch §8erech - BM500 PZT Patch)

Piezoelectric patches were labelled according tr tpositions on each surface of the
aluminium beam (Fig. 2). On surface A, the piezcie patches were labelled from 1 to 4 in
clockwise direction and on surface B, they weresligldl from 1 to 4 in counter-clockwise
direction. Piezoelectric patches were identified tmymber and surface codes, such as
piezoelectric patch 1A.

|:| Piezoelectric Patch
|:| Aluminium Beam

Surface A

Surface B EAI
I

Fig. 2: Piezoelectric patches on smart beam

The experimental frequency response was obtainediroyltaneous measurement of the
excitation and response sign&f$ The smart beam was excited by four piezoeleptitches
which were configured as bimorph to have more dicnability. These bimorph configured
piezoelectric actuator patches were 1A-1B and 4A{3&ing the excitation, the response of
the smart beam was monitored by piezoelectric pafkchThe excitation signal was a swept
sine signal from 2 Hz to 48 Hz with 5V peak-to-peahplitude and generated by HP33120A
signal generator. Before transferring this exatatsignal to piezoelectric patches, the signal
was amplified 30 times by SensorTech SA10 High &t Amplifier which uses SensorTech



SA21 High Voltage Power Supply. Bruel and Kjeer PELI560C platform was used as the
analyzer to obtain the frequency response of thertsbeam. The mathematical model of the
smart beam was derived by processing the measuexfleincy response. By using

MATLAB’s “fitsys” command located in u Analysis anBlynthesis Toolbox, the required

transfer function of the smart beam was obtaindds Tommand was constructed by least
square method and the obtainétoBder transfer function was given in Equation{1)

G(s)=0.055135' +0.2845" +4067S' +1.51710' S’ +1.58610' S +2.877010' S+1.56710° 1
$°+4.922(°+6.6111C*(s* +1.08¢1C°[s° +2.294[1C°[s° +1.81 EI1C°[s+2.04411C

3. Theory of Fractional Systems

Various definitions and expressions for generaitiomal integro-differential operation can be
found in the literaturé®.

The expression for fractional order differentiatismiven a&®;
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whereoa =m+y , mis an integer and Oy<1 .
On the other hand, the expression for fractiondépintegration is defined &5';
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Due to the straightforward calculation, Laplace domis commonly used to express the
fractional integro-differential operations. The lage transform of fractional order
differentiation can be given as;

n-1
L’O D f (t)] =s7L[f@]-D s [0 Df k1 (t)] (4)
k=1 t=0

If the derivatives of the function f(t) are all efjiio zero, Equation (4) turns to the following:

Lone t]=s1[r )] )

A fractional differential equation for a fractionatder control system can be expressed in
Equation (6);
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where y(t) is the output and x(t) is the input lué system. The Laplace transform of Equation
(6) can be obtained in the following foffiy.
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wherea, >0p-1> .... >0 > 0 andBm > Pm-1> .... >p 0> 0 are satisfied, g k = 0,1,2,...,n ) and
b« (k=0,1,2,...,n) are constants.

The analysis of the Laplace transform and inverapldce transform of fractional integro-
differential operation in time domain are quite @icated and time consuming. To overcome
these drawbacks integer order transfer functiopreferred instead of the fractional order
transfer function and this can be managed by ufiagcontinued fraction expansion (CFE)
method?®?°! Hence, in this study CFE method is used for obtgithe integer order transfer
function of the PD" controller. The fourth order integer approach dfagtional statement
given in Equation (8}” is selected as it provides better approximationpaned to the lower
order approaches.

(o +10@° + 35007 +5000 + 24)8" + (- 41@* ~ 200 + 40 + 3201 +384)°
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4. Design of PtD* Controller

Determination of the PD" controller parameters was fulfilled in two stefststly, the
optimization problem of the regulator controllersquired parameters was established by
using the transfer function of the smart beam givefEquation (1). This problem was to
design a feedback control which was able to apprdae output of the closed loop system to
zero. The solution of this problem was actually thi@imization of the output of the closed
loop system shown in Fig. 3.

X(s) + Y(s)

Fourth degree approach of

C——>> piD" controller

Fig. 3: Closed loop system



Where G(s), X(s), Y(s) in order represented thersrmaam, system input, system output
transfer functions. K K, and Ky were the proportionality constant, integral constand
derivative constant respectively. A(s) and B(syevihe fourth degree integer order transfer
functions of 1/5and & that were obtained by using CFE method, and arengEquation (9)
and Equation (10) respectively.
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The next step was the solving of the optimizationbfem in order to find the ED"
controller’s parameters (KK, Kp, A andyp). This was achieved via MATLAB Optimization
Toolbox and an optimization model which was devetbpy using the MATLAB Simulink.
Fig. 4 shows the developed MATLAB Simulink optintiza model.
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Fig. 4: In-house developed Simulink optimizationdab

The input signal used in the optimization modegjiigen in Fig. 5.
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Fig. 5: The input signal used in the optimizatioodel

The impact signal given in Fig. 5 was preferrecasnput for the optimization model in the
determination of the parameters of® controller. This function resembles the unit ingaul
function and it's Laplace transform results in ynithe response of the closed loop system
was minimised by using the MATLAB Optimisation Tbok command, “Isgnonlin”, and for
the given problem the following optimum values weetermined. k= 0.6300, K=0.0504,
Kp=1.9688,,=0.9788 anqi=1.3143.

5. Simulations Studies

The time domain simulations were performed for tb#h open and the closed loop systems.
The PZTs were utilized as either sensor or actudpending on their locations. During the
simulations, the input voltage is applied to th&'Rgtuators and the output voltage due to the
PZT sensor is evaluated.

5.1 Free Vibrations of the Smart Beam

In order to obtain the free vibration responseipadtsplacement corresponding to 1V was
applied on sensor patch. The open and the closgdsgstem responses of the smart beam to
this particular input are presented in Fig. 6. @bsolute maximum amplitudes are 0.1333 V
and 0.0128 V for the open loop and the closed kygpems respectively.
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Fig. 6: Free vibration response of the smart beam

5.2 Suppression of Forced Vibrations of the Smart &m

Theforced vibration simulations were performed by gsiour different input signals. Those
signals were harmonic and transient signals as. Wk first input was the impact signal
given in Fig. 5 and it's passive and closed loagmsient state responses are presented in
Fig. 7.
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Fig. 7: The response of the smart beam to transipnt

It can be seen from Fig. 7 that absolute maximurpliumae of the open loop response is
0.0705 V and that of closed loop one is 0.0044 ke Tontroller accomplished in suppressing
the vibration levels within approximately three @eds.



The next two input signals were aimed to exciteltdéam at the first and the second resonance
frequencies. Those frequencies were 6.69 Hz and83Blz. The sinusoidal disturbance
signals had the magnitude of 1V. The open and dltzs#p responses of the smart beam at the
first (n1) and the secondwf) resonance frequencies are shown in Fig. 8 and %ig
respectively. In these figures, the controller veagitched on at the fifth second of the
simulations.
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Fig. 9: Forced response @4

In Fig.8, which corresponded to the harmonic exaitaat first resonance frequency; absolute
maximum amplitude of open loop case is 0.6580 V thiadl of closed loop one is 0.0086 V.
When the responses at the second resonance frggquene considered in Fig. 9, the absolute
maximum amplitudes of open and closed loop case6.4686 V and 0.0014 V respectively.



Finally, a unit step input was applied to the sysia order to show the performance of the
controller for continuous input. Fig. 10 preseris step response of the open and the closed
loop systems and it is clearly seen that the cllatrés successful in suppressing of closed
loop output. Fig. 11, on the other hand, showsatimput voltage of the ED" controller for

the same input. It can bee seen from this figuaé tite output voltage of the’ B controller

is approaching to the input signal with time byiagmg the design goal of the controller.
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Fig. 10: Step response
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Fig. 11: Output voltage of the’®* controller for step input

6. Conclusion

In this study, a PD" controller was designed for the active vibratioppgression of a smart
beam equipped with PZT (Lead Zirconate Titanaté}hms that was modelled as an integer
order plant. Time domain simulations which wereealéor different inputs have demonstrated
the effectiveness of the B controller in suppressing of the vibration levefsttte smart
beam. In the future the frequency domain simutetivill also be conducted and robust
PI"D* controller and gain scheduling'BI' controller will be studied.
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