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Active Vibration Control of a Beam w1th
Piezoelectric Patches: Real-time
Implementation with xPC target

Asan Gani, M.ILE, Salami-SMIEEE and Md. Raisuddin Khan

Abstract— Active control of a vibrating beam using smart
materials such as piezoelectric materials is examined in this
paper. A model based on Euler-Bernoulli beam equation has
been developed and ~ then extended with bonded three
piezoelectrie patches which act as sensor, actuator and exciter.
The sensor and actuator are collocated to achieve a minimum
phase. The aim of this research work is to control the first three
resonant modes, To achieve this, a compensated inverse PID

controller is developed and- tuned to damp these modes using’

MATLAB, The designed controller for damping each mode is

then combined in parallel to damp any of the three modes.

Finally, the simulation results are verified experimentally and the
real-time implementation is carried out with xPC target toolbox
in MATLAB.

Index Terms— Smart Materials, Piezoelectric sensor/actuator,
Vibration suppression, Inverse PID, xPC, MATLAB

1. INTRODUCTION

he ability to monitor and control vibration is vital in
achjeving the desired objectives of many engineering
systems, such as automobiles, acrospace, and precision
machining and this list could continue. -Advances in smart
materials have shown an increased interesting application of
smart materials for passive and active structural damping.
Advancements in smart material technology have produced
much smaller actuators and sensors with high integrity in
structures. There are significant works in progress to reduce
structural vibration. Passive damping treatment has fixed
frequency range and adds significant weight to the structures.
To overcome these drawbacks plezoelectric materials have
been advocated for use in order to have control over a wide
range of frequencies without adding much weight to the
structure. Research in- piezoelectric materials is- rapidly
gaining attention in many developed countries and it is
envisaged that such technology will widen the scope and
enhanced the quality of products in manufacturing industries.
Vibration control using Piezoelectric materials can be

* accomplished either passively {with shunt circuit) [1]-[3] or
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actively. In shunt circuit techniques, the main role of
piezoelectric material is to dissipate energy. This is achieved
when mechanical work is done on an element and some
portion of it is converted to and stored as dielectric energy. In
a vibrating structure, a shunt network can be configured to
accomplish vibration control by modifying the dynamics of
the electrical system [4], [5]. This system is analogous to

-mass-spring dashpot system which acts as a vibration

absorber. A properly tuned shunt circuit can add significant
damping to a structure. [n active control, an external power is
applied to a piezoelectric material to produce a force in
opposite direction to that produced by vibrating structure at a
particular position. The opposite forces will cancel each other
and thus reduce its vibration. In this paper, a compensated
inverse PID controller is designed to reduce multiple vibration
modes of structures. The controller also reduces the ‘spillover’
effect which is caused by the presence of uncontrolled or
unmodeled modes within the bandWIdth of the closed loop
system, .

In this paper plezoe!ectnc materials act as an actuator and
a sensor for vibration control of flexible a structure. The
results of active control for the first three resonant modes are
presented. The controller developed for each mode is tested
individually and later combined in parallel to control any of
the three modes. The performance of the combined controller
is discussed and a comparison is made between the individual
and combined controller.

1I. EULER-BERNOULLI BEAM MODEL: MODAL ANALYSIS

In this section, mathematical models for Euler beam as a
continuous system and with collocated piezoeleciric sensor
and actuator are developed. Various transfer functions for use
in simulation studies are developed in detail.

A. Lateral Vibration of beam

Fig. 1. Lateral vibration of beam [6]
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Inertia force acting on beam = & (x n  where , =

pAx)d—F
mass density, 4(x) = cross sectional area and pd(x) = mass

per unit length. Considering the equation of motion along the
z-axis and the moment around y-axis at O leads to:

—Fdl)+ fxnnds + =pA(x)¢razza(,f’f) (1)

(M+dM)—M—(V+dV)ctx+f(x,t)alx%=0 @
Taking , _ _55_de, dd = %cix and (#)* = 0 then equation
X

becomeS'
(x 1) 3

Based on Euler-Bernoulli or thin beam theory the
relationship between bending moment and deflection is given
by:

M(x)= EI(x) Z(x0) 4)

where E-Young s modulus and I(x} is the area moment of
inertia of the beam cross section about the neutral axis.
Substituting (4) in (3) gives:

B2, :)+pA(x)a L= s (5)

B. Model of beam with bonded piezoelectric patches

Fig. 2 shows the position of the attached piezoelectric patch
on beam. The piezoelectric actuator’s dimension is as shown
in the figure and a voltage V,(t) is applied to it.

e 2
(@ -

7

A x1

I
x2

——

)

Fig. 2. Collocated piezoelectric patches on the beam

Assuming the beam is a one dimensional system, equation
(5) becomes: .

'z & (xt)

0+ i) T = S ey (6}

El(x)

where M, is the actuator induced bending moment. If the
beam is bent by an external load into downward curvature the
portion of the beam and piezo actuator above the neutral axis
will experience tension. The moment M, is given by:

M, =KV, () (7

- 12E,hh+h,]
A " RER + Ehv2h)y - R

'a

i: Ebjxd]i and

To incorporate the placement of the piezo patch on the beam
surface in x direction, Heaviside Step function is employed, so
that the finite length of actuator, (7) can be written as:

M=KV, (0[H(x-x)- Hx-x,)] (3)

Substituting _(, ;) _ iwk(x)% (r) @nd (8) in (6) yields:
l‘

a .
00 o5 e o ) () ©
C. Transfer functions for simulation studies

Taking the Laplace transform of equation (9) gives:

g5 +af]= Kl )~ wi't)) (24)( )w SCY (10)
Since, -, (x, 5) = w, (x)g,(s) €quation (10) becomes:
() = OO G - G)) an

pARs® + ]

The transfer function that describes the elastic deflection of
the entire beam due to an applied voltage to the actuator is
given in (11). Incorporating a proportional damping term [7]
to (11) gives:

zk(x 5 i[/DA(x))Wk(x)(Wx'(xz)—wx’(xl)) (12)

| +20,m,5+08

Gulni)=

a

2) Piezoelectric semsor voltage vs. piezoelectric actuator
volfage: Wsing Hooke’s law for beam deflection in x
directions, the strain experienced by the sensor patch is
obtained as 8] :

ou h 8’ z(x,1)
Eﬁ(x,f)=-‘a—x-={—2-+hpj—-axT

The strain introduced in the beam will produce an electric
charge distribution per unit area in piezo sensor due to
piezoelectric effect, The electric charge distribution is given
where kj; is the electromechanical coupling

(13)

k2
() L

3
constant and g3 is the piezoelectric stress constant. The total
charge accumulated on the sensing layer can be found by
integrating ((x,t) over the entire surface area of the piezo
sensor and that is given by,
B awn|”

A
H=-w,|—+h
0= [} w,atxd = -w [2+ )g p»
Charged piezoelectric patches can be considered as a parallel

plate capacitor, the voltage across the layer will be;

o
VS(O?C‘,(JQ—XI) S

Where C,, is the patch capacitance and x2-x1 is the length of
piezo sensor and C; is:

C§ = *Wa[fl-‘#ha]:——k;l———
: 277 C g (x2—xI)

(14)

xl

(15)

x1
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Taking the Laplace transform of (15) gives
CK 5 (v (x2) = w, (D) w, (x2) = w, ')

. _ iy
Vi) pA(x) 3 I,S2 + 24, w5+ f"” 29
which can be written as
Vi) _ (w,'(x2) ~ w, ' ( xl))l
G = (16)
) = pA(x) Z [F+2tms+a

3) Piezoelectric exciter voltage vs. piezoelectric sensor
voltage and beam deflection: Fig. 3, shows the piezoelectric
exciter’s location on the beam, where the applied force
F(x,t), which depends on the applied voltage, V(1) is used to
excite the piezoelectric patch,

. F(x,t)
/] N
7 mtm
7 |
x3
Z » x4 R

Fig. 3. Location of piezoelectric exciter on beam

From (10), the sensor voltage output for applied exciter
voltage is given by

K[ ) - wi 03)Jow (62— w,,(xl)L o (7

|4 C
As)= Z PGS + 26,0, +0F]
resulting in _
6. L v (5) CJiK[wk(:M)—wk(:cS)Iwk(xl)fzwk(xlﬂ (18)
V) E e 2w, +0f)
6= 28 3 K ) - wi3)] (19)

Vs) At + 2, -0 |

11I. CONTROLLER DESIGN AND SIMULATION RESULTS

A.  Block diagram for beam with attached piezoelectric
patches
The structure of the closed loop system of the beam
attached with piezoelectric sensor and actuators is shown in
Fig. 5 and Fig. 6. In Fig. 6, an extra transfer function G,(s) is
introduced to transfer tip displacement to piezoelectric sensor
voltage output. This is necessary since the reference input is in
voltage.
Vi(s)

Vils) + T - Vis)

Fig. 5. Block diagram with feedback control for piezoelectric Sensor {(V(s))

b V(5)

Fig. 6: Block diagram with feedback control for beam deftection (Z(x,5))

The actuator voltage Va(s} is ¥ (s)=[V,(s)-V.(s))C(s)- The

block diagram reduction for Fig. 5 and Fig. 6 lead to the close
loop transfer functions as follows;
C(8)G s (SI (5)

V,(s) = —2nlVL(5) (20)
1+C(5)G,.,(8)  1+C(8)G,,.(5)
Z{x’ S) = Gvez(s)I/e (S) C(S)Gvaz(s)z (x S) (21)
1+ C(8)G,, ()G {s) 1+ C()G, ()G, (s)
since G, (5)=G,, (5)G,,» (21) is reduced to
Z(6.5)= G,..(sW,(5) . C(HG,,. ()7, (x,3) (22)
1+ C($)G,,,, (5) 1+C($)C,,, (5)

It is desired to have Vi(s) equal to zero and the role of the
controller is only to eliminate the effects of the disturbance
force F(x,t). Since a piezoelectric actuator is used as an
exciter, the input force is controlled by its voltage V(s).With
Vi(s) = 0, diagram in Fig. 5 reduced to Fig.7 and transfer
functions (20) and (21) can also be simplified.

'J—t V(s)

Fig. 7. Block diagram with feedback control for sensor output when V,(sy=0

V(x5 Grw(5)

Vils)

ofs)

Gran(s)

B. Controller design

The proposed controller in this paper is ‘compensated
inverse PID’ or denoted as CIPID that takes the following
form. The subscript ‘i’ stands for number of modes. The
controller is developed by taking into consideration the effect
of truncated modes which might cause the spillover effects
[9],[10]. Hence the controiler is designed to attenuate first
three modes so that

1 K,
s 3 -]{— S+K—
C9=3 KD DK !
(2]
KD f Ku ;
where Kp, K;and Ky, are respectively the gains of the PID and
these are tuned to damp i-th mode, where @,

23)

is the resonant

frequency for i-th mode, that is
K
[__I.J =(05 E] [ﬁ) =24’w'
') Ky ),

Using superposition rules, the CIPID controller can be
extended to control first three modes as given in (25). The
controller for each mode will be arranged in parallel. Basically
the CIPID is used to damp the resonant peaks by placing poles
at each resonant frequency. Changing Kp in the above
equation will change the damping factor for each mode and
can control the resonant peak. However higher damping factor
doesn’t mean that the peak will be always reduced; hence an
optimal value of Ky is required for each mode. Fig. 8, shows
the controlier and beam with bonded piezoelectric. A digital

(26)
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lowpass filter is applied te sensor output to remove any
interference signat or noise.

j Ell e Piezo Actuator

A !
N

Piezo sensor
K s+ K, TK ),

(K, 1K, ) s +{K, 1K),

+ UK, Y+ K, 1K,),
+ LK K e (K 1K),
4
AKX+ K, 0K,
ERTAT AT ATA)
Contrallar

Fig. 8. Controller and beam bonded with piezoelectric patches

C. Simulation results

The ability of the above controller in damping the resonant
modes is investigated here. Different values of Kp, K; and Kp
are taken to study their effects on the resonant modes. Initial
simulation is carried out for the individual modes and the
individual contrellers are combined to damp all the three
modes. In order to get more realistic simulation results, the
damping factors and modes frequencies used for simulations
in equations (12), (16), (18) and (19) are taken from the
experimental results. The experimental damping ratios and
mode frequencies are shown in Table L.

TABLE]
EXPERIMENTAL MODE FREQUENCIES AND ITS DAMPING RATIOS

Modes Frequency £ (damping ratio)
1 11,14 0.02027
2 66,74 0.01021
3 186.64 0.00520

In this simulation studies, the value of Ky, is chosen to be 1,
K; is taken from equation (26) and Kp is adjusted by taking
different values of zeta in equation (26). The simulation is
carried out by changing the value of Kp which
correspondingly varies the damping ratio of the controller.
The optimal values of Kp can then be obtained. The results

obtained for resonant peak reductions for V, are summarized
in Table 1L

second mode, greater reduction is achieved for zeta=0.01.
‘However, this value introduces new peak on the left side of
the resonant frequency, hence the most suitable value of K is
2.2282. For the third mode, lower damping values increase the
resonant peak, instead of reducing it, hence the best result is
achieved with Kp = 11.141.

IV. EXPERIMENTAL SETUF AND DATA ACQUISITION SYSTEM

This section discusses the instruments, data acquisition
systems and software used for implementation of active
vibration control in real-time. Properties of hardware are also
discussed in detail. An aluminum beam is used to carry out the
experiment. The properties of the beam are given in Table I11.

TABLEIII
PROPERTIES OF BEAM (6061 T651)

Parameter Value Unit
Length, L. 0.5 m
Width, w 0.04 m
Thickness, h 0.003 m
Modulus of Young, E 69x 10" N/m
Area Moment of Inertia,1  9x 107" m
Density, p 2700 kg/m’
Area, A 1.2x10% m?

Three ACX piezoelectric patches are used in this research.
Two unimorph patches model QP10W are collocated and used
as sensor and actuator. One bimorph patch model QP25N is
used as an exciter. Their properties are given in Table V.

TABLE 11l
PROPERTIES OF PIEZOELECTRIC PATCHES

Parameter Ut (sonsoretuator) __(Bxcen
Length, L, mm 45.974 45.974
Width, w, mm 33.274 20.574
Height, by mm 0.254 0.127
Capacitance ' uF 0.1 0.2
Coupling Coefficient, ks, Q3 Q0.4
Elastic Modulus, Ej, Pa 6.9x 10" 63x10"
Elastic Modulus, Ey Pa 55% 10" 5x 10"
Charge Coefficient, di, miv -179x 1077 =285 % 10"

TABLE1f
SIMULATION RESULTS FOR PEAK REDUCTIONS (D_B) FORFIRST THREE MODES
Zeta Kp First Mode Second Mode Third Mode
10 22282 333 04 01
5 111.41 56 19 07
1 22.282 14.61 34 1.3
05 11.141 18.676 5 29
0.1 22282 15.121 11.46 11.5
001 0.2228 1405 1838 221

This table shows maximum reduction for the first mode at
zeta = 0.5 or Kp = 11.141. Smaller values of zeta cause
undesirable shift of the resonant frequency and introduce new
peaks at the neighborhood of the actual frequency. For the

541

The piezoelectric exciter is placed at the middle of the
beam. While the piezoelectric aciator and sensor are
collocated near the fix end of the beam. The transfer function
of a collocated sensor-actuator has minimum phase due to
pole-zero interlacing [11], [12]. To add the most damping, the
piezoelectric patch is bonded on the structure in the area of
highest strain energy. It is as been reported in [3], [14] that the
highest strain energy for first three modes is at clamped
boundary of the cantilever beam. Reference [14] showed that
analytical equation can be used accurately 1o predict the
optimum position of piezoelectric. The piezoelectric sensor
and actuator are attached at about 15 mm from the clamped
end of the beam.

Two linear power amplifiers are used in this setup. Both
amplifiers have a gain up to 20 and output voltage of X200V,



A Keyence laser displacement sensor model LK-081 is used to
measure the beam tip displacement. National instruments (NI)
data acquisition card model PCI-MIQ-16XE-10 :is used to
acquire analog signal from the piezoelectric sensor. Control
signal is sent to piezoelectric actuator through output channel
‘of the card. A four channel HP-Dynamic signal analyzer
(DSA). model HP-35670A, is used to obtain beam resonant
frequencies and respective damping ratios. Controlled and
uncontrolled responses of the beam are measured and
analyzed using the DSA. -

" . Real-time_implementation is carried out using xPC
Target toolbox in MATLAB. It is a high-performance, host-
target prototyping environment that enables the connection or
Simulink models to physical systems and execute them in
real-time on PC-compatible hardware [15]. xPC target enables
to add I/O blocks to Simulink models, automatically generate
code with Real-time Workshop, and download the code to a
second PC running the xPC Target real-time kernel.

LSS

Ya

sensor r a

; y A LT At

£BC oa] e kerns] : L | o
. i PC.
Sirqulink programs. mt\s‘nn ml'

runon host PG DAQ ustalled |

1 excitex

HP- DSA

-

Laser sensor
?Q <
i

excitation - Ve

Fig. 9. Fhe experimental setup for active vibration control,

. HP-DSA is used to obtain transfer functions under

controlled and uncontrolled condition. Ch2/Ch1 gives transfer
function for beam tip displacement to input excitation signal
{(Gyez) and Ch3/Chl will measure transfer function for piezo-
sensor output to input excitation signal (Gyeys). -

- V. EXPERIMENTAL RESULTS

In this section we will experimentally verify the controllers’

performances. Early results have shown the individual
controller performance in damping respective - mades.
Thereafter the controller is combined to damp all the- three
modes. The experimental results of this combined controiler
-are discussed toward the end of this section .

© A’ First mode controller's performance

The beam is excited at its’ first resonant frequency which is
11,141 Hz in ordeér to test the controller ability in damping this
mode. Fig. 10(a) and Fig. 10(b) are showing the gain of Gy
and piezoelectric sensor output (V.} respectively under

" controlled and uncontrolled conditions.

viv . Guevs - first mode
16

JEETERN Uncantroled|
Cantiolled-

14
12
10
os ;
a8
04

02

Hz,
34567 89DNR2EHHEET BRANRD2425262728

[+11]

Fig. 10(a) : Controlled and uncontrolled gain for Guevs at first mode

Piezoelestric sensor otput (Vs) Uncontrolied

Controled

time (s )|

Fig. 10(b}. piezoelectri¢ sensor output for first mode

Fig. 11{a) shows the reduction in gain of G,., while Fig.
11(b) shows in reéduction in peak-peak beam tip displacement
upon switching on the controller,

mm/V ) Gvez for first mode -
4.30
....... u.cum;ouﬂ

Controlled

Tianiaaa

345 87890 NERYEE T B W 20212223724 2526 27202930

Fig. 11{a) : controlled and uncontrolled gain for G, at first mode

mm Beam's tip displacament

tima {s)

Fig. 11(b): Peak-peak dispiacement of beam tip at first mode -
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The first mode controiler’s performance is summarized in
Table V:

TABLEV

PERFORMANCE OF THE FIRST MODE CONTROLLER
Gvevs (V/V) = Vs(voly) . Gvez (mm/V)  z(mm)
Uncontralled 1.2496 7472 024980 2.562
Controlled 0.1765 0.878 0.01987 0.678
Reduction 1.0731 6.594 0.22993 1.884
Reduction (dB) 17.00 18.60 22.00 11.55
Reduction ( % ) 92.05 73.54 85.88 88.25

B. Second mode controller’s performance

The beam is excited at 66.744 Hz to produce second
resonant mode. The controller’s ability to damp second mode
is demonstrated in Fig. 12 and 13. Fig. 12 shows the reduction
in gain for Gyevs.

v Gvoavs - Second mode

a0
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Fig. 12: Controlled and uncontrolled gain for G... at second mode,
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Fig. 13: coutrolled and uncontrolled gain for Gvez at second mode

TABLE VI

PERFORMANCE OF THE SECOND MODE CONTROLLER
Gvevs()7¥)  Vspolt)  Gvei (mm/¥} Z (imm)
Uncontrolled 2.4594 99517 0.07837 0275
Controlled 0.8817 4.1552 0.02266 0.08177
Reduction 1.5777 5.7925 0.05571 0.19323
Reduction (dB) 8.910 . 7.58 10.78 10.53
Reduction { % ) 64.15 58.21 71.09 70.27

C. Third mode controller’s performance

The performance of third mode controller is shown in Fig.
14. The beam is excited at 186.6 Hz.

543

viv Gvevs for Third mode
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Fig. 14: Controlled and uncontrolled gain for Gvey at third mode

The peak reduction for third mode is shown in Table VII :

TABLE VIt
PERFORMANCE OF THE THIRD MODE CONTROLLER
Gvevs (V/V) Vs (volt)

Uncontrolled 0.02583 0.0921
Controlled 0.02374 0.0695
Reduction 0.00209 0.0226
Reduction {dB) 0.73287 2.4455
Reduetion ( % ) 8.10 24.54

D. Combined controller’s performance

Individual mode controilers are combined in parallel to form
a new combined controller. The performance of this combined
controller is discussed in this section. The beam is excited
with sweep sine signal over frequency range of 3 to 203 Hz,
which comprises first three resonant mode frequencies. The
controlled and uncontrolled transfer function Gye, and Gieus
are shown in Fig. 15 and Fig. 16 consecutively
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Fig. 15: Controlled and u-ncontrolled gain for G, for first three modes
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Fig. 16: Controlled and uncontrolled gain for G, for first three modes
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The summary of peak reduction for combined controller is
given in Table VIIL. The third mode for G, is not visible due
to negligibly smal} gain.

TABLE Vill
PERFORMANCE OF THE COMBINED CONTROLLER
Gvez (mm/V) Gvevs (V/¥)
mode 1* ri 3 ™ o 3

Uncontrolled 02584 0.0348 - 13879  1.1888 0.029%4
Controlled 0.0191 0,0HS - 0.1945  0.5417 0.0280
" Reduction 0.2394 0.02 - 1.1934 06471 00014
Reduction (dB) 22.65 7.41 - 17.07 6.8270  0.4240

Reductien (%) 92.63 57.41 - 86.00 54.43 4.76

Table IX, shows the reduction in dB for first, second and
third modes under the effects of individual and combined
controller

TABLE 1X
REDUCTION FOR INDIVIDUAL AND COMBINED CONTROLLER

[ndividual controller Combined controller

mode Gvez Gvevs Gvez Gvevs
1% 22.00 17.00: 22.65 17.07
i 10.78 3.j91 7.41 6.827
0.73 - 0,424
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VI. CONCLUSION

- This paper has discussed the use of piczoelectric materials
to control the vibration of a beam. A .novel controller that is
based on inverse PID has been designed and used to achieve
this objective. The results of the real-time implementation of
the controller using xPC target are found to be very close to
that of simulation studies which actually demonstrates the
effectiveness of this technique. In general, the combined
controiler has shown a better performance for G, for the first
mode while it slightly produces poorer performance for the
second mode as compared to the performance of the
individual controller, However for G,.. the individual
contreller has shown greater performance over the combined
controller for all the three modes. The drop in the performance
for combined controller is likely due to the coupling effects
and further research work on this aspect is under
investigation.
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