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Abstract
This paper is about the active vibration control of a smart structure 
system using Internal Model Controller (IMC). The smart struc-
ture considered in this work is a cantilever beam embedded with 
a piezo sensor and actuators. The beam is excited at its first and 
second mode natural frequencies to maintain resonance condition. 
Single stage and cascaded IMC are designed and applied for 
vibration control of the smart structure system considered. Simula-
tion results show that an improved closed loop response is obtained 
on using the cascaded IMC.
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1 Introduction

A smart or intelligent structure involves dis-
tributed actuators and sensors, which uses the 
control theory to command actuators to apply 
the required control action. It is a system that 
incorporates particular functions of sensing and 
actuation to perform smart actions in an ingen-
ious way. The new field of smart materials and 
structures refers to structures that can assess 
their own health, perform self-repair or can make 
critical adjustments in their behavior as condi-
tions change. The design of smart structures 
involves more challenges because the structural 
behavior is not fixed, but depends on the envi-
ronment [Akhras, 1999]. The current genera-
tion of smart structures featuring piezo electric 
materials are generally synthesized with poly-
meric fibrous composite laminates, which readily 
accommodates embedded piezoelectric actuators 
and sensors.

Any external force applied on the structure 
sets vibrations and causes deformations in the 
structure. These deformations cause stress and 
strain in the structure. If the structure is embedded 
with smart crystals the effects of vibration can 
be controlled using a feedback mechanism. 

Since piezoelectric materials undergo surface 
elongation when an electric field is applied and 
produce charge when a surface strain is applied; 
they can be used as both actuators and sensors 
[Cady, 1964].

In the era before 1980, the control theory was 
limited to the performance of controllers for single- 
input single-output (SISO) systems in view of 
stability considerations, and plant variations were 
almost never an issue. So, whenever industries 
constituted complex processes such as higher 
order process or process with dead-time, then 
model based control algorithms like dead-beat 
algorithm [Luyben, 1973], Dahlin’s algorithm 
[Dahlin, 1968], Kalman’s approach [Kalman &  
Bertram 1958], and Smith-predictor algorithm 
[Smith, 1957] were utilised to design controllers. 
These controllers provided an optimal response 
even in the absence of model uncertainties. Bro-
silow in [1979], developed a technique for tuning 
Smith predictor controller, which failed to incor-
porate all the uncertainties in model parameter, 
thereby creating robustness problems.

The uncertainties are generally intro-
duced due to process delays, high nonlinear-
ity at different operating conditions, changes in 
environmental conditions, stochastic disturbances 
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and varying steady states. The disturbances could 
be eliminated using filters, but the controller 
complexity increases [Sahaj & Yogesh, 2012]. 
According to Garcia and Morari [1982], the con-
trol system must be optimal in the sense that it 
maintains the stability and robustness, while 
altering the quantity of interest in a process to a 
desired set-point with fast and smooth tracking 
capacity. At the same time, it will be better if it 
rejects environmental and process uncertainties 
along with handling constraints on input and 
states. Besides, robust stability of the process is 
necessary for high performance, safety, reduced 
manpower and should be economical from the 
point of view of process industries.

The inevitable mismatches between the 
nominal models and the real world processes 
destroyed the viability of many control schemes, 
thereby demanding certain novel approach in 
the field of robust control to increase the effi-
ciency of the control system in the presence 
of plant uncertainties and disturbances. In this 
regard, Internal Model Control (IMC) provides 
an advanced, effective, intuitive, generic, novel, 
powerful and simple framework for the analy-
sis and synthesis of control system performance, 
especially robust and optimal properties. IMC 
was introduced by Garcia and Morari [1982] 
and co-workers after rigorous formulation moti-
vated by Brosilow’s theory of inferential control 
[Joseph and Brosilow 1978] and Smith Predictor 
[Smith, 1958]. A central concept in IMC is the 
internal model principle, which states that con-
trol can be achieved only if the control system 
involves explicitly some representation of the 
process to be controlled.

Kongratana et al. [2012] have presented 
performance speed control design of PID con-
trollers for a torsional vibration system based 
on an internal model control. Azar and Serrano 
[2014] have proposed an internal model control 
plus proportional-integral derivative (IMC–PID) 
tuning procedure for cascade control systems 
based on the gain and phase margin specifica-
tions of the inner and outer loop. Sobana et al. 
[2015] have developed a technique for nonlin-
ear modeling by identification and  control  of a 
temperature-flow cascaded control system using 
the conventional PI controller and IMC. Zhang 
et al. [2015] have designed a suitable controller 
for vibration suppression of thin-walled smart 

structures. Considering the vibrations gener-
ated by various disturbances, which include free 
and forced vibrations; a PID control is imple-
mented to damp both the free and forced vibra-
tions, and an LQR optimal control is applied for 
comparison.

The main focus of this work is to design IMC 
for active vibration control of a smart cantilever 
beam. The cascaded IMC designed delivers better 
closed loop performance when compared to the 
single stage IMC.

The paper is organized as follows: Section 2  
presents the smart structure system description 
and its mathematical model. Section 3 describes 
the controller design. Section 4 presents the 
simulation results. Conclusions are drawn in 
Section 5.

2 Mathematical model

The smart structure system considered in this 
work is shown in Figure 1. A piezo ceramic patch, 
which acts as a sensor is surface bonded on the 
bottom of the beam at a distance of 10 mm from 
the fixed end. Another pair of piezo patches is 
surface bonded on the top of the beam, one at a 
distance of 10 mm and another at a distance of 
375 mm from the fixed end to act as control and 
disturbance actuators, respectively. An excitation 
input is applied to the structure through the 
disturbance actuator. The dimensions and prop-
erties of the beam and piezoceramic patches are 
given in Tables 1 and 2, respectively [Arunshankar 
et al. 2011].

The state space model, derived from the 
identified fourth-order ARX model parameter  
is [Arunshankar et al. 2011]:

x t Ax t Bu t Er t( ) ( ) ( ) ( )= + +  (1)

y t Hx t( ) ( )=  (2)

Figure 1. Schematic of the smart structure system.
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Control
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Disturbance
Actuator
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where, A is the system matrix, B is the control 
input matrix, E is the disturbance input matrix 
and H is the output matrix.
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3 Controller design

The continuous time transfer function obtained 
from equation (1) and equation (2) is:

 

Y s

X s
s s e s e

s s

( )

( )
. . . .

. .

=

+ − +
+ +
−0 522 28 88 2 094 04 2 263 05

2 206 3 7

3 2

4 3 667 04 5 293 04 4 419 072e s e s e+ +. .  
 (3)

which is converted to discrete form for a sampling 
interval of 0.01s and is given by:

( )
. . . .

.

Y (z)

X z
z z z

z

=

− + − +
−

0 004601 0 0008703 0 0013 0 006439

1

3 2

4 2205 0 7427 1 2 0 97823 2z z z+ − +. . .

 (4)

The poles of the discrete time transfer func-
tion are 0.3309 ± 0.9395i and 0.9334 ± 0.3387i, 
and the zeroes are -0.4593 ± 1.0259i and 1.1078.

3.1 Single stage IMC

The idea of IMC is to design a controller whose 
model is the inverse of the system model, which 
is to be controlled. In this line, the denominator 
of the transfer function of the system model is the 
numerator of the controller, which for the system 
considered is:

 q z z z z zn ( ) . . . .= − + − +4 3 21 205 0 7427 1 2 0 9782

 (5)

The numerator of the system transfer 
function has zeroes outside the unit circle and; 
hence, cannot be used for the controller design 
as such. The negative zeroes inside the unit circle 
cause oscillatory poles in the controller if not 
removed. The algorithm that is used to obtain a 
realizable and stable controller that is approxi-
mately an inverse of the plant has been discussed 
in the following four steps [Kannan, 2009]:

1. Invert the delay free plant model so that q(z) 
is realizable, i.e., ignore the delay part of the 
model.

2. If the plant is of non-minimum phase, i.e., 
if plant numerator has zeros outside the unit 
circle, replace these factors with reciprocal 
polynomials so that q(z) is stable. The recip-
rocal polynomial of an unstable polynomial, 
with its zeros strictly outside the unit circle 
is guaranteed to be stable.

3. If the plant zero has negative real part, 
replace that factor with the steady state 
equivalent.

Table 1. Properties and dimensions of the aluminum 
beam.

Length (m) 0.45
Width (m) 0.0135
Thickness (m) 0.001
Young’s modulus (Gpa) 71
Density (kg/m3) 2700
First natural frequency (Hz) 5.5
Second natural frequency (Hz) 30.4

Table 2. Properties and dimensions of the piezo sensor/
actuator.

Length (m) 0.0765
Width (m) 0.0135
Thickness (m) 0.0005
Young’s modulus (Gpa) 47.62
Density (kg/m3) 7500
Piezoelectric strain constant (mV-1) -247 × 10-12

Piezoelectric stress constant (VmN-1) -9 × 10-3
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4. The noise and model mismatch have mainly 
high frequency components. To account for 
these, a low pass filter is cascaded.

Hence the numerator polynomial (B) of the 
system transfer function is split into three parts as 
given below:

· Bg is the factor of B with roots inside the unit 
circle and with positive real parts.

· B+ is the part of B containing non mini-
mum zeroes of B with positive real parts 
(outside the unit circle) and with reversed 
coefficients.

· B- is the steady state value of factors of B 
with roots that have negative real parts. 

After applying the above transformations 
the denominator of the controller is:

 q zd (z) . .= −0 01622 0 01464  (6)

Thus the controller is:

 

q

q

z z z z

z
n

d

(z)

(z)

. . . .

. .
= + − +

−
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−
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To make the controller transfer function 
proper, it is cascaded with the following third 
order filter:

 
F(z)

( )
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1 3

3
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 (8)

where a is chosen as 0.99, the final form of the 
controller is:
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3.2 Cascaded IMC

Cascade Control (CC), which was first introduced 
by Franks and Worley [1956], is one of 
the available strategies that can be used to improve 
the system performance especially in the presence 
of disturbances. It is adopted for improving the 

system performance for load disturbance rejection 
under the condition that the intermediate process 
measurement can be conveniently obtained in 
practice. The advantages of easy implementa-
tion and potentially large control performance 
improvement have led to widespread applications 
of cascade control for several decades.

Figure 2 shows the block diagram of the cas-
cade control. Generally, a cascade control structure 
consists of two control loops: a secondary inter-
mediate loop and a primary outer loop. Primary 
loop and the primary process variable, which is 
controlled by the primary controller is the main 
part of the cascade control scheme. To  improve 
the closed loop response, the secondary control-
ler, which controls the secondary process variable 
is added. The idea of cascade structure is that 
the disturbances introduced in the inner loop are 
reduced to a greater extent in the inner loop itself 
before they extend into the outer loop. The output 
of the primary controller is the set point for the 
secondary controller.

The cascade IMC is implemented by split-
ting the fourth order model of the smart cantilever 
beam into two second order models and design-
ing separate controllers for each of the two 
second order models. The above split delivers 
two models, one representing slower dynamics 
and the other with faster dynamics. The model 
representing slower dynamics corresponds to 
the primary loop. Since slower dynamics is 
associated with the first mode frequency, which 
contributes mainly for the vibration of the can-
tilever beam. The model representing faster 
dynamics corresponds to the secondary loop, 
and it is associated with the second mode fre-
quency. The motive of applying cascaded IMC 
in this work is to suppress disturbance with first 
mode frequency early, to obtain an improved 
closed loop response. 

Figure 2. Block diagram of Cascade Control Structure.
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The fourth order discrete transfer function of 
the smart cantilever beam given in equation (4) is 
split into two second order models as:

 H = H1 * H2, (10)

where

 
H1

1 108

0 6618 0 99212
= −

+ +
z

z z

.

. .
 (11)

H2
0 9186 1 26

1 866 0 9186

2

2
= + +

− +
z z

z z

. .

. .
 (12)

with H1 and H2 representing the models corre-
sponding to primary and secondary loops. Pri-
mary IMC is designed to control the primary 
loop, and secondary IMC is designed to control 
the secondary loop, and are given as: 

q1

2

2

0 01 0 006618 0 009921

1 108 2 097 0 99
= − − −

− +
. . .

. . .

z z

z z
 (13)

q2

2

2

0 0001 0 0001866 9 86 05

3 179 6 294 3 115
= − + −

− +
. . .

. . .

z z e

z z
 (14)

The above controller is implemented in 
MATLAB for suppression of vibrations and the 
simulation results are shown in Section 4.

4 Simulation results

The smart cantilever beam is excited with its first 
mode natural frequency of 5.5 Hz for the first 
10  seconds and with second mode natural fre-
quency of 30.4 Hz for the next 10 Seconds. The 
open loop response of the beam for the applied 
disturbance is shown in Figure 3.

The closed loop response obtained using the 
single stage IMC and cascaded IMC are shown 
in Figure 4. It is found that output from the cas-
caded IMC is better than single stage IMC. The 
vibration suppression obtained with single stage 
IMC is 99.75% and that for cascaded IMC is 
99.9%.

The percentage vibration suppression obta i-
ned is calculated as: 

% Vibration Suppression
A B

A
= −

 (15)

where,
A = Amplitude of open loop response (peak-peak)
B =  Amplitude of closed loop response (peak to 

peak).

5 Conclusions

In this work, single stage and cascaded IMC 
are designed for active vibration control of the 
first two modes of the smart cantilever beam 
embedded with piezo sensors and actuators at res-
onance condition. From the closed loop responses 
it is found that the cascaded IMC delivers better 
closed loop response with an improved vibration 
suppression and better transient response. 

Figure 3. Open loop response.

Figure 4. Comparison of closed loop responses of 
single stage and cascaded IMC.



Smart Structure Control Using Cascaded Internal Model Control 

8 JISSS, 5(1), 2016 

References

Akhras, G. (1999). “Advanced composites for smart 
structures.” Proc ICCM. 12, 5–9.

Arunshankar, J., Umapathy, M. and Ezhilarasi, D.D. 
(2011) “Sliding-mode controller with multisensor 
data fusion for piezo-actuated structure.” Defense 
Science Journal. 61, (4) 346–353.

Azar A.T. and Serrano, F.E. (2014) “Robust IMC–PID 
tuning for cascade control systems with gain and 
phase margin specifications.” Neural Computing 
and Applications. 25, (5) 983–995.

Brosilow, C.B. (1979) “The structure and design of 
Smith predictors from the viewpoint of Inferential 
Control.” JACC. 16, 288.

Cady, W.G. (1964). “Piezoelectricity-an introduction 
to the theory and applications of electromechani-
cal phenomena in crystals.” Dover Publications,  
New York.

Dahlin, E.B. (1968) “Designing and tuning digital 
controllers.” Instruments and Control Systems. 
41, (6) 77–83.

Franks, R.G. and Worley, C.W. (1956) “Quantita-
tive analysis of cascade control.” Ind and Eng 
Chemistry. 48, (6) 1074–1079.

Garcia, C.E. and Morari, M. (1982) “Internal model 
control- a unifying review and some new results.” 
Ind Eng Chem Process Design and Development. 
21, (2) 308–23.

Joseph, B. and Brosilow, C.B. (1978) “Inferential con-
trol of processes, Part I, Steady-state analysis and 
design.” Journal of American Institute of Chemical 
Engineers. 24, (3) 485–92.

Joseph, B. and Brosilow, C.B. (1978) “Inferential con-
trol of processes, Part III, Construction of optimal 
and suboptimal dynamic simulators.” Journal of 
American Institute of Chemical Engineers. 24, (3) 
500–509.

Kalman, R.E. and Bertram, J.E. (1958) “General syn-
thesis procedure for computer control of single 
and multiloop linear systems.” Trans AIEE. 77, (6) 
602–609.

Kannan, M.M. (2009) “Digital control.” Wiley India 
Pvt Ltd., New Delhi.

Kongratana, V., Tipsuwanporn, V., Numsomran, A., 
Detchrat, A. (2012) “IMC-based PID controllers 
design for torsional vibration system.” 12th Inter-
national Conference on Control, Automation and 
Systems (ICCAS), 892–895, 17–21 Oct. 2012.

Luyben, W.L. (1973) “Process modeling, simulation, 
and control for chemical engineers.” McGraw-Hill, 
New York.

Morari, M. and Zafiriou, E. (1989) “Robust process 
control.” Prentice-Hall Inc., New Jersey.

Sahaj, S. and Yogesh, V.H. (2012) “Advancesin internal 
model control technique: a review and future pros-
pects.” IETE Technical Review. 29, (6) 461–472.

Smith, O.J.M. (1957) “Closed control of loops with 
dead time.” Chemical Engineering Progress.  
53, (5) 217–219.

Smith, O.J.M. (1958) “Feedback control system.” 
McGraw Hill.

Sobana, S., Indumathy, M. and Panda, R.C. “Parameter 
estimation, modeling and IMC-PID control of 
flow-temperature using cascade control strategy.” 
International Conference on Robotics, Automa-
tion, Controland Embedded Systems (RACE). 1–5, 
18–20 Feb. 2015.

Zhang, S., Rüdiger, S. and Xiansheng Q. (2015) 
“Active vibration control of piezoelectric bonded 
smart structures using PID algorithm.” Chinese 
Journal of Aeronautics. 28, (1) 305–313.

J. Arunshankar received his 
bachelors degree in Electronics 
and Instrumentation Engineer-
ing, from Bharathiar University, 
Coimbatore, Masters in Pro-
cess Control and Instrumenta-
tion Engineering, from 

Annamalai University, Chidambaram and Ph.D. 
from National Institute of Technology, 
Thiruchirapalli. Presently, he is working as 
Professor in the Department of Instrumentation 
and Control Systems Engineering, PSG college of 
technology, Coimbatore, Tamil Nadu, India. He 
has two decades of teaching and industrial experi-
ence. His research interests include smart struc-
ture control, data fusion and control theory. He is 
a member of the Institute of Smart Structures and 
Systems, senior member of the International 
Society of Automation.

Noopura S. P. has completed 
her B.Tech degree in Electrical & 
Electronics Engineering from 
Mahatma Gandhi University, 
Kerala and M.E. in Control 
Systems from PSG college of 
Technology, Coimbatore. She 

is currently working as a Senior Research Fellow 
at Central Power Research Institute, Bangalore 
where she is working towards her Ph.D. in the area 
of Power & Control. Her major areas of interest 
include Control systems & Power Systems.


