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Design of a robust quantitative feedback
theory position controller for an ionic
polymer metal composite actuator using
an analytical dynamic model

Hossein Moeinkhah, Alireza Akbarzadeh and Jalil Rezaeepazhand

Abstract
Nowadays, ionic polymer metal composite actuators are widely used in many fields such as biometric, biomedical, and
micro-manipulator devices. Although extensive research exists on control of the ionic polymer metal composite actua-
tors, not much research has been done on robust control considering the nonlinear dynamics of the ionic polymer metal
composite. In this study, for the first time, a closed-loop robust controller based on quantitative feedback theory is
designed to overcome the actuation performance degradation of the ionic polymer metal composite actuators. First, an
analytical electromechanical model is developed to fully describe dynamics of the flexible ionic polymer metal composite
actuator. The model is based on the Euler–Bernoulli beam theory and includes structural damping to model viscoelastic
behavior of the ionic polymer metal composite actuator. Considering the highly nonlinear and uncertain dynamics of the
ionic polymer metal composite actuator, a feedback controller based on quantitative feedback theory is designed to sup-
press the arbitrary external disturbances and consistently track desired input. Results indicate that the robust quantita-
tive feedback theory control techniques can significantly improve the ionic polymer metal composite performance
against nonlinearity and parametric uncertainties.
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Introduction

Recently, the trend of new actuator applications has
led researchers to develop novel actuation materials
which are light, compact, and driven by low power.
Electroactive polymers (EAPs) are emerging as a new
class of actuation materials. These actuators have been
extensively studied because of their potential applica-
tions in robotics, biomedical devices, and artificial mus-
cles (Bar-Cohen and Zhang, 2008; Jo et al., 2013).
Ionic polymer metal composites (IPMCs) are a class of
EAPs and are good candidates for biomimetic sensors
and actuators (Shahinpoor and Kim, 2001). In compar-
ison with traditional hydraulic or electric actuators,
IPMC actuators offer several advantages such as low
driving voltage, large stroke, low power consumption,
and potential use in biomimetic applications.

A typical IPMC actuator is composed of a soft ionic
polymer membrane and two thin metallic electrode
layers. Applying voltage, across the conductive electro-
des, causes migration of the cations and water mole-
cules to cathode side. This mechanism leads to bending

of the IPMC and hence the actuation effect (Kim and
Shahinpoor, 2003). These novel materials have a wide
range of applications, including bio and micromanipu-
lation systems (McDaid et al., 2010; Panda and Dutta,
2010; Santos et al., 2010), biomimetic robots (Guo
et al., 2003; Jeon et al., 2009; Jung et al., 2010; Kim
et al., 2003; Yamakita et al., 2005; Yeom and Oh,
2009), and industrial and biomedical devices (Feng and
Tsai, 2011; Shahinpoor and Kim, 2005; Yousef et al.,
2011).

A good understanding of system dynamics is crucial
to successful control application of an IPMC actuator.
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Several dynamic models have been proposed for predict-
ing the behavior and performance of the IPMC actua-
tors. They may be classified into three categories,
namely, the black box model (Kanno et al., 1996), gray
box model (Bonomo et al., 2007; Newbury and Leo,
2003), and physical model (Branco and Dente, 2006;
Chen et al., 2007, 2010, 2013; Nemat-Nasser and Li,
2000; Porfiri, 2009; Pugal et al., 2011; Yim et al., 2007).
Thus far, the physical models which attempt to explain
the underlying physics of sensing and actuation
responses of the IPMCs are more accurate than the
other models. Chen et al. (2010) reported modeling of a
robotic fish propelled by an IPMC actuator and consid-
ered the interactions between IPMC and fluid. Yim et al.
(2007) proposed a finite element method for modeling
the motion of an IPMC actuator underwater. They used
an empirical resistance–capacitance (RC) circuit to pre-
dict the bending moment of an IPMC under electrical
stimuli. In our previous studies, an exact electromechani-
cal model was developed to fully describe dynamics of
the IPMC actuators with structural damping, hydrody-
namic loading, and electromechanical force (Moeinkhah
et al., 2013a, 2013b). In this study, to better explain the
highly nonlinear dynamic responses of the IPMC actua-
tors, an analytical dynamic model incorporating the
effects of both electrical and mechanical responses is
developed. The proposed electromechanical model con-
sists of an electrical impedance model based on a distrib-
uted RC line and a mechanical dynamic model. The
mechanical dynamic model is based on the Euler–
Bernoulli beam theory and structural damping to model
viscoelastic behavior of the IPMC actuator.

In spite of the positive characteristics of the IPMC
actuators, they have some disadvantages such as hyster-
esis, back relaxation, low blocking force, and highly
uncertain and nonlinear dynamics (Bar-Cohen, 2004;
Kim, 2007; Kim and Kim, 2007; Takagi et al., 2012).
These features may lead to oscillation and instability in
the system performances. To overcome these problems,
some control methods are proposed for the IPMC
actuators. The simplest control method that can be
used for the IPMC actuators is open-loop activation.
Open-loop position response of an IPMC is not repea-
table (Bhat and Kim, 2004b). Additionally, it is difficult
to keep its tip displacement at a desired position (Bhat
and Kim, 2003; Richardson et al., 2003). Hence, the
closed-loop precision control scheme should be applied
to ensure proper functioning, repeatability, and reliabil-
ity. For example, a lead-lag compensator, as a linear
control scheme, was implemented for position and force
control of an IPMC actuator based on hybrid control
strategy (Bhat and Kim, 2004a). Other conventional
linear control methodologies such as the linear quadra-
tic regulator (LQR) controller (Mallavarapu and Leo,
2001), proportional–integral–derivative (PID) control-
ler (Bandopadhya et al., 2008; Yun and Kim, 2006)
have been applied to improve the actuator response.

However, the nonlinear and time-variant behavior of
the IPMCs degrades the performance of linear control-
lers (Liu et al., 2011). It is shown (Kang et al., 2007)
that for the IPMC actuators, robust control techniques
achieve better controlling performance over the conven-
tional controllers. Therefore, to overcome the highly
nonlinear and uncertain dynamics of the IPMC actua-
tors, a number of control schemes such as robust con-
trol using HN controllers (Chen and Tan, 2008), model
reference adaptive control (MRAC) (Brufau-Penella
et al., 2008; La and Sheng, 2009; Lavu et al., 2005), and
fuzzy logic control (Khadivi et al., 2007; Thinh et al.,
2009) are implemented. Recently, Ahn et al. (2010)
applied quantitative feedback theory (QFT) for posi-
tion control of the IPMC actuators using a second-
order empirical model of the plant. However, this
model does not predict the highly nonlinear behavior of
the IPMC actuator due to limitation of its second-order
model. To the best of our knowledge, their study is the
only available work on the robust control of IPMC
actuators using QFT techniques. Moreover, a theoreti-
cal model based on QFT controller for precision con-
trol of an IPMC actuator has not yet been presented. In
this article, considering the nonlinear dynamics of the
IPMC actuator, a feedback controller based on QFT is
demonstrated which is robust against the plant nonli-
nearities and uncertainties.

The remaining of this article is organized as follows:
In section ‘‘Actuator dynamic model,’’ dynamic model
of the IPMC is derived. First, the electrical impedance
model of the actuator is obtained based on a distribu-
ted RC line theory. Then, the obtained infinite-
dimensional model is reduced to a family of third-order
system using Golubev method (Golubev and Horowitz,
1982). To carefully explain the highly nonlinear
dynamic responses of the IPMC actuator, the electro-
mechanical dynamic model is obtained based on Euler–
Bernoulli beam theory. The exact mechanical dynamic
model is derived by considering structural damping
and hydrodynamic loading effects. Next, the infinite-
dimensional dynamics model is replaced with a family
of fourth-order linear uncertain transfer functions
based on Golubev method. In section ‘‘QFT control
strategy,’’ a robust controller based on QFT is designed
for robust stability, tracking, and disturbance rejection
problems. In section ‘‘Simulation of design,’’ robustness
of the proposed controller is demonstrated and com-
parison with a PID controller is presented using several
simulations. Finally, in section ‘‘Conclusion,’’ conclud-
ing remarks are made.

Actuator dynamic model

The complete dynamic model of the actuator is com-
posed of two parts, namely, an electrical model and an
electromechanical model. The electrical model is related
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to the input voltage and ion movement inside the
IPMC actuator, while the electromechanical model
describes the relation between input voltage and bend-
ing displacement of the actuator.

Electrical impedance model

Many researchers have modeled the actuation of the
IPMCs using electrical circuits (Kanno et al., 1996;
Newbury and Leo, 2003). Bao et al. (2002) showed that
the lumped RC model could not fit the time response
between the experimental and simulated data for an
IPMC sample. The variation in the capacitance values
in the IPMC, produced by dendrite structure of electro-
des, is the main source of this discrepancy. Kanno et al.
(1996) incorporated this effect and proposed a distribu-
ted model for an IPMC strip. They divided an IPMC
strip into 10 segments consisting of RC circuits and
modeled the relation between the input current and tip
displacement. Another similar distributed equivalent
circuit is described by Shahinpoor and Kim (2000)
which consists of four elements in each single unit. In
our previous study, a distributed electrical circuit was
presented for deriving a mathematical expression for
the electrical impedance of an IPMC actuator. An
infinite-dimensional impedance model was developed
and next replaced with a simple second-order model
using Golubev method (Moeinkhah et al., 2013b).

In this study, to better investigate the electrical beha-
vior at the interface between the polymer and the metal
electrodes, the original distributed RC model intro-
duced in Moeinkhah et al. (2013b) is further improved
(see Figure 1). Figure 1 illustrates the improved distrib-
uted RC model of the IPMC actuator. In this model,
Rs is the surface resistance and the branches C1–R1 and
C2–R2 represent the electrical behavior at the interface
of metal and polymer in the upper and lower surfaces,
respectively. The electrolyte between the electrodes
introduces an internal resistance, which is represented

by RP as a shunt resistor between two electrodes in a
single unit.

As a first step in deriving the actuation model of an
IPMC actuator, we will develop the electrical impe-
dance model. For simplicity, we transfer the single-unit
circuit shown in Figure 1 into an equivalent circuit as
shown in Figure 2.

Let Z1(s) and Z2(s) be series and parallel impedance,
respectively, which can be defined as

Z1(s)= 2Rs ð1Þ

Z2(s)=
RP 1+RCsð Þ

RP +Rð ÞCs+ 1
ð2Þ

where R = R1+R2 and 1=C =(1=C1)+ (1=C2).
By applying Kirchhoff’s law to the infinitesimal ele-

ment, Dx, the following current and voltage relations
can be written in Laplace domain

∂v x, sð Þ
∂x

+ Z1 sð Þi x, sð Þ= 0 ð3Þ

∂i x, sð Þ
∂x

+
v x, sð Þ
Z2 sð Þ = 0 ð4Þ

By substituting i(x, s) from equation (3) into equa-
tion (4), one can obtain the following partial differen-
tial equation (PDE)

∂2v x, sð Þ
∂x2

� Z1 sð Þ
Z2 sð Þ v x, sð Þ= 0 ð5Þ

Considering the following boundary conditions for
voltage and current

v 0, sð Þ=V0 sð Þ, i 0, sð Þ= I0 sð Þ, i L, sð Þ

=� 1

Z1 sð Þ
∂v x, sð Þ

∂x

����
x= L

= 0
ð6Þ

the solution for equation (5) can be obtained as

x
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Figure 1. Distributed RC model of an IPMC actuator.
RC: resistance–capacitance; IPMC: ionic polymer metal composite.
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Figure 2. Equivalent single-unit circuit.
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v x, sð Þ=V0 sð Þ

cosh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 !
� tanh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
L

 !
sinh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
L

 ! !

ð7Þ

Substituting equation (7) into equation (3), the sur-
face current i(x, s) is obtained as

i x, sð Þ= V0 sð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z1 sð ÞZ2 sð Þ

p
tanh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
L

 !
cosh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 !
� sinh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 ! !

ð8Þ

Using the initial condition for current at x = 0,
i(0, s) = I0(s), the impedance model, Z(s), is

Z sð Þ= V0 sð Þ
I0 sð Þ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z1 sð ÞZ2 sð Þ

p
tanh

ffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

q
L

� � ð9Þ

Because of the term ‘‘tanh’’ in equation (9), the dri-
ven impedance model is infinite-dimensional and not
suitable for real-time control of the actuator. Therefore,
Golubev method is used to build a suitable model for
control of the actuator. By replacing the term ‘‘tanh’’
with its equivalent series in equation (9), the impedance
model is obtained as follows

Z sð Þ= L

2

Z1 sð ÞP‘
n= 0

Z1 sð Þ
Z1 sð Þ+ anZ2 sð Þ

, an =
p2 2n+ 1ð Þ2

4L2
ð10Þ

Verification of impedance model and uncertainty
estimation. In addition, to evaluate the values of electri-
cal parameters from the proposed impedance model,
the available published experimental results are used
(Moeinkhah et al., 2013a). The nonlinear least square
method is conducted to find the optimum parameters
x* that minimize the squared error between the experi-
mental impedance response, z

_

i i= 1, 2, . . . , nð Þ and our
proposed theoretical model (Moeinkhah et al., 2013b).
The identified parameters are listed in Table 1.

To characterize the proposed impedance model, the
effect of different IPMC dimensions on impedance
response is investigated. For this purpose, two samples
with different dimensions were cut from one IPMC
sheet and were labeled as big and short for referencing.
Figure 3 compares the proposed impedance model with

the experimental results for the short and big samples.
As shown in Figure 3, the theoretical model closely fol-
lows the experimental results.

To identify the finite-dimensional impedance model
of the actuator, using the Golubev algorithm (Golubev
and Horowitz, 1982; Moeinkhah et al., 2013b), different
input signals (sin wave, step .) are applied to equation
(9). Therefore, the uncertain impedance transfer func-
tion is obtained as

Z sð Þ= p3s3 + p2s2 + p1s+ p0

s3 + q2s2 + q1s+ q0

ð11Þ

where

p0 2 213:5815, 248:7846½ �; p1 2 739:3541, 838:4842½ �
p2 2 267:4972, 298:1199½ �; p3 2 11:1817, 23:7714½ �
q0 2 0:006, 0:0073½ �; q1 2 9:0698, 11:0014½ �;
q2 2 7:7261, 9:5102½ �

Figure 4 depicts the impedance Bode plot of the sys-
tem with uncertainty and estimated impedance model.
According to Figure 4, a family of third-order linear
time invariant (LTI) system can predict the impedance
model of the actuator in its operating frequency range.

Electromechanical model

This section focuses on the development of an analyti-
cal model to predict the deformation of an IPMC
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Figure 3. Comparison of the experimental impedance
responses with the theoretical model.
Big: length = 37 mm, width = 5.5 mm, thickness = 360 mm.

Short: length = 25 mm, width = 5.5 mm, thickness = 360 mm.

Table 1. Values of identified parameters for impedance.

Parameters Rs (O cm21) R1 (O cm) R2 (O cm) Rp (O cm) C1 (F cm21) C2 (F cm21)

Identified value 35.34 15.734 13.253 3.465e4 0.01573 0.0176

1968 Journal of Intelligent Material Systems and Structures 25(15)



actuator subjected to an electric field. Under an electric
field, cations are redistributed. Therefore, the imbal-
anced net charge density produces induced stress acting
on the backbone polymer. It is experimentally shown
(Nemat-Nasser and Li, 2000) that the induced stress is
proportional to the charge density as

si x, sð Þ=ar x, sð Þ ð12Þ

where a is the coupling constant and r(x, s) is the
charge density as

r x, tð Þ= 1

Wh

ðt
0

i x, tð Þ � i x+dx, tð Þ
dx

dt ð13Þ

where W and h are width and thickness of the actuator,
respectively. This can be transformed into the Laplace
domain, as

r x, sð Þ= 1

Wh

1

s
� ∂i x, sð Þ

∂x

� �

=
1

sWh

V0 sð Þ
Z2(s)

cosh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 !
� tanh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
L

 !
sinh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 ! !

=
1

sWh

V0 sð Þ
Z2 sð Þ g xð Þ, g xð Þ= cosh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 !
� tanh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
L

 !
sinh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
x

 !
ð14Þ

Hamilton’s principle is used to obtain the dynamic
equations of the flexible IPMC beam. Considering the
structural damping as a result of linear viscoelastic
behavior of Nafion and viscous damping force of water,
the governing equation of motion based on Euler–
Bernoulli beam theory can be obtained by substituting
the strain energy, kinetic energy, and virtual work into
Hamilton’s principle

EI
∂4w x, tð Þ

∂x4
+EI

g

v

∂5w x, tð Þ
∂x4∂t

+ cn vð Þ ∂w x, tð Þ
∂t

+mn vð Þ ∂
2w x, tð Þ
∂t2

= fapp x, tð Þ= ∂2Mapp x, tð Þ
∂x2

ð15Þ

where w(x, t) is transverse displacement, I is the area
moment of inertia, E is static Young’s modulus, A is
the cross-sectional area of the IPMC, g is an empirically
determined value. Additionally, fapp(x, t) and Mapp(x, t)
are the distributed force density and the actuation-
induced bending moment along the length of the actua-
tor, respectively. The parameter mv(v) contains the
added mass, mv(v), due to effect of fluid on the IPMC.
The parameter cv(v) is damping coefficient of the vis-
cous fluid. The details of the parameters mv(v), cv(v),
and mv(v) are presented in Moeinkhah et al. (2013a).
Equation (15) is a nonhomogeneous partial differential
equation which incorporates the IPMC actuation force.
Consider the improved distributed electrical model,
equation (9), and using equations (12) and (14), we can
obtain the actuation-induced bending moment as

Mapp = 2

ðh
0

zsW dz= 2 W

ðh
0

ar x, sð Þz dz

=ah
V0 sð Þ
sZ2 sð Þ g x, sð Þ

ð16Þ

The distributed force along the length in the Laplace
domain will be obtained as

fapp x, sð Þ= ∂2Mapp x, sð Þ
∂x2

=ah
Z1 sð Þ

sZ2
2 sð Þ

V0 sð Þg x, sð Þ ð17Þ

In order to solve equation (15), the following trans-
formations are used to normalize the variables

h=
x

L
, t =

t

t0
, y=

w

L

t0 = L2

ffiffiffiffiffiffiffiffiffiffiffiffi
mv vð Þ

EI

r
, ~g =

g

v t0
, ~c=

cv vð ÞL4

EI t0

,

F =
EI

L3
, ~f (h, t)=

fapp(h, t)

F

ð18Þ
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Therefore, the normalized equation and correspond-
ing boundary conditions are obtained as follows

yIV + ~g _yIV +~c _y+€y= ~f h, tð Þ ð19Þ

y 0, tð Þ= 0, y0 0, tð Þ= 0

y00 1, tð Þ= 0, y000 1, tð Þ= 0
ð20Þ

The primes and dots superscript used in equation
(19) denote derivatives with respect to h and t, respec-
tively. According to the mode superposition principle,
we can discrete the partial differential equation (19)
into a set of ordinary differential equations. The flex-
ural deflection of the cantilever beam can be estimated
by using the assumed modes (Meirovitch, 1986)

y h, tð Þ=
Xn

i= 1

ui hð Þqi tð Þ ð21Þ

where ui is the normal mode corresponding to the natu-
ral frequency vi and qi is the corresponding generalized
coordinate. Using the separation of variable method,
the following eigenfunctions are obtained

ui hð Þ= cosh bihð Þ � cos bihð Þ � li sinh bihð Þ � sin bihð Þð Þ

li =
sinh bihð Þ � sin bihð Þ
cosh bihð Þ+ cos bihð Þ

ð22Þ

where the eigenvalues bi can be obtained based on the
following characteristic equation

1+ cosh bið Þ cos bið Þ= 0 ð23Þ

By applying the orthogonal conditions of the normal
modes, the uncoupled ordinary differential equations
for the generalized coordinates, qi(s), can be obtained
as

€qi tð Þ+ ~gv2
i +~c

� 	
_qi tð Þ+v2

i qi tð Þ= fi tð Þ i= 1, 2, . . . , n

ð24Þ

where

fi tð Þ= 1

Mi

ð1
0

~f h, tð Þui hð Þdh, Mi =

ð1
0

u2
i hð Þdh ð25Þ

Upon transferring equation (25) into Laplace
domain and integrating it, results can be simplified as

fi sð Þ=Pi sð ÞV0 sð Þ

Pi sð Þ= ahZ1 sð Þ
sMiFZ2

2 sð Þ
1� bð Þ

a1 + b1 � c1 � d1 � li a1 � b1 +jc1 � jd1ð Þ½ �

ð26Þ

where

a1 =
sinh a+bið Þ

a+bi

, b1 =
sinh a� bið Þ

a� bi

,

c1 =
sinh a+jbið Þ

a+jbi

, d1 =
sinh a� jbið Þ Lð Þ

a� jbi

a=

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s
, b= tanh

ffiffiffiffiffiffiffiffiffiffiffi
Z1 sð Þ
Z2 sð Þ

s ! ð27Þ

Equation (24) shows that the dynamic response of
an IPMC bending actuator can be modeled with n
coupled ordinary differential equations. By substituting
equation (22) and Laplace transform of equation (24)
into equation (21), the transfer function P(s) can be
obtained as follows

P sð Þ= y 1, sð Þ
V0 sð Þ =

Xn

i= 1

ui 1ð Þ s2 + ~gv2
i +~c

� 	
s+v2

i


 ��1
Pi sð Þ

ð28Þ

Verification of the actuation model. In order to validate the
proposed dynamic model, the available published
experimental results are employed. This is done based
on the experimental data of an IPMC strip having a 6
mm width, 37 mm length, and 0.22 mm thickness. The
frequency response function (FRFs) based on small-
oscillation theory is measured through a swept-sine
method by applying sinusoidal actuation signal V(t)
with amplitude of 0.5 V and frequency from 0.1 to 20
Hz. To obtain the first natural frequency and damping
ratio, the experimental result from a passive vibration
test of an IPMC strip in water is used (Moeinkhah
et al., 2013a). The remaining parameters, a and g, are
determined by minimizing the squared error between
the empirical frequency response and the transfer func-
tion P(s), equation (28). To do this, MATLAB function
lsqcurvefit, which is usually used for nonlinear curve fit-
ting, is employed. Table 2 shows all the parameters
related to the beam dynamics.

To evaluate our proposed dynamic model, simula-
tion results in both time and frequency domain are pre-
sented. Figure 5 compares the frequency response of
the actuator with the experimental results. As illu-
strated in Figure 5, it is evident that the proposed
model can predict the frequency-domain behavior of
the actuator with good accuracy.

Table 2. Estimated values of the necessary dynamic
parameters.

E (MPa) j1 my (kg/m) g a ( J/C)

313 0.18 0.02 0.14 0.105
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Estimation of model uncertainty. An important motivation
for developing a transfer function of an IPMC actuator
is its potential use for real-time control. The driven
actuation model, equation (28), is infinite-dimensional
systems as it contains the terms ‘‘tanh(�)’’ and
‘‘sinh(�).’’ This model is not suitable for real-time con-
trol purpose. Therefore, the Golubev method will be
used to build the finite-dimensional transfer function.
As results, a family of the fourth-order LTI model is
obtained as

P sð Þ= p2s2 + p1s+ p0

s4 + q3s3 + q2s2 + q1s+ q0

ð29Þ

where

p0 2 0:0527, 0:1582½ �; p1 = 0:0774;

p2 2 1:647 3 10�4, 4:941 3 10�4

 �

q0 2 73:5376, 661:8387½ �; q1 2 335:6968, 1:0263 3 103

 �

q2 2 39:0918, 95:8073½ �; q3 2 16:6336, 48:0608½ �

Figure 6 shows Bode plot of the system response
with uncertainty and the estimated actuation model.
According to Figure 6, a family of the fourth-order LTI
system can predict the actuation response of the IPMC
actuator in its operating frequency range. This uncer-
tain model will be used in the next section to design the
QFT controller.

QFT control strategy

In spite of the positive characteristics of the IPMC
actuators, they have some shortcomings such as hyster-
esis, back relaxation, low blocking force, and highly
uncertain and nonlinear dynamics. These features cause
challenges for modeling and design of a feedback con-
troller for IPMC actuators and make it difficult to
achieve suitable stability margins and good perfor-
mance. To overcome these difficulties and to fulfill the
performance specifications in the presence of

uncertainties, robust control techniques are introduced.
The objective of this section is to design a robust QFT
controller for an IPMC bending actuator, which is rep-
resented by the derived uncertain transfer functions,
equation (29).

QFT overview

QFT is a robust frequency-domain control design tech-
nique which offers direct insight into the available
trade-off between controller complexity and perfor-
mance specifications (Horowitz, 1992). System perfor-
mance is commonly described as robust toward system
instabilities, input or output disturbance rejection, and
reference tracking. These requirements are represented
as frequency constraints on the Nichols chart (NC).
These constraints, as curves on the NC, are called QFT
bounds. One of the main objectives in QFT procedure
is to design a simple low-order controller with mini-
mum bandwidth so as to avoid problems with noise
amplification, resonances, and unmodeled high-
frequency dynamics. Consider a two-degree-of-freedom
feedback control system as shown in Figure 7. In
Figure 7, G(s) is a compensator, F(s) is a pre-filter, and
D(s) is the disturbance at the plant output. P(s) is an
uncertain plant that belongs to a set of

P sð Þ 2 P s,að Þ; a 2 Yf g,
Y= ai : ai 2 amin

i ,amax
i


 �
, i= 1, 2, . . . , q

�  ð30Þ

where Y is the vector of uncertain parameters.
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In parametric uncertain systems, the plant templates,
a set of points P( jwi) in the complex plane at specific
frequencies, are generated prior to the QFT design.
Given the plant templates, QFT converts closed-loop
magnitude specifications into magnitude and phase
constraints on a nominal open-loop function. The
nominal open-loop transfer function, L0(s), is shaped
so that the stability, tracking as well as disturbance
boundaries on the NC are all satisfied. Consequently,
the desired performance specifications are met. After
loop-shaping process, the controller G(s) is designed
such that the system output, y(t), lie within allowable
tolerances. The resulting system has little sensitivity to
parameters uncertainty and input–output disturbance
during the process. If the control strategy is to track
desired reference input then the pre-filter F(s) must be
designed to achieve the desired tracking closed-loop
performance.

Performance specifications

Using the open-loop transmission, L(s) = G(s)P(s), a
robust controller G(s) and a pre-filter F(s) are synthe-
sized such that the closed-loop system is stable for all
plants and the following three conditions are satisfied.

1. Robust stability specification. In order to achieve
a robust stability, it is sufficient to design a feed-
back compensator such that the frequency
response envelope of all possible open-loop
transfer functions does not intersect the critical
point qc. This point is located at (21, 0) in com-
plex plane or at (2180, 0 dB) in NC. The stabi-
lity margin can be specified in terms of a phase
margin (PM), gain margin (GM), or the corre-
sponding ML contour on the NC. If any one of
these three stability requirements is specified,
the remaining two can be calculated as follows

GM= 20 log 10 1+
1

ML

� �
dBð Þ

PM= 2sin�1 1

2ML

� �
degð Þ

ð31Þ

The ML contour places an upper limit on the magni-
tude of the closed-loop frequency response and forms a
boundary which must not be intersected by a plot of
the open-loop transmission. In this study, the desired
stability margin for the closed-loop system has a rea-
sonable range as follows

L jvð Þ
1+ L jvð Þ

����
����� ML = 1:4 for all P, v � 0 ð32Þ

2. Tracking specification for the reference input.
Suppose TL( jv) and TU( jv) are the required

lower and upper bounds for the magnitude of
the closed-loop system control ratio, respec-
tively. Thus, the magnitude of the tracking spec-
ifications can be expressed as follows

TL jvð Þj j � L jvð Þ
1+ L jvð Þ

����
����� TU jvð Þj j,

8v 2 0,‘½ Þ
ð33Þ

Assume the following desired performance specifica-
tion: (a) settling time of equal to 1.5 s and (b) maxi-
mum percentage overshoot of less than or equal to
10% for all uncertain plants. After some iterations
using SISO design Toolbox-MATLAB, the upper and
lower bounds are chosen as

TU sð Þ= 0:9984

0:0016s3 + 0:0504s2 + 0:3s+ 1

TL sð Þ= 1

0:0008s4 + 0:0268s3 + 0:2004s2 + 0:8s+ 1

ð34Þ

3. Disturbance rejection at plant output. For distur-
bance rejection at the plant output, a sensitive
reduction process must be followed. In this arti-
cle, a constant upper tolerance is considered on
the sensitivity function as follows

1

1+ L jvð Þ

����
����
max

� 1:2, v � 0 ð35Þ

Design of QFT controller

The three specifications defined by equations (32), (33),
and (35) are used to determine the robustness, tracking
performance, and output disturbance rejection bound-
aries on the NC at each critical frequency, respectively.
The desired open-loop transfer function, L( jv), must
lie on or just above the bounds at each frequency to
satisfy the required performance. In the first step in
QFT design, a critical frequency array must be chosen
for computing templates and bounds. Figure 8 shows a
few critical bounds of the plant templates. As can be
seen, for the uncertain plant set, equation (30), the tem-
plates are very similar in shape at frequencies higher
than 1000 rad/s. Therefore, higher frequency bounds
are not considered. As a result, the design frequencies
are selected as v = [0.2, 0.5, 1, 3, 4, 5, 10, 20, 100, 500,
1000] rad/s.

For loop shaping, the nominal loop has to satisfy
the worst case of all bounds. Therefore, the loop shap-
ing, or designing G(s), involves changing the gain and
adding poles and zeros until the nominal loop, L0( jw),
lies within the specification bounds. To remove the
steady-state error for the step reference input, the
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compensator should have at least one integrator.
Figure 9 shows QFT bounds and final loop shaping of
the IPMC actuator.

Based on the above analysis, the robust controller
G(s) is given by

G sð Þ= 2:87 3 104

s=13:33+ 1ð Þ s=3:7+ 1ð Þ s=3:53+ 1ð Þ
s s=152+ 1ð Þ s2

�
1502 + 1:4086 s=150+ 1

� 	 ð36Þ

To satisfy the tracking specification, a pre-filter is
required to place the closed-loop frequency response
between the lower and upper tracking bounds. The
design of the pre-filter involves obtaining the worst
upper and lower closed-loop responses of L0(s)F(s)/
(1 +L0(s)) over the plant uncertainty. The peak value
of the closed-loop Bode plot should be less than 0 dB

in order to remove the overshoot of the step response.
Consequently, the pre-filter is found as

F(s)=
s=147:3 + 1ð Þ

s2
�

3:532 + 1:3 s=3:53+ 1
ð37Þ

Simulation of design

In this section, the effect of the designed QFT control-
ler on the IPMC actuator is demonstrated using several
numerical simulations. First, it must be ensured that
the proposed controllers G(s) and F(s) satisfy the robust
and tracking performances of the actuator. To validate
G(s), the design requirements (32) and (35) are checked
using a family of uncertain transfer function P(s). The
magnitude of requirements (32) and (35) are shown in
Figures 10 and 11, respectively. As shown in these
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figures, using the proposed controller G(s), equation
(36), the design requirements (32) and (35) are satisfied.

To validate F(s), the tracking performance of the
closed-loop system must be checked. The tracking spe-
cification of the closed-loop transfer function without
pre-filter is shown in Figure 12. Clearly, the frequency
response of the IPMC actuator violates the imposed
tracking bounds, TL( jv) and TU( jv). As illustrated in
Figure 12, the peak magnitude of the closed-loop is
greater than 0 dB; therefore, the overshoot is expected
for the step input.

To improve the time response for the reference input,
a pre-filter is synthesized with two complex poles and
one simple zero as demonstrated in equation (37). The
effect of adding the pre-filter, F(s), in the closed-loop
frequency response is demonstrated in Figure 13. It is

evident that the peak magnitude and the system band-
width are reduced and therefore the Bode plot does not
violate the tracking bounds.

The Bode plot of sensitivity function, S( jv) = 1/
(1 +L( jv)), is shown in Figure 14. Since its magnitude
is small in the low frequency range, then it can reject
the external disturbances. In the high frequency range,
the magnitude of S(jv) is 0 dB which proves that it does
not amplify the sensor noise.

Therefore, the designed QFT controller assures that
the desired performance specifications, robust stability,
output disturbance rejection, and reference tracking are
all satisfied in the presence of plant uncertainty.
Additionally, the performance of the designed QFT
controller is compared with a traditional PID control-
ler for several reference inputs. The simulation data of
the tracking performance considering all uncertainties
for a sinusoidal, square, and saw tooth input reference
signals are presented in Figures 15 to 17. The compari-
son of these figures indicates that the QFT controller
performs better than the PID controller for all three
reference inputs.

Conclusion

This article investigated issues related to modeling,
parameter identification, and robust control of an
IPMC actuator. Unlike the previous study, where a
maximum of second-order uncertain model was esti-
mated for the IPMC actuator, this study considers the
infinite-dimensional and nonlinear dynamics of the sys-
tem and reduces it with a family of fourth-order trans-
fer function. To do this, Hamilton’s principle was used
to obtain an exact electromechanical model to fully
describe the dynamics of the IPMC actuators by con-
sidering structural damping, hydrodynamic loading,
and electromechanical force. Utilizing the beam
dynamics in viscous fluid, a nonhomogeneous partial
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differential equation was developed for predicting the
dynamic response of the actuator. Mode superposition
principle was used for solving the dynamics equation of
motion. The infinite-dimensional model was reduced to
a family of fourth-order uncertain LTI system, using
the Golubev method. The proposed dynamic model
was validated based on published experimental
data.QFT technique was next applied to the derived
uncertain model of the IPMC actuator.

A strictly proper pre-filter transfer function and con-
troller (F(s), G(s)) were designed to satisfy the required
specifications of having robust stability, robust track-
ing, and noise attenuation. Simulation of design indi-
cates that the actuator has a satisfactory and consistent
performance for both tracking and disturbance

rejection problems. Additionally, the performance of
the QFT controller was compared with a traditional
PID controller. It was shown that the proposed con-
troller has better tracking performance than the PID
controller for several reference inputs, sinusoidal,
square and saw tooth signals.

The main contribution of this article is (1) success-
fully applying the QFT technique to the IPMC actuator
using the derived analytical fourth-order dynamic
model. Additional contributions include (2) presenting
an improved distributed RC model to better investigate
electrical behavior at the interface between the polymer
and the metal electrodes, (3) deriving an exact dynamic
model for the IPMC actuator based on the Hamiltonian
principle, and (4) replacing infinite-dimensional impe-
dance and actuation model of IPMC actuator with a
family LTI system based on the Golubev method.
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