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Abstract

Ionic polymer-metal composites (IPMCs) are promising candidates in various sensing and actuation applications due to their light
weight, large bending, and low actuation voltage requirements. However, IPMCs are still in the early stage of development, and their
bending response can vary widely depending on various factors such as fabrication process, water content, temperature, and contact with
electrodes. To control IPMCs in a predictable manner and to minimize the effects of plant uncertainty and external disturbances, a precise
and robust control scheme is required. In the present work, a three-part adaptive feedforward control architecture is employed for IPMC
deflection control. First, adaptive identification is performed to identify changes in the dynamic behavior over time and in the input volt-
age using a gradient descent method. Second, an adaptive feedforward controller is implemented to control the dynamic response of the
plant, where the IPMC displacement is observed and is used to adjust the parameters of the controller. Third, noise and disturbance can-
celling is performed using an additional adaptive canceller, which does not affect the system dynamics. Our results show that the adaptive
identification and feedforward controller with disturbance cancellation using the gradient descent method provides accurate tracking
performance under plant variation and disturbance. Especially, the fast convergence speed of the proposed technique makes it practical

for online control.
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1. Introduction

ITonic polymer-metal composites (IPMCs) are electroactive
polymers that can generate a large bending motion with rela-
tively low activation voltage [1, 2]. IPMCs have received
much interest as candidates in various sensing and actuation
applications such as micro-manipulator [3], miniaturized ro-
botic arm [4], micro-pump [5], guide-wire for catheters [6],
planetary exploration [7], micro-aircraft [8], and swimming
robot [9], with an additional advantage of the capability to
function in aqueous environments.

Much attention has been given to the actuator characteristics
of IPMCs with respect to the applied voltage. To obtain the
desired bending responses from IPMC beams, various control
methods including proportional-integral-derivative (PID) con-
trol [10], integrator anti-windup [11], linear quadratic regula-
tion [12], and a genetic algorithm [13], have been applied.

However, IPMC characteristics tend to vary with tempera-
ture [14], humidity [15], surface treatments [16], and inter-
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layer conditions [17]. The difficulty lies in the fact that these
factors contribute to non-repeatability and uncertainty [18],
which are inherent in the operating principles and fabrication
processes of IPMCs. Improving the robustness and reliability
of IPMCs will improve its potential in a wider range of appli-
cations.

To address non-repeatability and uncertainty in the response
of IPMC strips, a PID with genetic optimization [19] and ro-
bust control techniques [20] have been applied. However, the
PID controllers cannot guarantee robust performance, and
robust controllers with fixed gains cannot deal with time-
varying or nonlinear characteristics over a specified magni-
tude. Furthermore, their design usually involves trade-offs
between nominal and robust performances.

On the other hand, adaptive controllers can be used to adjust
controller gains when the system parameters vary. Previous
works concerning I[PMC adaptive control were mostly based
on a model reference control, where a controller is designed to
match the output of a pre-specified reference model. In Ref.
[13], a model reference adaptive control (MRAC) architecture
is presented with pole-placement control using genetic optimi-
zation strategies for tracking. In Ref. [21], an efficient control
system based on MRAC is presented to ensure repeatable
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Table 1. Properties of IPMC strips.

Width

5 mm

Thickness

0.7 mm

Length Resistance Capacitance

5-20 Q /square |400-800 pF/cm’

20 mm

responses even when the dynamic behavior of the IPMC strip
changes with time. Furthermore, dead zone and parameter
projection schemes are implemented to reduce the effects of
perturbations in the parameter estimation process.

In the present paper, a three-part adaptive control architec-
ture for IPMCs is employed. We first develop a dynamic
model which captures time-varying characteristics by estimat-
ing the IPMC dynamics of the plant using the gradient descent
method. Based on this identified model, an adaptive feedfor-
ward controller is designed for the precision position control
of IPMC strips. A noise cancellation technique is also applied
to mitigate the effects of plant disturbances. Using the pro-
posed techniques, the output of the identified reference model
converges to the plant output at a speed sufficient for the
online adaptation structure.

In the following section, the experimental setup is described.

Section 3 presents a model of the IPMC time response and an
adaptive identification technique. Section 4 describes an adap-
tive feedforward controller designed to track the desired out-
put as closely as possible in a mean-squared-error sense, and a
noise cancellation scheme for sensor noise and disturbance.
Section 5 presents the identification and control results. Fi-
nally, Section 6 summarizes the present paper with concluding
remarks.

2. Experimental setup

The IPMC specimens used in the present study were fabri-
cated using a hot-pressing method to improve the generating
force. Four sheets of Nafion-117 from Dupont were stacked in
this procedure. Argon plasma treatment was performed to
enhance the adhesion strength between the metal electrode
and the parylene. The specimens were then coated with pary-
lene to suppress water evaporation.

The IPMC samples were cut into 20 mm X 5 mm X 0.7
mm beams for actuation tests (Table 1). According to four-
point measurements, their resistance ranges from 5 to 20
Q/square, and their capacitance is between 400 and 800
pF/cm’. Fig. 1 shows the setup used for measuring the IPMC
displacement in an acrylic container in this experiment. As
shown in the zoomed-in view, the deflection of the IPMC strip
was measured at a location of 5 mm inward from the bottom
tip of the strip using a reflex sensor (CP25QXVT80 by Wen-
glor). A feedback controller is employed in computing the
proper actuation voltage to control the deflection of the
specimen, and a PC with an analog I/O board provides the
voltage for the IPMC. The high electric conductivity of the
IPMC strip requires high current to keep the desired voltage,
for which the output current from an I/O board may be insuf-
ficient. To avoid this situation, power op-amp and current

IPMC strip

Laser Sensor

Fig. 1. The experimental setup consisting of a laser sensor, an I/O
board, and a controller.
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Fig. 2. Flow chart for the correction of the roll-forming process design.

boost circuit are implemented on-board between the I/O board
and the IPMC. The overall signal flow in the experimental
setup is shown in Fig. 2.

3. Adaptive plant identification

The first step in the adaptive feedforward control design is
to obtain an adaptive plant model that captures the dynamics
of the system. The design may be derived from physics by
analyzing the system and determining a set of differential
equations which explains its dynamics. However, as
mentioned in Section 1, an accurate plant model of IPMCs is
difficult to obtain without addressing the inherent issue of low
repeatability and uncertainty.

In the present study, the system is considered as a black box

that can be identified in real time, implementing some sort of
universal transfer function. It may be tuned by adjusting its
internal parameters to capture the dynamics of the system.
This is a straightforward application of adaptive filtering tech-
niques [22].
A method for adaptive system identification is employed as
shown in Fig. 3. The goal is to obtain a dynamic process P
that approximates the true IPMC dynamics denoted by P. At
each time step, the input signal u, (voltage in our case) is
given to the system P, and the output y, (IPMC displace-
ment) is measured. The adaptive plant model P is also
excited with u,, and its output p, is computed. The plant
modeling error e, =y, —p, is used by the adaptation algo-
rithm.

In our setting, the output p, of the adaptive plant model at
time £k is a function of the following form:
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Fig. 3. Adaptive plant identification.
B +=WU, 0y

where W, isa vector containing weight parameters, and U,
is a column vector consisting of the previous input and output
histories.

Wk & [Wl Wa =t Wu+m+1] 2)

a 5 5 5 T

Ue = [ug Ug-1 * Upen Ti-1 Ti-2 * Ti-ml” )
Here w,w,,---,w,,,., arethe weight parameters that need to
be updated to minimize the following cost function:

1
szEe[ek, “

The values of n and m in Egs. (2) and (3) are decided by
trial and error with insights from a continuous-time black-box
model [19]. To adapt the weight vector W, , a simple gradient
descent optimization is used, that is, the change in the weights
AW, is calculated as

d‘]k
aw,’

AW ==7 ®)

The positive constant 7 is the learning rate parameter
which controls the step size in the direction of the negative
gradient. Using the standard vector calculus, dJ,/dW, can
be calculated as

dJ, e dy, . ©)
dw, dw,

To compute the weight update formula in Eq. (5), it is nec-
essary to find dp,/dW, . Using Egs. (1) and (3), dp,/dW,
can be rewritten as

a4, _ Vi L3 W duy; +i 637,{ dJA//H" (7
dw, oW, i=o0u,_, dW, =10y, , dW,

The first term 0y, /0W, in Eq. (7) is the direct effect of a
change in the weights on 7, . In most cases, it is computed by
vectorizing (1) to get 3, :[U,f &1 JWk , where ® is the
Kronecker matrix product. However, J, is scalar in our set-

Fig. 4. Feedforward control structure.

ting; thus, 09, /0W, can be simply expressed as

Wi gt
=U,. 8
aw, U ®)

In the second term of Eq. (7), du, ,/dW, is zero because
u,,-u,_, is independent of W, . The final term is broken
down into two parts. The first part, oy,/0y, ,, is an element
of W, which multiplies p, ,, that is, w,, .., . The second
part, dy, ,/dW,, is simply a previously computed and stored
value of dy,/dW,. When the adaptation loop is started, the
initial values for dy, /dW, are set to zero for k=0,—1,—2,---.

4. Adaptive controller design

This section describes the design of the adaptive controller.
In Section 4.1, we describe the structure of the adaptive con-
troller and the parameter update rules. Section 4.2 presents the
noise cancellation scheme.

4.1 Adaptive controller design

Fig. 4 shows the overall control architecture, which consists
of the adaptive identified model P, the adaptive feedforward
controller C, and a reference model M. The aim of the adap-
tive control is to make the controlled system PC approximate
the user-defined reference model M as closely as possible in
the least mean square error sense. For this, both the plant
model P and the controller C can be adapted. In that sense,
the series combination of C and P can be seen as a single
adaptive filter. In our setting, M is simply chosen as 1 so that
the error term represents the deviation from the reference dis-
placement, that is, &, =y, —r, . In general, M can be designed
to represent a fixed-order linear system with a desired re-
sponse that meets design specifications.

To adapt the feedforward controller C and minimize the
squared system error over a certain trajectory, and to simulta-
neously minimize the control effort, the cost function is set as

1
Je, :Egkrgk+h(”k’”k71a"',uk,,) ©)
where the differentiable function A(-) is used to penalize the

excessive control effort.
Assuming that we have the adapted plant model P with
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the weight vector W from Section 3, we can state that

u, =WCAR,(
W2y =WU,

where W, is the controller weight vector, and

T
R, 2 [Fka?'k—h'“ ?”k—m-ukru‘f"z’m'u""”]

¥
U = [uk-uk—]r"' uk—r:-yk_l-f’k—Z-'“r)’k_q]

with the weighting vector W, of the compatible dimension.
As is typical for the gradient descent derived in Section 3, the
controller weights . can be updated in the direction of the
negative gradient of the cost functional

a
AW =—p e
T
5 T
| o7 -2 -i[ah(uk’uk””"”k')J w1 o)
dWCk =0 ou,_, aw,

Using the chain rule, du,/dW,, and dy,/dW, in Eq. (10)
can be calculated as

du, _ Ou, & O du,_; (i1
aw. oW, j=10u,_; dW,
dj}k :i aj’g duk—j +§: aj}k dj}k—j (12)

dW,, — =ou,_, dW, =05, dW,

Eq. (11) is similar in form to Eq. (7) and is computed in the
same way. The first terms of each summation in Eq. (12),
oy, /0k,_, and 0p,/0p,_, , comprise the columns of W, cor-
responding to %, , and 3, ;, that is, w, and w,, ., re-
spectively. The next terms of each summation, and
dy, ;/dW, , are the current or previously computed and
saved values of du,/dW, and dj /dW. . Note also that
Oh(-)/ du,_; depends on the user-defined function A(-) .

4.2 Adaptive noise cancellation

Thus far, we have described how to adaptively model the
plant dynamics and how to use the plant model to adapt a
feedforward controller. Using this controller, the plant output
tracks the desired output as closely as possible in a mean-
squared-error sense. It remains to be seen what can be done to
mitigate the plant disturbance. In the present study, the weight
update algorithm, which is quite similar with that described in
Section 4.1, is used.

Fig. 5 depicts the structure of the noise cancellation method.
Let u, be the output of the controller, and let i, be the out-
put of the noise canceller X. Likewise, let 3, be the estimated
value from the plant model copy I3COPY ,and let Wy, be the

e

v

Fig. 5. Overall controller structure including the noise cancellation
block X.

weights of the noise canceller X at time k. Then,

i, =W, U,
ViR :VVI(Uk

where
. = - o T
U 2 [fgmrs s Bemms Wimrs s Whm g Uper = Uper )
T -~ ~ — - T
Uk = [yk—l-"'ayk—n- Up, " uk—p]

and u;, =u, +u, denotes the input to the plant. The weight
update for the noise canceller, AW;k =—77$kT ay, / dWXk ,
can be performed using the following equations:

du,  du, N di,
aw, dw, —dw,
_oa,  p ow du,

o, P oi,_, dW, (13)
d.);k _ L aj}k dﬁk*/'_i_ & ai}k dj}k*.f . (14)
aw, — i=0ou,_, dW, =y, dW,

In practice, depending on the plant to be controlled, it might
be difficult to adapt the controller C and the noise canceller X
simultaneously. It is better to adapt the plant model to near
convergence, y,~J,, before connecting the noise canceller
output to the plant input. If the performance of the noise can-
celler is not satisfactory, fine-tuning the learning rate 7, the
step size, and the number of parameters such as m, n, p in
Eqgs. (13) and (14) is also needed.

5. Results

This section demonstrates the performance of the adaptive
feedforward control algorithm. In Section 5.1, the experimen-
tal data for the off-line plant identification are presented. The
resulting mathematical models are also described. In Section
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Fig. 6. IPMC beam displacements under actuation voltages of 4, 4.5,
and 5 V DC, and fitted curves versus time represented by (15).

5.2, the effectiveness of the adaptive identifications is evalu-
ated. Section 5.3 describes the performance of the three-part
adaptive feedforward controller in both the presence and the
absence of noise.

5.1 Plant description

To obtain the plant model P, the open-loop time histories
of IPMC deflection were measured with respect to the applied
voltage using the experimental setup described in Section 2.
Fig. 6 presents the time responses of the same IPMC sample
with different applied voltages of 4, 4.5, and 5 V DC, meas-
ured about 20 min apart.

As shown in Fig. 6, the steady-state tip displacement of
IPMCs and the applied voltages do not obey the linear rela-
tionship, unlike the actuation model in [14]. This means that
the parameters in Eq. (15) also depend on the applied voltage,
and the standard linear invariant model cannot accurately de-
scribe the IPMC bending behavior.

As each open-loop time-response to the step input voltage
shows exponential combinations, the IPMC data can be ap-
proximated in the following form. In Ref. [23], the similar
form of Eq. (15) is suggested. The parameters y,, »,, »;,
a, b,and c are estimated using least squares.

y(t)=ye " +y,e" +y,e (15)

Taking the Laplace transformation of the output and input
equations, we get

y(s)=2+ Ly B (16)
s+a s+b s+c
U(s)= applied step voltage . (17

N

After substituting the values of y,, v,, »,, a, b, and
¢ obtained previously, the transfer function from the input
voltage to the displacement of the IPMC strip can be deter-
mined by taking the ratio of Y(s) and U(s). We used it as
the plant model P at a particular voltage.

= Plant model
041 ——Xdentified model ||

Displacement (mm)

o 2‘5 50
Time (sec)

(a)

a 0.05 -

g

H

B

=

0.00 ) I
0 ZIS 50

Time (sec)
(©

Fig. 7. (a) Adaptive identification without measurement noise; (b) Up-
dates of the weights W ; (c) Root-mean-square error between the
outputs of the plant model P and the identified model P .

5.2 Adaptive identification

Plant identification was performed in the absence of meas-
urement noise, starting with random initial weight # in Eq.
(2). To consider the uncertainty and variation of the plant
model, the time-varying model in Eq. (15) was used, which
represents the voltage-dependent IPMC dynamics between 4
and 5 V. A sinusoidal signal was imposed on this time-
varying plant model. The simulation results are presented in
Fig. 7(a). The time-update of the weights in Eq. (2) and root-
mean-square error are also shown in Fig. 7(b) and Fig. 7(c),
respectively. The numbers of parameters » and m in Eq.
(3) were set to 1 and 2, respectively. Although it seems that
many parameters could be helpful in studying the plant model,
over-parametrization can deteriorate the results. The learning
rate 77 or step size in a discrete case is a more important
factor in improving the performance of the algorithm. The
results show that a quite precise adaptation result was
achieved even in the presence of time-varying characteristics.
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Fig. 8. Adaptive identification with measurement noise.

The results also support that the adaptive identification using
the gradient descent method has a sufficiently fast conver-
gence rate.

Fig. 8 is similar to Fig. 7; however, a plant model with a
normally distributed measurement noise is adapted. As shown
in Fig. 8, the measurement noise added to the plant model P
is accumulated to affect the output of the adapted plant P.
The fact that plant adaptation rules do not use information
about noise leads to biased solutions. To acquire accurately
adapted data, we need to cancel the noise as described in Sec-
tion 4.2. This will be further addressed in Section 5.3.

5.3 Feedforward controller

After identifying the plant model P in the absence of
measurement noise, the controller was trained to perform
feedforward control. The identified plant is imposed by a sinu-
soidal command to demonstrate the performance of the con-
troller. Fig. 9(a) shows the tracking results, where the IPMC
displacement is almost identical to the command. The control
input used is shown in Fig. 9(b). Results indicate that the
reference-tracking performance is satisfactory and the control
inputs remain within the design specifications.

To test the noise-cancelling algorithm, measurement noise
was added to the plant outputs and a sequence of step com-
mands was imposeds. Fig. 10(a) compares the time responses
with and without noise cancellation. Fig. 10(b) shows the con-
trol input used. When the noise canceller is employed, slight
performance degradation is noticeable in that the settling time
is increased. However, we can confirm that the disturbance
canceller removes the measurement noise effectively, result-
ing in near-perfect tracking even in the presence of noise.

6. Conclusion

In the present study, an adaptive feedforward controller was
employed for the precision control of IPMCs. Unlike conven-
tional feedback controllers, the proposed adaptive feedforward
controller can separately perform three types of control tasks:
identification of the IPMC model, control of the IPMC beam,
and noise cancellation. The adaptive plant identification can
capture the time- or input-dependent dynamics of the plant
accurately. The gradient descent method employed to adapt
the weights of the feedforward controller showed satisfactory

10
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g &
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Fig. 9. (a) Reference-tracking performance for a sinusoidal trajectory
without noise consideration; (b) Control input used.
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Fig. 10. (a) Tracking Performance for a square trajectory with noise
cancellation (solid) and without noise cancellation (dash-dot); (b)
Control input used.

reference-tracking performance and fast convergence suffi-
cient for real-time implementation. A noise cancellation algo-
rithm was also added to the employed controller, providing
tolerance against sensor noise or external disturbance. This
three-part adaptive feedforward controller will be useful for a
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wider range of actuator applications that require precise con-
trol of actuators with inherent time-varying or parameter-
dependent properties.
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