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Abstract

Conjugated polymer actuators can be employed to
achieve micro and nano scale precision, and have wide
range of application including biomimetic robots, and
biomedical devices. In comparison to robotic joints,
they do not have friction or backlash, but on the other
hand, they have complicated electro-chemo-mechanical
dynamics which makes accurate and robust control of
the actuator really difficult. This paper consists of two
major parts. In the first part the infinite-dimensional
physical model of actuator will be replaced with a
family of linear uncertain transfer functions based on
Golubev Method. Further model development will take
into account the influence of reduction/oxidation level
on the variation of the actuator resistance and the
evaporation of the solvent. In the second part the robust
control QFT will be applied to control the highly
uncertain dynamics of the conjugated polymer
actuators. The main steps involved in the design of a
QFT controller are template generation, loop shaping,
and pre-filter design.  Finally the analysis of design
shows that QFT controller has consistent and robust
tracking performance.

Keywords: Conjugated polymer actuators, Polypyrrole,
Uncertainty, QFT.

Introduction

There is an increasing request for new generation of
actuators which can be used in devices such as artificial
organs, micro robots, human-like robots, and medical
applications. Up to now lots of research has been done
on developing new actuators such as shape memory
alloys, piezoelectric  actuators, magnetostrictive
actuators, contractile  polymer actuators, and
electrostatic actuators [1], [2]. The main disadvantages
of these actuators are low efficiency, high electrical
power, and low strain generation [2]. Conjugated
polymers actuators seams to be the best solution since
they produce reasonable strain under low input voltage.

The main process which is responsible for volumetric
change and the resulted actuation ability of the
conjugated polymer actuators is Reduction/Oxidation
(RedOx).Thus based on different fabrication form,
different configuration of the actuators can be obtained
namely: linear extenders, bilayer benders, and trilayer
benders [3-5]. By applying a voltage to the actuator, the
polypyrrole (PPy) layer on the anode side is oxidized
while that on the cathode side is reduced. Ions can
transfer inside the Conjugated Polymer Actuators based
on two main mechanisms namely diffusion and drift
[6]. The main objective of this paper is to synthesize
suitable controller and pre-filter such that, first the

closed loop system is stable, second it can track desired
inputs. As mentioned before the uncertainty in the
dynamics of actuators is inevitable, therefore
application of robust control techniques is essential for
achieving high precision. There are two basic
methodologies for dealing with the effect of uncertainty
in a system namely adaptive control and robust control.
In adaptive control design approach, the controller will
estimate the system’s parameter online and then will
tune itself based on these estimates. In the robust
control design approach, the controller has a fixed
structure which will satisfy the system specifications
over whole range of plant uncertainty. Although
adaptive control can be applied to a wider class of
problems, the application of robust control will lead to a
simpler controller as the structure of controller is fixed
requiring no time for tuning [7].

I. Trilayer PPy actuator

In this paper as an example of the Conjugated polymer
actuators the trilayer PPy actuator will be considered.
Figure 1 depicts the trilayer PPy actuator. As the name
indicates the trilayer PPy actuator consists of three
layers. The middle layer is Porous Polyvinylidene
Fluoride (PVDF) which is used as a storage tank for the
electrolyte. And on the both sides of it there are
polymer layers (PPy) [8], [9].
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Figure 1: Three-layer PPy actuator

As it has mentioned before the main process which is
responsible for volumetric change of the conjugated
polymer actuators is RedOx. Thus in the trilayer bender
while the PPy layer on the anode side is oxidized and
expands as a result, the PPy layer on the cathode side is
reduced and contracts as a result. Therefore this
difference in the volume will leads to the bending of the
actuator.

I1. Electro-chemo-mechanical modeling

The electro-chemo-mechanical model is comprised of
two parts, namely electrochemical model and
electromechanical model.

A. Electrochemical Modeling

The electrochemical model relates the input voltage and
chemical RedOx reaction inside the PPy actuators. In
this part firstly the admittance model for a bilayer
actuator will be achieved, and next this model will be
extended to the trilayer PPy actuator. Figure 2 depicts
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the electrical admittance model. Based on the
Diffusive-Elastic-Metal model, transportation of ions
within the polymer is only caused by diffusion [6].
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Figure 2: Description of diffusion and double layer charging
and its equivalent electrical circuit

According to Figure 2 and the Kirchhoff’s voltage law
one has:

I(s)=1,.(s)+1(s) (1
1
V(S) =[(S)R +EIC(S) (2)

Where Z,, is the diffusion impedance, C denotes the

double-layer capacitance, and R is the electrolyte and
contact resistance. Next based on Figure 3 and the
Fick’s law of diffusion, diffusion current is:

oc(x,t)

X

ip(t)=—F.4.D.7=>" ©)

x=0

Where 4 is the surface area of the polymer, F' is the
Faraday constant, D is the diffusion coefficient, 4 is the
thickness of the PPy layer, and c is the concentration
ions.

The current of double-layer capacitance is

io(6)=F.4.5.24%0

4)
x=0

Where ¢ is the double-layer capacitance thickness. And
the diffusion equation is

2
% = D% O<x<h (5)
Finally the boundary condition is
oc(x,t) —0 (6)
ox x=h

Now based on Equations 1, 2, 3, 4, 5, and 6, it can be
shown that the admittance model (Y (s)= ;(( )) ) of a

conjugated polymer [6].

.{*/5 tanh(h\/% Y+s }

[ / — tanh(h\/7 ) M

Y(s)=
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Figure 3: Description of frame assignment for diffusion

According to Figure 1 in the case of a trilayer bender
the input voltage is applied across two double-layers,
thus the admittance is half of Equation 7.

1 {‘? tanh(h\/% )+\/§}
2 s

3 D
?"FRS 2+R7stanh(h %)

Y(S) ri =

®)

B. Electromechanical Modeling
The electromechanical model relates the input voltage
and bending displacement of the PPy actuators. It was
shown that the relation between the induced in-plane
strain (&) and the density of the transferred charges
() is as below [10]:

E=a.p 9)
Where « is the strain-to-charge ratio. Thus, the induced
stress is

o=a.Epp,.p (10)

Where Epp, is the Young’s modulus of PPy, and p can

be achieved In the Laplace domain as below [11]:
(11)
pls)=—
SW_Lh
Where W is the width of the PPy, and L is the length of
the PPy.
According to Figure 4 the curvature A under the
induced stress and in the absence of external force is

[11].
2
1+ h -1
_ 3a hpva -
2y g : (12)
(A U [ A
pvdf EPPy
. h% PPy
pvar PVDF
PPy
L

Figure 4: Trilayer PPy actuator

Where E,,, and £, are the Young’s modulus and

the thickness of the PVDF layer respectively.
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According to Figure 5 one can obtain the relation
between the bending displacement and the curvature as
below:

1 2
Pr=r-y) + = A=—= 2y2

y y +L
By assuming that the bending displacement is small we
have

2y (13)
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Figure 5: Relation between the bending displacement and the
curvature

Finally by combining Equations 8, 10, 11, 12, and 13
one can obtain the full model between input voltage (V)
and output displacement (y) as below [6],[11]:

y(s) _ Cn
V(S) SR + ! (14)
VD s
c+ Y2 tanh(h, |2 ))
Ss D
Where
2
3al (1 + h ] -1
pvdf
C,= 3 (15)
E
8, h W (1 + J o LA |
' pvdf Eppy

C. System identification based on Golubev Method
Because the term tanh in Equation 14 is not suitable for
real time control of the actuator and this equation can
not take into account the system uncertainties. In this
part the Golubev Method [12] will be used to build a
suitable model for control of the actuator. By replacing
the term tanh with its equivalent series in Equation 14
the actuator model is [6]:

y(s) Cp

V(s) ) SR+ !

2D 1
Cl+—— z 2 2 -2
hé s+ 7% @2n+1)2 D2h)

In the first step one can study Equation 16 based on its
summation term. For this purpose we use the typical
values for physical parameters in Table 1[9].
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Table 1: Values of physical parameters

Parameter Value
D 2x107%m?% /s
h 30um
R 15Q
o 25nm
¢ 5.33x107 F

Thus based on Table land using different values for n

(Number of terms in Equation 16) one can achieve
Table 2.

Table 2: The actuator’ system poles and zeros based on
number of terms used.

< 2009

» (16)

No. of pole Zero
Terms
Two -0.3793,- 3.848 -2.736,-1069
,- 2316
Three -0.3787,- 3.741 -2.524,-10.25
- 11.47, ,- 1606
- 2854
Four -0.378,-3.696 | -2.432,-9.778,
,- 11.19,-23.5, -22.29,
-3391 -2145

Based on Table 2 it can be seen that using two terms of
Equation 16, will lead to a third order system. One zero
and one pole of this system are located far to the left of
the imaginary axis comparing to the other poles and
zeros, thus the system can be reduced to a second order
system. Similarly using three and four terms will lead to
third and fourth order systems respectively. Therefore
order of system depends on number of terms which is
used. In order to solve this problem one can replace the
infinite-dimensional system (using tanh) with a family
of uncertain linear systems. Figure 6 compares the
admittance of infinite-dimensional model with its
estimation based on two, three, and four terms.

Bode Diagram
-20

30

40

Magnitude (dB)

0

10" 10° 10’ 10° 10 10 10°

Frequency (rad/sec)

Figure 6: Comparisons between using different number of
terms and the infinite-dimensional model
For example the parametric model for using three terms
is as below:
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y(s) als3 +a2s2 +as+ay, Application of Golubev method for pulse signal is
Vis) <4 3 2 17) shown in Figure 9. Figure 10 depicts the admittance
() 5™ +bys” +bys” +bys +by Bode plot of Equation 18.
Where
3 2 0.02 . .
Num(s):cms . 6CmD+£Cm7rD §2
R 5 R h 4 R h2 0.01 ¢ Real value ]

35C,, n*D* 259 C, n*D? \ '
+ +t— N 001} B
SRK 16 Rri ' ‘ \ \

259 Ch z*D? L225Cn z°D? 0.005 ]
8 RSh> 64 Rh®

2 ol
De"(S)=S4+ 3—5” D+6—D+L s34+ ' : . i
4 p2 oh RC ool ( ( ( |
2 72D 7 (
I N R R R

35722D% 259 7z4D2] R
+— 57+

-0.01

+
4 RCh? Sh’ 16 p*

0 1 8
Time
259 z* D* 259 z*'D? 225 z°D’? 225 7% D3 Figure 9: System identification based on pulse signal
16 RCA Ay S T ea 46 S+ERCh6 (Error=2.6973e-005)

Boae Uiagram
T T

First step in using the Golubev method is to simulate
the actuator’ model Figure 7, 8. Next by using Golubev
method for different input signals (sin wave, step ...),
the uncertain transfer function is:

Magnitude (dB)

3 2
a;s” +a,s” +ass

(18)

S3 +b1S2 +b2S+b3
Where
a, € [0.05068,0.06675]; a, € [1.11.211]

a; €[2.3,3.004]; b, [25.63,26]
b, €[95,105]; b, € [35,45]

Phase (deg)

ok I I I

du/dt 1
10 10 10° 10’ 10 10° 10" 10°
gk) ={>—> Frequency (rad/sec)
D . > ' Figure 10: Admittance Bode plot based on Golubev
%b—* method

In the next step the model will be developed further by
considering the effect of actuator resistance and
Siason evaporation of the solvent. The actuator resistance is
highly depends to the RedOx level [9, 13]. Figure 11
shows the Bode plot of actuator admittance for
variation of resistance from 15Q to 100 Q) . Variation
of the diffusion coefficient is shown in Figure 12.
’ Therefore by considering the above mentioned

Figure 7: Simulation of the actuator model in Matlab

: s uncertainties the full uncertain model of the actuator is:
g B T N s 3‘1182 +2025+a3 (19)
Time (sec) §” +bis” +bys+by
- o T Where
i WWW a, € [3.08x107,0.001]
) B T Y T N B RS a, €[0.0055,0.0186]
e | a; € [0.0154,0.04634]
T by € [25.63,29]
e b, € [90,105]
B S by €[20,45]
Figure 8: Voltage-current-displacement response of the

actuator
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Figure 11 Bode plot of actuator admittance for variation
of resistance
Boae viagram
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Figure 12: Bode plot of actuator admittance for variation
of the diffusion coefficient

I11. Application of QFT

There are many practical systems that have high
uncertainty in open-loop transfer functions which
makes it very difficult to have suitable stability margins
and good performance in command following problems
for the closed-loop system. Therefore a single fixed
controller in such systems is found among "robust
controllers" family.

Quantitative Feedback Theory (QFT) is a robust
feedback control-system design technique initially
introduced by Horowitz (1963, 1979), which allows
direct design to closed-loop robust performance and
stability specifications. Since then this technique has
been developed by him and others [14], [15], [16], [17],
and [18].

In many techniques from "robust control" family such
as H,, design is based on magnitude of transfer function
in frequency domain, but QFT is not only concerned
with aforementioned subject, but also able to take into
account phase information in the design process. The
unique feature of QFT is that the performance
specifications are expressed as bounds on frequency-
response loop shapes in such a way that satisfaction of
these bounds imply a corresponding approximate
closed-loop satisfaction of some time-domain response

bounds for given classes of inputs and for all
uncertainty in a given compact set.

In parametric uncertain systems, we must first generate
plant templates prior to the QFT design (at a fixed
frequency, the plant’s frequency response set is called a
template). Given the plant templates, QFT converts
closed loop magnitude specifications into magnitude
constraints on a nominal open- loop function (these are
called QFT bounds). A nominal open loop function is
then designed to simultaneously satisfy its constraints
as well as to achieve nominal closed loop stability. In a
two degree-of-freedom design, a pre-filter will be
designed after the loop is closed (i.e., after the
controller has been designed) [19]. Figure 13 shows a
two degree of freedom feedback system.

7 r’:J [
Fis) +f_\——{ G(s) }—»

¥(s)
P(s)

Figure 13Two degree of freedom feedback system

The objectives of this part are to synthesize suitable
controller and pre-filter such that, first the closed loop
system is stable, second it can track desired inputs. The
robust margin is that the magnitude of closed loop
system for all considered uncertainty must be less than
1.1. Robust tracking specification based on suitable
performance of actuator is overshoot (=5%) and the
settling time (=0.4s) for all plant uncertainty. At the
first step we must define the plant uncertainty
(template), which is shown in Figure 14. Then by having
robust performance bounds in the loop-shaping phase of
design suitable controller and Prefilter can be achieve
as follows:

G=2.1x10"x 5
(s +6.1)(s +0.48)(s +0.0098) 3)
(s+176.1)(s +0.5)(s +0.01)(s +1.4x107°)
2 4
F— 0011090 87 +2015+2.02x10) @

(5+25.34)(s +8.841)

Plant Templates (parametric part w/o hardware)

. )

4
=)

T

T

|

|

|

|

|

|

|

|
In

|

|

|

|
IS

|

|

|

|

|

|

|

|
L

|

|

-3
o

o
S
T
T
|
|
|
|
|
|
|
|
a4
|
|
|
|
B
|
|
|
|
|
|
|
|
4
|

10— — — — -1 — — — — e ) g

Magnitude (dB)

A0 e e e
120{-

R

I | |
I I I
-350 -300 -250 -200 -1 50
Phase (degrees)

The boundary of the plant templates

Figure 14

e 7.009

O

SN
5
¢ ‘.“

/— 75th Anniversary of University of Tehran s \

~

=%
0«0,
()

."v’ %7

/ME-2009-2436




e ?.009

\”
‘:

\ s‘.

=%
2%
l ‘,

07

s 7 5th Anniversary of University of Tehran —\

“
[inmwal CIntermational) CoRference on
Mechanical Engineering

May 19-21, 2009

Robust margin bounds are shown in Figure 15.Robust
tracking bounds are shown in Figure 16.Figure 17
depicts the loop-shaping of open loop system. It can be
observed that the nominal plant exactly lies on its
performance bounds which confirm the optimality of
design. Figure 18 shows time domain simulation for
unit step responses.

Robust Margins Bounds

30

20

=)

=)

Magnitude (dB)

-20

I I
-200 -150
Phase (degrees)

Figure 15: Robust margin

Robust Tracking Bounds
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Figure 16: Robust tracking bounds
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Figure 17: Loop shaping of open-loop system
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Time Domain Simulation

0.8

Y(t)

0.6

0.4

0.2

O

-0.2
0

time
Figure 18: Unit step response for all considered uncertainty
with acceptable output bounds

Figure 19 shows the tracking problem for the reference
input R =0.5x107° sin(2z 1) m, 20
depicts the tracking error.

while  Figure

Desired path — | |
Tracked path — —

Bending displacement (m)
o

0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Figure 19: Tracking problem for a sin wave

- I
0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Figure 20Tracking error for all considered uncertainty

Resultsand Discussion

In this paper for the first time robust control QFT is
applied to control the PPy actuators. In order to obtain a
suitable model for controlling purposes, Golubev
Method is used to convert the uncertain dynamics of
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PPy actuators to a family of Linear Time Invariant
systems.

Conclusions

By taking into the account the effects on uncertainties
such as variation of the resistance and diffusion
coefficient in the modeling part the J. Madden’s model
[6] improved greatly. In the controlling part it has been
shown that the robust control QFT can successfully be
applied to control the highly uncertain dynamics of PPy
actuator. And also it has been shown that the actuator
has robust tracking ability and robust stability under
QFT controlling method.
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