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Abstract. Conjugated polymer actuators can be employed to achiev®méale precision positioning, having a wide range
of application including biomimetic robots, and biomedidavices. They can operate with low voltage while producing
large displacement, in comparison to robotic joints, theyndt have friction or backlash, but on the other hand, thexe ha
complicated electro-chemo-mechanical dynamics, whickesiaccurate and robust control of the actuator difficuler&tas
been extensive research on modeling the electrocheminahaigs of polypyrrole bending actuators. However the meiciah
dynamics modeling of actuator remains to be unexplorechisrpaper finite element modeling and robust control of féstyer
polypyrrole bending actuators is proposed. In the modedang the infinite-dimensional admittance model of actuatitirbe
replaced with a family of linear uncertain transfer funndased on Golubev Method. Further model developmentaki t
into account the proper mechanical dynamics, which is ¢isgewhen using fast conducting polymer actuators. Thepsed
modeling approach will be validated based on the existipgermental data. In the controlling part the robust con@BIT will

be applied to control the highly uncertain dynamics of thejegated polymer actuators while the actuator carryingatde tip
loadings. Finally the analysis of design shows that QFTradler has consistent and robust tracking performance.

Keywords: Fast conjugated polymer actuators, PolypyrieleM, Uncertainty, QFT, Active vibration control

1. Introduction

There is an increasing request for new generation of aasiatich can be used in devices such as
artificial organs, micro robots, human-like robots, and ic&dapplications. Up to now lots of research
has been done on developing new actuators such as shapeyadioygs, piezoelectric actuators, magne-
tostrictive actuators, contractile polymer actuators, electrostatic actuators [1,2]. However conjugated
polymer actuators seem to be among the best possible céemlida application in micromanipulation
systems since they produce reasonable strain under low\iofiage.

The main process which is responsible for volumetric chaamyek the resulted actuation ability of
the conjugated polymer actuators is Reduction/OxidatedOx). Thus based on different fabrication
form, different configuration of the actuators can be ol#dinamely: linear extenders, bilayer benders,
and trilayer benders [3-5]. By applying a voltage to the aitiy the polypyrrole (PPy) layer on the
anode side is oxidized while that on the cathode side is emtiuons can transfer inside the Conjugated
Polymer Actuators based on two main mechanisms namelysibffuand drift [6]. There are many
reports in the literature about potential application @fcéloactive polymer (EPA) in different robotic
systems. Zheng Chen et al. reported the modeling of a rofisitipropelled by an ionic polymer-metal
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composite (IPMC) actuator [7]. Edwin W. H. Jager et al. resgd the current status of micro actuators
based on EPA. They described micro fabrication of theseasmtsiplus the possible application of them
in micro systems [8]. We have detailed the dynamic modelimdy @ntrol of a soft micro robot based
on conjugated polymer actuators which could be used in nm@nipulation systems [9].

Trilayer polypyrrole actuator, which could operate bothainand liquid environment are promising
material for application in micromanipulation systems,[lf]. But before they could be utilize in
practical applications, it is essential to understandrttignamics. Especially in applying fast trilayer
polypyrrole actuator, we must take into account the propsaimanical dynamics. The main contributions
for modeling the mechanical dynamics of the fast trilayelypgrrole actuator, is mainly limited to
presenting and evaluating the experimental data [10-18]th& best of our knowledge an analytical
dynamic model for fast trilayer polypyrrole actuator does yet exist. In this paper for the first time
we will develop a complete dynamic model between the inpltage and output displacement of the
fast trilayer polypyrrole actuator. Our complete eleatt®@mo-mechanical dynamic model consists of
a simple third order electro-chemical model which has bexdeaed based on Golubev Method and a
proper electro-mechanical model which has been develoaseldon the finite element method. Our
proposed modeling approaches will be validated based oexisting experimental data [11]. This
model can be used both to optimize the open loop displaceaidht actuator and to design proper
controller, which will lead to practical use of actuator ificno/nano systems.

Application of PID controller for a polypyrrole actuatorded on a first order model is presented
in [13]. PID and adaptive control approaches based on a filstr@mpirical model are reported in [14].
In our previous works, we have used several approaches fratiing of a polypyrrole actuators [15—
17]. In the present work Robust Control QFT will be used far tontrol of the PPy actuator. The
main objective of the controlling section of this paper isymthesize suitable controller and pre-filter
such that, first the closed loop system is stable, second itraek desired inputs, and third it can reject
the disturbances. As mentioned before the uncertaintyardymamics of PPy actuators is inevitable,
therefore application of robust control techniques is eakfor achieving high precision. There are two
basic methodologies for dealing with the effect of uncetiain a system namely adaptive control and
robust control. In adaptive control design approach, tharotier will estimate the system’s parameter
online and then will tune itself based on these estimatesthdrrobust control design approach, the
controller has a fixed structure which will satisfy the systepecifications over whole range of plant
uncertainty. Although adaptive control can be applied toidewclass of problems, the application of
robust control will lead to a simpler controller as the stame of controller is fixed requiring no time for
tuning [18].

Thus, the reminder of the paper will be formed as follows:

1) Firstthe classical admittance model of the actuatoriteviewed, and suitable admittance model
will be obtained based on Golubev method.

2) The proper mechanical dynamics of the actuator will beaioled based on the finite element
method.

3) Finally Robust controller QFT will be designed for tratdiproblem.

2. Trilayer PPy actuator

In this paper as an example of the Conjugated polymer actugtte trilayer PPy actuator will be
considered. Figure 1 depicts the trilayer PPy actuator.hasyeame indicates the trilayer PPy actuator
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Fig. 1. Three-layer PPy actuator.
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Fig. 2. Description of diffusion and double layer chargimgl s equivalent electrical circuit.

consists of three layers. The middle layer is Porous Pojidene Fluoride (PVDF) which is used as a
storage tank for the electrolyte. And on the both sides digté are polymer layers (PPy) [19,20].

As it has mentioned before the main process which is resplenfr volumetric change of the
conjugated polymer actuators is RedOx. Thus in the trilégerder while the PPy layer on the anode
side is oxidized and expands as a result, the PPy layer orathede side is reduced and contracts as a
result. Therefore this difference in the volume will leadste bending of the actuator.

3. Electro-chemo-mechanical modeling

The electro-chemo-mechanical model is comprised of twéspaamely electrochemical model and
electromechanical model.

3.1. Electrochemical Modeling

The electrochemical model relates the input voltage andnated RedOx reaction inside the PPy
actuators. In this part firstly the admittance model for ay®kr actuator will be achieved, and next this
model will be extended to the trilayer PPy actuator. Figudeicts the electrical admittance model.
Based on the Diffusive-Elastic-Metal model, transpootatdf ionswithin the polymer is only caused
by diffusion [6]. In this part we will briefly review the bas&quations of DEM and then propose an
uncertain third order model for admittance of the actuator.

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

I(s) = Ic(s) + Ip(s) (1)
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WhereZp is the diffusion impedancé; denotes the double-layer capacitance, &nid the electrolyte
and contact resistance. Next based on Fig. 3 and the Fiek'sfldiffusion, diffusion current is:

Oc(x,t)

ip(t) =—F. A.D.
in(t) ox

®3)

=0

WhereA is the surface area of the polymétjs the Faraday constarb, is the diffusion coefficient; is
the thickness of the PPy layer, ant the concentration ions. The current of double-layer cépace is

iot)y = A5 28D (4)
ot |,—o
Where/ is the double-layer capacitance thickness. And the difusiquation is
Oc 0
5 DW O<x<h (5)
Finally the boundary condition is
Oc(x,t)
=0 6
or |,_p (6)

Now based on Egs (1), (2), (3), (4), (5), and (6), it can be shitnat the admittance modéf (s) = é((ss)))
of a conjugated polymer is [6,13].

s [Q tanh(h+/Sp) + \/5}
= 3
% +Rs /2 +R@stanh(h\/s/5)

According to Fig. 1 in the case of a trilayer bender the inmitage is applied across two double-layers,
thus the admittance is half of Eq. (7) [22].

s {@ tanh(h+/s/D) + \/5]
g + Rs3/2 + R@s tanh(h+/s/D)

Y (s) (7)

Y(s)tri -

(8)

DN | =
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Table 1
Values of physical parameters
Parameter Value
D 2 x 107 1%m?/s
h 24 um
R 140
1) 27 nm
C 523x 10°°F
Table 2
The actuator’ system poles and zeros based on number of teseds
No. of Terms Pole Zero
Two —0.3793,—3.848,—2316 0,—2.736,—1069
Three —0.3787,—3.741,—11.47,—2854 0,—2.524,—-10.25,—-1606,
Four —0.378,-3.696,—11.19,—23.5,-3391 0,-2.432,-9.778,—22.29,—2145

Because the term tanh, in Eq. (8) is not suitable for real wwmatrol of the actuator, in this part the
Golubev Method [21] will be used to build a suitable modeldontrol of the actuator. By replacing the
term tanh with its equivalent series in Eq. (8) the admittamodel is [6]:

1 S
V(S) 5 ‘ sR+ = 1 (9)

2D 1
CO+55 — s+72(2nt1)2D(2h) 2 )

In the first step one can study Eq. (9) based on its summation téor this purpose we use the typical
values for physical parameters in Table 1.

Based on Table 1, using different values for n (Number of s8mEq. (9)) Table 2 is acquired.

Accordingly using two terms of Eq. (9), will lead to a thirdder system. One zero and one pole of this
system are located far to the left of the imaginary axis caimpdao the other poles and zeros, thus the
system can be reduced to a second order system. Similarlyg treiee and four terms will lead to third
and fourth order systems respectively. Therefore ordeh@kystem depends on the number of terms
which are used. In order to solve this problem, the infiniteahsional system (using tanh) is replaced
with a family of uncertain linear systems. Figure 4 compdhesadmittance of infinite-dimensional
model with its estimation based on two, three, and four terms

For example the parametric model for using three terms i€k

y(s)  ars* +axs® +a1s? + ass (10)
V(s) s+ bys3 4+ bys? + bgs + by
Where
st 3D 357D\ , 35 m2D? 259 71D?\
Num(s) = — — t = — t =
2R SJRh 8 RA? 20 R h3 32 Rht

259 74D3 N 225 763
— ——t——=—= S
16 R6h®> 128 RAS
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Fig. 4. Comparisons between using different number of temasthe infinite-dimensional model.
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Application of the Golubev method involves identifying imife-dimensional admittance model of the
actuator based on different input signals (sin wave, step thus the uncertain admittance transfer
function is [17]:

a133 + a232 + aszs (11)
83 + b182 + bQS + bg

Where
a; € [0.050680.0667%; a; € [1.11.211as € [2.3 3.004;

by € [25.63,26:b, € [95,105; bs € [35,45)

It must be noted that the model reduction process used byFamget al. [22] was based on low frequency
application and ignoring high-frequency dynamics, whiciswseful for predicting the behaviour of

ordinary PPy actuators. Since this procedure is not saigthe dynamics of fast PPy actuators in the
whole operating frequency range, in this work an uncertaint torder model was chosen to overcome
this problem. Figure 5 depicts the admittance Bode plot of(Efj). According to Fig. 5 a family of
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Fig. 5. Admittance Bode plot based on Golubev method.

third order LTI system can predict the admittance model efbttuator in the whole operating frequency
range.

3.2. Electromechanical modeling

The electromechanical model relates the input voltage andibg displacement of the PPy actuators.
It was experimentally shown that the relation between tleded in-plane straire] and the density of
the transferred chargeg)(is as below [23]:

E=a.p (12)
Whereq is the strain-to-charge ratio. Thus, the induced stress is
oc=a.Eppy.p (13)

WhereEpp, is the Young's modulus of PPy, apdcan be achieved in the Laplace domain as below [6,
13]:

1(s)

= 14
sW Lhpp, (14)

p(s)

Where W is the width of the PPY,pp, is the thickness of the PPy, and L is the length of the PPy.
Three layer polymer actuators can bend based on the expasfsilbe top layer and contraction of the
bottom layer. The induced stresses in expanded or condrbsters, are assumed to be the same and in
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Fig. 7. Consideration of the actuation process an exteroahemt.

the opposite directions. Distribution of the induced stiesapproximately constant along the thickness.
Additionally application of gold layers on both sides of tAR¢DF layer diminishes the potential drop
along the length of the actuator, thus the actuation prdsesslogous with the pure bending within the
actuator. Based on Fig. 6; one can obtain the bending morsdaliew:

Ta:2/0ydA

=2 / Eppyap(t)ydA =2Eppyap(t) /ydA (15)

= Eppya W hppy(hppy +hpvpr) p(t)

Therefore the induced actuation process can be modeledawigixternal momerif, which applied at
the free end of the actuator Fig. 7.

Thus the relation between the input voltdgand the output bending moment is obtained as below:
Ta(s) _ L Eppya (hppy + hpyvpr)
V(s) 2L sR+ -

(16)

1
(1+§@g tanh(hy/5))
3.3. Finite element modeling

In the next step a proper mechanical dynamics model betvesgnput moment and output displace-
ment will be derived based on finite element method.
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Fig. 8. Schematic of fast PPy actuator witkelements.

According to Fig. 8 the PPy actuator can be considered to halements. The lateral displacement
in the element can be defined as below [24,25]:

yilw,t) = {N (@)} {u(t)}; 17)

Where{N} is a 4 x 1 vector of Hermite polynomials, afd(t)}, = [w;, hif;, wii1, hifir1]7. It must
be noted that the local frame in each element has the sanmadiom as the global frame, thus the vector
of nodal displacement in local and global fames is the sgmg )}, = {u(t)},). Based on the above
definitions we can derive the kinetic energy of the eleniexst follow:

hs T
Tz‘(t):%/o [(pA)pvDF + 2(pA) ppy] [%{tq dx
hi
= % /0 [(pA)pvDF + 2(pA) ppy] [{u(t)}iT (N (@)} {N(@=)}" {u@®)},| dz (18)
= 5 Gl (M) ¢ ),
Where
hi
[M] :/0 [(pA)pvpF + 2(pA) ppy] [{N(:c)}{N(;g)}T} da (19)

Additionally (pA ) pvpr, and(pA) pp, are the products of density by the cross-sectional area BFPV
and PPy layers respectively. It must be noted that if we lattalwad n) to the tip of the actuator we

2
must modify the kinetic energy of the last element by addhngtérm%m {ay”ai(f’t) le=h, | - Thus the
mass matrix of the last element is

hn
M) = [ oA)pvr + 2p)er) [(N@) N@)] do

T (20)
+m AN (hn) } {N(hn)}
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Similarly the potential energy of the elemértan be defined as below:

hi (o 2
Vo) =3 [ 1EDrvor + 280 e, [PAED] g
1 & T " 1" T
:5/0 (EI)pvpr + 2(EI)ppy] [{u(t)}i {N"(z)} {N"(2)} {u(t)}i:| dx (21)
= 2 ()T K] s {uh),
Where
hi
(K], = %/0 (ET)pvpr + 2(E1)ppy] [{N” ) H{N"(z)} } (22)

Additionally (EI ) pypr, and(ET) pp, are the flexural rigidity of the PVDF and PPy layers respetyiv
The vector of nodal forces can be obtained based on the paihai the virtual work:

hi (o hi
5Wi(t):/0 (1) Pyza(x’t)} dx:/o () {N'(@)}7 5 {ult)), de
(23)
=Tu(t) {f}] 0 {ult)},

Where

hi
(fh = /0 [N'()} da (24)

Achieving the mass and stiffness matrices for the elememetsnust assemble them to analyze the
actuator. By using: elements the vector of nodal displacement for the compLei&am({U}) has
2(n + 1) degrees of freedom. In order to assemble the elements tead®d vector of the nodal
displacement for an elementan be defined as follow:

{U(t)}l = [01><2(i71) > {u(t)}zTa 01><2(n7i) ]T (25)

Similarly the extended vector of nodal forced () {F}Z) and extended matrices of mass and stiffness

([M],, [K],) can be achieved [25]. Next based on the Lagrange’s equatierdiscrete set of equations
which describe the dynamic of the actuator is derived asvid|

1 {T} + K] {T} = Tu() {F} (26)

Where[M] = i [M],, [K] = i (K], and{F} = Z {F'},. Due to the fixed boundary condition
=1 =1

at the first element we must ellmmate the first and second snwlscolumns of the extended mass and
stiffness matrices. Thus the reduced form of the motion &opsiis:

) {7}« (€] {7} - o ) e
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Modal analysis will be used to determine the solution of 2d){( One can obtain the natural frequencies
of the actuator by solving the eigenvalue problem:

[F*} (V}=A [M] vy, A=w? (28)

WhereA is eigenvalue, andV'} is the eigenvector which must be normalized with respediéanass
matrix as below:

(T [M} (V}, =6 rs=12....,2n (29)
ConsiderindV] = [{V}, ,{V},--- {V},,], it can be easily shown that:

V" vi=n v K] v] = @7 (30)
According to the experimental data [11] the polymer actubss a low damping ratio (approximately
0.(\)/\’})’6)zluse proportional damping model here as follow:

[6*} ~a [M} +8 [f} (31)

Whereq, andj are constant. Let us define C as:

€= V" [C] V= a1+ 8 [?] = 2] (32)

Considering the damping effects the Eq. (24) can be rewsitestow:

)T} ] ) + [ o) = () =

Now by defining:
(T} =v) tn} (34)
And multiplying both sides of Eqg. (33), t{y/]T we have:
ii(t) + 26w (t) + wini(t) = Qi(t) (35)
Where
=" {7} (36)
By applying the Laplace operator to the Eq. (35) we have:
Qi(s)
(s) = 7
mi(s) $% + 26w;s + w? 37)
— 2n 2n s —
Considering that/; (s) = > n;(s) Vi; and,Qi(s) = Tu(s) Y. Viil'; = Ta(s)Q; we have:
j=1 7=1
2n @
—w, ; .
Ui(s) = Ta(s); R Vij (38)
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Table 3
Values of physical pa-
rameters
Parameter Value
hppy 24 pm
hpvDF 110um
Eppy 80 MPa
EpvDr 312 MPa
L 25 mm
w 2mm
Table 4
Experimental and obtained resonant frequencies
Mode Fundamental (Hz) 2nd (Hz) 3rd (Hz)
Experimental 14.2 89.5 252.1
One element 14.2679 140.577 —
Two elements 14.2073 89.7476  303.5426
Five elements 14.2006 89.0369 250.0763
Six elements 14.2005 89.0143  249.6372
Seven elements 14.2004 89.0064  249.4349
Table 5
Fundamental natural frequencies for variation of the tip
loadings
Tip mass (mg) Fundamental Natural frequency (Hz)
0 14.2018
10 6.3753
30 3.9496
40 3.4532

Therefore the dynamic model between the input moment armguibdisplacement in the last element is:

y}f(’j)) = {T5 5. T2, U5 1, Uso | {N ()} (39)

Consequently Egs (16) and (39) will construct a completeehioetween the input voltage to the actuator
and its output displacement. The natural frequencies gbtigmer actuator are obtained, based on the
physical parameters in Table 3, and Eq. (28).

In order to validate our model we compare the experimengalltgreported in [11], with the obtained
resonant frequencies using Eqg. (28). Table 4 shows that odeheould predict the resonant frequencies
well. According to the table a model with six elements cogesrwhich will be used in the simulations.
Figure 9 illustrates the mode shapes corresponding to fivedbnatural frequencies of the actuator.
Figure 10 depicts the bode plot between the input voltagetadutput displacement of the actuator.

Figure 11 compares the magnitude bode plot of the experahesgults reported in [11] with our
theoretical model which indicates that our purposed modelpredicts the actuator behavior well.

We have also considered the effects of tip load variationabtdined the fundamental natural fre-
guencies of the actuator for carrying different loads. Adowg to Fig. 12 and Table 5 increase of the
tip mass from 0 to 40 mg will decrease the fundamental naftegliency which is consistent with the
reported experimental data in [11].
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Fig. 10. Bode plot between the input voltage and the outmgldcement of the actuator.
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mass. The arrow illustrates tip mass increasing.
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4. Application of QFT

There are many practical systems that have high uncertairdpen-loop transfer functions which
makes it very difficult to have suitable stability marginglagood performance in command following
problems for the closed-loop system. Therefore a single fxatroller in such systems is found among
“robust controllers” family.

Quantitative Feedback Theory (QFT) is a robust feedbackrabsystem design technique initially
introduced by Horowitz (1963, 1979), which allows direcsigg to closed-loop robust performance and
stability specifications. Since then this technique has loeeeloped by him and others [26-30].

In many techniques from “robust control” family such ag Hlesign is based on magnitude of transfer
function in frequency domain, but QFT is not only concernétth @forementioned subject, but also able
to take into account phase information in the design proc@s®e unigue feature of QFT is that the
performance specifications are expressed as bounds orefregiesponse loop shapes in such a way
that satisfaction of these bounds imply a correspondingaqipate closed-loop satisfaction of some
time-domain response bounds for given classes of input$cauradl uncertainty in a given compact set.
Consider the feedback system shown in diagram Fig. 13. Tstem has the two-degrees of freedom
structure (consider controller G(s) and prefilter F(s))this diagram P(s) is uncertain plant belongs to a
setP(s) € {P(s,¢);¢ € ®} where herep is the vector of uncertain parameters, which takes the salue
in ®. G(s) is the fixed structure feedback controller and F()ésprefilter, and D(s) is the disturbance
at the plant output.

The QFT controller design method is briefly summarized devid:

In parametric uncertain systems, we must first generatd f@amplates prior to the QFT design (at
a fixed frequency, the plant’s frequency response set isccaltemplatd. Given the plant templates,
QFT converts closed loop magnitude specifications into ntagd@ constraints on a nominal open- loop
function (these are called QBbund3. A nominal open loop function is then designed to simultarsty
satisfy its constraints as well as to achieve nominal cldged stability. In a two degree-of-freedom
design, a pre-filter will be designed after the loop is clased after the controller has been designed) [31,
32]. The obijective of this section is to design a robust ailar for a fast trilayer polypyrrole bending
actuators that carrying a variable tip mass. Especiallytithenass will vary from 0 to 30 mg. The
actuator physical parameters are presented in Tables 1¢&rdéing to Table 5 the worst case belongs
to the tip load of 30 mg with the fundamental natural frequyeoic3.9496 Hz. Suitable controller and
pre-filter are to be designed having the following propsertie

First the closed loop system is stable: The robust margimaisthe magnitude of closed loop system
for all considered uncertainty must be less than 1.1.

Second it can track desired inputs: Robust tracking spatific based on suitable performance of
actuator is overshoot(5%) and the settling time={ 0.4s) for all plant uncertainty.

Third it can reject the disturbances: The magnitude of theed loop system for the input and output
disturbances must be less than 0.1.
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Fig. 14. QFT controlling block diagram.
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Fig. 15. The boundary of the plant templates.

At the first step we must define the plant uncertainty (tereplathich is shownin Fig. 15. Then having
the robust performance bounds in the loop-shaping phasesigmi suitable controller and Pre-filter can
be achieve as follows:

o, 324 101953 +1.49 x 10Ms% + 1.95 x 10'3s + 2.5 x 1013 (40)
b $3 421 x 10762 + 1.32 x 10125 + 7.36 x 1013
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Fig. 16. Loop shaping of open-loop system.
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Figure 14 illustrates the QFT controlling block diagram

Figure 16 depicts the loop-shaping of open loop system.nbesobserved that the nominal plant lies
on its performance bounds which confirm the correctnesssifjde

Figure 17 shows time domain simulation for unit step respsng-igure 18 gives the satisfaction of
desired tracking specifications in the frequency domain.

Figure 19 shows a step disturbance at the plant input, whie Z0 depicts the response of the
uncontrolled and QFT control system to the disturbanceur€i@1 illustrates the control effort for all
considered uncertainty under the step disturbance at &m ipiput.

Figure 22 shows the tracking problem for the reference iRpgt sin(0.57¢) + sin(27t) (mm),
while Fig. 23 depicts the tracking error. Figures 24-25 stimcontrol effort and current output of the
actuator for the inpuR = sin(0.57t) + sin(27t) (mm).

Figure 26 shows the tracking problem for a square wave inyhite Fig. 27 depicts the tracking error.
Figures 28—29 show the control effort and current outpuhefdctuator under a square wave input.

(41)

5. Conclusions

In this paper robust control QFT is applied to control the feakayer polypyrrole bending actuator
with variable tip loadings. The main contributions in thedebng part are:

Replacing infinite-dimensional admittance model of PPyaitrs with a family of Linear Time
Invariant systems based on Golubev Method which:

a-facilitates the real time control, b- predicts the adanitie dynamic in whole operating frequency
range.
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Fig. 21. Control effort for all considered uncertainty unttee step disturbance at the plant input.
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Fig. 22. Tracking problem for a sin wave.
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Fig. 26. Tracking problem for a square wave input.
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Proposing a finite element method for modeling the mechadiagemics of fast trilayer polypyrrole
bending actuators, this is consistence with the existipgemental data [11]. Additionally compensates
the weaknesses of the previous modeling attempt [20]. Towereve have developed a complete model
between the input voltage and output displacement of theagmt This model can be used both to
optimize the open loop displacement of the actuator andsadegproper controller, which will lead to
practical use of actuator in micro/nano systems.

In the controlling part it is shown that:

The robust control QFT can successfully be applied to cottieohighly uncertain dynamics of PPy
actuator. Especially we have designed a controller whiglelisist against the uncertain dynamics of
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Fig. 29. Current output of the actuator for all consideredantainty under a square wave input.

PPy actuator and variable tip loadings which allows theiapfpbn of the actuator in functional devices.
Simulation of design indicates that the actuator has a gadctansistent performance in both tracking
and disturbance rejection problems.

Future work covers

() investigating the effects of both geometric and matemianlinearity in the mechanical dynam-
ics modeling (i) employment of soft computing techniquastsas Fuzzy and Neural networks plus
evolutionary algorithms in the modeling and control of PRtuators. (iii) modeling, control, and fab-
rication of micro robots based on fast trilayer polypyrrbénding actuators. (iv) applying the modified
QFT technique in analyzing the PPy actuator as a distribpgedmeter system (DPS).The research is
fortunately ahead of schedule and will be reported soon.
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