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1. Introduction

ielectric elastomers (DEs) belong to a category of

electro-active polymer, which have been widely

used for broad range of applications, such as arti-
ficial muscle ", tactile devices ", energy harvesters >,
micro-pumps * and soft robotics ', Desirable proper-
ties include large voltage-triggered deformation, low noise
during operation, light weight, low cost, fast response and
high energy density "', In these DE-based devices, a DE
is commonly sandwiched between two flexible electrodes.
When a voltage is applied through the electrodes, the op-
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Dielectric elastomer (DE) balloons are intensively developed as sensors,
actuators, and generators. To ensure electrical safety, a DE balloon can
be covered by an external passive layer. In this paper, the dynamic be-
haviours and active control for the DE balloon coupled with the passive
layer are investigated. Based on the Hamilton’s principle, the dynamic
model of the DE balloon covered by the passive layer is derived. With
this coupled model, we demonstrate that three typical dynamic responses
can appear and the transition among these dynamic behaviours can be
achieved by altering the properties of the passive layer. The introduction
of the passive layer is able to induce undesirable dynamic behaviours,
which require to be controlled. Thus, we present two methods of control
including proportional-derivative (PD) control and iterative learning con-
trol (ILC). We demonstrate that the undesirable dynamic responses can be
effectively eliminated by the proposed methods of control. Particularly,
control errors can be reduced by 2 or 3 orders of magnitude using the
latter control method. We hope that the present analysis can improve the
understanding of dynamic behaviours of a DE balloon covered by a pas-
sive layer and promote the control of undesirable dynamic responses.

posing charges on each electrode cause the DE to shrink
in thickness and expand in area.

An important issue when employing DE-based devices
is to ensure electrical safety due to its high operating volt-
age (generally higher than 1kV) "%, Coating passive layers
on the surfaces of the DEs is an effective method to guar-
antee electrical safety "), nevertheless, the introduction
of the passive layers certainly affects the voltage-actuated
properties, such problem has been discussed in previous
research "*"”!. There are versatile shapes for the DEs, such
as films, cones, cylinders, rings and balloons. The shape
of the DE balloon can be developed for many interesting
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applications, including DE pumps, DE balloon generators
and soft-handling systems """, Bortot considered a DE bal-
loon coated by inner and outer spherical protective passive
layers and studied the influence of the passive layers on
the static electromechanical responses of the DE balloon
4 An et al. presented that the passive layer can suppress
and eliminate the static electromechanical instability for
the DE balloon, and in this way, large voltage-induced
deformations can be obtained ""*. However, the existing
studies only dealt with the static electromechanical be-
haviours of the DE balloon coated by the passive layers,
and there has been little literature into modelling and anal-
ysis of the dynamic characteristics.

Since the DEs have been widely used in various en-
gineering fields, the precise control over the complex
dynamic responses of the DEs is important. Research on
active control for a single DE have been implemented
previously. Wilson et al. presented a bioinspired control
scheme, based on cerebellar calibration of the vestibu-
lo-ocular reflex, for adaptive control of nonlinear DE-
based artificial muscle """, Li et al. implemented the non-
linear visco-hyperelastic DE membranes into a closed-
loop control system with PID controller to compensate the
undesired dynamic responses of the DE membranes in-
duced by the nonlinear and viscoelastic effects '), When
coupled with the passive layer, the undesirable dynamic
responses for the DE balloons can be triggered, which is
not useful for the application and is likely to lead to ma-
terial failure due to the appearance of the large dynamic
deformation. Thus, it is necessary to actively control the
dynamic responses of the DE balloon coated by the pas-
sive layer.

Motivated by the earlier considerations, this article in-
vestigates the dynamic behaviours and active control for a
DE balloon coupled with a spherical passive layer. Using
the Hamilton’s principle, the coupled dynamic model is
derived. Based on the proposed dynamic model, we show
three typical dynamic responses for the DE balloon by
varying the properties of the passive layer. To compensate
the undesirable dynamic behaviours of the DE balloon
induced by the passive layer, we present two methods in-
cluding proportional-derivative (PD) control and iterative
learning control (ILC) to actively control the DE balloon
and passive layer, making the DE balloon applicable to
fields where both electrical safety and desirable dynamic
behaviours are important.

The rest of this paper is organized as follows. In the
second section, we derive a dynamic model for a DE bal-
loon covered by a passive layer. In the third section, three
typical dynamic behaviours for the DE balloon coupled
with the passive layer are observed. In the fourth section,
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we introduce two methods of control to eliminate the un-
desired responses of the DE balloon and obtain precise
periodic trajectory tracking. Finally, some conclusions and
discussions are drawn.

2. Governing Equations

Figure 1(a) shows a spherical DE balloon of radius Rl
false and thickness #11 false, which covered by an external
passive spherical layer of inner radius ‘i false and outer

radius %2 false. Both sides of the DE balloon are coated
with flexible electrodes. The DE balloon is assumed to

be thin-walled since a thick DE balloon would require
extremely high voltages. For the DE balloon and passive
layer, homogeneous deformation along the thickness is
assumed. Furthermore, we hypothesize that no relative
sliding occurs at the interface between the DE balloon and
the passive layer.

€

(a) Reference State

(b) Current State

Bl Diclectric Elastomer [l Passive Layer

Figure 1. Section of the DE balloon interacting with the
passive layer in the reference configuration (a) and a cur-
rent configuration (b).

As shown in Figure 1(b), in the presence of a constant
pressure P inside the DE balloon and a voltage @, the
DE balloon deforms to radius # and thickness /4, , and
the passive layer deforms to inner radius , and outer
radius 7, and the two electrodes gain charges +() and

_Q . We consider a material particle as the radius is R
in the reference state, and in the current state, the radius

becomes r . The corresponding hoop stretch is defined as
follows:

A(t) =%. "

Then, the coupled system can be described
by (40 4(0), where A0 =/(®)/ R and 4(0)=1(1)/R,
. We assume that both the DE balloon and the passive lay-

er are incompressible, thus 47R}H, =471’k for the DE
balloon, and for the whole coupled system, the material
incompressibility indicates

r@) —n(t) =R~ R @)
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To obtain the velocity field of the coupled system, we
need to take the time derivative on both sides of Eq. (2)
giving

r 3)

where 7 =R 4 and the dot denotes the derivative with
respect to £ .

2.1. Dynamic Model by the Hamilton’s Principle

To derive the dynamic model of the coupled system,
the Hamilton’s principle is adopted, which takes the form

[" (0K - 0% +oW,)dt =0, “

where K is the total kinetic energy, ' is the total free
energy, VK is the total work of the external stimulus.

2.1.1. Kinetic Energy

The kinetic energy of the coupled system can be expressed
as

_ 1 2.0 Lpn 2.2
K—5,01471'Rl Hr, +EL p,4nrrdr, )

where A1 and P2 denote the densities of the DE bal-
loon and the passive layer, respectively. The first part in
Eq. (5) is the simplified kinetic energy of the DE balloon
due to its thin wall.

2.1.2. Free Energy

The model of an ideal DE is adopted to describe the
electromechanical behaviour of the DE balloon, which
indicates the dielectric behaviour can be unaffected by de-
formation and the electric displacement [) is linear in the

electric field £: D =¢&FE , where ¢ is the permittivity
of the DE balloon taken to be independent of deformation

[°1 Here, to account for the strain stiffening effect of the
DEs induced by the limited stretch of the polymer chains,
we use the Gent model for the DE balloon. Thus, the free
energy density of the DE balloon can be written as

__lul']lim _2/112+ﬂ'14_3 D_2
A D) == h{l }26’ ©)

lim

where Hi is the shear modulus of the DE balloon,

lim is a material constant related to the limiting stretch.
Then, we adopt the neo-Hookean model for the passive

elastomer layer, and the corresponding free energy density
can be written as

H, 2 4
A== +41" -3
W2( ) 2( + )7 (7)
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where 4 is the shear modulus of the passive layer.
The total free energy of the DE balloon and the passive

layer can be obtained by the integral of the free energy
density over the whole volume of the coupled system
along the radial direction, as follows:

¥ = [ v+ [ (D,

2 4 _ 2,4
= 4R, | Ay | A A 23 oA +f 222+ -3,
2 i 2H7 | 2
(®)

where Vi and Y2 denote the volume of the DE balloon
and the passive layer, respectively.

2.1.3. Voltage and Pressure Work

The work done by the external stimulus, including voltage

and pressure, can be expressed as W, =W, +W , where

VVV and W are work terms related to voltage and pres-
sure, respectively. The work done by the voltage can be
written as
D21
W, =®Q=C®* =4rR’ 4 ,
H, ©)

where O is the charge on the compliant electrodes,

C =4z’ / byis the current capacitance of the DE balloon.
Then, the work done by the pressure can be expressed

as

i n 4 4z
W, = 4”ij. rzdr—4ﬂpu_[k2"2d” == P =R =P, (5 =R,
(10)
where P and P, are the inner pressure and atmo-
sphere, respectively.
2.2 Equation of Motion

Substituting Egs. (5), (8), (9) and (10) into Eq. (4) and
taking the variations with respect to /i, we can obtain the
equations of motion for the DE balloon covered by the

passive layer, which can be written as

%ww@(fl—ﬂ (A Ay pa®) =0,

(4 =DR’ = (4 —DR;,

where
J(RA 2R A 3V /\pH L[ RA
‘M’“‘[ZRM;‘ R, ﬂfzj/[ . R ﬂf{ﬁ“ ﬂzﬂ

= PR, RA
V(ﬂu%,p,®)—g(ﬂpﬂg,p,d>)/[1+p i (/11 /12)11 }

1
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_ 2(11_1175) _(P*Pa)R1 2 0,
gUﬂJq,p,@)i1_(2j12+/‘l14_3)/']um HH, A z,ullel11

ﬂRIM{“(IHJ[l*lﬂ’
uoH 24 VY

and the second equation in Eq. (11) gives the cou-
pling deformation relationship between the DE balloon
and the passive layer, which is obtained by inserting
r=r, andR =R, into Eq. (2). Besides, T =t/ R\/p /1 |
(p—p)R /wH, and @/ / H, denote the dimension-
less time, the dimensionless pressure and the dimension-
less voltage, respectively.

For convenience of analysis, the following dimension-
less parameters are defined as

M=t g

b
H 1

where M and G are the shear modulus ratio and the
geometry ratio between the passive layer and the DE bal-
loon, respectively.

In the following numerical calculation, a commercially
available acrylic elastomer VHB4910 (3M Company) is
employed for the DE balloon with the following material
parameters: & =3.98x107" F/m, # = 65 KPa, and
J, lim — 120 . Without loss of generality, the radius and the
thickness of the DE balloon are fixed as R1 =10 mm and

H, =1 mm, respectively.

3. Dynamic Response under Parametric Exci-
tation

In this section, we investigate the effect of the passive
layer on the dynamic responses of the DE balloon. Specif-
ically, by varying the value of G or M , we present three
typical nonlinear dynamic behaviour for the DE balloon
induced by the introduction of the passive layer.

Consider that the DE balloon is subject to a sinusoidal
voltage:

(D(t):q)dc+q)ac Sil’l(Qf), (12)

where @, is the DC voltage, @ . and ) are the
amplitude and excitation frequency of the AC voltage, re-

spectively. Substituting Eq. (12) into Eq. (11) yields

%+q(ﬂ1,ﬁ4)[%j +r(ﬁ17/12’p’(i)d6’d)“c’é):0’
(A} -DR} = (X DR,
(13)

where ®, =®, ¢/ /H, is the dimensionless

DC voltage, ©, =D ./e/u / H, is the dimensionless
AC voltage and Q=QR \/p,/y, is the dimensionless
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excitation frequency. In the following analysis, the Run-
ge-Kutta integrator is employed to calculate the dynamic
response of the DE balloon covered by the passive layer.
We assume that the DE balloon deforms with the initial
conditions: /1‘ 0)= ﬂeq , il (0)=0, i.e., the balloon is
initially at rest, where A is the stable equilibrium stretch
of the DE balloon under the constant DC voltage only.

M

14

-0.02

-0.1
0 500 1000 1.4 16 18 2 22 16 1.7 1.8 1.9 2
T A At

Figure 2: Under a parametric combination of DC and
AC voltages

Note: Three typical nonlinear dynamic responses (a), (d), (g); phase paths

(b), (e), (h); and Poincare maps (c), (), (i) of the DE balloon covered by

the passive layer. Three different values of G are used in the simulation: G
=3 for (a), (b), (¢); G =5 for (d), (¢), (); G =8 for (g), (), (0.

Without loss of generality, we study the influence of
the passive layer on the dynamic behaviour of the DE
balloon by varying the value of G . Here, the value of
M isset as M =0.11, the value of static pressure is
set as (p—pa )Rl /,I,lll‘[1 =2.5 , the parameters of ap-
plied voltage are fixed as Ci)dc =0.1, Cf)ac =0.05 and

Q=27/50. When we change the value of G, three
typical oscillation can be observed as shown in Figure 2,

where the dynamic responses, phase paths and Poincare
maps of the DE balloons coupled with different properties
of the passive layer are plotted. The phase paths and Poin-
care maps can be utilized to further explore the dynamic
characteristics of the coupled system “**'!. If only one
point appears in Poincare maps, the coupled system un-
dergoes a periodic oscillation. If a closed loop in Poincare
maps is formed by discrete points, the coupled system
experiences quasi-periodic oscillation. Conversely, if the
points in the Poincare maps are disordered, the coupled
system undergoes aperiodic oscillation.

When G =3, the DE balloon experiences a nonlinear
oscillation, and the closed Poincare map indicates that
the dynamic response is quasi-periodic steady oscillation,
as sketched in Figures 2(a)-(c). When G =35, it can be
found that the dynamic snap-through behaviour occurs
221 i e., the DE balloon could jump dramatically be-
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tween a slightly stretched state and a largely stretched
state (Figure 2(d)). Moreover, the points in Poincare maps
are disordered shown in Figure 2(f), representing that
varying the properties of the passive layer leads to an ape-
riodic oscillation for the DE balloon. Another interesting
phenomenon is that the deformation of the DE balloon
is upper bounded (Figure 2(d)), which results from the
strain-stiffening effect of the DEs. When G =8, from
Figure 2(i), it can be seen that the Poincare map forms
a closed loop indicating that a quasi-periodic oscillation
occurs. However, as depicted in Figure 2(g), the dynamic
response under this case is beat oscillation, i.e., the DE
balloon experiences a fast oscillation but with slowly
variable sinusoidal amplitude. The appearance of the beat-
ing phenomenon is caused by two sinusoidal factors of
different angular frequencies in dynamic response of DE
balloon, where the oscillation frequency and the ampli-
tude are determined by the more rapid one and the slower
one, respectively. Therefore, it can be observed that, when
the properties of the passive layer change, the dynamic
responses of the DE balloon experience the transition be-
tween quasi-periodic oscillation and aperiodic oscillation,
especially, beating oscillation can appear at certain condi-
tions.

The dynamic behaviour of the DE balloon is dependent
on the passive layer. Under the same sinusoidal voltage
excitation, different conditions of the passive layer can
result in disparate nonlinear dynamic responses, which is
not undesirable for the practical applications. In the fol-
lowing section, we will demonstrate that, by using the ac-
tive control, the response uncertainties of the DE balloon
due to the coupling with the passive layer can be eliminat-
ed and the desired responses can be obtained.

4. Active Control

Precise trajectory output is essentially important for a DE
balloon covered a passive layer. However, some undesired
dynamic behaviours of the DE balloon are encountered
under the influence of the passive layer. In this section,
the active control methods are proposed to eliminate the
undesired response of the DE balloon and obtain precise
periodic trajectory tracking. Since the dynamic model of
the DE balloon is highly nonlinear, model-free control
algorithms are considered. More specifically, proportion-
al-derivative (PD) control and iterative learning control
(ILC)methods are adopted.

4.1 Proportional-derivative control

Proportional-integral-derivative (PID) control is the most
widely used control method, and it has numerous applica-

40 Distributed under creative commons license 4.0

tions in engineering such as robots, spacecraft, and struc-
tures "' ****). The control action is calculated based on the
error as well as the derivative and the integral of the error
between the desired output and the measured output. The
integral part of the PID controller contributes to eliminate
the steady-state error in the case that the desired output
is a constant. However, in the case of periodic trajectory
tracking, some researchers prefer not to use the integral
part, reducing to the proportional-derivative (PD) control.
Therefore, the PD control method is adopted to eliminate
the undesired dynamic response of the DE balloon and
track the desired trajectory.

The desired response of the DE balloon is considered
as a sinusoidal oscillation around ﬂ'eq , written as
Ay = Ay, + Asin(QT) (14

where the amplitude 4 = 0.05 is adopted in the simu-
lations. The input voltage *'m of the system is calculated
by

D, :maX(O,d)E +CDPD), (15)

where @y is the excitation voltage and Ppp is the
feedback control voltage calculated by PD control meth-
od. Note that, @, , @ and D, denote dimensionless
voltages in following analysis. It is worth noting that
when the voltage becomes negative, it also stretches the
DE balloon as if it is positive. However, in the control
theory when the input becomes negative, the input is sup-
posed to have an opposite effect on the system. Since the
negative voltage cannot produce an opposite effect on the
DE balloon, the input voltage is limited to positive by a
maximum function in Eq. (15). The feedback control volt-
age is calculated by

CDPD ZKP€+KDé (16)
where Kp and Kp are proportional and derivative

gains respectively, € = A,, — A, is the error between the
desired output and the actual output (it is assumed that

it can be measured accurately without time delay). The
gains K, and K, are determined manually based on the
influence of the gains on the control results """, The effects
of the PD controller on the dynamic behaviours of the DE
balloon coveredby the passive layer will be shown in the
following simulations.

Table 1. Proportional and derivative gains in the simula-

tions
G 3 5 7
K, 5 2 3
K, 5 8 15
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The simulations focus on the typical dynamic be-
haviours as shown in the last section, which are qua-
si-periodic oscillation, aperiodic oscillation, and beating
oscillation for G=3, G=15, and G =7 respectively.
The values of the proportional and derivative gains in
the simulations are shown in Table 1. It can be seen from
Figure 3(a) that the response of the PD controlled DE
balloon appears to be sinusoidal despite of the values of
G . By comparing with the dynamic behaviours without
PD control in Figure 2, it is found that the PD controller
effectively eliminate the quasi-periodic oscillation, aperi-
odic oscillation, and beating oscillation of the DE balloon
coveredbythe passive layer. The control errors of the DE
balloon are shown in Figs 3(b). It can be found that the
control errors are also periodic. The maximum control
errors are about 5.7 %, 45.5 %, and 21.9 % of the desired
oscillation amplitude for G=3, G=5,and G=7
respectively, which are too large for the DE balloon. Al-
though increasing the proportional and derivative gains
could reduce control errors, the system would be more
sensitive to measurement noise in practice. Therefore, a
new controller will be proposed combined with ILC in the
next subsection to further improve the control accuracy
of the DE balloon without changing the proportional and
derivative gains.

8

(a)

7 PN NN N Nt
[ —G=3
6 —G=5] |
G=7
5
=
4|
3L
2L |
PNANANANNNNNNNN NN NSNS
1 |
0 200 400 600 800 1000
T
0.04 :
(b) — =3
e (=5
G=T
I MR TR

error
o
-_—
-
-_—
(:
_—
—
—
(‘:
—
J’
-_—
—
—
-1
s

-0.02 |

0 200 400 600 800 1000
T

Figure 3. Under the excitation voltages and a PD control-
ler, dynamic responses (a) and the control errors (b) of the
DE balloon covered by the passive layer.
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4.2 Iterative Learning Control

ILC is a model-free control method for batch operations
that improves the control accuracies of the current opera-
tion by using the control inputs and outputs of the previ-
ous operations.In order to improve the control accuracy
in the periodic trajectory tracking problem of the DE
balloon, the ILC method is combined with the PD control
method.

The control voltage of the current period is obtained
based the control voltage of the last period. The input

voltage in the kth period of this new ILC-PD controller
is calculated by

oF = max(0,®',§ + Oy, + q’ﬁc) (17)

where (DlliD is obtained by Eq. (16), and CDfLC is the

feedforward control voltage obtained by ILC method. In

order to design q)ch , two basic principles should be no-

ticed. Firstly, from the simulation results of Figure 3, the
first period is devoted to reducing initial error and obtain-
ing periodic oscillation. Therefore, the learning process
should begin at the third period using the information of
the second period. Thus cDch should be 0 for the first
and second periods. Secondly, the PD control scheme
should be smoothly switched to ILC-PD scheme at the
beginning of the third period, so that the sudden change
of the input voltage, as well as the dynamic behaviours of
the DE balloon, can be avoided. Based on the above two
principles and the ILC controller in literature *”, q)ffé can
be designed as

chL% =K ¢ (q)ch + q)llgn) (18)

where

0, 7<100,

K. .= _
" ltanh (T—IOO], T >100.
50 (19)

_— =
6| -G =5|]
G=T

0 200 400 600 800 1000
T

DOI: https://doi.org/10.30564/jmer.v2i1.914 41



Journal of Mechanical Engineering Research | Volume 02 | Issue 01 | March 2019
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Figure 4. Under the excitation voltages and an ILC-PD
controller, dynamic responses (a) and the control errors (b)
of the DE balloon covered by the passive layer.

The simulations are carried out to validate the effec-

tiveness of the ILC-PD controller for G=3, G=5
,and G=7. The gains are shown in Table 1, and the
simulation results are depicted in Figure 4. Before the ILC
scheme is switched on (7'<100), the dynamic behaviours
of the system are exactly the same as those of the PD con-
trolled system in Figure 3. However, after switching on
the ILC scheme, the magnitudes of the dynamic responses
change gradually and the frequencies appear unchanged,
as seen in Figure 4(a). Figure 4(b) illustrates that the con-
trol errors of the DE balloon actuator are reduced greatly
for T >100 . The maximum errors, after they reach the
steady periodic oscillation, become 0.015%, 0.068%, and
0.026% of the desired oscillation amplitude for G =3,
G =5,and G =7 respectively.

It can be concluded from the above analyses that the
ILC method contributes to reduce the trajectory tracking
errors of the PD control method by 2-3 orders of magni-
tude. Therefore, the proposed ILC-PD controller is suit-
able for high-precision periodic trajectory tracking of the
DE balloon covered by different properties of the passive
layers.

4.3 Accuracies and Stabilities of the Controllers

In the above simulations, the PD controller and the ILC-
PD controller have been demonstrated to eliminate the
undesired dynamic behaviours and improve trajectory
tracking accuracies. However, the effects of the propor-
tional and derivative gains on the controlled system are
not addressed. Due to the complexity and nonlinearity of
the system and environment, it is not easy to study the
stabilities of the controller theoretically. Therefore, the
authors would like to study the effects of the proportional
and derivative gains on the accuracies and stabilities of
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the controllers numerically in this subsection.
Although the control errors are dependent on G, the
tendencies of the control errors with respect to the control

gains are similar for different value of G . Thus, G =5
is considered in this subsection. In the simulations, both
K, and K vary from 0 to 20 with the increment of 1,

and all the combinations of K, and K are studied. The
simulation results are presented in Figure 5. The maxi-

mum errors are estimated in the steady state, i.e. the 10"-
20" periods for the PD controller and 15"-20" periods for
the ILC controller.

o (¢
log, (e)

ol b A o -

obh A L o

10 10
K, Ky

20 20

Figure 5. Effects of proportional and derivative gains on
the maximum control errors of the controllers for G=5:
PD controller for (a), and ILC-PD controller for (b).

Before studying the stability of the controllers, a sta-
bility criterion should be introduced. Since the desired
oscillation amplitude is 0.05, the controller can be roughly
considered stable if the maximum control error is smaller
than 0.05. Under this criterion, it can be clearly seen from
Figure Sthat the stable region of the PD controller is much
larger than the ILC-PD controller, although the accuracies
of the ILC-PD controller are much high in the stable re-
gion. The accuracy of the PD controller increases as K,
or K, increases. And the effect of K, on the accuracy
of the PD controller is larger than that of K. However,
K, has a dominant effect on the stability and accuracy
of the ILC-PD controller. The ILC-PD controller becomes
unstable if K, is too small. As K, increases, a larger
K, should also be chosen to guarantee the stability of the
controlled system. In summary, a small K, and a moder-
ate K; should be chosen for the ILC-PD controller.

5. Conclusions

This paper investigates dynamic behaviours and active
control of a DE balloon covered by an external passive
layer. Using the Hamilton’s principle, the motion of equa-
tion for the DE balloon coupled with the passive layer is
derived. Based on the coupled model, we observe three
typical dynamic responses including quasi-periodic os-
cillation, aperiodic oscillation and beating oscillation.
Furthermore, the transition among these types of dynamic
responses can be realized by varying the properties of the
passive layer. The undesired dynamic behaviours of the
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DE balloon due to the introduction of the passive layer re-
quire to be eliminated, which can be achieved by a simple
PD controller, however with large control errors. In order
to further improve control accuracy, the ILC method is
introduced, and an ILC-PD controller is proposed. Simu-
lation results show that the control errors can be reduced
by 2 or 3 orders of magnitude using the proposed ILC-PD
controller. We hope that the present analysis can improve
the understanding of dynamic behaviours of a DE balloon
covered by a passive layer and promote the control of un-
desirable dynamic responses.
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