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Abstract

This paper evaluates the effectiveness and performance of lonic Polymer Metal Composite (IPMC) based active vibration

control scheme equipped with the Kalman estimation algorithm. To assess the vibration attenuation efficiency, a rotating

flexible manipulator has been modelled integrating two IPMC actuators following the modal approach. The elastic

displacements as generalized coordinates for estimating optimal performance is carried out next by discretizing the elastic

motion through the assumed mode technique and applying the Kalman filter. Simulations are then performed to demonstrate

effective vibration attenuation using both IPMC and the Kalman filter. Kalman filter is employed for the whole vibrating

system taking into account of the bending moment generated by the IPMC actuator. Experiment is conducted for the proposed

damping scheme and the results are compared and verified with the simulation results.
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1. Introduction

A mechanical flexible link system is essentially a distributed
parameter system with infinite degrees of freedom. The
fundamental problem of actively controlling flexible link is
to control a large dimensional system with a much smaller
dimensional controller. For example, a large number of
elastic modes may be needed to model the behaviour of a
large flexible aero-blade; however, active control of all these
modes is not possible due to computational and controlling
limitations. Consequently, active control must be confined to
few critical modes which are chosen according to the system
performance requirements such as vibration tolerance and
precision.
Apparently, the effect of the residual (uncontrolled) modes
on the closed loop system is often ignored [1], although,
effects of higher modes could be accommodated as
disturbance in robust control.

Controls of rotational flexible links have been
extensively studied in the past [2-5].
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In space applications for instance, the robotic systems and
vehicles are usualy made of lightweight materials for
effective performance and to help the launch.
Unfortunately, these applications are subjected to a high
degree of flexibility and generate unavoidable vibrations

[6].

It is noteworthy that smart piezoelectric materials have
been used successfully for controlling vibration of single
and two link planar link systems [7-9]. On the other hand,
links made of composite laminates exhibit non-
proportional damping.

A hybrid control approach to control the gross
motion of a rotational flexible link has been proposed by
Sun et al. [10] using piezoelectric actuators (PZT) bonded
on the surface of the flexible link to suppress the vibration.
It was found that ferromagnetic materials show high
damping at low strain levels (around 50-100 p-strain)
only, however, for structural vibration control, induced
strains are often at least one order higher in magnitude.
To avoid this problem a hybrid damping scheme has been
previously proposed in the literature [11-12]. Hybrid
damping scheme is an interactive combination of active
and passive damping [11]. Usualy smart materias as
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finite dimension actuators are used to control the vibrations.
However, with the introduction of magnetostrictive
composites, such material can be used as distributed finite
dimensional layers over the link to introduce distributed
control of vibration. Smart magnetostrictive material layer
like the Terfenol-D is used to achieve active damping in the
link. The vibrational energy in these aloys is dissipated
through magneto-elastic coupling. During vibration, the
coatings of such materials undergo a change of strain,
initiate a movement of magnetic domains and dissipate the
mechanical energy through hysteresis[12].

Recently, the property of producing large bending
moment or actuation strain by applying relatively low
voltage has made IPMC attractive for both hybrid (strain
dependent) and active damping applications. lonic polymers
reguire control voltage of around 3-5V while piezoelectric
actuators normally require around 200-500V. This helps to
employ simple controller and electronics making ionic
polymers a lightweight alternative. Further, due to high
brittleness, PZT actuators are manufactured with relatively
small dimension and may lead to breakdown under fatigue
loading.

Electro-active polymers (EAP) belong to a class of active
polymers that are divided into two categories, electronic,
driven by electric field, and ionic, driven by diffusion of ions
[13]. lonic polymer material has both fixed anions and
mobile cations. When the material is hydrated the cations
will diffuse toward an electrode on the material surface
under an applied electric field. Inside the polymer structure,
anions are interconnected as clusters providing channels for
the cations to flow towards the electrode. This motion of
ions causes the structure to bend towards the anode [14-15].
The extremely large motion relative to size makes the
polymers attractive as actuators. Also EAPs only require a
few volts for actuation, usually less than 5 V [13, 16]. lonic
polymer metal composite (IPMC) are generally made of
nafion, a perfluorinated polymer electrolyte, sandwiched in
between platinum (or gold) electrodes on both sides[17-19].

The paper demonstrates a comparative study with
an active vibration control scheme and a filtering technique.
The main objective of the present studies is to correlate the
performance of IPMC actuator to that of the Kalman filter
algorithm for active vibration control. The comparison is
important to demonstrate the vibration attenuation efficiency
of IPMC with the real time estimator.

The proposed distributed PD controller using IPMC has been
implemented with a flexible manipulator to assess the
damping performance of the scheme. Due to low stiffness,
the flexible manipulator generates parasite vibration during
its movement. The vibration can be considered as the
instantaneous dynamic tip deflection about its mean position.
This vibrations cause errors in positioning the tip. The paper
is organized by modeling the system and then employing the
proposed PD control scheme with IPMC and then applying
Kaman filtering algorithm. The damping performance of the
system has been shown in terms of the reduction of the tip
deflection (i.e. vibration) while in Kaman filter, the true
states, that is, tip deflection and tip deflection rate of the
system has been measured and subsequently measurement

error identified. Because the feedback controller requires
measurement of the states in order to achieve pointing
accuracy, here, in the paper the states has been estimated
continuously by using the Kaman filter and that
subsequently relates the tip deflection of the controlled
system.

A rotating flexible link has been modelled with

two IPMC actuators to show the vibration suppression
efficiency. The property of producing large bending
deflection and subsequent bending moment of IPMC with
low input voltage is utilized here. IPMC bonded to the
flexible link bends and generates a bending moment that
opposes the structural vibration. Two IPMC actuators are
utilised for considering the first two modes of vibration. It
is found that first two modes of the flexible link take the
maximum amount of energy [20-21]. To meet the
requirements for pointing accuracy; flexible body
parameters such as elastic displacement are of great
importance for control tasks and should be continuously
identified in the working environment. Using the well-
known Kalman filter algorithm [22-24], the identification
of flexible body parameters is found to be more efficient
in the present study. Kalman filter gives the smallest
possible estimation error by minimizing the 2-norm of the
estimation error where the expected value of estimate is
equal to the true state on an average. The theoretical
results have been validated experimentally with a rotating
flexible link using two IPMC actuators. Data acquisitions
have been done through piezoelectric (bimorph) sensors
located behind each IPMC and are used to record the
strain amplitude in terms of voltage.
In section 2, IPMC properties are briefly discussed mainly
focusing on the relationship between tip angle with input
voltage. Section 3 presents the modelling of the flexible
link with IPMC actuators. In section 4, Kaman filter
estimation algorithm is discussed.  Simulations and
experiment results are discussed in section 5 and the
conclusions are finally drawn.

2. Bending Characteristics of IPMC

In order to obtain the bending characteristics of IPMC
with input voltage, an IPMC of size (40 x 5 x 1) mm® has
been tested in cantilever mode. Copper electrodes are used
at one end and voltage is applied quasi-statically from a
DC power supply (0-60V, 0-10A, supplied by Elnova
Ltd., New Delhi) and subsequently deflection of IPMC is
recorded through graph paper for each input voltage.
Euler-Bernoulli equation for the bent IPMC may be
written as:
M = E_ En = ﬂ@ Q)
R R I
where, M is the bending moment, El is the flexura
rigidity of IPMC and | is the length. R is the radius of
curvature of IPMC for an input voltage V. From Figure 1,
one can establish the voltage versus tip deflection
relationship as:
0 =KV +K, (2



where, K,,K, are the constants. Using the experimental

data, constants are evaluated using linear curve fitting
approximation technique as shown in Figure 1 with a quality

factor (%) of 0.9994. Where, K; and K, are given by,
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Figure 1. Change in tip angle of IPMC for variousinput
voltage.

K;=0.3347 and K, =0.0069. Neglecting the constant K,
equation (6) issimplified to:
0 =0.3347V @)
Therefore, bending moment generated by IPMC is obtained
as.
El
= [0.3347|—}V =KV (8)

where, the constant K :0.33472. Figure 2 shows the

variation of bending moment with input voltage.
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Figure 2. Experimentally obtained change in bending
moment for various input voltages.

3. Governing Equation of Motion with I|PM C Patches

The IPMC actuators bonded to the top surface of the
flexible link are driven by low actuating voltage and
generate distributed bending moment which opposes the
structural vibration. Considering that uniform distributed

bending moment generates over the region X; < X< X,
can be replaced in the link’s differential equation by two
point moments at X; and X, asshown in Figure 3, then,

the governing equation of motion of a vibratory flexible
link can be expressed as:

2 o2
“AM) =M} + pp

X2 at?

where, W(X,t) is the transverse displacement of the
flexible link, M (x) isthe beam internal bending moment,

m(x) is the externally applied distributed bending

moment from IPMC actuator, T is the motor torque
supplied at the hub and py, is the mass per unit length of

the flexible link.
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Figure 3. Placement of IPMC patches along the length of
the flexible link (top view).

The external bending moment can be expressed as:



KV < X< X
m(x) = =X
0 otherwise

This expression can be expressed in terms of Heaviside
Function as:

(10)

m(x) = KV[H(x—x)—H(x—%)] (11)
0 if 0

where, H(X) = _I X< , therefore, introducing step
1 if x>0

function one can Write the equation as:
d2
—m(x) = KV —|H(X=x)-H(X=x)
dx? [ ] (12)
=KV [5'(x— xl) -0 (x—xz)]
Therefore, substituting all values of M (x) and m( x)
equation (9) one can obtain the equation of motion as,
a4w o*w
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Equation (13) is describing the motion of the distributed
parameter system. In order to obtain a closed form solution,
amodal decomposition of the form can be considered as:

w(x,t)= D" (x)g; (t) (14)
i=1
where, ¢; (X) are the mode shapesand ¢; (t) are the time

dependent modal amplitudes, considering first finite ‘n’
modes then equation (13) istransformed into,

Eplst (D¢ 0+ ppth () (1) =
T+m[6'(x—x1)—5'(x—x2)]
Multiplying by both sidesby ¢; (X) and integrating along
thelength | of thelink equation (15) gives
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In flgure 4, it is shown that the first two modes take the
maximum amount of energy and on increment of mode
numbers total energy does not change appreciably. Based on
this we have considered two strips of IPMC as actuators as it
will be satisfactory for suppression of the two major modes
of vibration. This will also minimize the cost of IPMC being
used.
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Figure 4. Successive summation of total energy as mode
number increases up to six.
[

For normalized mode shape, takingjd)i (X)de= 1,
0
equation (16) is further reduced to,

Pb a; (1) + EplpG (D =

_ an
TJ¢ X)ox+KV [ ' () -4 (x)]

Where, y; determines the modal stiffness and is given by

|
g =J-¢i ( X)d)i”" (x)dx and introducing the hub inertia

0
one can rewrite the equation as:
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Define, Kq =" = Eplpyi,

RZ[‘P.'(Xz) ¢ (% ]K Q= .[(15 x)dx the system
governing equation |ssmpI|f|ed to:

I 6+ pp (1) + Kqa(t) = QT + RV (20)
Equation (20) can be written in simplified form as,

R R

M ©+K© = B;U (22)
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where, the state vector © :{ ]input matrix Bj :[ }
q Q R

0 O
and Kg ={0 K } is the stiffness matrix. It is to be noted
q

that i-th mode is controllable if and only if B; isnonzero.

4. Kalman Filter

The proposed feedback control system aways requires the
measurement of tip deflection and tip deflection rate of
actual system. Further potential noise immunity also requires
careful filter design. In the proposed Kalman filter, the noise
has been introduced in the actual system, as the derivative
gain is highly susceptible to noise. In addition, sometimes
due to input to the system, nonlinearity and high frequency
modal terms, the system response becomes oscillatory.
These can be minimized by filtering the output response of
the feedback controller i.e. the measurement data.

The Kaman filter is a computational algorithm
containing a sequence of time and measurement updating of
the estimates of the system. It is used to identify the elastic
displacements or system identification parameters. The
Kaman filter can incorporate dynamic noise in the
dynamica model of the state. It is a real time estimator
supplying the estimates for the instant that the measurement
is available. The filter algorithm is essentially a set of
mathematical equations that implement a prediction-
corrector type estimator that is optimal in the sense that it
minimizes the estimated error covariance when some
presence conditions are met. The many approaches to this
basic problem are typically based on the state-space model.
There is typicaly a process model that models the
transformation of the process state. This can usually be
represented as a linear stochastic difference equation as in
equation (23). The filter consists of two cycles [25-26]:

e Time Update

e Measurement Update

4.1, State dynamics model
The state dynamical model can be represented as

X= AX+ Bu+Ww (23)
T
where, x= [9 q 0 q) is the state continuously variant

in the time, B is the input matrix in addition of process
noises w and A is the system matrix that relates the state
timely and linearly and is given by

e
Ao -
-Kp | —Ca

where, K 4 =diag {O, a)nz} , the matrix contains the squared

(24)

natural frequencies, and the damping
matrix Cp = diag{0, 2w,}. The natural frequencies of
the first three modes are given by:

wp, =32.34 rad/sec, wp, =202.5504  rad/sec
and w,, =567.1505 rad/sec. Further
coefficient for the aluminium istaken as: £ = 0.01.

the damping

4.2. M easur ement model

In addition of the above model, there is some form of
measurement model that describes the relationship
between the process state and the measurements. This can
usually be represented with a linear expression. The
measurement model is given by:

y=Hx+v (25)
where, y is the measurement vector composed by the

angle 0 and angular velocity 9 observables. The

measurements of © and 0 are taken by a position and
velocity sensor. For the angular position and velocity it is

assumed nominally a standard deviation of 0.1and

0.0’ /s respectively. The H matrix relates the
measurements to the state by
1 000
H = (26)
0010

where, v represents the measurement noise. The specific
equations for the time and measurement updates are
presented below. Figure 5 shows the schematic diagram of
the Kalman filter for estimating the state variables of the
flexiblelink.
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Figure 5. A schematic diagram of the Kalman filter
designed to estimate the state vector of the flexible link.

The time update, is represented as

Xk = A%_; +Bu 4 (27)
Pk = AR_,AT +Q (28)
while the measurement update
B ~ -1
K, =PkHT T
k=P«kH' |HPkH +R (29)



s _
xk:xk+Kk[yk—H ij (30)

R = (1-K¢H) Pk (31)
where,

xk € R": Priori state estimate at step K,

+

xk € R": Posteriori state estimate at step k,

Pk € R": Priori estimate error covariance at step k,

Pk € R": Posteriori estimate error covariance at step k.
Q : Process noise covariance,

R : Measurement noise covariance,

Y —H Xk : The measurement innovation or residual.

The first task during the measurement update is to compute
the Kalman GainK, . After each time and measurement

update pair, the process is repeated with the previous
posteriori estimates used to project or predict the new a
priori estimates.

5. Results and Discussion
5.1. Simulations

In this section, the results obtained from numerical
simulation of single-link flexible manipulator using the
material properties as shown in Table 1. All programs are
developed in MATLAB. To solve the differential equations
in state space, the in-built function of MATLAB called
“oded5” is used. Oded5 is based on 4-th and 5-th order
Runga-Kutta scheme with adaptive step size. Square torque
of magnitude 1 Nm is used for simulation that is applied to
the link via a stepper motor.

Property Aluminium IPMC
Elastic modulus 70 GPa 1.2 GPa
Length 0.8m 40 mm
Width 50 mm 5mm
Thickness 4mm 1 mm
Areaof c/s 200 mm? 5 mm?
Density 2700 Kg/m® 2000 Kg/m®

Table 1. Material and physical properties of both link and
IPMC.

Two patches of IPMC are used to actively damp the
vibration of flexible link. A distributed active strain is
generated by driving the required voltage through the IPMC
when it is used as active damper [21-22]. Figure 6 shows
both the undamped and damped response of the flexible link
for square torque input. It is observed that using two patches
of IPMC around 80% of tip deflection reduction is possible
as shown in Figure 7. Thus, it is observed that the proposed
vibration control scheme attenuate vibration considerably.
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Figure 6. Undamped and damped vibration response of the
flexible link for square torque input of magnitude INm.
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Figure 7. Reduction in tip deflection of the flexible link
during active damping.

In the follow-up, Kalman filter estimates the tip deflection
and tip deflection rate of the flexible link for square torque
input of magnitude INm. Filter's performance is assessed
for atime step of 0.0067 sec while total time is taken 10
seconds to estimate the system variables. As the proposed
control scheme susceptible to noise, therefore, noises are
introduced in the actual system in order to estimate the
true states of the flexible manipulator. Figure 8 showsthe
actua tip deflection with the filtered tip deflection of the
flexible manipulator about its mean axis. The true
response of the system represents the combined vibration
and noises of the system. Figure 9 separately illustrates
error filtered in terms of tip deflection of the flexible link.
Similarly, Figure 10 shows the actual response and filtered
response of the deflection rate of the link while Figure 11
shows the error filtered. It is found that relative error of tip
deflection and tip deflection rate is 7.2 % and 7.44%
respectively.
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5.2. Experiments

In order to validate the damping performance of IPMC
actuator with the Kalman filter, extensive experiment has
been conducted using IPMC with a flexible manipulator
with different amplifier gain.

Kaman filter is used for attaining the vibration response
of the whole system i.e. flexible manipulator with IPMC.
Where bending moment obtained through experiment is
incorporated in the estimation algorithm and subsequently
the tip deflection is measured. While experiment is
conducted using the proposed distributed active vibration
control scheme. Subsequently the effectiveness of the
active vibration control scheme is compared with the
filtered results.

The experiment is done with a rotating flexible link of
length 80 cm made of aluminium and is rotated by a
stepper motor. Two IPMC actuators are placed at 30 cm
and 60 cm away from the hub end with two piezoelectric
(bimorph) sensors placed collocatedly behind each of the
IPMC (40x10x0.2 (mm°)) actuators to develop two
independent proportional derivative (PD) control loops as
shown on Figure 12. Figure 13 shows the experiment
setup with two IPMC actuators with other control
accessories.

Comparator

Reference +
Controller

Link with IPMC

Figure 12. Schematic diagram (top view) for the flexible
link system with an independent single loop PD controller
for active vibration control.

The details of the controller design are discussed in Ref.
[21]. Sensor datais collected by PC interfaced DAQ-PCI-
6251 and NI-DAQmx (supplied by National



Instrumentation) with signal conditioner. The flexible link is
rotated with constant torque in to-and-fro fashion with a
stepper motor within 72 degrees angular position to vibrate
the link. The operating speed of the motor is kept 30 rpm
with 3.6 degrees step size. The cyclic motion of the flexible
link along with the stepper motor’s step motion generates
vibration. LabView software is employed to study and
analyze the vibration. Through Fast Fourier Transform of the
sensors data of undamped system, it is observed that the link
vibrates predominantly with only lower modes of vibration
around 5-40 Hz. Higher modes of excitation up to 120 Hz is
aso observed. The working principle is based on the
bimorph signal sensed and the IPMC is actuated accordingly
S0 as to generate a bending moment to oppose vibration.
Experimentally, it has been verified that the voltage
generated in the bimorph sensor is proportional to the tip
deflection. Figure 14 shows the PD controller used in the
present experiment for vibration control. The response of the
system using PD controller with positive unity feedback can
be expressed as:

C(s) (Kp+Kps)G(s)
R(s) 1+(Kp+Kps)G(s)
function of the flexible manipulator with IPMC and
bimorph. Theoretically, the transfer function of the flexible

_— [21],
S°+25wS+w
where, £ and w are the damping factor and the modal

frequency respectively. The experiment is conducted using
the following PD compensator gain:

Proportional gain (Kp )= 1.5, Derivative gain (Kp )= 0.14.

. Where, G(s) is the transfer

manipulator is obtained as:G(s)= 5

h |.A b k
Figure 13. Experiment setup is showing flexible link with
two IPMC actuators.
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Figure 14. PD controller used in the proposed vibration
control [21].

4

Undamped response

s 2
@
E 0
o
= a2r
_4 1 1 1 1
0 2 4 € 8 10
Time (sec)
Damped response
0.02
E 0.01 H
@
g |
o
=001} B
_0_02 1 Il Il 1
0 2 4 6 8

Time (sec

)

10
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Figure 15 illustrates the undamped and damped vibration
response of the flexible link recorded in sensor 1 while
Figure 16 shows the comparative evaluation of the
proposed active damping scheme. Figure 17 illustrates the
corresponding percentage reduction in tip deflection in
sensor 1. It is observed from the experiment results that
vibrations have been attenuated considerably. Figure 18
shows the undamped and damped vibration response of
the flexible link recorded in sensor 2 while Figure 19
shows the comparative evaluation of damping experiment
in sensor 2. Figure 20 and Figure 21 demonstrate the Fast
Fourier Transform of the undamped response data
recorded in sensor 1 and sensor 2 respectively. It is
observed that the bandwidth of the vibration remain within
10-80 Hz. Through experiment, it is observed that up to
60-80% reduction in tip deflection of flexible link is

achievable.

Power spectral density
10 T T

0 \1 W,\/\Wv ]
5 L
A0t
15 L L L L
0 50 100 150 200 250
Frequency (Hz)

Figure 20. Fast Fourier Transform (FFT) of the undamped
vibration response of the flexible link recorded in sensor
1
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Figure 21. Fast Fourier Transform (FFT) of the undamped
vibration response of the flexible link recorded in sensor
2.

6. Conclusion



The contribution of the paper is to verify the contribution to
the effectiveness of IPMC actuator with the Kalman filter
for controlling vibration. Kalman filter algorithm is found
fruitful to estimate the tip deflection and tip deflection rate
of the link and based on which comparison is made with the
proposed vibration control scheme. It is observed that
incrementing IPMC actuators are a good means to attenuate
the high amplitude vibration more effectively. This would of
course increase the cost of control.
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