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Experimental Identification and Active Control of Configuration Dependent
Linkage Vibration in a Planar Paraliel Robot

Xiaoyun Wang, Member, IEEE, James K. Mills, Member, IEEE, and Shuxiang Guo, Senior Member, IEEE

Abstract—Jn a lightweight planar parallel robot, unwanted
linkage vibrations are induced during high-speed motion. The
tramsfer functions frem motor inputs to linkage vibrations are
dependent on the robot confignration. In this work, we experi-
mentally identify linkage vibrations by performing experimental
medal analysts using lead zircomate titanate transducers. Then,
the contributions of linkage modes are separated from config-
uration-dependent transfer functions. Through redefinition of
vibration imputs, the flexible linkage dynamics s approximated
by a linear dynamic model with variations of natural frequencies.
Based on this simplification, a modal controller is designed to
control two linkage modes. Experimental control resnits, yielding
more than 50% reduction of vibration amplitudes of these two
medes, validate the effectiveness of the proposed control strategy.

Index Terms—Active vibration control, experimental modal
analysis (EMA), parallel robot, smart stractures.

I INTRODUCTION

UPPRESSION of unwanted linkage vibrations caused by
large inertial forces and external disturbances in light-
weight mechanisms has aftracted significant research interest.
A variety of techniques, including optimization of linkage
cross-section [1], utilization of hjgh-performance cornposite
materials [2], smart structure techniques [3], and passive

damping materials [4], have been proposed to reduce the -

linkage vibrations.

Paralle]l mechanisms have recently been stndied intensively
because of their potential to achieve higher payload, higher
speed, and higher accuracy than serial mechanisms [5]. A
“smart parallel tobot” shown in Fig. 1 has been designed
for high-speed manufacturing processes. The prismatic-rev-
olute-revolute (3-P-R-R) kinematic architecture was selected
based on an optimal effective workspace criterion [6]. To
achieve high-speed motion, linkages are designed to be light-
weight, however, vibrations may be induced due to inertial and
driving forces. Due to their high force-output and fast dynamic
response properties [3], piezoclectric ceramics are utilized to
sense and control linkage vibrations. '

For flexible-link robots with closed-loop archifectures, the
location of the end-effecter cannot be expressed explicitly in
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Fig. 1. Prototype of the “smart parallel robot”.

terms of actuated joint coordinates. The motion of multiple king-
matic chains is coupled and the linkage vibration is nonlinearly
coupled with rigid-body motion of the robot, and configueration
dependent. Utilizing the moving-frame approach, a dynamic
meodel of the parallel robot has been developed [7].

The main focus of this paper is to experimentally investigate
the vibration characteristics of a single flexible linkage using
lead zirconate titanate (PZT) transducers. Based on identifica-
tion results in varicus configurations and operating conditions,
an active vibration controller is designed and implemented to
suppress linkage vibrations. Experimenial results demonsirate

- the validity and robust behavior of this controller.

This paper is organized as follows. Section II reviews the Iel—
evant literature. Section 11T introdnces the experimental setup
used in this investigation. Section IV presents EMA results of
one flexible linkage of the parallel robot. Based on assumptions
made using EMA results, an active vibration coniroller is de-
gigned in Section V, with experimental results given. Finally,
Section VI concludes this paper. '

II. LITERATURE REVIEW

‘Work in [8]{13] has been undertaken to introduce PZT ma-
terials for active vibration control of flexible mechanisms. Sung
etal. [8], [9] investigated the usage of single PZT sensor and ac-
tmator to suppress linkage vibration of a four-bar linkage mech-
anism. Choi et al, [13] simulated linkage vibration control of a
flexible mechanism using pierzoelectric films.

The flexible mechanisms stdied in the literature are either
open loop mechanisms or with only one closed loop, such as a
four-bar linkage or slider-crank mechznism. No experimental
work has been reported addressing active vibration control of
flexible mechanism with multiple kinematic chains. In these

- multi-chain mechanisms, the boundary conditions are mot

1063-6536/325.00 @ 2009 IEEE
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simple and therefore must be identified, The coupling of rigid
body motion and linkage vibrations also needs to be studied.
Experimental modal analysis (EMA) [14), has been widely
used in the experimental identification of structural dynarmic
behavior. Smart materials actuators and sensors are used to
excite and sense structural vibration and may be further used
to identify structural modal properties. Saunders er al, [15]
derived an EMA formulation for a simply supported plate with
PZT actuators and Polyvinylidene Auoride (PVDF) sensors.
Wang et al. [16] discussed the feasibility of modal testing using
PZT transducers using a cantilever beam.

Numerical studies demonstrate that vibration characteristics
of flexible mechanisms typically exhibit both configuration-de-
pendent and nonlinear properties [17]. Shabana (18] pointed
out that development of experimental modal identification tech-
niques for multi-body systerns may be one of “the most chal-
lenging and interesting problems™ in the analysis of multi-body
systems. Hardage and Weins {19] used a hatmer and an ac-
celerometer to identify natural frequencies and damping ratios
of a stationary parallel robot as a function of robot configura-
tion: Wang and Mills generalized the modal identification pro-
cedure utilizing a combination of a number of transducers, in-
cluding PZT transducers [20]. Since this paper is submitted,
these authors further studied the control of vibrations in the link-
ages[21]. The work here investigates linkage vibration charac-
teristics when the robot undergoes rigid body motion. Transfer
functions from motor input to linkage vibration responses are
simplified, which allows the proposed controller to be designed
in modal domain.

HI. EXPERIMENTAL SETUP

The experimental setup is introduced in this section. The ex-
perimental system is comprised of the parallel robot, a motion
control system, active vibration control instruments, and a host
cornputer with a MC3-DSP controller.

Fig. 2 shows a schematic of the parallel robot, The three pris-
matic joints, i.e., the three sliders shown in Fig. 2, are active
Joints, located at B;, i = 1,2, 3 Each prismatic joint is driven by
a dc servo motor which actuates ball bearing lead screws, Each
shider is connected to a linkage through a passive revolute joint
at Bi, i = 1,2,3 Three linkages are connected to the moving
platform with a passive revolute joint at (U, 4 = 1, 2, 3 Linkage
1is designed to be flexible to allow experimentation with vibra-
tion contral, while the other two links are rigid. With dc motors,
the moving platform of mass 4.049 kg, is positioned in the 40
cm x 40 cm workspace, with a desired otientation. The platfonm
can achieve a linear speed of 4 m/s, acceleration of 10g, aud a
accuracy of sub-10 um {6).

In Fig. 2, a global coordinate system is shown as (=, 9, 0),
with the origin located at the center of the workspace (2, The
position and orientation of the platform, at the mass center P.is
defined as (z,,y,) and oy, TeSpectively. Three active prismatic
Jjolnts, i.e., sliders, moves along ball bearing lead screws, whose
orientations are at angles ¢;, measured with respect to the global
z-axis, respectively, 270°, 302, 150°. The origing of three ball

 bearing lead screws are indicated by A;, 4 = 1,2,3. The co-
ordinate from A; to the location of the sliders B; is defined as
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Fig. 3. Vibration control syster for one fexible linkage.,

pi. The vector (p1, o2, p3) denotes the robot configuration and
(0,0,0) is the home configuration.

Fig. 3 is a schematic of the active vibration control system
for the flexible linkage, denoted as linkage 1 in Fig. 2. Four
PZT sensors and two PZT actuators are bonded to this flexible.
Linkage. The charge signals from the PZT sensors are converted
to a voltage signal by impedance converters and then amplified
by signal couplers. These amplified signals are sampled by the
DSP unit which provides PZT drive signals which are filtered
by second crder Butterworth low pass filters.

IV. EXPERIMENTAL IDENTIFICATION OF THE MobDAL
PROPERTIES OF THE FLEXTRIE LINKAGE

The aim of this section is to identify the characteristics of
linkage vibrations to be controlled, which occur when the robot
undergoes rigid body motions. EMA is performed to charac-
terize linkage vibrations with the robot in various configurations
and operational conditions. Section ITV-A introduces EMA re-
sults when the robot is stationary, i.e., when it can be considered
as a linear structure, Section IV-B infroduces linkage vibration

Tesponses when the robot undergoes i gid-body motions hence

can 1o longer be considered as a linear structure, Section TV-C
describes EMA of configuration-dependent frequency response
functions (FRFs). Based on the EMA results, Section IV-D in-
troduces simplifications of transfer functions from motor input
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Fig. 4. First two mode shapes of the flexible linkage identified using an Impact
hammer and an accelerometer.

to linkage vibration responses. Section IV-E discusses the vari-
ation of naturzl frequencies for modes 1 and 4.

A.. EMA of Linkage Vibration When the Robot is Stationary

EMA is a special case of system identification where an a
priori model form consisting of modal parameters is assumed.
Frequency domain methods extract modal properties from
FRFs, which describes transfer properties of stroctures.

FRFEs are acquired by dividing the Fourier transforms of re-
sponses by the Fouzier transform of excitation signal [20]. Ac-
cording fo analytical models, an FRF from an actuator at the
kth degrees of freedom (DOF) to a sensor at the jth DOF has
the following form [14]

e
wplw) =S itk g

w2 2iw
r=1 Ty (w2—1 + _,_:_ET)

where 77i, £ pth modal Mass, wy £ rth natural fréquency, &
spatial coordinate for the linkage, ¥V £ the number of modes,
& £ damping ratio for the rth mode, .(z) £ the rth mode
shape, Hy,, £ residual terms.

By performing modal tests on a series of FRFs modzl shapes
can be obtained. The form of FRF formulations and resaltant
modal shape vectors are dependent on the types of sensors and
actuators used. In addition to FRFs using an impact hammer
(with a load cell) and accelerometer combination, FRFs formu-
lations for PZT sensors and actuators are given in [20].

Using four different types of FRFs, EMA 1s performed when
the robot is stationary. These experiments give two most signif-
icant modes. Fig. 4 shows the mode shapes ¢, obtained using
an impact hammer and an accelerometer, sequentially placed

on the different locations x in (1) on the linkage to acquire dif-

ferent FRFs. The first and second mode at 94.14 and 323.71 Hz,
respectively, are pinned-pinned modes, Tt is also observed that
the natural frequencies of the linkages are dependent on con-
figuration to a small extent, Here the variation is atiributed to
variations of constraints at the linkage boundaries at B; and C;
in Fig. 2.
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Fig. 5. Motor driving signal in frequency and time domain.

B. Linkage Vibrations During Rigid-Body Motion

Linkage vibration characteristics are examined when the
robot undergoes rigid body motion starting from different con-
figurations. During tests, slider 1 is set to have a displacement
of 5 mm in 25 ms providing high acceleration to excite linkage
modes, starting from different configurations. Driving signal is
plotted in Fig. 5 in frequency and time domain.

Fig. 6 shows the acceleraticn spectrums at locations 1, 3, 5,
and 7 when the rebot moves 5 mm very rapidly starting from
configurations q' = (p1, pa,p3) = (0,0,0) mm and q° =
(—50,60,10) mm. From Fig. 6, it is observed that frequency
components of the response spectrums exhibit a large number
of peaks. These multiple peaks arise because motion of the en-
tire planar parallel robot is involved, including 2ll the trans-
mission components, As shown in Fig. 6, peak frequencies and

- amplitudes at peak frequencies vary with configuration, clearly

demonsirating configuration-dependéncy vibrations,

C. Analysis of Configuration-Dependent FRFs

EMA is performed on the configuration dependent FRFs
acquired at various configurations. As responses are configu-
ration-dependent, FRFs are configuration-dependent as well.
After analysis, the first four modes are determined and are
plotted in Fig. 7 in three configurations q*, g* = (60, 0,0) mm,

- q% The first and the forth modes are basically the first two

modes for a pinned-pinned beam. These two modes are essen-
tially the same as obtained when the robot is stationary, as seen
in Fig. 4. This shows that the mode shape vectors when the
robot is stationary are a subset of those obtained during rigid
body motion. The natural frequencies and mode shapes of these
two pinned-pinned modes are cloge in different configurations
although the amplitodes of FRFS are quite different at these
frequencies.

In addition to two pinned-pinned modes, two other modes,
ie., mode 2 (between 140-160 Hz) and mode 3 (between
180-200 Hz) in Fig. 7, are also observed. The second mode
resembles the first mode for a pinned-free beam. Ttis speculated
that this mode is caused by the mobility of the moving platform,
and is related to mechanical gaps in the robot joints. The third
mode resembles the first mode for a free-pinned beam, which
is confirmed to result from lateral flexibility of the lead screws.
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Fig. 6. Linkage acceleration specirum during 5-mun translation of axis 1,

D. Simplification of Transfer Function From Motor Input to
Linkage Vibration Responses

As discussed in Section IV-C, modes 2 and 3 are not mainly
caused by linkage flexibility. Hence, the vibration for these two
modes cannot be substantially reduced if only linkage vibration
is controlled. The paper focuses on controlling linkage vibra-
tions, hence only modes 1 and 4 are controlled.

Although FRFs from motor voltage input to linkage vibra-
tion response are configuration-dependent, it is observed that
the changes in linkage mode shapes 1 and 4 are smell. These
frequencies also exhibit configuration-dependency to a Hmited
degree. This configuration-dependency of FRFs amplitude and
natural frequencies can be explained by a numerical dynamic
model developed with the moving frame approach [7]. In the
moving frame approach, flexible body dynamics is modeled
using linear vibration theory in local frames. The coupling
of fiexible body deformation with tigid body motion is hence

highly dependent on robot configuration as evidenced by the -

transformations from the local frames to the global frame,
giving a configuration dependent inertia matrix.

In order to control two pinned-pinned modes, we separate
the transfer function from motor voltage input to PZT sensor
responses Gi(q, ¢) into four parts: contributions of modes 2 and
3,1e.,T(q, 5), contributions from mode 1 and 4, i.e. Pl(s) and
Py(s), and residne error term A(q, s}

G(q,8) = T(q, s) + P1(q,3) + Pa(q, 5} + Alq,s) (@)

where

Spectrum at Point 3 (nm from B1)

50 100 150 200 ) 300 350 400
fiHz)

Spectrum at Point 7 (175mm from B 1)

0.014 : ‘ . ‘
i e
0.012- e e 1 [ R A&qe
0.01- - - - - I
I P
0.008/ ~ = = BT ST T T T
0.004 —i— ~ It Hl— —1— 4 — 4 [ WE S
\ ! i
R
i I
50 100 150 200 250 300 350 400
fiHz)
Ri(q)
T{q,s) =
(%) k;:s 57 + 26pwi(q)s + wi(q)
£ contribution of modes 2 and 3 to Glq, £)
ER4X1
Ri{q)
P 5) =
e(a,e) 5% + 285 (ws + Awi)s + (wi + wi)?
£ contribution of modes 1 and 4 to G(q, 3)
ER™ k=14,
Ry (q) £the k" mode ¢ R**1
we{q) = the k*® natural frequency

£(q) S the _r’fth damping ratio.

For modes 1 and 4, & are assumed to be constant and wy,
are assumed to have small variations, Awy, due to experimental
results which indicate these modes are only weakly confign-
ration dependent. A linear controller is then designed for the
system with the linkages at a specific configuration, referred to
the design configuration: denoted gq4. Hence, P (q, s) for other
configurations can be simplified by variable separation within a
neighborhood of qg4, i.e.,

Pk(qa 5)-‘= Ok (q)HFC (5) (3)

where

Ckgp(k)
52 + 26w s + wi
w.(q) £ normalized mode shape for the k**mode shape

H,(s) 2 Py(qqg, ) = e Rixi
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> Ri.(a)

i=1

Ck

A

>~ Brilqa)

i=1

Ry, (q) = the i*" element of Ry (q).

0Ox(q) is obtained by making average on different entries of
measurements. Hence; the configuration dependency is repre-
sentsd as a combination of configuraticn-dependent modes, 2,
3, and weakly configuration-dependent modes, 1, 4, as depicted
in Fig. 8. The product of Ox(q) and the motor 1 voitage mput
d(s), Ox(q)d(s), is regarded as the new input to mode 1 and 4.
The vibration response of the linkage can then be written as,

w(s)

(T(q,s) + Alg, 5))d(s) + Ha(s)(Oa(q)d(s))
+H4(5)(Oclq)d(s))

4

This simplification forms the basis for the proposed linear
active vibration control design. With this approach, Hy(s) is
modified to decrease the sensitivity of the linkage dynamics to
excitation near wy and g, hence suppressing vibrations.

E. Variations in Natural Freguencies far Modes I and 4

In Seciion IV-D, variations of wy and wy are neglected be-
cause H{s) exhibits weak configuration-dependence, However,
the small variation of «; must be evaluated and considered in
the control design, providing the controller with robust perfor-
mance with espect to changes in natural frequencies. Since the
oper-loop damping ratios are small and do not change signif-
icantly with configuration, the uncertainty in damping ratio is
neglected. '

H;,(s) in (2) with uncertainty of natural frequencies Awy, can
be written as

Hy(s) = Z

k=1,4

ckcpf-k) -

6]
52+ 26k {wr + Awy)s 4+ (wp + Awy ) ®
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Fig. 10. Schematic of independent modal space control (IMSC).

‘Experiments are performed to quantify the vardation of
these natural frequencies. Along a planned trajectory, such
as a path from configuration B ({—52.3,33.5,32.6) mm) to
G (-115.3,34.5,83.8) mm, EMA is performed at nine dif-
ferent configurations, as plotted in Fig. 9 (where configurations
are given in the task space, i.e., (zp, ¥, @, ). For the first mode,
Fig. 9(a) clearly illustrates the configuration dependent natural
frequencies vary only by approximately 6 Hz. Hence, a linear
vibration controller is designed in Section V.

In order to examine the robustness of the proposed controller
fo uncertaintics in natural frequencies, a 0.02 kg mass of is at-
tached to the center of the flexible linkage, which is used to pro-
vide a perturbation to the natural vibration frequencies. Hammer
EMA tests are performed at nine different configurations with
the mass attached, with the results plotted in Fig. 9. With this
mass added to the flexible linkage, configuration dependent vi-
bration frequencies are observed leading to a decrease in the
natural frequencies by up to 10 Hz.

V. VIBRATION CONTROL DESIGN

While the transfer properties from rigid body motion input
to hinkage vibration have been shown to exhibit configuration
dependency, a vibration controller for H{s) is designed in the
modal domain based on the assumption that G(q, s) may be
separated into T'(q, 8), O(q), and H(s).

A. Active Vibration Controller Architecture

Fig. 101s a schemiatic of the active control system, which has
four corhponents: plant dynamics, a modal analyzer, a modal
domain controller, and a modal synthesizer.

. Kp

The modal domain governing equation of a linear system with
active vibration control can be written as [23]

1(t) + (dag(28ws} + Kp i)
+ (diag (w}) + Kp) n(t) = pTEw(t),
k=1,2,...,N (6)
where
n(t) & P(t) £
£y £ fth damping coefficient, w{z) £ external excitation
u(t) & control efforts, i.e., voltages of PZT actuators

B £ influence matzix for control effort
E £ influence matrix for extemal excitation.

modal coordinates, modal matrix

As shown in Flg 10, the modal analyzer is a spatial modal
filter [¢9” 4]~ 19” to estimate modal coordinates 1.(s) from the
PZT responses. Based on the fact that PZT sensor responses are
given by

z(t) = dn(t}. (@)

Modal coordinates for controlled modes are estimated by
multiplying z({t) by the pseudo-inverse of the controlled modes

@ =) T ®

where #,. is modal coordinates for controlled modes, 9, ismode
shapes for controlled modes.

The modal control algorithm, C(s) = { Oy (s) Csz(s) }, an-
other component of the modal space controller, determines the
control output in modal space based on the estimated value of

e

#e(t) = —Kpn, (t) - Kpn,(t) ®

where

#.(t) = modal control effort for the controlléd modes

Kp = proportional control gain matrix for conirolled modes

i e

derjvative control gain matrix for controlled modes.

7t} is obtained through time differentiation of 7, (2). p, (£)

is converted to the physical output to apply to the PZT actuators
=1

using the modal synthesizer [’l/}cqbf] gbc] , which is the in-

verse process of the modal analyzer
ult) = [B7B] B | [u.4]]

Since B is a square matrix of full rank, u{t) =

-1
=1 H’t/ubf] 'l,bc} . (t). The goveming equation in the
modal space, with the conirol algorithm given by, is written as
[24]

mpﬁy(m

7(t) + (diag(2&5wy,) + Kp )i(t)
+ (diag (w}) + Ko) n(t) = T Ew(z),

k=1,2,... N. 11y
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Fig. 11. FRFs from motor 1 to PZT 1: when different J{ 7y and A'p; arve used in mode 1 contrel design at configuration 5.

For the kth mode, the characteristic equation becomes

—w® 4+ 26wy + Kp)jw+ (wi + Kp,) =0. (12

If the desired natural frequency is wpq and the desired
damping ratio is £xg, the gains can be determined

Kpp = wlzcd — w%, Koy = kadwid — szwﬁ. (13)

B. Vibration Coritrol Experiments at Configuration B

Ag indicated in Section IV-E, the linkage frequency varies
by approximately 6 Hz along the trajectory BG, henee a linear

vibration controller is designed. For a motion trajectory that ex-

hibits more significant configuration dependency, the approach
adopted here can be used by partiioning the robot trajectory
into multiple segments, with a controller designed using {13).
We evaluate the robustness of this design approach to medel
uncertainty, Tests are conducted with a small mass attached to
perturb natural frequencies.

The vibration controller is designed for mode 1 and
mode 4 sequentially becanse of the decoupled behavior
of these modes. Strain based modes, obtained at con-
figuration B, are used to construct the modal analyzer
using: {0.74 0.48 0.38 028} for mode 1 and
{086 03 —0.21 —0.36} formode 4. FRFs are measured
when the vibration controller is active to evaluate the effects of
vibration controller. Each FRF is measured by averaging ten
tests, to improve the estimation accuracy.

Fig. 11 gives frequency-response amplitude plots from the
random input of metor 1 to PZT sensor 1, when the only first

mode is controlled. When mode 1 is coatrolled, other modes
are virtually unchanged, confirming the assumption that modes
1 and 4 are decoupled and a good estimate of modal vectors.
The first subplot shows results in which different Kpp values
are used with K1 = 0, giving a vibration reduction of 62% in
mode 1. The second subplot shows test results in which different

* Ky values are used and K71 = 0 giving a vibration reduction

of 30% in mode 1. Based on experimental trial and error to deter-
mine gain values, the maximum damping ratio at configuration
B is achieved with Kp; and Kpy as 0.24 and —4.13 x 1074,
respectively. .

In Fig. 12, amplitude plots of FRFs from the motor input to
four PZT sensors, using the control gaing determined for modes
1 and 4, are compared with the FRFs for the case without vibra-
tion control. It is observed that vibration amplitudes of mede 1
and mode 4 are substantially reduced with the fivst natural fre-
quency slightly decreased. The fourth natural frequency has in-
creased by about 10 Hz. Vibration amplitudes for modes 2 and
3 are negligibly changed. It is also noted that the resporise from
the PZT sensors at a lower frequency range is slightly increased.
The sum of the peak values of the four FRFs at mode 1 is reduced
by 57.5%. The sum of the peak values at mode 4 is reduced by
55.1%.

C. Vibration Control Test With Natural requency Uncérrainty

Two types of experiments have been camied out to verify the
performance of the controller when the natural frequencies are
perturbed. In the first test used a 0.02 kg mass is again added
to the center of the linkage. The vibration controller, designed
at configuration B with this mass is then tested. Fig. 13 shows
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Fig. 13. FRF from motor 1 to PZT senor 1 with added mass: with and without
active vibration control.

the FRF from motor 1 to PZT sensor 1, with active controller
on and off. Itis demonstrated that proposed vibration controller
is effective in damping unwanted structura] vibration under un-
certain linkage dynamic properties.

Further tests are performed to test the robustness of the
controller to configuration dependent vibration frequencies.
The vibration controller, designed using the vibration fre-
quencies found at configuration B, is tested at configurations
F ((80.25,34.2, ~40.69) mm) and G, with results plotted in
Fig. 14. The vibration controller is effective in reducing the
unwanted vibration, validating the use of linear controllers.

D. Vibration Control Experiments During Large Amplitude
Rigid-Body Motion

In order to further verify the effectiveness of the proposed
modal controller during rigid body motion, experiments are per-
forreed when the robot undergoes a large amplitude motion from
configuration G ((--115.35,34.46, 83.80) mm), to B, where
the platform comes to rest with residual vibrations. A vibration
controller is designed for the parameters determined at config-
uration B. The response spectrums of PZT sensors 1 and 2 are
displayed in Fig. 15. The response spectrums of PZT sensors 3
and 4 are also reduced substantially. The sum of the amplitude
peeks at mode 1 of four spectrums for PZT sensors is reduced by
50.3%. The sum of the amplitude peaks of four PZT spectrums
at mode 4 is reduced by 25%. Note that these amplitades are al-
ready at a very low level, hence a large portion of this signal is
attributed to measurement noise.

We compare the proposed controller with a strain rate feed-

‘back control {251, with results shown in Fig. 16. In the strain rate

feedback contro! case, average strain rates (i.e., time derivative
of sensors) of PZT sensors I and 2 are used as feedback to ac-
tator 1 and average strain rates of PZT sensors 3 and 4 is used
as feedback to PZT actuator 2. From these plots, it is seen that
modal control has superior performance.

VI. CONCLUSIGN

In this paper, it is experimentally shown that a planar parallel
robot exhibits confignration-dependent linkage vibrations. This
is caused by monlinear coupling of rigid-body motior with
Hnkage vibrations and the closed-loop kinematic structure.
Using EMA to evaluate FRFs, configuration® dependence of
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Fig. 15. 'Comparisun of PZT 1 and 2 response spectrums for the case with and

linkage mode shapes is determined to be insignificant. Based on
this observation, the transfer function from motor voltage input
to linkage vibrations is simplified. The contributions of linkage
modes are separated from the transfer function. By redefining
inputs to linkzge modes, the linkage dynamics is assumed to be
linear with variations in natural frequencies.

This simplification allews the design of a modal controller
based on dynamic parameters obtained for specific robot config-
uration, providing the configuration dependent natural frequen-
cies do not change with configuration dramatically, Targeting

0.5

ll

PO B WL
50 100150200250 300350400
Frequeney(Hz)

without vibration control, during motion from configuration (3 te configuration B,

two linkage modes, vibration controllers are designed to im-
prove structural damping. Bxperimental evaluation of the pro-
posed control approach verifies that the proposed control ex-
hibits robustmess to changes in linkage natural vibration fre-
quency. When the robot undergoes a large rigid-body motion,
linkage vibration is suppressed by more than 50%.

This work represents one possible design of a linkage vi-
bration controller for a flexible robotic system exinbiting con-
figuration-dependent vibrations. EMA reveals vibration modes
with configuration-dependent FRFs. Providing modal shapes
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Fig. 16. Comparison of PZT 3 time-domain response for the case of no vibration control, with strain rate feedback, and modal control.

and natural frequencies do not change significantly within cer-
tain regions of the robot workspace, the proposed controt ap-
proach is demonstrated to suppress structural vibration effec-
tively.

REFERENCES:

[1] W. L. Cleghom, F. G. Ferton, and B. Tabarrok, “Optimal design of
high-speed flexible mechanisms,” Mechanism Mach. Theory, vol. 18,
no. 4, pp. 339-406, 1981.

A. Ghazavi and F. Gardanine, “Dynamic analysis of a composite mate-

rial flexible robot arm,” Compid, Structure, vol, 49, no. 2, pp. 315-325,

1981.

R. L. Clark, W. R, Saunders, and G. P. Gibbs, Adaptive Struciure: Dy-

namics and Contrel.  New York: Wiley, 1998,

E. I E. H. El-Dammah and 5. H, Farghaly, “Vibratory response of a

sandwich link in a high-speed mechanism,” Mechanism Mach. Theory,

vol. 28, no. 3, pp. 447457, 1931,

[5] T.P. Mexrlet, Parailel Robots. Norwell, MA: Kluwer, 2000,

[6] 1. Heerah, B. Benhabib, B. Kang, and J, K, Mills, “Architecture selec-
tion and singularity analysis of 2 three degres-of-freedom planar par-
allel manipulator,” J. Intell. Robot. Syst.: Theory Appl., vol. 37, no. 4,
Pp. 353-374, 2003.

[7] X. Wang and I. K. Mills, “Dynamic modeling of a flexible-link planar
parallel platform using a substructuring approach” J. Mechanisms
Mach. Theery, vol. 41, no. 6, pp, 671-687, 2006.

[8] C. K. Sung and Y. C. Chen, “Vibration control of the elastodynamics
response of high-speed flexible linkage mechanisms” ASME J. Vib,
Acoust., vol. 113, pp. 14-21, 1991.

[5] C. Y. Liao, C. Y., and C. K. Sung, “An elastodynamic anaiysis and
coniro] of flexible linkages using piezoceramie sensers and actuators,”
ASME J. Mechan. Des., vol. 115, pp. 658-665, 1993,

[10] 8.B.Choi, C.C. Cheong, B. S, Thompson, and M. V. Gandhi, “Vibra-
tion control of flexible linkage mechanisms using piezoelectric flms,”
Mechanism Mach. Theory, vol. 29, no. 4, pp. 535-546, 1994.

{117 8. Yuan, Q. Xu, and L. Zhang, “Experiments on active vibration control
of a flexible four-bar linkage mechanism,” ASME J. Vib. Acoust,, vol.
122, pp. 82-83, 2002. :

[12] X, Zhang, C. Shao, and A. G. Erdman, “Active vibratior controller
design and comparison study of flexible linkage mechanism systems,”
Mechanism Mach. Theory, vol. 37, no. 9, pp. 983-997, 2002.

(2]

[2]
4

[137 IL K. Kim, 8. B. Chei, and B. S. Thompson, “Compliant contrel of 2
two-link flexible manipulator featuring piezoelectric actuators,” Mech-
arism Mach. Theory, vol. 36, no. 3, pp. 411-424, 2001..

[14) D. I. Ewins, Modal Testing: Theory, Practice and Application, Bal-
dock, U.K.: Research Studies Press, 2000. .

[15] W. R. Saunders, D. G. Cole, and H. H. Robertshaw, “Experiments

in piezostructure modal analysis for MIMO feedback control” Smart

Mater. Structures, no. 3, pp. 210-218, 1994,

B.T. Wang and C. C. Wang, “Feasibility analysis ofusing piezoceramic

trapsducers for cantilever beam modal tesing,” Swmart Mater, Struc-

tures, no. 0, pp. 106-116, 1997,

A. Midha, D. Karam, D., and B. S. Thompson, “Elastic slider-crank

mechanism. A study of the intrinsic configuration-dependent modal

properiies,” W Proc. 22nd Biennial Mechmnisms Conf,, 1992, pp.

337-346.

A. A, Shabana, “Flexible multibody dynamics: Review of past and re-

‘cent developments,” J. Multibody Syst. Dyn., vol. 1, no. 2,pp. 189222,

1597,

D. 5. Hardage and G. . Wiens, “Modal analysis and modeling of a par-

allel kinematic machine,” in IMECE Proc. ASME: Monufacturing Sci,

Eng., Nashville, TN, MED-, Nov. 14-19, 1999, vol. 10, pp. 837-862.

X. Wang and J. K. Mills, “Experimental identification of configuration

dependent linkage vibration in a parallel rohot using smart material

actuators and sensors,” Trans, Canadian Soc. for Mech. Eng., vol, 31,

do. 1, pp. 57-73, 2007.

X, Wang and J. K. Mills, “Modal control design of configuration-de-

pendent linkage vibration in a parallel robet through experimental iden-

tification.” in Proc. IEEE/RST Int. Conf. Inteil. Robots Syst., Beijing,

China, Oct, 2006, pp. 3225-3230. .

X. Weng and J. K. Mills, “FEM dynamic model for active vibration

control of flexible linkages and its application to a planar paralle] ma-

nipulator,” J. Appl. Acoust., vol. 66, no. 10, pp. 1151-1161, 2005.

[23] L. Meirovitch, Dynamics and Control of Structures. New York:

" Wiley Inferscience, 1990,

[24] D. R. Morgan, “An adaptive modal-based active vibration control
system,” J. Acoust. Soc. Amer., vol. 89, no. 1, pp. 248-258, 1991.

[25] G. Song, S. P. Schmidt, and B, N, Agrawal, “Experimental study of
active vibration suppression of flexible stnicture using modular control
patch,” in Proc. IEEE Aerosp, Appl. Conf., Los Alamitos, CA, 1998,
vol. 1, pp. 189-201. ’

[16]

7

(18]

[15]

[20]

[21]

(221



