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Active Vibration Control of a Planar Parallel Manipulator
using Piezoelectric Materials

Bong Soo Kang”

ABSTRACT

This paper presents a new approach for the use of smart materials, piezoelectric materials of PVDF and PZT, for

vibration attenuation of a planar parallel manipulator. Since lightweight linkages of parallel manipulators deform under

high acceleration/deceleration, an active damper is needed to attenuate vibration due to structural flexibility of linkages.

Based on the dynamic model of a planar parallel manipulator, an active damping controller is developed, which consists
of a PD feedback control scheme, applied to linear electrical motors, and a linear velocity feedback (L-type) scheme
applied to either PVDF layer or PZT actuator(s). Simulation results show that piezoelectric materials yield good
damping performance, resulting in precise manipulations of a planar parallel manipulator.
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Fig. 1 Configuration of planar parallel manipulator with
motion of slides indicated

Fig. 2 Schematic illustrating the coordinates of the
parallel manipulator. Note the linkages B.,C,
exaggerated
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Fig. 3 First three mode shapes of straight beam and its
derivatives with respect to x (dashed line: first,
dotted line: second, solid line: third)
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flexible link
Fig. 4(a) Intermediate link with PVDF layer

Fig. 4(b) Intermediate link with PZT actuator

A, & 7F FF(positive value)$l A Ao
A4 AR A5L FAA 2AE = Ak §A
T B2 e slwle v de dsg
wi(lt) & v AL dA AANE 7HRIE
olgr}. o) X‘ﬂe FE37] 93t AA =
L-type (linear velocity type) A|o]7]1&® ot o}

Viit)=~k,w,(lt) i=1,2,3 (15)

Aaast A5 Hustd FA 3
of g WHskE, Wwi(lt) thdlel J3
g WEE, W (lt) B RASRI
& Zl(accelerometer)E  ZHAIL W, (1t 7‘3‘:’1’
T AES FYIHE A5 EEE A9y
< Ak F 3Ug ddse /A FHE I
248e A3 HAHE s BARIES
AU R, x=1 o #HZEe ¢ HoAA FAEs),
@, (x=1), BT Ao o 9E,
pi(x=1)& ZE REJ glo|N U F3&
Zkw gl7] wWiEe] L-type A|o]7]12 dAstdE A
299 AL E FAY F Ao

32PZT
PZT & #& A7|2 Az7) H7] 9o P2



B¥F @FYATANA ANA A4B

Aol o4 A gALAE BEAs 2F P A
#E w7 ASF7E Sk B ATdA e F3
Zolg m2dte 3shte] pzT & F&ste IF 7
HAA%%& @3 pZT 7k 1% 4(b)s}k 2ol B
A5 W& g & a, Atolo] FFo] HAL o A
o) ZHEAE Al dsA FH L
o3 2o

W pzr =CV,’(UZ['/’;(‘12)"V/}(GI )]én; (16)

J=l

PVDF ¢ 7 %9t o] Lype A7|E 7AW
og3 g
Vit =~k [w,(a,.t)— W, (a,,0].i=123 (D)
PVDF &+ 93 PZT o] L-ype Aol7|E A%
g AL EAlHo] EA3} Aol Alxwe QA
e BRs7) e xela;,a,] 94
EE EE9 y (x) & yi(x) 7t §4F FHE
7 R ok Fitly

(v,(a,)-v(a))(vj(a,)-v;(a))20 (18)

oy Begvt FkskE 29394 € AR
o] A& UFIHE dgo] HAH FHolAA BFL
PZT A7IHTE AolAA Ho] P& HF3}e
gd9¢ S F gtk a3y AF9 AEL du
Hog AR & g WFEIZ(vibration
modes)E°ll s 1 A7]e hREo] AFHEE,
SN Bogol dig AN 2PE WHHE 99
ol PZT & HF TR Ltype A7IZE AT
AN 4 Atk ©Lo] PZT £ PVDF o M3
dx7t aAE, ¥& $FHAFE A QoM -
99 A ¢ d dEg d ¢ gleng ¥
& AF #ad 4 Sl

=
L

=¥
=

il
3
4. Mz 4E

FA2AE o148 +3 ¥PY 23 AF
FHENE AP Ase] 2 PN FES B
AstAg o et WA el WAL FAsh
A 2o APNE AR 2R 29

64

o 2 AFAYE AF
2], 4(10),& HEa7

slon, 289 59
&t 0.1 millisecond 7+

do

]
Ao & 4 A Runge-Kutta FHE o] &34t 4
WPy 2R ZYPFo] FFHoY AAHE Y&
7 g}
xp =Lt -2 g2 ) 19)
tf T tf

Aa9elX 388 AZE 4R FEAHA
A Regd AL JABR 2R FHF 47t
£& A% & vt £33 HEY =X FAAF
T8 $4 Fofe 1UE JHIZ A gojo] &
(wire bonding)? T2 1E, AU 8FH+=
AzAolng, ERFY olF e HAT w
EANTe] o} FojAT} wEld EREZ o) FAH
E 7IERF A9 9HdA 283ty X & wet
2mm(x) 2, 1AL 10 msec (1= DA

AR AY] ALgE F£F BHIY =239
8 A Y (specifications)> X 1 o s} gloy, 2
(12), A@s), AanelAs 71€d A= A7l
AYL & 2 o EABRATE PVDF Fol 7HafAl=
A ZAHEE Lype Alol719 AYE PVDF &
of 7teiAE A <gto] 600V olWiZF HEEZE A, &,
& AAsen, pZT Z371E A% A7 F
$E AF Bert 2AEA AxF AAES AA3
Ak BE A7) AAA WEZ F7](sampling
rate)= 1 millisecond ©1t}. AH&8 GA LA §A
& ¥ 39 Yl e, pZT A7 2% F3
o  Helgt Y P& I fe
[0.66,0.91] 91100 & Ae FAsRon, o 7
& AWA 22X E A1)y A& 9EI.

g 59A 2% 8 7kA = PVDF & F7H¥ 3
o] ol HA3N F AH FF & Y3 Ao
t}. a2 5 & FAR A¥E FFHo 3= &
Eo FAHAA ARFF2LAE HAFH UH A
Ao e 7t&og it 27 Al E A
2 H9Fa gon EFHY =g Folx
(20ms) B39 AFoz Q3o ZRAZL F7|4
¢l AHAE Bl 18y PVDF & °|&%
FEAVNE AFREE A9 38 5 9 AAdA B

F50] 229 A7} AT W HH FE
I ek 28 6 & HA9 ¥Fo] /- A Lo



s i

4L FEsA) M2 A4

U gae B4, ¢, JolA By A7t ni
H3E BoFa ot AfY HaE 2% 44
axte] g0z Q3te] Wyo] A zolxxm 9|
o, o2 3 MY A7 AR A
9 AFE MY FAEA b 2 7 & A
A HAcMY HEHRE AerRfog HEd
Aoz AUHA7AY AFR=E AujEd ZE
RooA AZo] HAH FEX o AV|IE B
A AR Rort FHA BT d)ste] 20 v, Al

Ha 2o vldle] 100 B AX 2 g 7o)
a2y g e 1 & pE7le EiRE AogP ez
)\L o

0
r

ERES A AR ol Fded "o
s *dﬁé 719 48L& YehY, dgdd F o
A g Agl 2158 AR A GA Al At
12 At Yot Ay FF7= F=2 44
2237 - AZA 20ms 7HA- A AES )
. PVDF %& °o]&3 Aloj7& A|#7E 5ol
%3] EM% AR ZEEH 1 9717 AFe
Zo] Zolyo| wet 3 &1 Ut
¥ 9 oA 1% 13 AR & PZT & o] &3
dAdolth. a9 5 9F 1Y 9 & vl@ad pZT B
o]&3t Ao}717} PVDF & ©]&3% Hoj7)nct
E@e oA 5 AFsE o Jes ¢
F Atk ol PZT 7t & $8HAFE 7/MHez
A we A 2 o & AgEe 3@ £ gl gF
oty 18 10 oA BXo] 80ms 7} HA A9
Paeld Arle HYe 25 A2 ¢+ gloe
T2 1 ANE 7 IFRET 0 08 83 9]
T2 R9F3 At O% 12 & 7R A E
o2 ¥ 7 9 sty viwstd ALzt )
A= AL 23d pZzT7 o 78 & 5 9
th AFM HZo] PZT £ o] 83 Ao 7|7}
B 2goMe o & A%S Uz gAWn 3 %
oA 7|&d ute} o] Aojr]aEe] AL F
A7l M R BRd R4,
x€la,,a,]. ATy, (x) o BEET A
T pl(x) 0l ¢ AeEEdN T FHE
72 of 3t}

P

e K

A

=B
©

65

718 A¢Esict ¢Hd4RE= PVDF 208 o] R
7 AEe} PZT 2 o] Rz AFEE Algalgon,
F 7HA GAxAe U TFEE A3 L-type
xll°17l'=’ AASHT. AMRgAYE TP o
2 AEL ge&n #ro}

() $A&AE 78 At o F4%k
o] WL Asts AdHS A3 %‘a«l |
TS A & vt wEAN FH HEY 259
DA et ERFY 4Hd AHFFEL
Fye 4 9l

MJ

() L-type A}7]E o] &3] shraizte] sha)|
v AgE Asts A9 pPZT T A=
APd o RIHEE Aok ot
() XY IFAoodME & SHAFTE 2=
PZT 72717} PVDF Fol wldty £2 1§ 714
)dL:_O_. y_oﬁ;}
g3 AYe
2R A<td
T3z}

598 928 710 49 49
5% Aci71E Hgated Al A
et

%7

B d7E 2002 9= st wudhE -t
HlA o2 ojfojg e, old ZAE =EHUT

ADEH

1. Low, K. H. and Vidyasagar, M.,
formulation of the dynamic model for flexible
manipulator systems,” ASME J. of Dynamic Systems,
Measurement, and Control, Vol. 110, pp. 175-181,
1988.

2. Hu, F. L. and Ulsoy, A. G., “Dynamic modeling of

arms

“A Lagrangian

constrained flexible robot for controller
design,” ASME J. of Dynamic Systems,
Measurement, and Control, Vol. 114, pp. 56-65, 1994,

3. AL «F2A AEeds RdY S o] &7
FEEE f4 vidEHelE Y HX/AA,
= AYF83 4], Vol. 19, No. 10, pp. 114-119,
2002.

4. Krishnamurthy, K. and Yang, L., “Dynamic modeling
and simulation of two cooperating structurally-
flexible robotic manipulators,” Robotica, Vol. 13, pp.

375-384, 1995.



Bes: $RAYIRNA A20A A4

5. Fattah, A., et al., “Dynamics of a 3-DOF spatial
parallel manipulator with flexible links,” Proc. IEEE
Int. Conf. on Robotics and Automation, Nagoya
Japan, pp. 627-632, 1995.

6. Kang, B. and Mills, J. K., “Dynamic modeling of
structurally-flexible planar parallel manipulator,”
Robotica, Vol. 20, No. 3, pp. 329-339, 2002.

7. FEA, <dAABRGE 083 AT FREY

% AT Al #=AUF 53] A, vol. 18, No.

12, pp. 30-46, 2001.

8. Sun, D. and Mills, J. K., “PZT actuator placement for
structural  vibration speed
manufacturing equipment,” Proc. of the American
Cont. Conf., San Diego, pp. 1107-1111, 1999.

9. Genta, G. Vibration of structures and machines,
Springer-Verlag New York, Inc., 1993.

10. Bailey, T. and Hubbard, J. E. Jr, “ Distributed
piezoelectric-polymer active vibration control of a
cantilever beam,” J. Guidance, Control and

Dynamics, Vol. 8, No. S, pp. 605-611, 1985,

damping of high

Table 1 Specification of the planar parallel manipulator

Platform side length 100 mm
mass 0.2kg
Slider mass 0.2kg
Linear stroke 400 mm
actuator  incline angle 150°,270°,30°
Intermedia length 200 mm
te link density 2770 kg/m’
modulus 73 GPa
cross-section 25 mm(W) * 1.5mm(H)
Table 2 Feedback control gains
k, 10,000 N/m
ky 500 N-sec/m
k; 4,000 V-sec/m for PVDF

1,500 V-sec/m for PZT

Table 3 Parameters of piezoelectric materials

PVDF PZT
modulus 2 GPa 63 GPa
length 200 mm 50 mm
thickness 0.28 mm 0.75 mm
width 25 mm 25 mm
density 1800 kg/m’ 7600 kg/m’
ds, 22* 10 /v 110 * 10 m/V
0.2 Erer (nm

2‘0 4‘0 6‘0 Bb 100
Time {ms)
Fig. 5 Error profile of the platform
(dotted line: no damping, solid line: with PVDF layer)

wt (mm)

Fig. 6 Flexible deformation of each intermediate link
(dotted line: no damping, solid line: with PVDF layer)
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Fig. 7 The first three vibration modes of the first link
(dotted line: no damping, solid line: with PVDF layer)
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Fig. 8 Control inputs for the 1* actuator

(dotted line: no damping, solid line: with PVDF layer)
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Fig. 9 Error profile of platform

(dotted line: no damping, solid line

: with PZT actuator)
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Fig. 10 Flexible deformation of each intermediate link
(dotted line: no damping, solid line: with PZT actuator)
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Fig. 11 The first three vibration modes of the first link
(dotted line: no damping, solid line: with PZT actuator)
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Fig. 12 Control input for the 1* intermediate link
(dotted line: no damping, solid line: with PZT actuator)



