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ONES ON VIBRATION CONTROL OF A FLEXIBLE TWO-LINK MA  NIPULATOR

USING FINITE ELEMENT METHOD

ABDUL KADIR MUHAMMAD *, SHINGO OKAMOTO *& JAE HOON LEE ®
Center for Mechatronics and Control Systems, MeidahfEngineering Department,
State Polytechnic of Ujung Pandang, Jalan Pelitgimerdekaan KM 10, Makassar, Indonesia

234Graduate School of Science and Engineering, Ehimiedisity, 3-Bunkyo-cho, Matsuyama, Japan

ABSTRACT

The purposes of this research are to derive thatmms of motion of a flexible two-link system byfiaite
element method, to develop computational codegderato perform dynamics simulations with vibratioontrol and to
propose an effective control scheme of a flexie-tink manipulator. The flexible two-link maniputa used in this
paper consists of two aluminum beams as flexibiksli two clamp-parts, two servo motors to rotate lthks and two
piezoelectric actuators to control vibration. Comapional codes on time history responses, FFT (Fastier Transform)
processing and eigenvalues - eigenvectors analysie developed to calculate the dynamic behaviothef links.
Furthermore, a control scheme using the piezoéesttuators was designed to suppress the vibraliao proportional-
derivative controllers were designed and demorestrtieir performances. The calculated results@ttntrolled two-link
manipulator revealed that the vibration of the it manipulator can be controlled effectively exhaugh only use one

piezoelectric actuator.
KEYWORDS: Finite Element Method, Flexible Manipulator, Pielaxtric Actuator, Vibration Control
INTRODUCTION

Employment of flexible manipulators is recommendadthe space and industrial applications in order t
accomplish high performance requirements suchgls$peed besides safe operation, increasing ofigrusig accuracy,
and lower energy consumption, namely less weiglawéver it is not usually easy to control a flexill@nipulator
because of its inheriting flexibility. Deformatiar the flexible manipulator when it is operated s considered by any

control. Its controller system should be dealt with only its motion but also vibration due to flexibility of the link.

In the past few decades, a number of modeling ndsthad control strategies using piezoelectric aotsdo deal
with the vibration problem have been investigatgddsearchers [1 — 7]. Nishidome and Kajiwara fijeistigated a way
to enhance performances of motion and vibratioa @iexible-link mechanism. They used a modelinghudtbased on
modal analysis using the finite-element method. oglel was described as a state space form. Toweirat system was
constructed with a designed dynamic compensatatbhas the mixed dfl,/H... They recommended separating the motion
and vibration controls of the system. Yavus Yamarale[2] and Kircali et al [3] studied an activebvation control
technique on aluminum beam modeled in cantilevemdiguration. The studies used the ANSYS packaggram for

modeling. They investigated the effect of elemaedion in finite-element modeling. The model waduced to state
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26 Abdul Kadir Muhammad, Shingo Okamoto & Jae Hoon Lee

space form suitable for applicationtaf, [2] and spatiaH,, [3] controllers to suppress vibration of the bedimey showed
the effectiveness of their techniques through sitimh. Zhang et al [4] has studied a flexible p&leotric cantilever
beam. The model of the beam using finite-elemeats built by ANSYS application. Based on the LinQaiadratic Gauss
(LQG) control method, they introduced a proceduresuppress the vibration of the beam with the mbsmiric sensors
and actuators were symmetrically collocated on Isidks of the beam. Their simulation results shothedeffectiveness
of the method. Gurses et al [5] investigated vibratontrol of a flexible single-link manipulatosing three piezoelectric
actuators. The dynamic modeling of the link hadnbpeesented using Euler-Bernoulli beam theory. Gusitp linear and
angular velocity feedback controls were introdut@duppress the vibration. Their simulation andegxpental results
showed the effectiveness of the controllers. Xu Eo#o [6] studied finite-element analysis and dasig controller for
flexible structures using piezoelectric materialagtuators and sensors. They used a commercitd-Blement code for
modeling and completed with an optimal active \ilora control in state space form. The effectivenefshe control
method was confirmed through simulations. Kusculucgt al [7] had used a piezoelectric actuator drcitation and
control vibrations of a beam. The beam and actuaére modeled using Timoshenko beam theory. Amupéd vibration
absorber using an electrical resistive-inductiveinsttircuit on the actuator was used as a passiverailer. The

effectiveness of results was shown by simulationtbexperiment.

In the recent two years, Muhammad et al [8 — 12phactively studied vibration control on a flexitdmgle-link
manipulator with a piezoelectric actuator usingtéirelement method. Model of the single-link an@ thiezolecetric
actuator was built using one-dimensional and twdenelements. They introduced a simple and effectorgrol scheme
with the actuator using proportional (P), PD andodtrols strategies. The effectivenesses of tbpgeed control scheme

and strategies were shown through simulations a&pdraments.

The purposes of this research are to derive thatmms of motion of a flexible two-link system byfiaite
element method, to develop computational codegderato perform dynamics simulations with vibratioontrol and to
propose an effective control scheme of a flexibbe-tink manipulator. The flexible two-link maniputa used in this
paper consists of two aluminum beams as flexilmksli two aluminum clamp-parts, two servo motorsatate the links
and two piezoelectric actuators to control vibnati€©omputational codes on time history responsgg, fFast Fourier
Transform) processing and eigenvalues - eigenvectnalysis were developed to calculate the dyndmi@vior of the
links. An end-effector that treated as a conceatkahass was introduced to demonstrate a compktél# two-link
manipulator system. Finally, two proportional-detive controllers were designed to suppress thetitm. They were

done by adding bending moments generated by tzegliectric actuators to the two-link system.
FORMULATION BY FINITE ELEMENT METHOD

The links have been discretized by finite elemeBtgery finite element (Elemeritth) has two nodes namely
Nodei and Node if+1). Every node (Nod® has two degrees of freedom [8 - 12], namely #teral deformatiow;(x,t),
and the rotational anglg(x,f) . The length, the cross-sectional area and tha mmoment of inertia arourshxis of every
element are denoted by S andl, respectivelyMechanical properties of every element are denagsedoung’s modulus

E; and mass densipy.
Kinematics

Figure 1 shows the position vecigy andr,, of arbitrary point®; andP, on Link 1 and Link 2 in the global and
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rotating coordinate frames. Let the links as fléxibeams have a motion that is confined in thezootal plane as shown
in Figure 1. TheO — XYframe is the global coordinate frame wittaxis is fixed. Furthermor&; — xy, ando, — %y, are
the rotating coordinate frames fixed to the rootimk 1 and Link 2, respectively{axis andz-axis are fixed). The unit
vectors inX, Y, X, Y1, X, andy, axes are denoted byJ, iy, j1, i» andj,, respectively. The first motor is installed on toetr
of the Link 1. The second motor that treated asracentrated mass is installed in the root of th&k 2. The rotational
angles of the first and second motor when the Iokate are denoted Igy(t) andéd,(t). Length of Link 1 is donated Hy.
Lateral deformation of the arbitrary poinB and P, in the first and the second links are donatedviyand v,
respectively. Lateral deformation and rotationabelnof the end-point of the first link are donatby v, and e,
respectively. The position vectoy; andr, of the arbitrary point®; andP, at timet = t, measured in th® — XYframe

shown in Figure 1 are expressed by

For = Xp1 (X0, 61, Vi, )1 +Yp1(%, 61, Vi, 1) ()
M2 = Xp2(X2,61, 605, Ve,We Vo, )1 +Y o (X2,6,, 60,V , e Vi, 1), 2

where

X1 = % COSGy (t) =V (% ,t)siné (t) (3)

Yoo =X SiNG,(t) +Vy € 1 )coso,(t) 4)

X pz = Ly COS, (1) = Ve (4 £)SING (1) + X5 COLE (1) + 1 (%4, 1) + (1)) = Vo (%o 1)sinB, (1) + 0 (50, 1) + 6, (1)) (5)
Y2 =Ly SING, (1) +Ve 6 £)C0S6,(1) + X, SING, (1) + e (4, 1) + 6, (1) + Vo o 1)COK6,(1) + 40 (4, 1) + 6, (D) (6)
The velocity vector of the arbitrary poirfeg andP, at timet = t, shown in Fig.1 is expressed by

For = X p1(X1’91a91va1’\7p11t)| +Ypl(xllgliglivplivplit)‘] (7)

P2 = X2 (X0, 61,605,601,05 Ve, e Voo Ve We Vo D Y (X2,00,65,61,6, Vo, e,V pp Ve e,V s, 1) (8)

www.iaset.us anli@iaset.us



28 Abdul Kadir Muhammad , Shingo Okamoto& Jae Hoon Lee

Y,J
> Jy =0)
X, , I, (t=1)
Y 1 (=0)  Link 2 Xy, i, (1=0)
_ Yy Jo (151)
Y1, Jy (£
X
7 Xy dy (t=1)
X, 1
0, o R
pl
X
O-XY : Global coordinate fran
01-X1Y1 : Rotating coordinate frame fixed Link 1
02-XoV> : Rotating coordinate frame fixed Link 2
Fot, Moz . Position vectors of the arbitrary poiip, andp, in theX-axis of theO-XY
61 : Rotational angle of the first mo
6, : Rotational angle of the second m«

Xo1, Xp2 : Coordinates ofte arbitrary pointp; andp, in theX-axis of theO-XY
Yo1, Yoo : Coordinates of the arbitrary poirp; andp, in theY-axis of theO-XY

Vot : Lateral deformation of the arbitrary pop; on Link 1 in theo;-x;y;
Vo2 . Lateral deformation of the atrary pointp, on Link 2 in theoy-xsy»
We : Rotational angle of the e-point of Link 1

Ve . Lateral deformation of the e-point of Link 1

L, : Length of Link 1

Figure 1: Position Vectors of Arbitrary Points P, and P, in the Global anc
Rotating Coordinate Frames

Finite Element Method

Figure 2shows the element coordinate frameElementi-th, and an arbitrary poilP on Element-th. Here, there
are four boundary conditions together at nci and {+1) when the oneimensional and tw-node element is used. The

four boundary conditions are expressed as nodabvas follow

o ={vi @ v @l 9)

Impact Factor (JCC): 3.6234 NAAS Rating: 2.02
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Yi

av .

vp (x i)

Virg

V;

Vi 7 < Viss
0; X

P —

Node i /; Node i+/

0, — X% ¥i: Element coordinate frame of Eleméth

Figure 2: Element Coordinate Frame of Element-th

Then, the hypothesized defcation has four constants as follows [13]

- 2 3
Vi Zat X tagX s taX (10)

wherex; is position coordinate of the arbitrary poP in the x-axis of the element coordinate frame. Then,
relation between the lateragéfbrmationv, and the rotational anglg of the Nodd is given b

_oy
Y —a (11)

Moreover, from mechanics of materials, the strdiNadei can be defined by

a%v,

& =Y, aXiZ (12)

wherey; is position coordinate of the arbitrary poP in they;-axis of the element coordinate fra

Equations of Motion

Equationsf motion of Elemer i-th on Link 1 and Link 2 are respectivajiven by

o . ) (13)
M;d; +C;9; +[Ki ‘912Mi]5i =61

M;d; +C;9; +|:Ki - (91 +Ye +92) Mi:| 9 = (91 +Y +92)fi + ('—191 +Ve ‘Ve912)005(‘//e +92)9i (14)
. o 1 . )

+ (Veel +L1,6, +5Ve(391 Y- ez)js'n(‘ﬂe + ez)gi

whereM;, C;, andK;, are the mass matrix, damping matrix, stiffnesgrisnaf Elementi-th on Link 1 and Link 2.

Vectors off; andg; are the excitation vectc on Link 1 and Link 2. The represetitan of the matrices anthe vector off;
can be found in [8] and [10T.he vecto of g; can be defined by

www.iaset.us editor@iaset.us
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_ASlif_ _ T
g ==+{-6 18 6 I} (15)

Finally, the equations of motion of Link 1 and Li@kwith n elementsconsidering the boundary conditions is
given by

L y . (16)
M nd, +C9, +[Kn -6, Mn]an =6,f,

M ngn +Cn5n +|:Kn _(91 +(//e "'6'2)2 M ni| 5n = (61 +we +éz)fn +(L1é1 +\7e _Veglz)cos(we +62)gn (17)
+[v,36?1 +1,6,° +§V6(301 -, —ez)jsm(we +6,)9,

VALIDATION OF THE FORMULATION
Experimental Model

Figure 3 shows the experimental model of the fliextlwvo-link manipulator. The flexible manipulatoortsists of
two flexible aluminum beams, two clamp-parts, tveov® motors and the base. Link 1 and Link 2 arachgd to the first
and second motors through the clamp-parts. Linkd.lank 2 are connected through the second moteo. Jtrain gages
are bonded to the position of 0.11 [m] and 0.38 firoin the origin of the two-link system. The firsiotor is mounted to
the base. In the experiments, the motors were tggely an independent motion controller.

Figure 3: Experimental Model of the Flexible Two-Link Manipulator

Computational Models
In this research, we defined and used five typeaiputational models of the flexible two-link mpuiator.

Model 1

A model of only a two-link manipulator was usedMsdelI . Figure 5.a shows Model . The links and the

clamp-parts were discretized by 35 elements. Twairsfgages are bonded to the position of Node 6Nadk 22 of the

two-link (0.11 [m] and 0.38 [m] from the originspectively.

Model I

A model of the flexible two-link manipulator inclirty one piezoelectric actuator was defined as Mddel
Figure 5.b shows moddl . The piezoelectric actuator was bonded to thesorace of elements 4. The links including the

clamp-parts and the piezoelectric actuator wererdiized by 36 elements.

Impact Factor (JCC): 3.6234 NAAS Rating.02
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The piezoelectric actuator suppresses the vibrabibthe two-link flexible manipulator by adding hing
moments at nodes 3 and 6 of the two-link manipuldiy and Mg. The bending moments are generated by applying

voltagesE; to the piezoelectric actuator. The bending momprdgportional to the voltage which are expressed by
M3 =-Mg =dy,E (18)
Hered,; is a constant quantity amds opposites tive.

Furthermore, the voltage to generate the bendingends is proportional to the straigsof the two-link due to

the vibration. The relations can be expressed lksi®

E, = idi,sl (19)
21

Hered,, is a constant quantity.

Model IT

A model of the flexible two-link manipulator incliurdy the two piezoelectric actuators was defined/laglel TI.
Figure 5.c shows moddll. The piezoelectric actuators were bonded to the surface of elements 4 and 20. The links

including the clamp-parts and the piezoelectriciaittrs were discretized by 36 elements. Schemepiesentations on
modeling of the piezoelectric actuators are showirigure 4. Physical parameters of the flexible-tim& manipulator

model and the piezoelectric actuators are shovtabile 1.

The first piezoelectric actuator suppresses theatitn of the two-link flexible manipulator by addi bending
moments at nodes 3 and 6 of the two-link manipuldtty and Ms. The second piezoelectric actuator suppresses the
vibration of the two-link flexible manipulator bydding bending moments at nodes 19 and 22 of thdibkananipulator,

Mie and M,,. The bending moments are generated by applyintage$E,; and E, to the piezoelectric actuators. The

bending moments proportional to the voltages whighexpressed by Eq. (18) and
Mg =-My, =di,E, (20)
Hered,,is a constant quantity amd,s opposites tivi.
Furthermore, the voltages to generate the bendmmants are proportional to the strainsnde, of the two-link

due to the vibration. The relations can be expebyeEq. (19) and

E, = idi,sz (21)
22

Hered,, is a constant quantity. Thed,;, di,, dy; andd,, will be determined by comparing the calculated itesu
and experimental ones.

Model IV

Figure 5.d shows moddaV that an end-effector is considered for a two-lm&nipulator with a piezoelectric
actuator. ModelV is used to show that the proposed control schema¢so suitable for such system. The end-effestor i

presented by adding a concentrated mass to Middéh this case, the equation of motion of the tgmeent containing the

www.iaset.us anli@iaset.us
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concentrated mass is given by
[M; +Mign] 8 +Cié +[Ki ‘(91 +tie +92)2[Mi + Micm]:l 0 = (él 2 +éz){ i+ fiom) + (22)
(L6 + e ~vebi2)codwe + 8,){ 6 + Gin) +(veél L7 + 20 -y, - ez)jsm(we +0,)g +g.)
where the vectorsf fi,, andg, are given by
fiem=m{0 0 -l -1, Of (23)
Gem =m{0 0 -1 O} (24)

and the concentrated mass maM.,, can be expressed as

Micm = (25)

© o o o
o oo o
o3 oo
o oo o

wherem is the mass of the concentrated i
Model V

Figure 5.e shows modél thatan end-effector is considered for a tiwdc manipulato with two piezoelectric
actuators. ModeWV is used to show that the proposed control scheraksdssuitable for such system. The -effector is
presented by adding a concentrated maModel III. In this case, the equation of motion of the tgment containing th

concentrated mass is given by Eq. (22)

Yi Vi
v Ve Vig Vo
A T A w
Y5 We Yo W
M, ( - 'd M, Mo T T M,
[ X; [ X;
0; 0;
Node 3 Node 6 Node 19 Node 22
A /|
E| E,

(a) (b)
Figure 4: Modeling of Piezoelectric Actuators: (a) Modeliig of Actuator 1, (b) Modeing of Actuator 2

Motor 2 i
Link 1 otor Link 2

/L

y o \- :lg .

Clamp-part 1 Clamp-part 2

(&) Model I : Only Two-Link
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z zZ

Y O \ — X
Clamp-part 1 Piezoelectric Clamp-part 2
Actuator
(b) Model II': Two-Link with a Piezoelectric Actuator
z
Y — X
Clamp-part 1 Piezoelectric Clamp-part 2 Piezoelectric
Actuator 1 Actuator 2
(c) Model II: Two-link with Two Piezoelectric Actuators
z

Link 2 End-effector

¥ Q— x

Clamp-part 1 Piezoelectric Clamp-part 2
Actuator

(d) Model IV: Two-Link with a Piezoelectric Actuator and an Enc-Effector

End-effector

/

O— ¥

Clamp-part 1 Piezoelectric Clamp-part 2 Piezoelectric
Actuator 1 Actuator 2

(e) Model V: Two-Link with Two Piezoelectric Actuators and an En-Effector

Figure 5: Computational Models of the Flexible TweLink Manipulator

Table 1: PhysicalParametersof the Flexible Two-Link and the Piezoelectric Actuator:

| : Total length m 4.05 x 10
I, : Length of Link 1 m 1.90 x 13
l, : Length of Link 2 m 2.15 x 1¢
le, leo: Length of clampparts 1 and | m 1.50 x 1G
la1, 12 : Length of Actuators 1 anc m 2.00 x 10
S1, S, : Cross section area of links 1 ar m? 1.95 x 10
Su, So : Cross section ares clamp-parts 1 and 2 m? 8.09 x 10"
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S., Sy Cross section area of actuators 1 and 2 2 m| 1.58x10
I, I : Cross section area moment of inertia aranadis of links 1 and 2 fn 2.75 x 10
I, ;0 : Cross section area moment of inertia araragis of clamp-parts 1 and 2 ‘m | 3.06 x 10
l,a, 1 : Cross section area moment of inertia aroradis of actuators 1 and 2 ‘m | 1.61 x 10"
E 1, B2 : Young’s Modulus of links 1 and 2 GPa 7.03x 10
E.., Ee : Young’s Modulus of clamp-parts 1 and 2 GPa p{0 <33
E., Ea : Young's Modulus of actuators 1 and 2 GPa 4.4m'
pi1, pi2 . Density of links 1 and 2 kg/m® | 2.68 x 18
pe1, pez & Density of clamp-parts 1 and 2 kg/m® | 2.68 x 18
pat, pa . Density of actuators 1 and 2 kg/m® | 3.33 x 16
a1, a; : Damping factor of links 1 and 2 st (x 10*

E;, E; : Maximum input voltages of actuators 1 and 2 \Y 080

F., F, : Maximum output forces of actuators 1 and 2 N Q00.
m, : Mass of the second motor g 113.53

Time History Responses of Free Vibration

Experiment on free vibration was conducted usingrapulse force as an external one. Figure 6.a shbes

experimental time history response of straig®n the free vibration at the same position indalkeulation (0.11 [m] from
the origin of the two-link system).

300 ‘ ‘ 1. 300 1. : :
e 200 S— S — 200 — __—
S 100 = 100
. X
R R
= g
5 100 £ -0 . . .
7 5 | | |
L B2 ol OSSR ES— — S—
300 ; ; | 300
0 5 10 15 20 0 5 10 15 20
Time, ¢ [s], éTime, t[s]
() (b)

Figure 6: Time History Responses of Strains on Fredibration: (a) Experimental Strains at 0.11 [m] from
the Origin of the Two-Link, (b) Calculated Strainsat Node 6 of Modell

Furthermore, the computational codes on time histesponse of Moddl were developed. Figure 6.b shows the
calculated strains at Node 6 of Modalnder the impulse force.

Time History Responses of Free Vibration

Both the experimental and calculated time hist@gponses of strains on free vibration were traredelby FFT

processing to find their frequencies. Figures e &b show the experimental and calculated naftegliencies of the
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flexible two-link manipulator, respectively. Thedi experimental natural frequency, 1.79 Hz agneil the calculated
one, 1.80 Hz. The second experimental natural &equ could not be measured. However, in the caloulait could be

obtained as 8.95 Hz.

o
I

A
&

=TT

Magnitude of'| log &, |
Magnitude of | log &

3 5 5 i 2 i i i
0 10 20 30 40 50 0 20 40 60 80 100

| Frequency, f [Hz] Frequency, f [Hz]

() (b)

Figure 7: Natural Frequencies: (a) Experimental Natiral Frequency of the Flexible Two-Link, (b) Calcubkted
Natural Frequencies of Modell

Eigen-Values and Eigen-Vectors Analysis
The computational codes on Eigen-values and Eigetovs analysis were developed for natural fregesnand

vibration modes. The calculated results for thet #and second natural frequencies were 1.79 HB&®IHz, respectively.

The vibration modes of natural frequencies are shiomFigure 8.

1

3 0.6 -__: 05
= 04 i
E 0.2 ¢ '_l
E 0 £
Z 0 0.1 0.2 0.3 0.4 0.5 z
Positions of the nodes in the link [m] Positions of the nodes in the link [m]

(b) First Vibration Mode and Natural Frequency (f;= 1.79 Hz) (a) Second vibration Mode and Natural Fequency (5= 8.92 Hz)
Figure 8: Vibration Modes and Natural Frequencies

Time History Responses Due to the Base Excitations

Another experiment was conducted to investigatevibeation of the flexible two-link due to the baegcitations
generated by rotation of the motors. In the expenitnthe motors were rotated by the angle/@fradians (90 degrees)
within 0.50 [s]. Figures 11.a and 12.a show theeeixpental time history responses of strains offlieble two-link due
to the motors’ rotation at 0.11 [m] and 0.38 [mdrfr the origin of the link, respectively. Furthermpbased on Figures

11.a and 12.a, the time history response of stegti?ZMode 6 and Node 22 of Modé&lwere calculated as shown in Figures

11.b and 12.b, respectively.
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Figure 11: Time History Responses of Strains Due tBase Excitation: (a) Experimental Strains at 0.1Im] from the
Origin of the Two-Link, (b) Calculated Strains at Node 6 of Modell
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Figure 12: Time History Responses of Strains Due tBase Excitation: (a) Experimental Strains at 0.38m] from the
Origin of the Two-Link, (b) Calculated Strains at Node 22 of Modell

CONTROL SCHEME AND SIMULATIONS
Control Scheme

A control scheme to suppress the vibration of the-link system was designed using one and two piertric
actuators. It was done by adding bending momentergéed by the piezoelectric actuators to the inlogystem. To drive
the actuators, two proportional-derivative (PD)tcolters have been designed and examined.

Using a Piezoelectric Actuator

The piezoelectric actuator suppresses the vibrabibthe two-link flexible manipulator by adding H#ng

moments at nodes 3 and 6 of the two-link manipul&fig andMs. Therefore, the equation of motion of Link 1 beeom

. . - ) 26)
Mo, +Cpd, +|K, _Hl M,|d, =61fn + Uy,
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where the vector af;, containingMs; andMg is the control force generated by the actuatdngéawo-link system.

Furthermore, substituting Eq. (19) to Eq. (18) give

d
Mg, Mg=2—1tLg (27)
d21

Based on Eq. (27) the control force can be definesdomain as follows
Uin (9) = Gea(9)(€q (9~ £6(9) (28)

whereegy andeg denote the desired and measured strains at Na@syictively. The gain of PD-controller can be

written by a vector is-domain as follows
Ga(9={0 0 0 Ky+Kys 0 ~(Ky+Kys) 0 -« OF (29)

A block diagram of the PD-controls for the two-liakstem using one actuator is shown in Figure 13.

s26(s) f;
ACEEN
ea(s) | G © 4&—. G, (s) &(s)
Controller Flexible link
&q: Desired strain & : Measured strains at Node 6
F : Base excitations U, : Bending moments

Figure 13: Block Diagram of PD-Controller of the Fexible Two-Link Manipulator
Using a Piezoelectric Actuator

Using Two Piezoelectric Actuators

The first piezoelectric actuator suppresses theatitn of the two-link flexible manipulator by addji bending
moments at nodes 3 and 6 of the two-link manipulaiy and Mg, as explained in sub-chapter 4.1.1. The second
piezoelectric actuator suppresses the vibratidhefwo-link flexible manipulator by adding bendingpments at nodes 19
and 22 of the two-link manipulatdy],g andM»,. Therefore, the equation of motion of Link 1 isaim in Eq. (26) and the

equation of motion of Link 2 in given by
M nan +Cn6n +[Kn _(91 'H//e +92) M n:| 6n = (91 'Hpe +92)fn + ngl Ve _Vegl COS(II’e +92)gn (30)
+(Ve6’1 + |—16712 +EVe(391 ~Y. -6’2)]&“(% +92)gn + Uy,

where the vector afi,, containingM;g andM», is the second control force generated by the separoelectric

actuator to the two-link system.

Furthermore, substituting Eq. (21) to Eq. (20) give

www.iaset.us anli@iaset.us



38 Abdul Kadir Muhammad, Shingo Okamoto & Jae Hoon Lee

d
Mlg’Mzzz*—'difz (31)
22

Based on Eq. (31) the second control force carefieetl ins-domain as follows
U 2n(9) = Gea(S)(ea (8) ~ £22(5) (32)

where ¢4 and &,, denote the desired and measured strains at Nodee&Rectively. The gain of the second

PD-controller can be written by a vectorssdomain as follows
— T
Ge2(9={0 0 0 Kpp+Kyys 0 (K, +Kgs) 0 - 0 (33)

A block diagram of the PD-controls for the two-liskstem using one actuator is shown in Fig. 14.

£54(5) —b(l_}—i G (3) =@

Controller 1

25 (s)

C::_} . G. (s . ’
,"(") _._.

Flexible link )

F(s)

+ ¥ 4+

U2x(3)

£224(5) —ho—b G (3)

Controller 2

&q: Desired strain &g and gy, Measured strains at nodes 6 and 22
F : Base excitations U, and U,, : Bending moments generated by actuator 1 and 2
Figure 14: Block Diagram of PD-Controllers of the Fexible Two-Link Manipulator

Using Two Piezoelectric Actuators

Calculated Results

Time history responses of strains at Node 6 andeN®2 on the uncontrolled and controlled system were

calculated for ModeldlI ,II, IV and V when the first and second motors rotatétiradians (45 degrees) am® radians

(90 degrees) within 0.50 [s], respectively. Timsthiy responses of strains on the controlled sy$terivlodelsIl andIV
were calculated under control scheme shown in Eig®. Time history responses of strains on therobet system for
Models I and V were calculated under control scheme shown inrBigi4. The concentrated mass, used as the

end-effector is 14.49 [g].

Examining several gains of the PD-controller using actuator leaded K, = 2 [Nm] andKy = 0.6 [Nms] as the
better ones. Furthermore, examining several gditteeoPD controllers of the controlled system uding actuators leaded
to K = 2 [Nm], Ky = 0.6 [Nms], Ky, = 40 [Nm] andKg, = 10 [Nms] as the better ones. The controller gamase

Impact Factor (JCC): 3.6234 NAAS Rating.02



Comparison between the One Piezoelectric Actuatoma the Two Ones on Vibration Control of a

Flexible Two-Link Manipulator Using Finite Element Method

39

examined considering the maximum output forceshefdctuators. Figures 15, 16, 17 and 18 show thentirolled and

controlled time history responses of strains fordels II , 1T, IV and V, respectively.

1200

800 : :

Strain, g,(x 10°%)
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PGB SH —
-400}-

-800| Yo S T .
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: ’ —PD controller

Time, ¢ [s]
(a)

Strain, £, (x 10

-100

100

20

—Uncontrolled
—PD controller

Time, ¢ [s]
(b)

Figure 15: Calculated Time History Responses of Sdins for Model T Due to the Base Excitations: (a) at Node
6, (b) at Node 22
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Figure 16: Calculated Time History Responses of Sdins for Model I Due to the Base Excitations: (a) at Node 6,
(b) at Node 22
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Figure 17: Calculated Time History Responses of Sdins for Model IV Due to the Base Excitations:
(a) at Node 6, (b) at Node 22
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Figure 18: Calculated Time History Responses of Stins for Model V
Due to the Base Excitations: (a) at Node 6, (b) &tode 22

The maximum strains of uncontrolled system for MoHeat Node 6 and Node 22 were 948.30 ¥ 4dd 58.55
x 10°, respectively. By using PD-controller they beco#88.50 x 10 and 39.13 x 18 respectively, as shown in figures
15.a and 15.b. The maximum strains of uncontradigstem for Modelll at Node 6 and Node 22 were 987.80 ¥ afd

51.56 x 10, respectively. By using PD-controller they beco#®.50 x 16 and 29.30 x 18 respectively, as shown in
figures 16.a and 16.b.

Moreover, the maximum strains of uncontrolled syster ModelIV at Node 6 and Node 22 were 1265.00 £10
and 81.46 x 18, respectively. By using PD-controller they becdsB88.70 x 10 and 48.29 x 18 respectively, as shown
in figures 17.a and 17.b. The maximum strains aontrolled system for ModeV at Node 6 and Node 22 were 1283.00

x 10° and 68.30 x 18 respectively. By using PD-controller they becos88.30 x 10 and 39.87 x 18, respectively, as
shown in figures 18.a and 18.b.

It was verified from these results that the proposentrol scheme can effectively suppress the tidoreof the

flexible two-link manipulator.
CONCLUSIONS

The equations of motion for the flexible two-linkamipulator had been derived using the finite elennesthod.
Computational codes had been developed in ordgretiorm dynamics simulations of the system. Experital and
calculated results on time history responses, abli@quencies and vibration modes show the vaiglivf the formulation,
computational codes and modeling of the system. preportional-derivative controllers were desigriedsuppress the
vibration of the system. The calculated resultsehbeen revealed that the vibration of the system lma suppressed

effectively even though using only one piezoelecagtuator.
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