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Simultaneous Control and
Piezoelectric Insert Optimization for
Manipulators with Flexible Link

This work proposes a tracking control model fotexible link robotic manipulator using

simultaneously motor torques and piezoelectric afttts. The dynamic model of
manipulator is obtained in a closed form througle thagrangian approach. The control
uses the motor torques for the tracking controths joints and also to reduce the low
frequency vibration induced in the manipulator BnkThe stability of this control is

guaranteed by the Lyapunov stability theory. Pismigc actuators and sensors are
added for controlling the high frequency vibratidmsyond range of motor torque control.
Additionally, this work introduces a formulatiorr f@multaneous control and piezoelectric
inserts geometry optimization through the maxinnrabf the control action dissipated
energy. Simulations on Matlab/Simulink are used/edfy the efficiency of the control
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Introduction

The design of light weight robotic manipulators twitexible
links requires a control system which takes intcoant the
interaction of the joint angles and the elasticodeftion. This
complex task has the additional complication of thesential
uncertainty that characterizes robotic manipulateush as variable
payload and joint frictional torques (Siciliano avidlavanis, 1998).

A flexible robot control design is composed by tateps: a
tracking control acting on the joint angles andtabsizer for
motion induced vibration suppression (Zhang et &Q05;
Mohamed et a).2005).

Robotic systems can be considered linear with wspesome
parameters, such as mass, inertia and dampingrdadbat this
assumption is not valid for the state. Therefor@oaition control
law must be defined with an appropriate trackingpreasymptotic
stability, obtained with Lyapunov functions (ArinagtL996).

In this work, we propose a tracking contmwdel for a robot
arm with flexible link. Motor torques tracking coak based on the
elastic links dynamic reduces the low frequency ratibns.
However, the high frequency modes cannot be elimthdy the
motor torque action alone, because the torque @osystem low
speed is unsuited to control high frequency vibragi Thus, high
frequency vibrations control must use faster respaactuators like
piezoelectrics. The actuation frequency rangesi@friotor and the
piezoelectrics inserted are chosen to be non-qugrig, so that
their controls are uncoupled. Similar techniquegehlaeen already
proven in single-link flexible manipulators (Sunadt, 2004; Choi
and Shin, 1996; Cho et al., 1999) and in two-linkxible
manipulators in (Kim et al., 2001).

The lower fundamental modes are responsible fot ofdke tip
displacement of the robot arm, therefore only thiest ftwo
eigenfunctions are considered here. The theory dtated in this
work can be used for more than one flexible linkyt Hor
simplification, the simulated model has one rigitl @ne flexible
link.

Robotic manipulator design has largely ignored thtest
structural design methodologies. There is ground ifieproving
robotic manipulators using modern structural optatibn
techniques, including the use of smart materiagstist the control

Paper accepted January, 2009. Technical Editor: Domingos A. Rade

J. of the Braz. Soc. of Mech. Sci. & Eng.

Keywords: piezoelectric actuators,

Copyright O 2009 by ABCM

flexible links, trackingontrol, optimization,

by changing the structural behavior (Banks etl&196; Gabbert and
Schulz, 1996).

In this work, we propose a tracking control modsi & planar
robot with a flexible link. The motor torque congdhe joint angle
tracking and decreases the low frequency link tibra while
piezoelectric sensor and actuator are added toradotite high
frequency vibration. Furthermore, we propose atlonaand sizing
optimization where the mass and stiffness changes th the
addition of sensors and actuators included. This heen already
used in suppressing vibrations in a flexible begstesn (Abreu et
al., 2003; Dhuri and Seshu, 2006; Kermani et adp4. A
Matlab/Simulink code was created to assess theralontodel
efficiency.

Nomenclature

a = length of link i.

A, = cross section of the link.

b = width of the flexible link.

by = inertia matrix terms.

o = Coriolis and centrifugal effects matrix terms.

B(q) = positive definite symmetric inertia matrix.
C, = input piezoelectric control matrix.
C( q,9)g = Coriolis and centrifugal forces vector.

cs = capacitance of the film sensor.

Cj = constants.

D = positive semidefinite link damping diagonal nivatr

D, = positive definite gain diagonal matrix.

d3; = piezoelectric constant.

d, = distance from the bottom of the piezofiim sensdhné
neutral axis.

diyi( X; ,t) = deflection of flexible link.

E, = elastic modulus of the flexible link.

E. = elastic modulus of the piezoceramic actuator.

E; = elastic modulus of the piezofilm sensor.

(El'); = flexural stiffness property of the link i.

fi = deflection velocity depend functions.

g(qg) = gravitational torque vector.
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031 = piezoelectric stress constant.

K. = piezoelectric feedback gain matrix.

Ke = positive definite stiffness diagonal matrix.

Kp = positive definite control gain diagonal matrix.
Kpe; = modal stiffness due to the actuator and sensor.
K2, = electromechanical coupling factor.

I, = length of the piezoelectric actuator and sensor.
m = link mass.

m,; = motor mass.

q:[e,d]T = generalized coordinates vector.

o = reference velocity vector.
g = tracking error vector.
gq = desired path vector.
S = reference error vector.
ty = link thickness.
te = piezoceramic thickness.
t; = piezofilm thickness.
u = input control torque vector.
V;(t) = voltage generated by the piezofilm sensor.
V,(t) =input voltage to the piezoelectric actuator.
Xa = location of the actuator on the link.

W) = initial energy of the system.

W; = energy dissipated by internal damping.
W, = energy dissipated by the control action.
Greek Symbols

a = constant of material cost.

B; = constant of feedback gain.

o = nx1 elastic modes coordinates vector.
04 = nx1 desired elastic modes coordinates vector.
&j , @ = positive constants.

@ = eigenfunctions.

A = weight elements.

@; = jth natural angular frequency.

g = nx1 joint coordinates vector.

pPp = beam mass density.

P = link i uniform density.

T = input motor torque.
{ = modal damping.
A = gain diagonal matrix.

Dynamic M odel

The control laws are obtained from the arm motiqoations.
Figure 1 shows a simplified planar manipulator cosgg by one
rigid and one flexible link, two joints, two motorsne piezoelectric
actuator and one sensor attached to the top siliéatom side of
the flexible link, respectively.
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piezoceramic actuator

piezofilm sensor

v

X

Figure 1. Model of planar manipulator with one rigid and one flexible link
featuring piezoelectric actuator and sensor.

The motion of the robot endpoint is a compositioh tioe
successive relative link motions. This movemendéscribed using
homogeneous matrix transformations. These transitoms
represent translations and rotations due to thegangle changes
and the flexible link elastic deflections (Book,849 Bottega et al.,
2007). The deflections are obtained consideringhdatk as an
uniform beam with lengthe; featuring a piezoceramic actuator
bonded to the top face, and a piezofilm sensor édnd the bottom
face as shown in Fig. 2.

. . ;
(Ipc piezoceramic

flexible link

piezofilm

Qyr crogs-section

i€y

Figure 2. A flexible link of manipulator featuring surface-bonded
piezoelectric actuator and sensor.

Flexible links featuring surface-bonded piezoelectictuator and
sensor can be modeled as discontinuous cross+seéider-

Bernoulli beams, with deflectio dyyi(Xt), satisfying the partial
differential equation system (Tsukazan, 2005; Ciopetl., 2007)

9*d,y (Xt 9%dyy; (it
CREE LU TLUE R
- )a4d2yi(x,t)+ %dpy(xt) _ +1, (1)
i i SU Xy sX<Xg tlg
) o P2 at2
0%d,. (Xt 0%d,,; (x,t
(B1y), 22D ), z)ltg =0.%, 41, <x58

where p,; is the uniform density (El, ) is the flexural rigidity

property of the link i (Meirovitch, 1967), and tirelex k selects the
position along the beam length, where 1, 2, ance8mrespectively
before, within, and after the piezoelectric actuato

Exploring the time and space separability of th&teay Eq. (1)
by the modal analysis technique (Knani, 2002) lithiei deflection
can be expressed as
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digi (0 = 3, @i (995 1) @ wor V] 6,
j=1 [ )
X

where each term in the general solution of Eqigte product of a piezoceramic

1
. . . jao;t i
time harmonic function of the terrg; = e " and of a space |
eigenfunction of the form

) piezofilm
@ij (X) = Cyjjsin(B; x) + Cyj cogBj; X) - Py T
+ Gy Sinh(B;; X)+ Cyj cost{f x) “— _
———
a; Flexible link

where ,b’ij4 = wijz I(El} and @ is the jth vibration mode angular

Figure 3. A flexible link of manipulator featuring surface-bonded

velocity for the link i, derived from an eigenvalpeoblem The o, oeiectric actuator and sensor.

determination of the constant coefficienCyj uses clamped
conditions at the link base and mass boundary tiondi
representing the balance of bending moment, shpéoite at the The matrices of the dynamic model can be partitione

link endpoint (De Luca et al.,, 1988), and the in&rboundary

conditions are expressed in Table 1. B, B C., C
Blo)=| 2 B | g :[ 00 0(;} K :[O O}
d {B;(s Bss (as) Cso Css| ¢ |0 K

Table 1. Discontinuity conditions 9(q) = |:g,; 8;} u= |:6]’ (6)
First discontinuity Second discontinuity 0
A (Xa) = 25 (0) %i(la) =5 (0) where the indexess, g5 and g5 are the terms from the matrices
P (Xq) = @5 (0) @2 (13) = @3 (0) corresponding to rigid body, rigid coupling witlefible body and
) 2., ) 2. flexible body, respectively.
@'5i (Xa)=a7" @' (0) @i (la)=a"¢'3 (0)
9"y (xa)=a’@" 5 (0) 95 (1) =a%9"3 (0) Tracking Control

This section introduces the flexible robot arm kiag control,
based on an adaptive controller presented by Aateag Siciliano,
(2000) and a robust control law to reduce the ielagbrations of
the arms. The stability of the tracking error iooyed using the
Lyapunov stability theory (La Salle and Lefscheif61). The
Aij (X), 0<sx<Xq improved tracking controller using nominal compeitsa of

% (x)= 2 (X-Xg), Xa SX<Xg+lg @) dynamic nonlinearities of system Eq. (5) is givgn b

@5ij (X=(Xgq t13)), Xg tlgsx<a u=B(q)r +C(q,0)r + Kedg + DG + (@)~ Kyps, @)

Starting from this analysis, the mode shape fodilfle link is

wherel, and x, are the length and the location of the piezanara Where ¢ = ¢, — 4g s the reference velocity vector with tracking

actuator and the piezofilm sensor respectivelyhasvs in Fig. 3. error §=q-q, ands=q-g, = a+ A§ is the reference error.

Inserting Eq. (7) in the dynamic equation, Eq. (&) error

Equations of Motion equation ir s becomes

The equations of motion are derived in closed fausing a N
Lagrangian approach written in the form of compauitrices, B(gq)%=—(C(a,q)s+Keg+Ds+Kps) (8)
resulting (Book, 1984):

In order to prove the stability at the origin of .H§), consider
B(g)d+C(a,4)3+Kea+Dg+9(g)=u, (5)  x=[§ d]" with the Lyapunov function:

where q=[9,6]" is the generalized coordinates vector. _ _
] V(x,t)=V(x):%STB(q)s+qT(/le+Ke)q 9)

Deriving Eq. (9) along Eq. (8), using the propesfydynamic
equation that B(d)-2C(q4d) is skew symmetric and

sT(B(q)-2C(q,q))s=0 (Arteaga, 1998 ), we have

V(x)=-0G" Kpd -G (AKpA +AKe )G (10)
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Since K,,A and K, are positive definite and diagonal zero. A detailed proof of the stability of this ¢aol law can be seen

matrices,V(x) < 0 which implies that the equilibrium poi x =0
is asymptotically stable (Arteaga and Sicilianop@D However, it
is not guaranteed that the deflections tend to Zeroweakly
damped system. In this case, we can add a robugtotdaw
(Arimoto, 1996) that damps the system and elimmate steady
vibrations as

D'Aéd = (DA —diag{ fll""’fll’l""’fnrl""’fnrn })6d
S
f =y o il j=les,
”5dij3diju+5ije !

where 5dij ’Sdij
deflectionsdy and tracking erras, r; is the number of deflection

generalized coordinates for liri , and nis the number of links.
The robust control law Eq. (11) presents strong&ation to various
perturbation from modeling errors and disturbarare] guaranteed
transient performance (Yao and Tomizuka, 1996).

To prove the stability of the deflectioid; from Egs. (5) and

(6), and assuming thag, is constant, we take the partitioned

equation, for a desired deflectiay, :
BysOy +Cy0y + D)0y + Ky +9(,)=0 (12)

and we considey =Jy4 + K "195. Substituting in Eqg. (12) we have

Basy+Csy+Dpy+Ky=0, (13)
with Lyapunov function
)= yTky+ 2 yT By (14)
Vy(y,y)—zy Ky+2y BasY

The time derivative of Eq. (14) along Eq. (13) @sihe property
of dynamic equation thatBsgs —2Cs is skew symmetric and

yT( Bss —2C5 )y =0, (Arteaga, 1998) results in

Vy(.¥)=-y" Dy (15)

Since D', is a diagonal positive definite matr\\/y( y,y)<0
which implies that the equilibrium poiry =0 is asymptotically
stable.

The Eqg. (11) is added to Eq. (7) to obtain the raw of the
system Eq. (4) expressed as

u=B() +C(a.9q+Keqg +Da

T 16
+g(q)—KpS+[OT (D;,adH (16)

The proof of the stability of this control law cé®e obtained
using Lyapunov stability theory in a manner simttathat shown in
the stability of the control law Eq. (7). So thenttol law Eq. (16) is
stable on the origin and tracking ergprtends to zero. The damping

of the system has been increased, and the defiectarles tend to
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in Arteaga and Siciliano (2000).

Piezoelectric Sensors and Actuators Control

Under certain conditions, achieving the suppressibelastic
link vibrations by means of the motor torque alanay be very
difficult. Hardware limitations, such as motor gsation and motor
noise may prevent the control of high frequencyration modes.
To solve these problems we propose a hybrid cdatrobnsisting
of the servo-motor and piezoelectric actuatorsserors bonded to
the flexible links (Shin and Choi, 2001; Liu anddge 2000). We
obtain a controller that relies on the motor torqaeachieve the
desired path and a feedback voltage control onpibeoelectric
actuators for the elastic vibrations.

are generic elements dependent on desired We propose a feedback control voltage to the piezmuic

actuator (Crawley and De Luis, 1987), expressed as

Va (t) = _C; K¢ (t) an
With
EpEctctydsy . )
C,= 50 +1.) - (x .
: pbAb(Ebtb"'GECtC)( ( a a) ( a)) (18)

The voltage generated by the piezofilm serV; (t) obtained

by integrating the electric charge, developed gboant on the
piezofilm is expressed as (Banks et al., 1996)

kdibs
V¢ (t|FCo= d.io
f(): 5 0931 ni

(19)

This additional controller Eq. (17) is combinedth® original
one, Eqg. (16). The resulting control law for thesteyn Eq. (5) is
expressed as

u=B(qXj; +C(qQa+ Keay + Doy

20
+g(a)- KpS+|:0T [a) +CaVa(t)T e

resulting in a hybrid control act, where the matmmue controls
the joint angle tracking and reduces the low frempyevibrations

on the links while piezoelectric sensors and acitsaare added to
control the high frequency vibrations. Again, theogf of the

stability of this control law can be obtained usihgapunov

stability theory as shown previously for the cohti@wv Eq. (7).

So, the control law Eg. (20) is stable in the arigind tracking
error g tends to zero.

Location and Sizing Actuators Optimization

Controlling structural vibration depends not only the control
law, but also on the selection and location of #wtuators and
sensors (Denoyer and Kwak, 1996). In this work, prepose a
methodology for the actuator and sensor position aizing
optimization, based on maximization of dissipatiwinthe energy
control (Li et al., 2002). This procedure takesoirggccount the
actuators and sensors mass and stiffness and dffeat on the
mechanical behavior of the structure. This inflleeiccombined to
the control characteristics to obtain an objectiuaction that
depends on the actuators location and sizing, leeddntrol gain.

ABCM
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The deflections are obtained considering eachdmla uniform _ N S _ _
beam witha; length featuring a piezoceramic actuator bondettiéo IS & 2m x 2 m matrix positive semi-definite, which allows progin
top face and a piezofilm sensor bonded to the boftwe as shown the asymptotic stability using the Lyapunov theofythe Eq. (26)

in Fig. 3. system (Naidu, 2003).

The dynamic of the flexible link witlm piezoelectric sensors Applying transformation technique to the E28), we obtain
and actuators in terms of modal coordinates caexpeessed as (Truhar and Veselj 2004)

Bysd + C 58 + DS + KI =C V4 (1) (1) W, =2z' Pz (30)

where K =K + K e, and K e, represent the modal stiffness duewhere P is symmetric positive definite matrix, solution tfe

to the actuator and piezoelectric sensor. Lyapunov equation

The total energy stored in the system (De Lucd.e1888) can

be expressed as HP +PH =-Q (31)

It is noticeable thatW, depends on the initial conditions of the
flexible structure. In order to eliminate this dedence, we assume

W:T+U:%5TB&55+5TK§ 22)

) o ) ) ) that the initial state ok satisfiesWa_le where
Differentiating the Eq. (22) with respect to theaei, we obtain
o L. e e e a7 M 0 M
W=T+U= 25T Bad+ o7 Bgd +67 ko (23) Wa{o M} and M=| 7o 32)
An
Isolating B4 on Eq. (21), replacing in Eq. (23) with the
control law Eq. (17), and using the property of @yic equation with random value of; >0 where A; and A, are larger than the

that By - 2C4 is skew symmetric ansT (s, -2c,,)0=0, We 0btain  gthers, because it is expected that the lowestiéeey modes are
more easily excited by the rigid body motion (Li &t, 2002).

W=T+U=-8"Dé--3" (C,K.C, ¢s)d, (24) Therefore, we obtain an objective function (Trutzd104),
where the first and the second terms describe thegg rates Jo =tr(W," PW, ) (33)
removed from the system by the internal dampinglanthe control
feedback, respectively. for energy dissipated by the control which depeod the location
Integrating the Eq. (24), we obtain X, , the lengthl, of the piezoelectric actuators and the gKig.

" - To design a precise and agile manipulator, it aso@able to
W(tg) =W +WC:J' 5'TDd'at+j 5T(CaKcCaTcs)5dt (25) take it as light as possible. This is accomplisgd adding a
b to function of the actuator and sensor masses tolifeetive function

. N . . ) shown above. We added td, a quadratic dependency on the
For effective vibration suppression, it is reasdedab derive a

method to increase the energy dissipated by thealokive observe actuator. Iength I_a (Li e_t al., 2002), resulting the following
that W, depends on the locations, and the lengthl, of the composite objective function:
actuators, and feedback matrix gafn, . ThereforeW, can be used min J(a) (34)

as an optimization criterion to determine locatiand sizing of Xala K¢
actuator and feedback gains.

with
To determiningW, , we write the Eq. (21) in state-space form as
2= Hz (26) a)=al,? -3,
. 0< Xa £ @
where z = [5,5] and 0<l, +x, <3 (35)
K¢ < Kpax

~ 0 |
H ={ -1 -1 T } : (27)
~Ba 'K ~Bg (Cos +D+CaKcCq Cs) where a depends on the piezoelectric material cost ag,,

The control-induced energy dissipation by the a&ctilamping depends on the actuator power limitation.

control W, can be written as
Results

W, :J'ZTQ zdt (28)  The control laws were tested on a simplified rooidel with two
links: the first one is rigid and the second ondegible with two
deformation modes, as shown in Fig. 1. Gravitati@féects were
ignored (De Luca et al., 1990). The Lagrangian doate vector is
} g=(01,05,021,005) and the inertial matrix and the Coriolis and

where

0 0
Q= [0 C.KCaTce (29)  centrifugal effects matrix are
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Valdecir Bottega et al.

— 2 2 "
b11_|h1+hl+2hz+m2|2+mh2a1+|2+|h2' —-é - J;,'ps
+ & :
b, =b,y =h +h, +mylZ+1,,+1,, CEle [Fr rrpet a8
_ _ _ _ Control torue Fohat sk
b, =b;, =by, =b,, =m,ac(d,) + myl,, g + ==
- 2 ‘h =h =h =h = Pa g+ Diag=u [
bzz_r]i+m2|2+||z+|h2vb23_b32_b24_b42_m2|21 Rigid links ]
— — — Control
Byy = byy =y =y, Piezoelectric control 5 4
L L L % [T Blak+Cladikr )
_ . . . . 5' o+ + D Co
Cp =0, — -0, +-m,a;s,0, +-m,a;s,0,, 2 S0
2 2 2 & >
. . 1 . .
Cy = —2h8,; ¢, = —hb,iC,, = E hy6,;Cy = Cpy = —M,aS,0,, Desized trajectory
Csp =C4y =Cy3 =Cuy =Cyy =Cyy = 0, Figure 4. Block-diagram of the proposed control algorithm.
where
— 2. — 2. — 2 2 . .
h, = mzdyf h, = mzalszdyzf h, = mzalczdyz +mya;s,l”, Desired Trajectory

s, =sin(8); ¢ =cos(8)); dy; = $n0n + @0, Figure 5 shows the trapezoidal trajectory trackirsgd with

while the stiffness and modal damping matrices are amplitude for the joint angles 1 and 2 without initial tréog

error.
0 0 0 0
2 .
K=l |@a 0|[, D= 0 2{ 0, 0 desired trajectory
0 wzzz 0 2{ 00,5, 3 : "
— - — - - trajectory joint 1
The following diagonal elements of gain matricastie control are 7| trajectory joint 2 | |
_____ — —— - zpead joint 1 _
Kp11 =0 Koo =0; K p33 =90; K pgg =14, P spead joint 2
A= DA = |4x4, T
Ker1 = 0;Keop =07 Kg33 =305 Kegq =30, .
A =20; A, =10. = -
Physical Parameters i i
We present the mechanical and geometrical progediethe
piezoelectric materials (Choi and Shin, 1996) ugatiis work: 2r T
a;=03m; a, =07m;l; =015m;l, =035m, 3 . . . ,
my =02kg;m, =03kg;my; =My, =10kg, o 1 i 3 4 5
1, =0170; 1, =0103; I, =023Q I, =0198( kgn?), t
Wy, =4,7162Trad / secw,, =1439527rrad / sec, Figure 5. Desired trajectory of the joint angle 1 and 2.

{21=007; {5, =003 & =01 ¢; =001,

=-1446; =1369, . . .
Po1 A45 Po2 = 4505 Figure 6 shows a circle path selected as an ent-frajectory.

P =1780kg/n?; p, =7700kg/nT; The circle has 0.4 m of diameter. Equation (36gxecuted in a
E. =64GPa; E; =2GPa; E, =65GPa; clockwise direction starting at the top point of ttircle inxy plane.
t =0.8mmt, =0.028mn1 t, =0.8mm; b=25mm x= rcogt)+0,4

d,, = -300x 10" (m/m)/ (Vi); g,, = 216x10° (V/m)/( Nf?); y= rsint) (36)
C=380pF/cn?.

The results were obtained using a block-diagramlémpnted
in MatLab/Simulink software presented in Fig. 4,erdnthe fourth-

order Runge-Kutta method witht = 1 mswas used to integrate the
equations for a five second simulation.
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dezired circle-path

oA+ R

0.4t -

I:l 1 1 1 1 1
0.4 0.4 0.6 0.7 0.2 0.9 1

x

Figure 6. Desired circle-path, end-point trajectory.

Figure 7 shows the joint trajectories generated ifyerse
kinematics from the desired end-point motion.

desired trajectony

25 ¢

desired trajectory joint 1 (-

2] — - — -

desired trajectany joint 2

Figure 7. Desired joint angle trajectory for a circle-path, end-point trajectory.

Performance Indices

Performance measures commonly used such as thg tisie,
damping and steady state error are not adequatendolinear
systems such as robot. In Yao and Tomizuka (1986)yalued B
norm given by

V2
L2[s(t)] = [% jOTf B dt} 37)

is used as an objective numerical tracking meagerformance for
It is an average measure, and large

an entire curve 6 (t) .
deflections during the initial transient stage aatrive represented.

Also, we will use the average tracking error affa during the

last three seconds,

J. of the Braz. Soc. of Mech. Sci. & Eng.
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1
L[s(t)] = 3 i f_gottyt 38)

as indexes to measure the steady state trackiog err

Simulations

Firstly, we simulated a damped system with a cotam, Eq. (7).
Figure 8 shows that the elastic deflections tendetm and they are
limited due to structural damping of the systenguké 9 shows that
the system tracking error also tends to zero. énsttcond simulation,
we used the control law given by Eq. (16) in thmeaystem used
before. Figure 10 shows an increase in the sysimpithg and a
faster convergence to zero of the deflections. Thia result of the

addiction of D ;64 controller.

0.o1
deflaction mode 1
— - — - - deflection mode 2
o.oos
L 0
-0.005
1
_|:||:|1 1 1 1 1

Figure 8. Deflection of modes 1 and 2 for the damped system.

joint tracking error
0.03 . .

tracking emor joint 1

— - — - tracking emor joint 2

o.o:

Figure 9. Joint tracking error of the trapezoidal trajectory.
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0.o1
deflection mode 1
— - — - deflection mode 2
o.oos b -
o 1]
-0.005
|:||:|'| 1 1 1 1

Figure 10. Deflections of first and second modes for the damped system
with robust control.

For the next simulations of the system above wihtiol law
Eq. (20), we added piezoelectric actuators andossndVe first
obtained the location and sizing of the actuatotgisg the problem
of objective function minimization, Eq. (34), usiMatlab software.
Figures 11 and 12 show the objective function thegiends otl

and x, variables witr a = 300.
The minimal value is obtained x, =0.09m and |, =035m

that respectively represents the position and ginihpiezoelectric
actuator bonded on the flexible link.

g0,
Annd. -

-
f A
-150 4 r' !‘I’ / rijl'? ||'H'. o t;; h‘n-, ”m";{ffﬁﬂﬂ
i el i;_.
-200 ) " i j A iy
"F"f! s ol

-2a0.. -
0.6

Figure 11. Dissipated energy objective function due to piezoelectric
control action.
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ohjective function

Figure 12. Contour curves of dissipated energy objective function due to
piezoelectric control action.

In Figure 13, we observe that for given locatiom aiving of
the piezoelectric actuator/sensor pairdy is a monotonous

decreasing function of gaiK . But whenK; can be chosen very

large, there are almost no variations of the valud . Therefore, it
is necessary to introduce the gain funci S:k. into the objective

function Eq. (34), wherg5, represents a gain parameter dependent

of the hardware limitations. In Fig. 14, the omirsolution for the
feedback gain i K, = 30 obtained with3, = 3.

100

-100 | E

=200 E

300 E

_4|:||:| 1 1 L 1
1] 1000 2000 2000 4000

5000

Figure 13. Objective function J dependency on the gain K.
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200 T T T

GO0
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200

1) 100 200 300 400

Figure 14. Objective function J with gain B¢K. dependency on the gain K.

Figure 15 shows a reduction on the frequency arft:adi®n
amplitude induced by the tracking control when p@ectric
actuators and sensors are added in the posx, =0.09m and

x=0.0,1=0.2
0.01
0.005
u 1] . o
-0.005
-0.01
1} 1 2 3 4 5
i 1
x =0.08, 1 =035 x=00,1=07
0.01 0.01 S
0.005 0.005
= 0 ,H;f‘-—-w---— w 0 vﬁx—.——
-0.005 ] 0.005
0.01 -0.01
1] 1 2 3 4 b 1] 1 2 3 4 5
t t
deflection mode 1
------- deflection mode 2

Figure 16. Deflections of first and second modes for the damped system
with a piezoelectric actuator and sensor in four different positions x, and
lengths l,: @) X, = 0.00 m, I, = 0.2 m; b) X =0.5m, l,=0.2 m; ¢) X, = 0.09 m,
la=0.35m; d)Xa=0.0m, l,=0.7m.

length I, =0.35m of the piezoelectrics. It is clearly seen that the

deflection frequency and amplitude is reduced bivaiing the
piezoelectric actuator and sensor during the motion

0.o1 T T T T
deflection mode 1

— - — - - deflection mode 2
0.0046 E

-0.00a ¢ .

_|:||:|1 L L 1 1

Figure 15. Deflections of first and second modes for the damped system
with a piezoelectric actuator and sensor.

Figure 16 shows deflections of first and second esofbr
damped system with piezoelectric actuator and semsofour
different positionsx, and lengthd , .
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As shown in Figs. 16, 17 and 18, all systems pm®vid
satisfactory tracking performance. However, thetesys with
piezoelectric actuator and sensor in the positiord dength
Xz =0.09m, |, =0.35m and x5 =0.0m, |, =0.7m have a much

better final tracking accuracy as seen by the pedioce index L
norm Eq. (38) in Fig. 18, and a better transientsaen from
performance indexd. norm Eq. (37) in Fig. 17.

®10
a8

= Lz|-1e'ua1]
| IEE|

B | 4
o 1 2 3 4

]
2a=00la=D7

[rm]
-

kd
T

ea=d0Ia=00 xa=051=02 wa=01l3=02 xa=009 =035

Figure 17. Average tracking from the performance index L, norm.
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4 applied torques

|- lee'um] j ——
L Jdsital] —— torque joint 1

-------- torque joint 2
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Figure 18. Average tracking during the last three seconds from the

performance index L norm.
Figure 20. Applied torques with active piezoelectric actuator and sensor.

It is clear that a system with a piezoelectric atiu and sensor ) ) o
in the positior x, =0.0m and lengtt1, = 0.7m is the best choice, _ These simulation results show the advantage of gun® a
but with a piezoelectric actuator and sensor in plsition and size measure W.'th the pontrol pgrformant;e .|ndexoma|n the

. . composite objective function for optimal desigriiok.
length X, =0.09m, I, =0.35m, respectively, it can be reduced  Aq 5 second step, a circle path is simulated inerrt
their size and consequently the mass of the corgplisk with only  demonstrate favorable tracking control performawictae proposed
a small loss of control performance. control scheme. Figures 21 and 22 present the itrgckontrol
Figures 19 and 20 show the torque applied to cbtiteorobot  responses for the imposed circle trajectory withaud with active

joint with and without the piezoelectric actuatospectively. It is piezoelectric actuator and sensor, respectively.dafe distinguish
observed that the reduction of control effort asigh frequency of the difference of control performance between twases of the
control in the second joint is reduced when thegatectric control  tracking error. It shows that the initial trackiegor is reduced.
is activated.

tracking emar

applied torques T T T T T
30 . r r
torque joint 1
{1 | I e targque joint 2 (4 LR S .
il -
; 04 f |
E : = 03} _
0.z .
A o1 |
' tracking trajectony
-0 ) , , _ | dezired trajecto
t 0.4 0.4 0.6 0.7 0.3 049 1

Figure 19. Applied torques without active piezoelectric actuator and sensor.
Figure 21. Tracking error of the circle path trajectory without active

piezoelectric actuator and sensor.
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tracking emor
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Figure 22. Tracking error of the circle path trajectory with active
piezoelectric actuator and sensor.

Figures 23 and 24 present deflection control farirale path
trajectory without and with active piezoelectriduator and sensor,
respectively. It is clearly observed that the unted oscillations of
tip deflections are favorably suppressed.

All these results support the advantage of intrauyc
piezoelectric actuator/sensor for suppress und#sitgp deflections
in the link. This control system result increades possibilitiesof
using the flexible link manipulator for severalkss

deflaction
0.0z

a5 L — - — - - deflection mode 1 i

deflection mode 2

oot E

0.005 | -

-0.005 f E

-0.01 o i

-0.015 E

0.0z L L L 1 L L

Figure 23. Deflections of first and second modes for the damped system
with robust control without active piezoelectric actuator and sensor for a
circle path trajectory.
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deflections

o.o1s b — - — - - deflections mode 1 1

deflections made 2

Figure 24. Deflections of first and second modes for the damped system
with piezoelectric actuator and sensor for a circle path trajectory.

Conclusions

In this work we introduced a technique for trackiagd
vibration control of a robot with flexible links.hTs technique uses
the motor torque for the joint angle control to woh the low
frequency vibrations in the robot links. Piezoeiecactuators and
sensors are added to the system to control the frgguency
vibrations that cannot be reduced by the motor e@l@imulation
results show that this approach effectively redutfes motion
induced vibration. We also introduced an optim@afgprocedure for
the sizing and position of the piezoelectric aainaand sensor,
using the energy dissipated by the control in thigdive function.
This approach can obtain better results for matogues that suits
their control period limitation and a size reduntiof the actuators
and sensors sizes. This technique can be develmpedild light
manipulators with flexible links, while preservirthe force and
precision. It also reduces the energy consumptioth suits the
needs for aerospace systems or for tasks that dergintness,
precision and agility.
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