Proceedings of the

44th IEEE Conference on Decision and Control, and
the European Control Conference 2005

Seville, Spain, December 12-15, 2005

WeB12.4

Output tracking control of a flexible robot arm

Tu Duc Nguyen and Olav Egeland

Abstract—In this paper, we address the problem of output
feedback tracking control of a flexible robot arm. The robot arm
is modeled as an Euler-Bernoulli beam. The beam is clamped
to a motor at one end and attached to a force actuator at the
other. Based on measurements at the boundaries, a uniformly
exponentially stable observer is proposed. Using the information
from the observer, a tracking controller which allows the robot
arm to follow time-varying references and damp out the elastic
vibrations is designed. The existence, uniqueness and stability
of solutions of the closed loop system and the observer are
based on semigroup theory. Numerical simulation results are
included to illustrate the performance of the proposed control
laws and the proposed observer. The simulation results are in
agreement with the theoretical results.

I. INTRODUCTION

The stabilization problem for mechanical systems de-
scribed by infinite-dimensional model has been extensively
studied by several authors. The idea was first applied by Chen
[4] to the systems described by wave equation (e.g. strings),
and later extended to the Euler-Bernoulli beam equation
and the Timoshenko beam equation by numerous authors,
among others [1],[5],[6],[13],[14],[19],[20]. In particular, in
[5], Chen et al. showed that a single actuator applied at
the free end of the cantilever beam is sufficient to obtain
uniformly stabilization of the deflection of the beam. In
[14],[20] the orientation and stabilization of a beam attached
to a rigid body were studied. Recently, Lynch and Wang
[13] applied flatness in controller design for a hub-beam
system with a tip payload. In [1], Aoustin et al. considered
the motion planning and synthesis of a tracking controller of
a flexible robot arm using Mikusinski’s operational calculus.

Observer design based on Lyapunov theory is well known
and widely used for both linear systems and nonlinear
systems. In [10],[18],[19] observer design for flexible-link
robot described by ODEs is studied. Balas [2] considered
observer design for linear flexible structures described by
FEM. Demetriou [7], presented a method for construction of
observer for linear second order lumped and distributed pa-
rameter systems using parameter-dependent Lyapunov func-
tions. Kristiansen [9] applied contraction theory [11] in
observer design for a class of linear distributed parameter
systems. The damping forces were included in the last two
cases. Thus, exponentially stable observers can easily be
designed. Here, as opposed to the work of [2],[10],[18],[19],
observer design for a flexible-link robot is based on an
infinite-dimensional model. Recently, the present authors
[15] designed an exponentially stable observer for a mo-
torized Euler-Bernoulli beam described by a combination
of ODE, PDE and a set of static boundary conditions.
The stability of the proposed observer was proven using
semigroup theory.
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Fig. 1.

Flexible robot arm.

In this paper, we extend previous results on regulation to
tracking problem and observer design for a one-dimensional
beam equation. The beam is clamped to a motor at one end,
and attached to a force actuator at the other. We assume
that the mass of the force actuator is much smaller than the
mass of the motor and the mass of the beam. The dynamics
of force actuator at the tip are thus neglected, which is
common in literature (e.g. [14]). For this simplified system,
we design a uniformly exponentially stable observer, and
feedback control laws at the boundaries which allow the
beam to follow time-varying references and damp out the
elastic displacement of the beam. The existence, uniqueness
and stability of solutions of the closed loop system and the
proposed observer are based on semigroup theory.

The paper is organized as follows. First, a model for
the flexible robot arm is presented. Then, the observer
design problem is considered. After that, the planar tracking
problem is studied. Finally, simulation results and some
concluding remarks are given.

II. SYSTEM MODEL

We consider a flexible beam clamped to a motor at one
end and attached to a force actuator at the other (Figure 1).
The equations for the elastic motion of the system are given
as ([31,[15]),

pbtt(ﬂl‘,t) = _EIwTTT’I‘(x7t)7 T e ]7'07L[ (1)
FrL(t) = —Elwee(L,t) )
w(ro,t) = wz(ro,t) = Elwzz(L,t) =0 3)
and the equation of motion for the hub is given by the angular

momentum .
h(t) = T (t) “)

where
b(z,t) = 20m(t) +w(z,t), z € [ro,L] 5)
L

MO = b))+ [ prbi(o) do ©)

0
b(x,t) denotes the the arc length of the beam at point = and
time ¢, w(z,t) is the elastic displacement of the beam at x
and time ¢, p is the mass per unit length of the beam, F is the
modulus of elasticity of the beam, I is the area moment of
inertia of the beam, r( is the clamping location of the beam,
L is the length of the beam, 6,, is the angle of the motor, J,,
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is the mass moment of inertia of the motor, 7,,, : Rt — R
is the boundary control torque generates by the motor and
Fr : R™ — R is the boundary control force generated by
the force actuator at the tip of the beam. The subscripts (-),
and (-), denote the partial differential with respect to ¢ and
x, respectlvely Throughout this paper, the time derivative is
also often represented by a dot, e.g. 0,,, = df,, /dt.

Applying (1)-(3), (5)-(6) and 1ntegrat10n by parts to (4),
we get the equations of motion

pbtt = —EI’LUTTTT, S ]TO,L[ (7)
’LU|T(J = wl"m: wzz|L:07 FL:_Elwzzz|L 9

In this paper, we consider the following problems:

Problem 1: Given the system (7)-(9) and measurements:
O (t) and w(L,t), t > 0. Design an observer for the system.

Problem 2: Consider the system (7)-(9). Given the time-
varying reference trajectories 04(t), 04(t) and 04(t), t > 0.
Assume that 04(t) is exponentially decaying or zero. Find
the control laws Fr(t) and T,,(t) such that

Jim {0,,(8),0,m(1)} = {6a(t),0a(t)}
hm {w(m t),w(z,t)} = 0, z€l0,L]
Remark 1: Exponentially decaying ,4(t) can for instance

be obtained by an exponentially stable reference model with
piecewise constant set-points.

III. OBSERVER DESIGN

Let the measurements be denoted as follows: y; (t) =
Om (t) and yo (tl) =w (L,t), t > 0. Utilizing the coordinate

error feedback [11], we propose the observer
pb = pI; —ha[Lyr +y2] - 0a(x — L),  €]ro, L] (10)
T = T — Hays (n
pb = —Elime —hab-0a(z— L), x€ro, L] (12)
b = —Ha)—H, (0 —y) — LFy
+ EIU?MLO — 70 EhZJgCML(J + T 13)
with the boundary conditions
W, = Wal,, = Weal, =0, Fr=— Elbyeal,, (14)

where hg, H, and H; are positive observer gains; b, 1 and

0 are the estimates of b, w and 0,,, respectively, and J4(+)
denotes the discrete Dirac delta function, i.e. 4(0) = 1,
and 04(x) = 0 for Vo # 0. Note that the coordinate error
feedback has similarities with Luenberger’s linear reduced-
order observer [12].

~ Applying (10)-(11) to (12)-(13) gives the observer dynam-
ics

by = —ElWsges — ha b ; 8q(x— L) ,x €]ro, L] (15)
Jmb = —Hub—H,G— LF,
+EI s, — 1o Bl Warsl, + T, (16)
and the boundary conditions
@, = Wal,, = Weal, =0, Fr=— Eldsaeal, 17

wherelszé—b,w:w—wandézé—t‘)m denote the

observer errors.

Subtracting (15)-(17) by (7)-(9) gives the observer error
dynamics

pbit = —FEIhpees —habi| 6q(z—1L), x €]ro, L] (18)
L

Jmb —Hyf — Hyb — roEl @apsl, + BT Weel,, (19)

w'ro = w-”"ro = er'L = erT'L = O (20)

(q1,92,43,q4). The observer error

Letq:(é,éwuv):
)-(20) can be compactly written as

dynamics (18

q=Aq, t>0;q(0)cH @21
where
g2
Aq— ‘Jg;(*) , Vqe D(A)
G
and
(*) = Hle + qu2 + TOEI q3,a:zz|,r0 —FEI q3,rz|r0
EI
h
—f (Laz + gal,) 6a (x — L)
Let = |ro, L[. Define the spaces
H = R?>xH(Q)x Ly (Q)
D(A) = {q€R’x H;(Q) x Hj (Q)]
q3IL‘I|L q3rmz|L*O}
where
L@) = {f 1] IfPde <o} 2)
Q
HE @) = {15 P e L@, 1, = 1, =0} @)

In H, we define the inner product

<q7 Z>H / EIqB,zIZ?),zz dx + Hpqlzl
Q

+/ p (g2 + qa) (w22 + 24) dx + Jmqaz2 (24)
Q

where q = (q1,...,q4) € Hand z = (2, ...,

2’4) € H. The
energy of (21) can be expressed as

Ene = 3l )y =3l
_ %/QEwa, d;r—&-%Hpéz
+%/{lp(a:é+ﬁ)t)2dx+%Jmé2 (25)
where q = (é,é,u?,u?t) € H. It can be verified that

(Hv <

Theorem 1: Consider the abstract problem (21). The op-
erator A generates a Co-semigroup {eAt},>¢ of contractions
on H. The strong solution of (21) is exponentially stable for
VYq(0) € D(A).

Proo lzf To show the first assertion, we apply the Lumer-
e

Phillips theorem (see e.g. [16]). The time derivative of (25)
along the solution trajectories of (21) is

-)) is a Hilbert space. We have the result:

gobs - _Hd9 - hdbt(L) < 0 (26)

where integration by parts has been successively applied.
Hence, A is dissipative.
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To show that the range of the operator A\I — A is onto H
for some A > 0, we will first argue that A is compact. Let

g=1(91,.-.,94) € H be given. Consider the equation
Aq=g 27)
It can be verified that the solution of (27) is
Hy JIm EI
G = —H—pg1 — FPQQ + I, (q3,.7:.7:|,r0 —T0 q3,.7:.1‘r1:|r0)
q2 =
o z r&1 ré2 s
w@ = g [ [ e desataaang,
0 0 0
h
g. Edf (Lgr + gsl,,)
—yﬁm +ZC ', x€[ro, L]
u(r) = g3(z), =€ [TovL]
where co, ..., cs are uniquely determined by the boundary

conditions (20) Hence, (27) has a unique solution €
DSA) It follows that A~1 exists and maps H into R* x
H{(Q) x H3(9). Moreover, since A~ maps every bounded
set of H into bounded sets of R? x Hg () x HZ(f2), and the
embedding of the latter space into ﬁ is com;l)act (see e.g.
Lemma 1.2.2, p. 14, [17]), it follows that A™" is compact.
Note that this also proves that the spectrum of A consists
only of isolated elgenvalues (see e.g. p. 187, [8]), which

implies that (AI — : H — H is compact for any \ in
the resolvent set of A. Consider now the equation

M-A)gq=AM'—I)q=g (28)

for some given g € H. By contraction mapping theorem,
it follows that (28) has a unique solution q € D(A) for
0 <A< ||[A7Y|7t Thus, \I - A : H — H is thus onto
for 0 < A < ||A™ 1|| L By (Th. 4.5, p. 15, [16]), \ — A :
H—>H1sontoforall)\>0

Since (H, (-,-),) is a Hilbert space, it follows from (Th.
4.6, p. 16, [16]) that D(A) is dense in H, i.e. D(A) = H.
Hence, A generates a Cip-semigroup of contractions on H.

To show the last assertion, we use a combination of the
energy multipliers method and (Th. 4.1, p. 116, [16]). Define

Vobs(t) = 2(1 — &) tEops (t) + Uops(t) (29)

where ¢ € ]0,1[ is an arbitrary constant, £ is given by
(25), and

Upps = 2 / pabibe d + 2,00 (30)
Q

In the sequel, the following inequalities are frequently used

2
ab < (va)2+(%) L yeRV{0} 6D
(a+b)?® < 2(a®+b7) 32
for Va,b € R, and
L 3
fo(z,t) < {L/ |fm|2dac] , Vz € [ro, L] (33)

for Vf, € H} E)Q) Applying (31)-(33) to (30), there exists a
constant C' > 0 such that

|uob5 (t)| S Cgobs (t)7
Hence, the following holds

2(1—e)t—C)Ews(t) < Vors(t) < [2(1 —€)t + C] Eaps(t)
(34)

vt >0

for Vt > 0.
Next, differentiation of (29) with respect to time along the
solution trajectories of (21) gives

Vobs(t) = 2(1 — &) Eops (t) + 2 (1 — &) tEobs (£) + Uops (t)  (35)

Wléere Eops and E,ps are given by (25) and (26), respectively,
an

uobs = ul,obs + u2,0b5 + u3,0b5 (36)
where
ul,obs = 2/ pl‘gttg.r dx
Q
u2,obs = 2/ pbibey da
Q . .
uB,obs = 2J’mé2 + 2Jméé
Consider now these terms separately.
ul,obs:
ul,obs S 2ET é [TO’LZ]TT’I‘ (7‘0) - U?rfr (7”0)] — TOEI’IIJTT (7‘0)2
- 1 17 -
+2hdL’Y§ 6’ + 2h4L |:—2 + —2] bt (L)2
Y1 Y2

L L
+2ha L2 / @2, dz — 3 / EId?, dx
70

for V4,7, € R\ {0}, where (31), (33) and integration by
parts have been successively applied.

u2 ,obs -
. ~ ~ L ~
Us.ops = pLb; (L) — probe (ro)* — / pb? dx
o
Z/'{B.,obs :
u3,0bs S 2Jmé2 —-2FK1 é [Toﬁ)rzz (TO) - ﬁ)zm (TO)]

3 2
9 N2 0
—2H,0 + 2H, o) +(—

for V74 € R\ {0}, where (31) has been applied.

ence
2] / EI®?, dzx

—[(1+&) Hy — 2haly? — 2H2) 6

2hdL

vobs S - 2+5

- 2(1—5)Hdt—(3—5)Jm—2—h;d]52
L 73
[ 2hgL  2hgL

—|2(1 — &) hat — pL — 5= — =4 }bt( )2
L Y1 72

L
—ro Iy, (7"0)2 — prob: (r0)2 — E/ pbfdw (37)
T0

Let € € ]0,1[ be fixed. By choosing y;,75,73 sufficiently
small, the first two terms of (37) become negative for Vi > 0.
Hence the following holds

Vobs (t) S 07

for sufficiently large time 1,
L L L [

3Jm + 2Hd
tlzmax iE -
2(1—¢) Hy' 2(1—¢) ha

t>1 (38)

By (26), (34) and (38), we have

C

_— t > tmax
2(1—¢e)t—C =

gobs (t) S gobs (0),

5271



where

C
tmax = Imax {tl, m}

Since Eqps(t) = 3|la(t)||%, it follows that [|q(t)||g < oo

for V¢ > 0 and decays as O (1/v/t) for sufficiently large
time. Thus,

| taar= [ [era) Y it < oo
0 0 H

for Vp > 1 and Vq (0? € D(A). By density of D(A) in H,
the following also holds

/H«m?m<m,v«meH
0

for Vp > 1. According to (Th. 4.1, p. 116, [16]), there exist
M >1 and p > 0 such that

la®ly < Me™ la0)l, , Ya(0)eH  (39)
for V¢ > 0. This completes the proof. [ ]

Remark 2: The normal form implies uniform observabil-

ity, i.e. the origin (9,9,1]},11%) = 0 of the observer error
dynamics (18)-(20) is uniformly exponentially stable. This
is verified by simulation results below.

IV. CONTROL FORMULATION
Consider now the Problem 2. Let the control laws be

FL(t) = —k:dﬁ;‘L (40)

T (1) = Jmba— Ka (é - éd) ~ K, (y1 — 04) + LFL(41)
where kg, K, and K are positive controller gains. The con-
trol laws (40)-(41) are a slight extension of previous proposed
controllers for the orientating and stabilizing problem of the
beam attached to a ri%id body (e.g. [5],[14%,[‘315]). Insertion

of (40)-(41) into (7)-(9) gives the error dynamics

Jnbe = —Kabe — K,0.
—Kab = 10ET wasel,, + Bl weel,,  (42)
pwie = —Flwgzee — pxhe — prly (43)
and the boundary conditions
Elweee|;, = ka we|p + ka Wiy (44)
wl, = wel, = wea|, =0 (45)

where 0. = 60,,, — 04 denotes the control error. To show that
the equilibrium (0., 0., w,w;, 0,0, ®,w;) = 0 of the closed
loop system (18)-(20) and (42)-(45) is stable, the semigroup
theory will again be applied.
Let w = (0,00, w,w;,0,0,0,1%,) = (wi,...,ws).
Equations (18)-(20) and (42)-(45) can be written as
Ww=Aw+f (t), t>0; w0)eH (46)
where

- Wa -

_EI
P

- Jin (*)

w4

W3, zzzx + JLm (*)

We

— (xx)

Im
ws

(3 % %)

. T
[0, 0,0, —zd4(t),0,0,0, 0]

, Vw € D(A)

and
(x) = Kpw + Kqwa + Kqws
—+ 70 EIQU3,¢,;J;¢,;|TO - EI'[U3,.7:.7:|TO
(%) = Hpws+ Hqws
=+ 70 EIw7,mI|r0 - E-[w7,zz|,r0
p

Im
ha
—7 (Lwe + w3|L) -84 (x— L)

Define the spaces

R? x HJ () x L (Q) x R? x H (Q) x L (Q)
{w e R*x Hy () x Hj ()

x R® x Hy (Q) x H§ (Q)|

E1w3,11m|L = kd w4|L + kd w8|L

D(A) =

w3,:ﬂz|L = w7,mz|L = w7,zzz|L = 0}
where Lo (QP and HEF (Q) are given by (22) and (23),
respectively. In H, we define the inner-product

(w,z),, = / ETws,2023,20 dx + Kpwi21
Q

—|—/ p (xwa + wa) (x22 + 24) dx + Jnwazo
Q

—|—((w5,... 7ZS)>H

where the inner-product (-,-), is given by (24), w =
Ewl, ...,wg) € Hand z = (21,...,28) € H. The energy of
46) can be expressed as

711}3),(257...

1
&= 3 (w,w),, =Ecr+Eps, YWEH 47

where &5 is given by (25), and
for = 1+ / Elw?,dz + leei
2 /g 2
1 ; 2 1. .2
+§ /Q p (x&e + wt) dx + §Jm0€ (48)
It can be verified that (H, (-,-),,) is a Hilbert space.

Let k4, Hp, K, > 0 be given. Choose the gains according
to

Ky > kal>>0 (49)
K2 kaKa + (kaL)?
hg > max { L7 (Ka— Fal?)’ oK, (50)
2Ky (hal)?
Hy > a (hal) 5 >0 (51)

2K ahg — Kaka — (kaL)
Then we have the following result:

Theorem 2: Let hg, kq, Hg, K4 > 0 be given by (49)-(51).
Then, A generates a Cp-semigroup {eAt } 4> Of contractions
on H, and the semigroup is exponentially stable.

Proof: Using Lumer-Phillips theorem, it is straightfor-
ward to show that A generates a Cp-semigroup {e**'};>¢
of contractions on H. Note that the time derivative of (47)
along the solution trajectories of (46) (with f = 0) is

gobs - Kdoi - Kdégé
—ka (L0 + wel) (il + wely)

£ =

where é’obs is given by (26). This can be rewritten as

.7_1 T
&= 54 Qq
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where

Kis kil Kq 0O
B kol kg 0 0
Q = K4 0 2ngLl? 0
0 0 0
Ki; 0 0 kaL
0 ki O ka
Tl 0 0o 2H; 2hiL
kalL kg 2hgL 2hg

and q = (96, wyp, ,9 We|, ). It can be verified that Q > 0.
Hence, there exists a constant A > 0 such that

<N —dwe (D)2 =N — i (D2 <0 (52)
Thus, A is dissipative.

To show that {eAt}t>0 is exponentially stable, we apply
again the energy multipliers method and (Th. 4.1, p. 116,
[16]). Define the functional

V(t) =Veor (t) + Vobs (t) (53)
where Vs is given by (29), and
Ver (t) =21 —e)técr (t) + Ucr (t) (54)

€10, 1[ is an arbitrary constant, ¢y, is given by (48), and
Ucr = 2/ pT (x&e + wt) (fe + we) dx + 2Jm0.0. (55)
}})llymg (31)-(33) to (53), there exists a constant C > 0
such that the following holds
RA-e)t—ClEt) <V(E) <21 —e)t+ClEE)  (56)

for V¢ > 0. By successively application of integration by
parts and (31)-(33), it can be shown that the time derivative
of (53) satisfies the inequality

2
thL 2] / EId®?, dz

2

V < —{2—&-5

— (A +¢) Hy — 2haly] — 2Hyv3] 0
2Hd

—|:2(1—6)At—(3—E)J

_2Ra o (pL-l—thL (% + %))} 0
'Yg 71 V2

11
—12(1 — &)\t — 2Lky —+—)
{( ) d(v% V2

1 1 _
-2 (pL + 2hdL <—2 + —2)):| W (L)2
Y1 72

L
—ro B0y, (r0)2 — prob: (r0)2 — 6/ pbe dzx

T0

2k4L? L
];I (vﬁ +'ﬁ)} / E'wamc dz
0
— (1 +¢) Kp — 2Lka (5 +72) — 2Ka (72 +75)] 62
[ 2Kd:| 22
2

—24e—

— 20 —e) Xt — (3—¢) Jy — 2pL° — 0.

8

—|2(1 —e) Xt — 2pL — 2Lkqg (iQ + %)} wy (L)?
L V4 5

2 352 L . 2
—roEIwgzy (10)” — prof, — 5/ p [x@e + wt} dz
T

for Vvq,...7v9 € R\ {0} and V¢ > 0. Again, let £ € |0, 1 be
fixed, and choose Yis--+5Yg Sufficiently small such that the
followmg holds

V() <0, > tmax (57)

for sufficiently large time t,. > 0. Using the same argu-
mentation as in the proof of Theorem 1, we get

[w(t)ll < Ke ™ [[w(0)[l,,, VYw(0)eH (58)
for some constants K > 1 and x > 0. |

Proposition 3: The abstract problem (46) has a unique
strong solution for Yw(0) € D(A), and the unique strong
solution tends exponentially to zero.

Proof: Since 0 is exponentially decaying or zero, there
exist C > 0 and v > 0 such that, |04(¢)] < Ce V%, Vt > 0.
Thus, f : [0,00[ — H is continuous and strong continuous
derivative on [0, co[. Hence, it follows from standard results
of semigroup theory (see e.g. Th. 1.2, p. 184, [16]) that (46)
has a unique strong solution w(t) defined on ¢ € [0, o0].
Since every strong solution is also a weak solution, the strong
solution w(t) of (46) satisfies the integral equation

t
w(t):eAtw(O)—l—/ A () ds, t>0 (59
0

where {eAt} >0 1s the Cp-semigroup of contractions gener-
ated by A. For the case v 7é K, we have

”W(t)HH S HeAt / H A(t—s) S dS
< Ke M |w(0 >||H — (e*”* ™) (©0)
for Vt > 0. Obviously, ||w(t)||% tends exponentially to zero
as t — oo for Yw(0) € H. Similarly, for v = &. [ |

Remark 3: If the desired angular acceleration 64(t) is
bounded, but not exponentially decaying or zero, then it
follows from the analysis above that ||w(t)||s; is bounded;
but ||[w(t)||7; does not tend to zero. This is verified by the
simulation results below.

V. SIMULATION

To simulate the system (7)-(9), with the feedback control
laws (40)-(41) and the proposed observer (10)-(14), the
finite-element method with hermitian basis functions has
been applied. The beam was divided into 10 elements. The
system parameters used in the simulations are: L = 1 [m],
p =243 [kg/m], E = 70 x 10° [N/m?], I = 6.75 x 108
[m?*], 7o = 0.1 [m], J,, = 0.5 [kgm?]. The controller gains
and the observer gains used in simulations are: K, = 80,
Kq =50, kg = 10, H, = 100, Hy = 50, hq = 40. The
initial conditions for the plant and observer are: 0,, (0) =
0, 0(0) = —15% 60,,(0) = 6(0) = 0, and w(z,0) =
wy(z,0) = W(z,0) = Wy (x,0) =0, x € [rg, L]. We turned
on the observer at time ¢ = 2 seconds.

The simulation results for a sine reference signal, with
amplitude 30° and frequency 1 [rad/sec] are shown in Figure
2-5. The reference trajectory 64, the angle of the motor 6,,
and the estimate of 6,,, are shown in Figure 2. The elastic
displacement of the beam and the elastic displacement of
the observer at x = L are shown in Figure 3. The observer
error of w(x,t) at the nodes 2, 5, 8 and 11 are shown in
Figure 4. We observer that the vibrations are damped quickly
out, and the observer converges as expected exponentially to
the plant. As remarked earlier, since 6, is not decaying, the
elastic displacement of the beam does not tend to zero, but
oscillate with the same frequency as the reference trajectory
0, after the transient vibrations are damped out (Figure 3).
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Fig. 2. Om [—1], 04 [---1 and O, [- -].

x10™
2 T T T T T T T T
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Fig. 3. w(L,t) [—] and @ (L, t) [- -].

VI. CONCLUSIONS

In this paper, we studied the planar tracking problem and
the observer design for a flexible robot arm. The robot arm is
modeled as an Euler-Bernoulli beam. The beam is clamped
to a motor at one end and attached to a force actuator
at the other. Based on measurements at the boundaries, a
uniformly exponentially stable observer is proposed. Using
the information from the observer and the measurements, a
tracking controller is designed. The existence, uniqueness
and stability of solutions of the observer and the closed
loop system are based on semigroup theory. Numerical
simulation results are included to illustrate the performance
of the proposed control laws and the proposed observer.
The simulation results are in agreement with the theoretical
results.

VII. ACKNOWLEDGEMENTS
This work was funded by the Research Council of Norway.

REFERENCES

[1] Aoustin, Y., Fliess, M., Mounier, H., Rouchon, P. and Rudolph, J.,
Theory and practice in the motion planning and control of a flexible
robot arm using Mikusiriski operators, Proc. IFAC Symp. Robot
Control, Nantes, France, 1997.

[2] Balas, M. J., Do all linear flexible structures have convergent second-
order observers?, AIAA Guidance, Control, Dynamics, Vol. 22, No.
6, pp. 905-908, 1999.

[3] Canon, R. H. and Schmitz, H., Precise Control of Flexible Manipula-
tors, pp. 841-861, The MIT Press, 1984.

[4] Chen, G., Energy Decay Estimates and Exact Boundary Value Con-
trollability for the Wave Equation in a Bounded Domain, J. Math.
Pures. Appl., Vol. 58, pp. 249-273, 1979.

[5

—

[6]
[7]
[8]
[9

—

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

[19]

[20]

5274

— —Node 2
Node 5

Node 8
— — —Node 11|

|

|

I .
0 2 4 6 8 10 12 14 16 18 20
Time [sec.]

Fig. 4. Observer error at the nodes 2, 5, 8 and 11.

H-norm of observer error
60 T T T

50 4

40 g

30 4

20 1

0 2 4 6 8 10 12 14 16 18 20
Time [sec.]

Fig. 5. H-norm of the observer error vector q = (é, 6, W, Wt).

Chen, G., Delfour, M. C., Krall, A. M., Payre, G., Modelling, Stabi-
lization and Control of Serially Connected Beams, J. Contr. and Opt.,
Vol. 25, pp. 526-546, 1987.

Conrad, F. and Morgiil, O. , On the stabilization of a flexible beam
with a tip mass, J. Contr and Opt., Vol.36, No.6, pp.1962-1986, 1998.
Demetriou, M. A., Second order observers for second order distributed
parameter systems, Systems&Control Letters,Vol.51,pp.225-234,2004.
Kato, T., Pertubation Theory for Linear Operators, Springer-Verlag,
1980.

Kristiansen, D., Modeling of Cylinder Gyroscopes and Observer
Design for Nonlinear Oscillations, Ph.D. thesis, Norwegian University
of Science and Technology, Trondheim, Norway, 2000.

Li, Y. F. and Chen, X. B., End-Point Sensing and State Observation
of a Flexible-Link Robot, IEEE Trans. on Mechatronics, Vol. 6, No.
3, 2001.

Lohmiller, W. and Slotine, J.J.E., On Contraction Analysis for Non-
linear Systems, Automatica, Vol. 34, No. 6, pp. 683-696, 1998.
Luenberger, D. L., Introduction to Dynamic Systems, Wiley, 1979.
Lynch, A. F. and Wang, D., Flatness-based Control of a Flexible Beam
in a Gravitational Field, Proc. American Control Conference, Boston,
MA, 2004.

Morgiil, O., Orientation and Stabilization of a Flexible Beam Attached
to a Rigid Body, IEEE Trans. on Auto. Contr., Vol. 36, No. 8, pp. 953-
963, 1991.

Nguyen, T. D. and Egeland, O., Tracking and Observer Design for
a Motorized Euler-Bernoulli Beam, Proc. IEEE Int. Conference on
Decision and Control, Maui, Hawaii, 2003.

Pazy, A., Semigroups of Linear Operators and Applications to Partial
Differential Equations, Springer-Verlag, 1983.

Tanabe, H., Equations of Evolution, Pitman, 1979.

Tomei, P., An Observer for Flexible Joint Robots, IEEE Trans. on
Auto. Contr., Vol. 35, No. 6, pp. 739-743, 1990.

Wang, D. and Vidyasagar, M., Observer-Controller Stabilization of a
Class of Manipulators with a Single Flexible Link, Proc. IEEE Int.
Conference on Robotics and Automation, California, 1991.

Zhang, E, Dawson, D. M., Queiroz, M.S., and Vedagarbda, Boundary
Control of the Timoshenko Beam with Free-End Mass/Inertia Dynam-
ics, Proc. IEEE Int. Conference on Decision and Control, San Diego,
CA, 1997.



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




