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Abstract. We consider the problem of controlling the end-effector motion
of flexible robot arms. Main difficulties arise both from the typical nonlin-
earities of robot dynamics and from the non-minimum phase natiire of the
flexible arm when tip position is chosen as output. This bars the straight
application of inversion control solving the trajectory tracking problem in
robots with rigid links. Three alternative strategies are presented: inversion
control based on a suitable minimum phase output, nonlinear regulation of
the tip output, and iterative learning control. The control laws are discussed
from the point of view of system requirements and complexity, while their
performance is compared by simulation on a simple but significative exam-
ple. Finally, we report on the experimental activity in controlling flexible
robots carried out in the Robotics Laboratory at DIS.

1. Introduction

The adoption of lightweight materials and the development of very large
manipulators have recently given an impulse to the modeling and control
of robotic systems with flexible elements. From the application point of
view, robots with flexible links are found in space, as in the Space Shuttle
manipulator [1], and on earth, e.g. in automated crane devices for advanced
building costruction. Flexibility plays a major role whenever long and dex-
trous arms are needed to have access to hostile environments, such as in
nuclear sites for maintenance, in underground waste deposits for inspection,
or in deep sea for exploration.

Robotic tasks require two types of motion: point-to-point moves for
repositioning the end-effector and path following. However, it is slways
convenient to specify an interpolating trajectory so to guarantee smooth
transition between initial and final configurations, impose an explicit time
constraint on the overall motion, and eventually simplify the synthesis of
the control gains. Moreover, when the task involves contact with the en-
vironment, the accuracy in executing the planned motion becomes quite
crucial. As a result, trajectory tracking is considered to be the reference
problem for evaluating advanced robotic control law.
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In the case of robots with fully rigid links, straightforward solutions

are offered by inversion control schemes, which use nonlinear state feedback
to compensate for couplings and nonlinearities of the system equation [2].

In the presence of link flexibility, both the trajectory specification and
the control design should take care also of the relevant induced vibrations

in the robot arm. On one hand, fast trajectories are usually associated

to large deformations that may excessively stress the mechanical structure
es at the final point. Conversely,

and result in long oscillation settling tim
slow motions that do not excite the characteristic eigenfrequencies of the

arm would limit the operational performance. As for the controller, two
main objectives are of interest: exact or asymptotic reproduction of a con-
veniently defined output trajectory and stabilization of the arm flexible
dynamics. '
When inversion control is applied to a flexible robot arm for tracking
an end-effector trajectory, serious instability problems occur. This phe-
nomenon emerges already in a linear setting. In fact, the nature of the
mapping between input torque and tip location of each link is non-minimum
phase, i.e. the transfer function contains right-half plane zeros [3]. Some-
times this corresponds to the practical observation of an ‘opposite’ output
motion in response to a given torque input command. Since inversion con-
trol tends to impose a prescribed linear input-output behavior with no zeros,
this suggests that cancellation with unstable poles is attempted. In a non-
linear setting, the generalization of the concept of zero dynamics allows to
draw analogous conclusions about instability due to cancellations {4]. Non-
linear systems with unstable zero dynamics are often called non-minimum
phase systems, similarly to the linear case.
Recently, some control alternatives have been proposed that achieve ac-
curate tracking in flexible robots, complying with the pon-minimum phase
characteristics of the end-effector output. These can be classified as follows.

rol for an associated minimum phase output [5-8]. This

e Inversion cont
hich inversion control

involves the definition of a suitable output for w
yields a stable closed-loop system.

ulation of the end-effector output [9-1 1]. A bounded evolu-

e Qutput reg
ed to any given bounded refer-

tion of the whole state can be associat
ence trajectory and used as a reference
law, without involving cancellations.
produces exactly the desired time profile at the system output.
o Iterative learning control of repetitive trajectories {12,1
_ that repeated trials are all

at previous trials with a limited knowledge of the system dynamics.

The purpose of this paper is to present a comparison of the above
fact, several interesting relationships

control methodologies. As a matter of

for a state feedback stabilizing
This reference state trajectory

3]. Provided
owed, it is possible to learn the input com-
mand that imposes the desired output trajectory, processing error data
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exist among the different approaches: icati
. : the application to a physi
as the flexible robot arm, will help to enlighten them. physical example

tro}};‘:eaﬁ;st §;,vo classes of methods lead essentially to model-based con-
trollers mrll y wi l‘ 1tl}l)l;s p;;form best when a good dynamic model of the’
available. e third class uses instead a i
. : nominal model
igi ;nozi:i;:rllegnt rigleitlor:j oﬂf the learning functions. Several approachez e?):i)tr
articulated flexible structures, ranei i i
_ : ula , ranging from finite- t i
dimensional descriptions and from linear to nonlinear dynamics [(i;nlﬁ;]ut&

nipugrsr:ott;l: ovefau comglexity of modeling and controlling flexible ma.
‘ , analysis and the synthesis stages asks f ]
perimental verification. To this aim i  Tobot wih
: . , & two-link planar robot with a
?g;agz (f;rce:rn; has. been designed and built in our Laboratory [16,17] \fg?i!
ystem is now available for control experi an a
ratus allows to evaluate theoreti i e ith respo P
cal control findings, with
real world aspects which are ofte b o ented] o
‘ n neglected at the level of i
However, it should be em i ooy e,
, phasized that the end-effector traj i
‘ _ ; jectory track
;?leal il:xxblei robot arm can be viewed as a prototype control pr}:)blem 1frcl)f
ger class of nonlinear systems with unstable zero dynamics

mari’ZI:;le 'pager i's organized as follows. Dynamic modeling issues are sum-
m inverslil;n e;;t;zrllafi. Thedtlllree approaches to trajectory control based
, on, and learning are presented in Secti i
for the case of multi-link fexi Coction 4 & moss aoect
- exible robot arms. In Sectio
. _ ‘ . n 4 a more speci
icg}r:;}:iatzlst%n is performed on the basis of the most simple arm structurle)a t}lli(t:
e non-minimum phase characteristic. Prelimi
. . Preliminary experiment
results are then reported, obtained on the. flexible manipulatolr) availzblai,

at DIS. Finally, on-goin L
outlined. going research activities and future developments are

2. Dynamic modeling of flexible robot arms

A .
i s:el;ra;i :.;;de}:gn‘lpl:te dynamic models are mandatory for simulation pur
2 cient numerical formats are mo: i :
poses, where effciont nume re convenient. On the other
and, ign is of concern, the availability of
tions in an explicit symbolic f ’ e e oo e
orm allows to trade off betw i
‘ ‘ mbo een the complexit
f a model-based derivation and the expected control performance [?8] v

ThisI:u;C;,t;ﬁz :gzh ﬂexible links, deflection is always distributed in nature
: usual argument that infinite-dimensional i ‘
tions describe at best the d i i ble o
. ynamic behavior of flexibl i
Typically, each link is repr i N
, presented in the limit as an Euler beam wi
lix with
Z;)Sllzlndaéy conqmons at the two ends [20]. When small deformatior;xioﬁz
Corrércla , fan elgenva.due problem has to be solved for each link or, more
Y, for the entire system. However, for all but the most simple, struc-

 tures. it i anite di
res, it is quite difficult to solve for the time evolution of the arm deforma

tion, i i i
o Iir; ;C)anlqular, time-varying boundary conditions appear whenever the
onstituted by two or more flexible links [21]. As a result, several
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approximations have been introduced, all leading to the derivation of finite-
dimensional dynamic models. In describing the arm flexibility, separability
in time and space is a common hypothesis, e.g. for the bending deformation

at time t of a point z along the ith link one has

2

(1 pi(z, ) =Y ¢5(2)8i; ()-

=1

The n; spatial components ¢;; () satisfy geometric and/or dynamic condi-
tions, while time dependency is resumed within the generalized coordinates
i (t)-

Once the arm kinematics is properly described in terms of a set of
N rigid variables (usually associated to the robot joints) and of Ne =
ZN n; deformation variables, the dynamic equations of motion follows in

(3
a standard fashion using a Lagrangian approach [22]. Consider a robot arm

with an open kinematic chain structure, rotational joints and flexible links.
th N, flexible ones will result

The coupling of N rigid motion equations wi
in a nonlinear dynamic model of the general form

o (228 28] [+ [mies68]  [weba] = [3)

where 8 is the vector of rigid joint variables and 8 collects the general-
ized coordinates associated to deformations. By; are blocks of the positive
definite inertia matrix B, partitioned according to the rigid and flexible
components; vectors n; contain the Coriolis, centrifugal and gravity terms.
The diagonal matrix D; represents joint viscous friction, while the positive
definite, symmetric (and typically diagonal) matrices K and Dy are, re-
spectively, the modal stiffness and the structural damping of the arm links.
Accordingly, the input torques u appear only in the first set of N equations.

The model structure (2) holds for any finite-dimensional approximation
of distributed flexibility, as long as the assumed modes of deformations sat-
isfy the geometric clamped boundary conditions at the base of each link [14].
However, simplifications are obtained for the blocks in (2) whenever use is
made of deformation modes ¢;;(z) that automatically satisfy orthonormal
conditions. Moreover, relevant reductions follow from evaluating robot ki-
netic energy only in correspondence to the undeformed arm configuration
(6 = 0). Other couplings between rigid body motion and flexible deforma-
tions are also often neglected.

We point out that consistent dynamic modeling choices retain the same
physical feature, relevant for control purposes: in the presence of uniform
mass distribution for each link, all flexible robot models share the non-
minimum phase property of the end-effector output.
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3. Control strategies for trajectory tracking

We present here the basic steps involved in the synthesis of three trajector
control_laws fqr general flexible manipulators. The common probiegn is tg
determine an input torque which leads to the reproduction of a desired "
smooth end-effector trajectory. This can be restated as finding ways t
extend the well-known computed torque method [2] to flexible robot grms?

In the following, some simplifyi i i

. ing, plifying assumptions are introduced: (%) fo
each link, deﬂgctxons are limited to the plane of rigid motion; (%) gl(rafvit;
effects are not 1‘nc.luded in the analysis. As a result, the terms n; in (2) are
p.urely'quadratlc 1n.t'he_velocity (0,6) and any undeformed rest configura-
g?n \{vtlll :)-e an equilibrium state for the robot arm. Typical examples of

is situation are the ion i i i i

e motion in a horizontal plane and robotic operations

3.1 Joint and link-point based inversion control

Let the output of the system be defined in a parametric form as
(3) y =8+ ACS, A efo,1].

When X = 0, (3) is just the set of rigid joint variables. More in general
the c-omponent Yi is 8; modified by a linear combination of the variables 6-T
relative to the ith link. When A = 1, each output is an angle that oin‘z]
from the joint to the end of the associated flexible link. i

Unfier the assumption that the so-called decoupling matrix is nonsingu-
lar,.the 1r}version algorithm requires to differentiate each output compongnt
un‘m.l the input appears explicitly and then solve for the input u [23]. Defin
f,he inverse of the inertia matrix H = B! and denote by H;; the bllocks (;
1ts'part1txoned form. The generic relative degree for system”(Q) with (3 ;
uniformly equal to two. Then, dropping dependencies, )i

§ =0+ 2Cé = (Hyy + ACHE) (1 — ny — D16)

(4)
~ (Hiz + ACHas) (ng + K6 + Dyé).

Setting 4 = v and solvin i
) g for u yields, after som i i
linear feedback controller © manipulations, the nor

U =ny +D19+Bllv

(5)
— (B2 = AB11C)(Baz — ABLC) Y(BLv + ng + K6 + D)é).

he closed-loop dynamics

j=v
6 = (B — ABLC) Y BLv + ng + K6 + D26)
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should be asymptotically stable. The external input v is designed as a linear
stabilizing feedback for (6a), while the choice of the output parameter A
will affect directly the stability of (6b). ‘

A simplification occurs when X = 0, i.e. when a joint-based inversion
strategy is pursued. In this case, the control law becomes

S s

. . —
(7)  w=mny+ D16 — B12B3;' (n2 + K6 + D2) + (Bu — Bi2B53 Biy)v,
and the closed-loop unobservable dynamics is

(8) § = — B3 (BLv +ng + K8+ D2b).

It can be shown that the zero dynamics associated to (8) (i.e. whe?n y=0)
is exponentially stable [24]. Thus, inversion at the joint level is always
feasible. By continuity, there exists an interval [0, Ao} for A thajc guarantees
closed-loop stability while providing exact tracking of the gssomgted output
trajectory. Indeed, if Ao < 1 end-effector exact traf:klng will never be
realized. However, the closer is the output to the tip of each link, the
better the end-effector will approximate the same trajectory.

3.2 Nonlinear regulation of end-effector motion

In this case the output is chosen directly at the end of each flexible link,
i.e. setting A = 1 in (3) or

(9) y=0+C5.

Under the hypothesis of small link deformation, this output is one-to-one
related to the cartesian position and orientation of the end-effector through
the standard direct kinematics of the arm. .
Following [25], the design of a regulator requires the' computation of a
reference state trajectory associated to the output evolution, togethfar with
a nominal input needed to keep the state along its reference trajectory.

exosystem that can be chosen, without loss of generality, as a linear system
in observable canonical form with

(10)

. . =1, .
Yd = {yd,i: Ydir Yd,is -+ y:i”i y 2 “'-—19 .. yN}

reference trajectory.

coordinates (y,8) as

Bii(y — C6,8)ij + [Buay — 06,8) — Bu(y — C$, 8)C]é

(11a) +ni(y — C8,6,5 — C8,8) + Dy(y — Cé) = u,
BL,(y — C6,6)ij + [Baa(y — C6,8) — Bi(y — C, 5)c]§
(11b) +no(y — C8,6,5 — C8,8) + K&+ Dy =0.

The output reference trajectory is generated by a dynamic autonomous

taken as its state. Here, r; is the smoothness degree of the ith output ‘

Using (9), the robot dynamics (2) can be rewritten in terms of the new
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The reference state evolution is then equivalently specified in terms of yy
and 64, and of their derivatives g and é4. In particular, it is easy to see
that the problem reduces to determining only the N, functions §; = w(Yy),
with 64 = (07 /0Y4) Yy as a direct consequence.

Thus, the vector function 7(Yy) should satisfy equation (11b}, evalu-
ated along the reference evolution of the output

(12) B (ya, 7(Ya))ia + [Baa(ya, n(Ya)) — By (ya, 7(Ya))Cl it (Ya, Ya, Ya)
+n2(Ya, m(Ya), G, 7(Ya, Ya)) + Km(Ya) + Do (Ya, Ya) = 0.

This equation is independent from the applied torque and should be consid-
ered as a dynamic constraint for 7(Y,). Being (12) a nonlinear time-varying
differential equation, it is almost impossible to determine a bounded solu-
tion in closed form. Note that this would be equivalent to finding proper
initial values for 7(Yy) and #(Yy, ¥;) at time ¢ = O such that forward inte-
gration of (12) yields a bounded evolution.

A feasible approach is to build an approximate solution 7(Yy) by using
basis elements which are bounded functions of their arguments, e.g. polyno-
mials in Y5 [10]. As long as each component ygq ;(t) of the desired trajectory
and its derivatives up to the (r; — 1) order are bounded, the approximation
7(Y4) is necessarily a bounded function of time. The problem of deter-
mining the constant coefficients in the expansion is then solved through
a recursive procedure based on the polynomial identity principle. Once a
solution 7(Yy) =~ m(Yg) is obtained up to any desired accuracy, backsubsti-
tution of the reference deformation 6,4, of the desired output trajectory yq,
and of their time derivatives into (11a) will give the nominal feedforward
term ug = vy(Y7q, Yd, Yd) of the regulation law.

If the initial state is not on the reference tra, jectory, a stabilizing term
should be added in order to drive the state towards this solution and only
asymptotic output reproduction can be guaranteed. Since the system lin-
earization is controllable, this can be accomplished —at least locally— using
a simple linear state error feedback characterized by a matrix F. The final
regulation law takes on the form

Ya—y 94—
‘; 3 PR ANt A v ¥ 0a -0
- (13) u=y(Yq, Yy, Yy) + F 64— 6 =Yy, Yy, Yo) + F 84— 6
by—é bq — 6

If & particular globally stabilizing law exists, then convergence to the ref-
erence state behavior associated to the desired output trajectory can be
chieved from any initial state. For robot arms with flexible links it is
known that, in the absence of gravity, proportional-derivative (PD) joint
dback is enough for stabilizing any arm configuration [8,26]. As a result,
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a simplified matrix F can be used in (13) and the overall regulator for the
nonlinear system can be implemented using only partial state feedback.

3.3 Iterative learning of end-effector motion

Suppose that the task requires to execute the desired end-effector trajectory
several times. We may then acquire from experiments (or from simulations
using an accurate dynamic model) the input torque needed for accurate
reproduction of that particular trajectory. At each trial, a feedforward
command is applied to the robot and output error data are stored for
subsequent off-line processing. The next feedforward term is computed by
combining the previous command (‘memory’) with the error at the current
trial (‘update’). Provided that the robot arm is stabilized, a contraction
mapping argument can be used to prove convergence of the learning process.

Tt has been shown [27] that for rigid robot arms one can design the
learning algorithm based only on approximate information about the sys-
tem dynamics. In the presence of flexibility, additional filtering of high-
frequency signal components is needed to guarantee convergence. The price
to pay is that tracking accuracy is preserved only within a bandwidth of
interest (i.e. for f < fo) [28]. However, this operation prevents other un-
modeled effects from destroying learning convergence.

In the synthesis of a learning controller a linearized model can be used,
e.g. obtained by expanding (2) around a static configuration 6 = 6, § = 0.
In order to better shape the system characteristics, a preliminary linear
feedback is applied. Following the same arguments used in (13), a PD joint
feedback law is sufficient and the closed-loop linearization yields

(14) B(fo,0) [ﬁ?] + [FPAI{;LS(%I;E)M] - [g} ’

with obvious meaning of the variations A. Taking only the diagonal ele-
ments wi;(s) of the matrix transfer function associated to (14) and to the
tip output (9), a decentralized synthesis can be performed in the frequency
domain. Let vy be the feedforward command used at the ktrial (v, usually
contains all a priori information). The next feedforward is derived as

(15) vks1i(8) = ai(s)eri(s) + Bi(s)vrals), 1= L...,N,

where €gi = Yd,i — Yk, is the ith joint error at the kth trial, and o; and §;

are the two learning filters to be designed. For rigid manipulators, it has

been shown that the learning process is convergent provided that (28]

(16) |Bi(s) — ai(wi(s)| <1,  i=1...,N.

Although a similar argument has not yet been proven for the flexible case,
this simple design approach can be attempted and shown to converge by
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fg:gizms(;ﬁﬁgme 1;ch'aut ml)ncausa,l filtering is allowed in (15), as well as antic-
g of signals in ti i ing i

ipative g ime, since the whole processing is performed

The applied control law at the kth trial is then

(17) - 0a — 6
u=uv +F 9d“‘é .

gliﬁ) gnCIZI;Lsdc:fg; ;13 i(l)]r regulation, the stabilizing feedback used in (17)
e output for which traject ing i i
However, the o iog ohe . . jectory tracking is desired.
ever, g error is taken into account h bei
‘off-line’ through the learnin enteo] ot o
g procedure. Accordingly, control eff i
move gradually from feedback to feedforward along iterations. ore vl

3.4 Discussion of the methods
It is interesting to summarize assumptions and properties of the above three

tracking control methods. Tabl
: _ . e 1 collects various aspects which
in understanding system requirements and ease of implementatisgzmd help

Control | regulation | somir®
End-effector tracking |approximate |asymptotic |exact (f<fo)
Feedback type nonlinear linear linear

Partial state feedback no yes yes
Trajectory known a priori no yes yes
Repeated trials no no yes
Anticipative action no no yes
Model accuracy high high low

Tab. 1 — Comparison of tracking controllers for flexible robot arms

The following additional remarks are in order.

o . .
;ixlrile cxln;e:;lon control approach may give stable results even when ap-
initiahmde e’lil}ifl‘—eﬁector level, provided that the flexible arm is correctly
. is would mean to ‘preload’ the link deflection (and its

velocity) at time ¢ = 0 i
jectory, n a way that depends on the desired tip tra-

® szfaléen applying the ﬁnal feedforward computed by learning, the system
€ at time ¢ = 0 will be in the right ‘preloaded’ conditiong, as aresult
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!
f

of the anticipative action of the input torque. Thus, learning iterations
may be seen as 3 computational scheme for obtaining the reference
state evolution that produces exact output tracking. In practice, some
error will be left due to the frequency cut-off at f = fo (see Table 1).

e At steady operation, e.g. with a sinusoidal trajectory, the feedforward
terms of the regulation and the learning control schemes will coincide.

8§$

8

2

4. Numerical results

2 & &

@

4.1 Comparative simulations
02 04 05 o8 1 DR PR v Y

In order to compare inversion, regulation, and learning control, we consider
a one-link planar arm of 1 m and 0.2 kg, modeling flexibility by just one
elastic spring (k = 10 Nm/rad, corresponding to an eigenfrequency of =
5 Hz) located halfway along the link. Large deflections are allowed, resulting

in two second-order weakly nonlinear dynamic equations that can be found

in [5]. Damping coefficients (see (2)) are dy = dp = 0.01 Nm/rad. This

simple model is still representative since the end-effector angular position
is a non-minimum phase output.

The desired output trajectory has a sinusoidal velocity profile and
moves 90° in 1 second, with zero initial and final velocity. Simulations were

run in nominal conditions for 1.8 seconds, using a 2nd order Runge-Kutta

integration routine. In all cases the robot initial state is zero (undeformed

and at rest).

The results obtained with inversion control for an output point at
A = 0.3 of the distal half link are shown in Figs. 1-3. Note that in this
case \g = 2/3. Although satisfactory tip tracking is obtained (maximum
error is 0.45 deg), the error is persistent while the control effort is highly
oscillatory. Note that the small error drift after the trajectory completion
is due to the absence of a stabilizing feedback, i.e. v = §jq is used in (6a).

05
ol
0.1

AR i

02

-04
0

0.2 04 06 038 1 1 ‘2 14 16 18

Fig. 2 — Trajectory error with inversion control (A=0.3)

Nonlinear regulation results are shown in Figs. 4-6, using a feedback :
matrix F in (13) which sets the poles of the closed-loop system linearization 03} . b
at (—20, —20, —30, —30). Aftera transient phase, which vanishes in 0.2 sec- 06 /\/\ . » e
onds, perfect tracking is obtained in this case. The second transient error 64 f N
at the final trajectory time (T’ = 1 sec in Fig. 5) is due to the switching of 02 v LA
the reference trajectory from a sinusoidal one to a constant value, a situa- o v \ N /\ NAA
tion that cannot be generated by any smooth autonomous exosystem. The 02 Y \ IVAYAY, V/\\ A
required torque is similar to the one needed if the arm was rigid (dashed 0a ) I
line in Fig. 6). o8 v4

‘ -08
»10 0.2 04 0.6 08 1 12 14 16 18

Fig. 3 - Input torque with inversion control (A = 0.3)



A. De Luca, F. Nicold and G. Ulivi Tracking in Flexible Robot Arms 29

50 T

w
=3

0 A NN I8 O Wt

0 0.2 0.4 0.6 0.8 i 1.2 14 16 18

Fig. 4 — Tracking with nonlinear regulation:

Fig. 7 - Tracking with learning control
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Fig. 5 — Trajectory error with nonlinear regulation

Fig. 8 — Trajectory error with learning control
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Fig. 6 — Input torque with nonlinear regulation

Fig. 9 - Input torque with learning control




R C————

30 A. De Luca, E Nicold and G. Ulivi

Finally, learning control results are summarized in Figs. 7-9, where a
time shift of 0.2 seconds is used to show that the input torque begins before
the start and ends after the completion of the actual output trajectory.
These results are obtained after 50 trials, using an underlying PD joint
feedback with Fp = 45 Nm/rad and Fp = 90 Nm-sec/rad. The maximum
error is almost reduced by a factor of 10, thanks to the anticipative torque
action. This is realized by the use of a 10 msec time lead in the filter
a(s). The very limited residual oscillations are due to the overall frequency

cut-off at 13 Hz introduced by both a(s) and B(s).
4.2 Experimental validation

The above control strategies are currently being implemented on the ex-
perimental testbed available in the Robotics Laboratory at DIS. The robot
is a two-link planar manipulator with a very flexible forearm, driven by
direct drive DC motors. The links are 0.3 and 0.7 meters long, with in-
ertias of 0.447 and 0.303 kg-m? with respect to the joint axes. The first
two clamped eigenfrequencies of the flexible link are at 4.7 and 14.4 Hz. A
detailed description of the overall system is given in [16,29]. In particular,
control laws are executed with 5 msec sampling time.

Figures 10 and 11, that refer to experiments performed keeping the
first (rigid) link fixed, are obtained using learning control on a fast quintic
polynomial trajectory with a rest-to-rest slew of 90° in 1 second. The
typical lag and overshoot with respect to the desired tip trajectory of a pure
PD joint feedback are practically eliminated over the iterations. After 27
trials, the maximum error is reduced to about 0.3°. Further results with
learning control are presented in [13].

As a preliminary step towards end-effector regulation for the full two-
link flexible arm, nonlinear regulation of desired joint trajectories has been
implemented first [29].

220

Fig. 10 - Tip tracking with learning control (one-link experiment)
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£0.8

Fig. 11 — Tip error with learning control (one-link expen‘n;ent)

b Figur;as 1?—14 illgstrate the performance on a very demanding bang-

43;%012106 era‘:‘lon t;‘aéjectory; in particular, the second link undergoes a
s motion of 360°, with reversal at the midpoi ilizi

PO ains e o, midpoint. The stabilizing

g{11.5, 6} and Fp = diag{2, 0.8}. A

: , 0.8}, As expected

in (;:or;;rast to the gooFi accuracy obtained at the joint level (Fig. 1p2) thé

zn - fegﬁo?;ehavmr is not satisfactory, with a maximum angular déﬂec

ion o ig. 13). Note that the deformatio is simi .

. : n profile is similar to th

;):soio;l;r};ut;c}il :if s1mulatlolx; (dashed line) with an identified model of th:
. orque oscillations in Fig. 14 compensate th i

deflections so to obtain a i-rigid joi ton. Only join i ant

: quasi-rigid joint motion. Only joi iti
velocity measures are used in these experiments.  Joink position and

o :f&f’;aci)oint ou{c that the same control hardware is ready to be used for
- or regulation. In fact, once the joi j i i

: ‘ ( jomt trajectories associated to
the desired tip motion are computed from the regulator equations (viz

fq = yq — 64}, these can be i
ba), provided as reference f joi
together with the proper feedforward. © for the Joint controllers
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Fig. 12 ~ Joint trajectory regulation (two-link experiment)
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Fig. 13 - Tip angular error with joint regulation (two-link experiment)
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Fig. 14 — Input torques with joint regulation (two-link experiment)

5. Conclusions

1 of the end-effector motion in flexible robot arms is a

he trajectory tracking problem for nonlinear sy;—

tems with non-minimum phase outputs. The obtainec}l. resul’;stﬁul}::zgt tthiz

i 1 methods as appealing solutio

confidence in the proposed contro ‘ ne solutions b e
i i those based on nonlinear regulation

problem, in particular ‘ o et
i i h is devoted to the realiza

learning theory. On-going research 1s ‘ ¢

(practicgal) tracking controllers for flexible robots. ‘We are currently investt

gating the design of observers

the same framework, we wi
tory regulation using only tip measurements an

Accurate contro
paradigmatic instance of t

is also being studied, for inclusion in an adaptive regulation scheme.

Acknowledgements

This pape

e della Ricerca Scientifica e Tecnologica, under 40%

for the flexible deformation velocity. Wit'hin
11 evaluate the feasibility of end—eﬁ‘ect(?r trajec-
d nonlinear dynamic output

feedback. On-line identification of dynamic parameters (e.g. atip payload)

i d by the Ministero dell’Universita
r is based on works supported by o e by the.

Tracking in Flexible Robot Arms 33

Consiglio Nazionale delle Ricerche, contract no. 91.01946. PF67 (Progetto
Finalizzato Robotica). We would like to thank other researchers who did
participate to parts of the work reported here, and in particular L. Lanari,
P. Lucibello, S. Panzieri, M. Poloni, and B. Siciliano. '

REFERENCES

[1] P.K. Nguyen, R. Ravindran, R. Carr, D.M. Gossain, and K.H. Doetsch,
Structural Flexibility of the Shuttle Remote Menipulator System Me-
chanical Arm, SPAR Aerospace Ltd. Rep., Tech. Info. of ATAA, 1982,

(2] T.J.Tarn, A.K. Bejczy, A. Isidori, and Y. Chen, “Nonlinear feedback in
robot arm control,” Proc. 28rd IEEE Conf. on Decision and Conirol,
Las Vegas, NV, pp. 736-751, 1984.

[3] R.H. Cannon, Jr. and E. Schmitz, “Initial experiments on the end-
point control of a flexible one-link robot,” Int. J. of Robotics Research,
vol. 3, no. 3, pp. 6275, 1984,

[4] C. Byrnes and A. Isidori, “Local stabilization of critically minimum
phase nonlinear systems,” Systems and Control Lett., vol. 11, no. 1,
pp. 9-17, 1988.

[5] A. De Luca, P. Lucibello, and G. Ulivi, “Inversion techniques for tra-
Jectory control of flexible robot arms,” J. of Robotic Systems, vol. 6,
no. 4, pp. 325-344, 1989.

[6] A. De Luca and B. Siciliano, “Trajectory control of a non-linear one-
link flexible arm,” Int. J. of Control, vol. 50, no. 3, pp. 1699-1715,
1989,

[7] 8.K. Madhavan and S.N. Singh, “Inverse trajectory control and zero
dynamics sensitivity of an elastic manipulator,” Proc. 1991 American
Control Conf., Boston, MA, pp. 1879-1884, 1991.

[8] A. De Luca and B. Siciliano, “Inversion-based nonlinear control of
robot arms with flexible links,” submitted to AJAA J. of Guidance,
Control, and Dynamics, 1991.

[9] A. De Luca, L. Lanari, and G. Ulivi, “Output regulation of a flexible

robot arm,” in Analysis and Optimization of Systems, A. Bensoussan

and J.L. Lions (Eds.), Lecture Notes in Control and Information Sci-

ences, vol. 144, pp. 833-842, Springer-Verlag, Berlin, 1990.

[10] A. De Luca, L. Lanari, and G. Ulivi, “End-effector trajectory track-

ing in flexible arms: Comparison of approaches based on regulation

theory,” in Advanced Robot Conirol, C. Canudas de Wit (Ed.), Lec-

ture Notes in Control and Information Sciences, vol. 162, pp. 190-206,

_ Springer-Verlag, Berlin, 1991.

[11] F. Preiffer, “A feedforward decoupling concept for the control of elastic

__ robots,” J. of Robotic Systems, vol. 6, no. 4, pp. 407416, 1989.

12] M. Poloni and G. Ulivi, “Tterative trajectory tracking for flexible arms

with approximate models,” Proc. 5th Int. Conf. on Advanced Robotics,

Pisa, I, pp. 108-113, 1991.

13} M. Poloni and G. Ulivi, “Tterative learning control of a one-link flexible

~ manipulator,” Prep. 8rd IFAC Symp. on Robot Control, Vienna, A,

pp. 273-278, 1991.




34 A. De Luca, F. Nicold and G. Ulivi
[14] W.J. Book, “Recursive Lagrangian dynamics of flexible manipulator
arms,” Int. J. of Robotics Research, vol. 3, no. 3, pp. 87-101, 1984.
P.B. Usoro, R. Nadira, and S.S. Mashil, “A finite-element Lagrangian
approach to modeling lightweight flexible manipulators,” ASME J. of
Dyn. Syst., Meas., and Control, vol. 108, pp. 198-205, 1986.
P. Lucibello and G. Ulivi, “Design and realization of a two link direct
drive robot with a very flexible forearm,” Rap. 16.89, Dipartimento di
Informatica e Sistemistica, Universitd di Roma “La Sapienza”, 1989.
P. Lucibello and G. Ulivi, “An optical angular transducer for flexible
robots arms,” IFAC Symp. on Low Cost Automation, pp. 113-116,
Milano, 1, 1989.
A. De Luca, P. Lucibello, and F. Nicold, “Automatic symbolic mod-
eling and nonlinear control of robots with flexible links,” Proc. IEE
Int. Work. on Robot Control: Theory and Applications, Oxford, UK,
pp. 62-70, 1988.
X. Ding, T.J. Tarn, and A K. Bejezy, “A novel approach to the mod-
elling and control of flexible robot arms,” Proc. 27th IEEE Conf. on
Decision and Control, Austin, TX, pp. 52-57, 1988.
L. Meirovitch, Analytical Methods in Vibrations, Macmillan, 1967.
A. De Luca and B. Siciliano, “Closed-form dynamic model of planar
multi-link lightweight robots,” IEEE Trans. on Systems, Man, and
Cybernetics, vol. 21, no. 4, Jul. 1991.
H. Goldstein, Classical Mechanics, Addison-Wesley, Reading, 1980.
A. Isidori, Nonlinear Control Systems, ond Edition, Springer Verlag,
Berlin, 1989.
A. De Luca, “Zero dynamics in robotic systems,
thesis, C.I. Byrnes and A. Kurszanski {(Eds.), Progress in Systems
Control Series, Birkhiuser, Boston, 1991.
A. Isidori and C. Byrnes, “Output regulation of nonlinear systems,”
IEEE Trans. on Automatic Control, vol. 35, no. 2, pp. 131-140, 1990.
E. Schmitz, “Modeling and control of a planar manipulator with an
elastic forearm,” Proc. 1989 IEEE Int. Conf. on Robotics and Au-
tomation Scottsdale, AZ, pp. 894-899, 1988.
S. Arimoto, T. Naniwa, and H. Suzuki, “Selective learning with a for-
getting factor for robotic motion control,” 1991 IEEE Int. Conf. on
Robotics and Automation, Sacramento, CA, pp. 728-733, 1991.
A. De Luca, G. Paesano, and G. Ulivi, “A frequency-domain approach
to learning control: Implementation for a robot manipulator,” IEEE
Trans. on Industrial Electronics, to appear.
A. De Luca, L. Lanari, P. Lucibello, S. Panzieri, and G. Ulivi,

[15]
(16]
(17]

18]

? in Nonlinear Syn-
and

“Control

experiments on a two-
IEEE Conf. on Decision and Control, Honoluly, HI, p

p. 520-527, 1990.
Alessandro De Luca, Fernando Nicold, Giovanni Ulivi
Dipartimento di Informatica e Sistemistica (DIS)
Universita degli Studi di Roma “La Sapienza’

Via Eudossiana 18, 00184 Roma, Italy

link robot with a flexible forearm,” Proc. 29th

Variable Structure, Bilinear and Intelligent Control

with Power System Application

RR. MOHLER, Y. WANG, R.R. ZAKRZEWSKI
and V. RATKUMAR ’

?edication. On ti.zis.20th anniversary of our first U.S.-Italy Seminar on Variable-

Praufcture :S;yntheszs in Sorrento, it is an opportunity to express my gratitude to
ofessor Antonio Ruberti is enli ing scienti '

Prof 0 Ruberti for this enlightening scientific and cultural collabora-

Abstract. A brief background on variabl
: e-structure and bilin
relates this rescafrch to the first U.S.-Italy seminar on this topic. Sfignsfl::g:
control of.a ﬂexlblc. ac transmission system (FACTS) is analyzed andgshown
ngbI?B)qmt; effective for a simplified single-machine infinite-but model
. or cases where system complexities ma
o € y cause robust

prol?lems, a bilinear self-tuning control and a neural-network based control
are introduced. eontrel

1. Introduction

An excellent tutorial on variable-struc i
- llent tut / - ture control which emphasi
;hdﬁg .modes 1s given in [1]. It is shown that such sliding-mode conI:r;Sch:;
d;n a;sixggsne(‘iA ls)o tth:z;g system performance is largely independent of plant
. . ou years ago, Emelyanov and his associ i i
variable-structure systems in some detail i Claborato suitoniug
ial and derived elaborat itchi
gzlg;:iiils (fo.r ;eocol?}iﬁorder processes in particular. This wor; ivzr;fnigs
shed in book form in 1970 [2]. One interestin, licati idi
mode (with chattering) to state-s E i ootim: by
-space (power) constrained optimal
nuclear-powered rocket i i o o the
e, propulsion was independently developed about the
Meanwhile, bilinear s
! X ystems (BLS) rescarch grew out of the Lo
?Isam(?:] pfro;ect and was sponsored by the National Science Foundation A:
daiec‘l orm of vaflablc-stru‘cture system (e.g., linear system with contr;)lled
rfpmg), approl?rxatcly designed BLS were shown to exhibit superior
pe orismw and improved controllability over their linear subclass [5-7]
LA a lfrcsult of a coope.rative research program with Ruberti at 'the
aﬁable grotRome (La Sapienza), a number of publications evolved on
ucture systems and BLS. This created a substantial base of theory




