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A Robust Velocity Field Control

llse Cervantes, Rafael Kelly, Jose Alvarez-Ramirez, and Javier Moreno

Abstract—This paper is devoted to velocity field control 3) The coordination aspect of the task is explicit [5].

(VFC) of uncertain robotic manipulators. We propose a pro- By specifying a contour task using a velocity field the robot is
portional-integral (PI)-type controller derived from modeling ¢ ided toward the contour in the most expedient manner based
error compensation ideas and singular perturbation theory, that it t locati On the other hand. situati S
requires a minimum knowledge of the plant (i.e., constant estimate on .' S cu_rren ocla lon. On the other han K situations ar'se_ In
of the inertia matrix). It is shown that semiglobal practical stabi- Which a timed trajectory based controller tries to catch up with
lization is achieved; that is, given any compact set of initial velocity the desired timed trajectory, and leaves the desired contour inthe
field errors, there exist Pl control gains which guarantee that process. This causes a phenomenon known as radial reduction
the robot tracks a desired velocity f!eld with arbitrary accuracy. in which the actual path traced out has a smaller radius than the
The proposed controller was experimentally evaluated on a two ified by desired traiect Th locity field h
degrees-of-freedom arm. one specified by desired trajectory. The velocity field approac

to contour following is able to trade off time keeping in favor of
coordination [5].

On the other hand, several applications of the velocity field
approach has been reported, e.g., teleoperated manipulators
I. INTRODUCTION [6], cooperative multiple manipulators systems [7], cooperative
na)tliltiple mobile robots [8] and adaptive passive velocity field

VER the past 20 years, there has been a great deal ) ;
research in the field of robot path planning and contro‘ﬁomrm [9]. However, there are several questions that remain

Much of this work has been focused on finding the modPen, e.g., regarding the velocity field contrpl of uncertain
appropriate way to represent robot actions during a navigatigtPOt Systems. This paper works along these lines. We propose
task or during a machining operation. Notwithstanding, ttfé Proportional-integral (Pl)-type controller, which requires a
more common way of representing the robot actions is throu nimum kqowledge of the plant (g.g., Cons_,ta}nt est|ma.1t.e of.the
a desired timed trajectory. In this way, motion control—of€rti@ matrix). It is shown that, given any initial condition in
also called tracking control—of robot manipulators has be@Sition and velocity joints, the desired velocity field can be
defined by using a timed trajectory in order to reproductéaCKEd _Wlth arbitrary accuracy (semiglobal practical st_ablhty).
the desired motion. The motion control algorithm guaranteesNOtaft'on: Throughou;th;s p;ra]pgr,!jstandds forthe Ehuclu(jj(_aan
asymptotic tracking of the desired trajectory. Motion contrdl®™™ © avgctor“-“ stands for the induce nort, is then-di-
problem is well studied in, e.g., [1] and [2]. mensllonal |dent|t'y_matr|x, aaniH{A}, Am.aX{A} denotes, re-
Velocity field control (VFC) has emerged recently from th&Pectively, the minimum and maximum eigenvalue of a positive
literature [3], [4] as alternative to motion control. VEC approacfl€finite matrixA. 0,, denotes the origin dk™. Dh(x) denotes
proposes to encode the robot actions through a velocity fielg€ derivative of: with respect tar and® denotes Kronecker
that is, a velocity tangent vector is defined at every point of ggoduct (see [1] for definition).
configuration space [3].
Many useful robotic tasks, such as following contour tasks for ~ Il. MODEL DESCRIPTION AND CONTROL PROBLEM
machining operation like cutting, milling, and deburring, can be FORMULATION
effectively encoded through a velocity field. This approach has consider the general equations describing the dynamics of a
several advantages over the traditional trajectory tracking. ,,_degrees-of-freedom robot manipulator
1) The velocity field error is a more appropriate way to describe
whether thg cqntour is being followed. . M(q)i+C(q, )i+glg) =7 (1)
2) The specification of the task, encoded as vector field, and
the speed at which the task is performed can be decouplgdereq € R” is the vector of joint displacements,e R" is
[4]. the vector of applied joint torque inputd/(q) € R"*" is the
symmetric positive—definite manipulator inertia mati¥yg, ¢)
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whereTqg = Uch T,G is the tangent bundle @. Thus, the is designed on the basis of the relative-degree one sygtem
desired velocity field defines a tangent vector at every pgintv*, wherev* is taken as a virtual control input. In this way,

of the configuration space the so-called primary or master control loopus = 9(q).
) Since the actual system¢s= v, the action of the master loop
g =(q)- yields ¢ = 9(q) — e,. In this way, the aim of the secondary

The VFC problem can be stated as that of designing a tor
input in such a way that the actual joint velocijyeaches the
prescribed velocity field)(q), i.e

slave control loop is to achieve zero velocity tracking error
O{Je lim; .~ e,.(t) = 0]. This objective is attained via the in-
verse dynamics feedback= Fi™(q, ¢,). As mentioned in the
introduction, the advantage of a cascade control configuration
lim [¢¥(q(t)) — 4(¢)] = 0. (2) over its noncascade counterpart is that the specification of the
oo task, encoded as a vector field, and the speed at which the task
The VFC problem is addressed under the following assumig-performed can be decoupled [4].

tions. Remark 3: Itis interesting to consider the case whifg) =
A.1) The functionsM (q), C(q, ¢) andg(q) are uncertain and K (q4—q), wherekK is a positive—definite matrix, ang € R"
C'-functions. is a desired position. In this case, the pditfy) = ¢4 becomes
A.2) The velocity fieldd(¢) has continuous bounded first- andthe w-limit set of the vector fieldK (¢4 — ¢). SinceDY(q) =
second-time derivatives. — Ky, the corresponding inverse-dynamics feedback controller
A.3) The velocity field ¥(q) ylelds umformly globally is
bounded trajectories [i.e.||q(0) + fo ))dol|| is
globally bounded for al§(0) € R™ andt > 0] 7= 9(q, &) = M(q)[-K:1(qa = q) + K> (6)

whereK; = K. Ky andK; = K, + Ky. The controller (6) is

the well-known computed torque control, which stabilizes the
In this section, we address the VFC control problem by asystem about the desired robot positign

suming that the robot model and parameters are known. The

purpose is twofold: 1) to introduce a basic constructive step to- IV. VEC: ROBUST FEEDBACK DESIGN

ward the design of robust control design and 2) to assess th(_el_h d y 4 hat the rob
limit of what can be attained with such controller. € inverse-dynamics control law (4) ensures that the robot

Letw = ¢ be the robot velocity, and let. difﬂ( )—veRn system (1) tracks the desired velocity field asymptotically. Un-

be the velocity field error. The robot dynamics (1) can be wnttef?rtunately given that the robot model is uncertain, this con-
trol law cannot be implemented. To avoid this problem, an in-

lll. VFC: EXACT FEEDBACK DESIGN

as
verse-dynamics robust controller will be designed later.
i=9(q) — e, Let®(q, e-) be an estimate of the functian(q, e,.) defined
& =B(q, er) — M(q) "' T — 0(q, e,)] @ &
where ?(q, ) =7(q) + Clg, 9(q) — e-)(9(q) — er)
B(q, er) def D¥Y(q)[9(q) — e,] € R™ whereg(q) andC(q, 9(q) — e,) are the estimates of gravity
and Coriolis torques, respectively. A modeling error function,
and sayn(q, e, ), can be defined as follows:
def
, €r) = + C(q, (¥(q) — e,))[¥(q) — e.] € R™. e
P o) = gla) +Ca (00 = en))0ta) =] n(a.er.7) S M (@) - pla. e+ M) [r—B(a.,)]
The inverse-dynamics feedback controller (7

T =F"(q, e,) € o(g, e) + M(q)[B(q, er) + Kre,] (8)  whereM(q) is a positive—definite matrix estimate of the inertia

. . . L matrix M (q). In this way, the system (3) can be rewritten as
whereK, € R"*" is a positive—definite matrix, yields (9) 4 y 3)

q':19(q) —e, q="19(q) — e, o
— —K e (5) ér:ﬂ(qve’r) +77(q7eT7T) _M(q)_l[’r_a((beT)]' (8)
so thatlim,_,. ¢,(t) = 0 exponentially and, by virtue of As- In terms of the modeling error functiofq, e,, ), the inverse-
sumption A.34(t) remains bounded for atl> 0. dynamics controller (4) becomes
Remark 1: If R(q) is thew-limit set of the trajectorles gen- Fin( ( )

erated by the vector field(q) [i.e., ¢(0) + [, 9(q(o)) do — 7= A O TG Oy T o
R(q(t)) asymptotically], thenR(q) x 0,, is thew- I|m|t set ofthe = B(q,e.) + M(a)[B(q,er) + n(g, er,7)] + M(q) K e
system (5). Notice that, by virtue of Assumption AI&g) x 0,, (9)

is a compact set.
Remark 2: Basically, VFC is a cascade or backstepping con- Remark 4: The inverse-dynamics feedback function
trol configuration [10]. In fact, the desired velocity fieltlq) T = Fi™(q, e, n(q, e, 7)) is an implicit representation
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of the exact feedback function = Fi"™(q,e,). In fact, Remark 7:The practical control (11), (12) is an exact
Fivv(q, e,;) = Fi*(q, e, 1(q, er, Fi™(q, €,))). observed-based representation of inverse-dynamics control
Following modeling error compensation ideas [11], andith integral action [12]. This representation has several
owing to the fact that advantages over its traditional counterpart. For instance, an-
o tireset windup schemes to cope with actuator saturations can
0(gs er, T) = ér = B(q, €) + M(q) " [r — @(g; er)] be easily introduced [12]. In Section V, we will exploit the

exact observer-based representation (11), (12) to describe the

the signal n(t) = n(q(t), e-(t), 7(t)) can be reconstructed closed-loop system as a singularly perturbed system.

using the following reduced-order observer:
n=¢"n -7l V. STABILITY ANALYSIS
=¢ e, — Blq, er) + M(q) M r —%(q, e,)] — 7] (10) In this section, we study the closed-loop stability of the candi-
date practical VFC, yielding a robust stability condition coupled
where7; € R™ is the estimate ofi(t) and{~! > 0 is the ob- with a systematic tuning procedure.
server gain. Based on this observation, our choice of practical
controller is the certainty-equivalence feedback correspondiAg Closed-Loop Equations

to (9) To simplify computations, let us take (¢) as a constant ma-
= Fi™(q, e, 7) (11) trix andg(q, e,) = 0. Denote the observation error as

def _ n

where the uncertain term(q, e,., 7) of the inverse-dynamics ey = 1 —7 €R"

controllaw (9), has beenreplaced by the estirpalée resulting B

robust controller is composed by the modeling error estimato
(12) and the certainty-equivalence feedback function (11). i=9(q) — e,

Remark 5: The observer (10) is improper since it requires b= —Koeote (16)

the time-derivative,.. By introducing the variable def &n—ey, " e

this observer can be easily implemented. In this way, we get @& the other hand, by virtue of (10), the dynamics of the esti-

¥ using (11) in (8), we get the controlled robot dynamics

proper estimator mation error becomes
W= —p(g, er) + M(q) " [t = B(q, e,)] = € (w +e,) ey = = ey ) 17
=& (w+e,) (12)

It is possible to compute the time-derivatiyefrom (7), (10),
with initial conditionw(0) = £7(0) —e,., if 7(0) is taken as zero and (11) to get
thenw(0) = —e,.(0).

s e—las-177
Remark 6: Itis not difficult to see that the practical controller ey = —E M= Mey +W(g, er, €) (18)
(11), (12) can be rewritten as follows: where
7= P(q, 4) + M(q)Fp1(e,) A3) (g, ey, e,)  —M' M [ﬂ(q7 e,) + Kre, — Kfer}
where + M_I(nb(q-/ 67«) + B((I-/ 6,«) + Kren - KZGT
N _ M~*M[B(q, e.) — e, + K e, 19
P(g, §) = M@B(g, er) +Flg, ) (14) MM €)= ey v Hoed - (19)
and
and M = [[¥(q) — er]" ® I,] [DM(q)].

t
Fpr(e.) = Kpe, + K7 / er(o)do
Jo B. Main Stability Result
is a classical linear PI controller with gains Summarizing, in the coordinatég, e, e, ), the closed-loop
system can be written as
KP :Silln + KT
K =¢('K,. (15) q="9(q) — e
Notice thatwhei€(q, ¢) andi(q) are ch diagonal ( b= e e
otice thatwher®(q, ¢) an q) are chosen as diagonal (con- . 177
stant) matrices, (13) becomes a decentralized control composed Sén = —M™ Mey +£W(g, er, €). (20)

Furthermore, ifthe velocity field is given asin Remark 3, the cofsertyrbed system. Sindg—1 17 is an invertible matrix, the cor-
troller (13) becomes a classical proportional-integral-derivatiy@sponding reduced system is

(PID) controller with derivative gaif p = M K.

1 =9(q) —e¢
1By some abuse of notation, the symiolas used to denote both the signal 4 (q) "
n(t) and the functiom(q(t), e.(t), 7(¢)). ér = —Kre, (21)
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which is obtained by setting = 0 in (20). Notice that the B, .,y x B., C R3" of the compact sefz(q) x 0,, x 0,,.
reduced system is the closed-loop robot system under tereover, such neighborhood ¢3(¢). As a consequence, the
exact inverse-dynamics controller [see (4)]. Hence, the reducedimit set R(q) x 0,, is semiglobally practically stable. m
system (21) has globally exponentially convergence of thelt can be shown that the result in Proposition 1 is also valid
velocity errore,(t) to zero, with globally bounded positionwheng(g, e,) # 0 and the matrixM is not constant. In fact,
trajectoriesq(t). The boundary-layer system is obtained bghe proof can be made following the same steps made in the
taking a new time scalg = ¢/¢ in (20) and setting = 0, that proof of Proposition 1, previous computation of the closed-loop
is dynamics.

Remark 8: Notice that

t t

wheree! = de, /d(x). Regarding the stability of system (22), alt, &) = ao(t)
> the followi erlt, €) = er0(t)
we have the following result. o T, r0(t
Lemma 1: Assume thatiM (q)=*M — I,,|| < a < 1, for all en(t, &) — ey, 0(t)

q € R™ and somex > 0. Then, the boundary-layer system (22) . . . . .
is uniformly exponentially stable about the origin. uniformly as¢ — 0. Thatis, the trajectories of the full singularly

Proof: Write the boundary-layer system (22) as perturbed system (20) converge to the trajectories of the system
composed by the reduced and the boundary-layer system. As

ey = —[In = T(q)]ey (23) a consequence, we conclude that{as- 0, the robust VFC
E™(q, e, 1) [see (11)] recovers the performance induced by
whereI'(q) ¥ I, — M—13. The time-derivative of the posi- the exact VFCFi™ (g, ¢,.) [see (4)].
tive functionV,, = efe77 along the trajectories of (23) satisfies Remark 9: Since the coupling function(q, e,, e,) may
V. ==2V. +ef[l(q)+T(q) e, < —2(1—a)V., <0,for notbe globally Lipschitz, and hence has not globally bounded
Ve, # 0. This shows that (23) is globally exponentially stablelerivatives, due to the Coriolis/centripetal foreg§y, v)v, the

e, = —M~"Me, (22)

with Lyapunov functionV,,, (e,) = efe,,. m initial conditions of the closed-loop system (20) are restricted to
The next result establishes the stability properties of systerny given compact set. In turn, this leads to semiglobal stability
(20) for an arbitrary selection of the velocity fieldq). results only.

Proposition 1: The velocity field error of the closed-loop Remark 10: The result in Proposition 1 states that, given any
system (20) is semiglobally practically stable about theompact set of initial positions and velocity errors (semiglobal
w-limit set R(q) x 0,. This is, for each compact set pairstability), there exist Pl parameters which guarantee that the
(B(q, en)s Wig,e,)), neighborhoods of R(q) x 0,, with robot tracks the desired velocity field with arbitrary accuracy
Big,e.y C Wige) C R2", there exists a positive value(practical stability). This is done by taking a sufficiently small
{max and a pair of compact setd3., , W., ), neighborhoods value of the observer gaifi > 0. Smaller > ...« leads to
of the origin with B, C W, C R", such that all the a larger set of initial condition/, . y x W, and a smaller
solutions of the closed-loop system (20), with initial conresidual tracking seB, . ) x Be, .
dition in W, oy x W, C R3"”, are captured by the set Remark 11 (Semiglobal Asymptotic Stabilityjthe w-limit
B, e,) X Be, C R3", forall 0 < € < Emax. set of the vector field)(q) is a desired position, say; (see,

Proof: Once the closed-loop system has been describfed instance, Remark 3), theh(g,, 0, 0) = 0. In this case, the
as a singularly perturbed system, the proof of the stability reeduced system (21) has a asymptotic limit pdipt, 0,,) €
sult follows as a direct application of the results in [13]. IfiR>". Reference [13, Th. 3] implies that the equilibrium position
fact, notice that by virtue of Assumption A.%(q, e,, ¢,) has (qa, 0,) € R?" is semiglobally asymptotically stable. In addi-
bounded derivatives on compact sets. Lemma 1 implies that than, if ¥(q) = Ky(qa—q), M (q) is a constant positive—definite
boundary-layer system is exponentially stable about the originatrix, andC(q, v) = 0, Fi™(q, e,, ) is equivalent to a clas-
Hence, [13, Th. 2] and matched asymptotic expansions soluti®igal linear PID controller (see Remark 6). Hence, Proposition 1
imply that, fort > 0 and small¢ > 0, the solution of (20) with provides a theoretical support for the widely usage of linear PID
initial conditions in the compact s&'(,, ..y x W., C R3” sat- control in the point-to-point regulation of robot manipulators.
isfies

C. Bounded Input Control

_ ~ 2
q(t, &) = qo(t) + €q1~(t) +0(&) ) From a practical point of view, it is interesting to analyze
er(t, &) =ero(t) +&é,,1(t) + O(E7) the case when the control input is subject to constraints. Given
en(t, &) =ey o(t) + &6y, 1(t) + O(E?) the torque bounds,,;, and 7.y, the robot system (1) under

the exact feedback control law (4) is asymptotically stable and

where (go(t), er,0(t)) and e, o(t) are, respectively, the has a region of attractioR C R2". Under bounded control
solutions of the reduced and the boundary-layer systemgiions, the result of Proposition 1 implies the existence of Pl
q1(t), ér,1(t) ande, (#) are first-order terms in the matchedyarameters for which, the robot tracks the desired velocity field
asymptotic expansion of solutions. Hence, for sngal> 0,  ith arbitrary accuracy, provided that the set of initial position
the trajectories of system (20) converge to a neighborhogfq velocity errors are contained@(semiglobal stability with

2In [1], we see that there always exists a choiceldfsatisfying such in- respect td?). As in the unbounded input case, this is done by
equality. taking a sufficiently small value of the observer géix 0. That
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is, smaller values of implies that the actual region of attraction
tends tof2, and smaller residual set.

Futhermore, the observer-based PI control representation
(10), (11) has an important advantage over the standard PI
representationit is equipped with an antireset windup (ARW)
schemeln fact, if 7¢ is the computed torque (the controller
output) andrsat = safr¢) is the actual torque acting on the
robot manipulator, where ga} is a suitable saturation function,
then the control law (10), (11) can be rewritten as

T = P(q, (j)—I—M(q)FpI(eT)—i—GARW/O (1% (o) —1(0)) do

whereG srw a gain matrix. The ARW scheme is given by théig. 1. Experimental setup.
feedback signal’}ARw,fOt(Tsat — 7¢) do. In this way, when

the control input is saturated (i.e3* — 7¢ 3 0), the above g g reference of torque signal. In this configuration the motor
feedback signal tries to drive the “control input errer™* —  p\1200-A is capable to deliver 200 Nm torque output and the
7¢ to zero by recomputing the integral such that the contfol ot0r DM1015-B only 15 Nm.

attains exactly its saturation limit. This prevents the control l00p pgsition information is obtained from incremental encoders
from severe stability and performance degradation induced ¥ated on the motors, which have a resolution of 1024 000 p/r

integral action winding. for the first motor and 655 360 p/r for the second one. The accu-
_ o racy for both motors is 30 arc/s. A motion control board based on
D. Tuning Guidelines a TMS320C31 32-bit floating point microprocessor from Texas

From Proposition 1, thé-parameterization (15) far < ¢ <  Instruments, is used to execute in a PC Pentium Il host com-
Emax defines atrajectory in theK p, K1 }-space for which prac- puter.
tical stability of the controlled robot system is ensured. This fact A vector field with a circular contour in task coordinates as
and the previous stability analysis enable us to extract sim@dw-limit) global attractor was chosen. The origin of the Carte-
tuning guidelines which guarantee a stable implementation ©&n frame is attached at the axis of rotation of the fist joint,
the controller (13). while y; andy, denote the horizontal and vertical axes, respec-

1) Choosél7 to satisfy the condition of Lemma 1 (see [1]). tiveI_y (se_e Fig. 1). The vector fi_eld was chosen to exhipit a be-
2) Choose the inner-loop matrix gaifi, according with a havior wnho_ut abrupt changes in velocity and acceleration su.ch
given performance criteria. that saturation of actuators were prevented. The mathematical

3) Choose a sufficiently small value 6f> 0 so as to get an €XPression of the desired velocity field is
acceptable closed-loop stability (Proposition 1). Compute
the PI control gains wi identiti 201 = yer) —2(y2 ~ ye2)
gains with the identities (15). v(y) = —k(y)f(y) + c(y)
i i i . 2(y2 — ye2) 2(y1 — Ye1)
Notice that{ influences inversely the Pl performance: the © ¢
smaller the value of > 0, the larger the estimate of the re- (28)
gion of attractionW, . y x W, and the smaller the residual h
setB,,.,) X B.,. Of course, in practice the minimum valueVnere
of £ > 0 is limited by measurement noise and nonmodeled dy-
namics, e.g., actuator dynamics. In the following section, we

f(y) = (yl - ycl)2 + (y2 - y02)2 - r%

kg

will illustrate that good VFC performance can be attained with k(y) =
moderate values af > 0. LIV )l + €
) co exp MW
c =
VI. EXPERIMENTAL EVALUATION Y IV £yl

This section is devoted to show the experimental evaluation — (.2 m is the circle diametery.; = 0.318 m andy., =
of the proposed robust VFC on a two-degrees-of-freedom ar318 m defines the circle center coordinatég,= 0.1 ms?,
A complete description of the robot and its parameters can he- 20 m=2, ¢ = 0.005 m3, ande, = 0.1 ms~! is the desired
found in [14] and [15]. For completeness in presentation, a brighcking speed.
outline of the experimental implementation is given later. Since the controller proposed in this paper was designed to
The robot consists of two links made of 6061 aluminumtack a desired velocity field in joint coordinates, a previous
both actuated by brushless direct drive servo actuator to drigap has to be made, in order to translate the velocity field from
the joints without gear reduction. The motors used in thgartesian to joint coordinates. To this end, we use the direct
robot manipulator are the DM1200-A and DM1015-B modelginematics of the robot
from Parker Compumotor for the shoulder and elbow joints,
respectively. The servos are operated in torque mode, so the lysin(qy) + Iz sin(gz2 + q1)

motors act as torque source and they accept an analog voltage Y —ly cos(q1) — Iz cos(q1 + q2)
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Fig. 2. Experimental traced contour.

Then, the analytical Jacobian is given by

~ [licos(qr) + 2 cos(q1 + g2) lacos(qr + o)
lysin(q1) + l2sin(q1 + q2) l2sin(q1 + g2)

J(q) (29)

wherel; andl, are, respectively, the length of the first anc
second links. The desired velocity field in joint coordinates is
then given byd(q) = J(q)" v (y).

The objective of the experimental evaluation is two fold. First,
to illustrate that the task of choosing a estimate of inertia ma
trix M satisfying Lemma 1, does not constitute a difficult one.
Second, to illustrate the performance of the proposed controlle
To this end, we have chosed = diag(3.0, 0.2), whose ele-
ments are upperbounds of the diagonal elemenid ¢f). The
inner loop gain matrix wag, = diag(6.6, 6.6) Nm s rad .
The initial conditions werey; (0) = 45 deg,¢2(0) = 90 deg
[i.e., y(0) = (0.636, 0)T m in Cartesian coordinates}; (0) =
Orads! andg2(0) = 0 rad s°*. The link velocities were com-
puted via backward differentiation with sampling period of 2.5
ms.

Fig. 2 shows the contour traced by the arm tip in compariso
to that in reference for a observer gdin= 0.025 s~'. On the

other hand, Figs. 3 and 4 present the time evolution of velocit £

field errors for three different values of the observer gafine.,

& = 0.025 s, ¢ = 0.050 s71, & = 0.080 s71). It can be
observed that smaller the value&gfthe smaller the asymptotic
velocity field tracking error (practical stability).

VIl. CONCLUSION

In this paper, we studied the velocity field control of robot
manipulator in joint coordinates via a Pl-type control. This con-
troller is based on modeling error compensation techniques, ¢
a minimum knowledge of the robot system is required. (Tha
is, a constant estimate of the inertia matrix.) It is shown tha
semiglobal practical stabilization is achieved,; that is, given an
compact set of initial velocity field errors, there exist PI control

e, (rad/sec)

I

o

o
[0)

0.150
£=0.025 sec”
0075
0.000- MMWM
0,075
0 10 20 20 40
0.150 = 0,080 sec”
0,075
0,000
-0.075 1
0 10 20 30 40
0,150-\ £=0.080 sec”
\,
!
00754,
/
0,000
0,075
0 10 20 30 40
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Fig. 3. Time evolution of the velocity field error for the first link.

T T

20
Time (sec)

30

gains which guarantee that the robot tracks a desired velodity. 4. Time evolution of the velocity field error for the second link.
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field with arbitrary accuracy. Experimental work on a two-link [15] ——, “Experimental evaluation of model-based controllers on a direct-
robot arm was carried out to illustrate the performance and to drive robotarm,"Mechatronicsvol. 11, pp. 267-282, 2001.
assess the robustness of the proposed control.
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