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Hybrid Adaptive/Robust Motion Control of
Rigid-Link Electrically-Driven Robot Manipulators

Chun-Yi Su, Member, IEEE, and Yury Stepanenko

Abstract—In this paper a hybrid adaptive/robust control scheme is pro-
posed for rigid-link electrically-driven robot manipulators in the presence
of arbitrary uncertain inertia parameters of the manipulator and the
electrical parameters of the actuators. In contrast to the known methods,
the presented design requires at most the joint velocity feedback and does
not rely on the knowledge of the bounds of complexity functions. Semi-
global asymptotic stability of the adaptive/robust controller is established
in the Lyapunov sense. Simulation results are included to demonstrate
the tracking performance.

I. INTRODUCTION

Various control methods have been developed in the literature
for rigid robot motion control. The interested reader is referred to
Abdallah er al. [1] and Ortega and Spong [11] for recent reviews.
The principal limitation associated with many of these schemes is that
controllers are designed at torque input level and actuator dynamics
are excluded. However, as demonstrated by Good et al. [7], the
actuator dynamics constitute an important part of the complete robot
dynamics, especially in the cases of high-velocity movements and
highly varying loads. The inclusion of the actuators into the dynamic
equations complicates the controller structure and its stability analysis
since the systems are described by third-order differential equations
[15].

The study of the control of rigid robots including the actuators
was an open problem until recent efforts described in [2], [3], [5],
[6], [8], [10], [15], [16], [20]. Based on the Freund’s nonlinear control
theory, Beekmann and Lee [2] proposed a nonlinear control law. By
using the linearizable method, Taylor [16] presented a control method
where the switched reluctance motor was considered as the actuators,
and Tarn et al. [15] developed a controller with direct-current motors
as actuators. But it should be noted that the design procedure in
the aforementioned schemes is based on the full knowledge of the
complex dynamics of robotic systems. If there are uncertainties in
the system dynamics, controllers so designed may give degraded
performance and may incur instability. The schemes given in [6]
and [14] only dealt with the uncertainty in the manipulator and
require the full knowledge of the actuator parameters. To deal with
the uncertainties in the combined dynamics, some promising robust
schemes were recently proposed in [3], [5], [8], [10].

The objective of this study is similar to that in [3], [S], [8]. A hybrid
adaptive/robust control law is proposed for n-link manipulators which
include the effects of actuator dynamics. The proposed controller has
the following features: it does not require the joint acceleration feed-
back and the knowledge of the bounds of complexity functions (the
derivative of fictitious forces). Asymptotic stability of the adaptive
controller is established in the Lyapunov sense.

The arrangement of this article is as follows: in Section II the
robot dynamics including actuators is expressed in the form of two
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cascaded loops: the actuator loop and the manipulator loop. A desired
fictitious force is introduced as a synthesized input signal intended
for the manipulator loop. A corrective control law is then used for
the usually neglected electrical actuator loop. Asymptotic stability of
the adaptive controller is established in the Lyapunov sense. Note
that the terms fictitious and corrective come from [5]. In Section III
a simplified algorithm is introduced to avoid the calculation of the
derivative of the regressor matrix. Simulation results are discussed in
Section IV. Finally some conclusions are given in Section V.

II. DERIVATION OF THE CONTROL LAw
Consider an n-link manipulator with revolute joints driven by
armature-controlled dc motors with voltages being inputs to ampli-
fiers. As in [5], [8], [15], the dynamics are described by
(D(@) + J)d+ Ble.9)a+ G(g) = AnI
LI+RI+K.q=u

1)
)

where ¢ € R" is the vector of the joint position, I € R" is the
vector of the armature currents and # € R" is the vector of the
armature voltages; D(q) is the manipulator mass-matrix, which is a
symmetric positive definite matrix; B(q, ¢)¢ represents the centripetal
and Coriolis force; G(q) denotes the gravitational force; J is the
actuator inertia matrix; L represents the actuator inductance matrix;
R is the actuator resistance matrix, K. is the matrix characterizing
the voltage constant of the actuator and Kn is the matrix which
characterizes the electromechanical conversion between current and
torque. While D(q), B(q,4)q and G(q) are nonlinear functions,
J.L,R, K. and K are positive definite constant diagonal matrices.
We note only that the matrix (D — 2B) is a skew-symmetric matrix.

It is assumed that ¢, g and I are measurable and the exact values of
the robotic functions D(q), B(q, ¢)¢ and G(g) and actuator dynamic
coefficient matrices J,L, R, K. and Ky are not available. The
considered adaptive controller design problem is as follows: For
any given desired bounded trajectories gq,, ¢4, 44, and q(dg) € R",
with some or all of the manipulator parameters unknown, derive
a controller for the actuator voltages u such that the manipulator
position vector g(t) tracks q4(t).

The dynamic model (1) and (2) consists actually of two cascaded
loops. Unlike the dynamic model of a robot at the torque input level,
the virtual force K'n 1 in (1) cannot be synthesized directly. Instead, it
is the output of the actuator dynamics. In accordance with the cascade
control strategy described by [5], [8], [18], the design procedure is
organized as a two-step process. Firstly, the vector I is regarded as a
control variable for subsystem (1) and a control input I4 is designed
so that the tracking goal may be achieved. Secondly,  is designed
such that I tracks I4. In turn, this allows g(t) to track ¢,(t). In this
paper (1) is called the manipulator loop and (2) the actuator loop.

A. Adaptive Control for the Manipulator Loop

Using the desired armature current vector Ig, the model (1) can
be rewritten as

(D(g) +J)i+ B(q.9)q+ G(q) = KxIs+ KEnI  (3)

where T2 11 4 represents a current perturbating to the rigid-link
dynamics. The system (1) can be viewed as a rigid model system
with an input disturbance Kn~1, controlled by K'n1I4. The synthesis
of Kn1I; may follow any available design procedures developed at
the torque input level.
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However, the direct application of design procedures developed at
the torque input level to design I, is impaired by the assumption that
the electromechanical conversion matrix K is not exactly available,
and thus I4 cannot be calculated from K nI4. Therefore, one needs
a modified scheme in order to directly generate the signal I4.

In order to solve this problem, firstly, based on the parameterization
technique as in [11], the nonlinear terms D, B, and G in (1) can be
expressed as

(D(g) + N)da + B0, 9440 + G(@) = B 4w da) D)

where ®(q,d,.d,;) € R*™™ is the regressor matrix independent of
the dynamic parameters, « is a constant vector of manipulator inertia
parameters.

As in [8], let & be written as T = [p162--- ¢n], Where &7
is the ith row of ®, and introduce the augmented regressor matrix
®.(q,q,4,4,) defined as

6T 0 0 0
Sa@igin 2|0 0 O
0 o0 0 o7
then
Ky'®a = K5'®0an = ®oKyLae = ®ooar )
where Kn. 2 diaglkniln),al 2 [@Ta”---aT] s
a  corresponding  augmented  inertia  parameter  vector,

A _ _
age £ [kNllarkN;aT T kNiaT]-

We suppose only that the parameter vector aax is “uncertain”.
Following the results of [18], the desired I is then synthesized by

Iy = ®u(q, 44 §4)0ak — V' T(w + £q) ()

. A . .. . . . -
where ¢ = q — g is the joint tracking error; I is an arbitrary positive
definite constant diagonal matrix; v and & are positive constants; w
is an intermediate vector synthesized by

W = —2yw + 7. 0]
The adaptive law for adjusting é&.x is given by
-o®Tz ®)
w+t g ©

= Qak
A s
= q-

Gak

z

=i

where &, 2 gk — agq denotes the parameter error vector.

It should be mentioned that I, given by the control law (6) and (7)
and adaptive law (8) and (9) does not involve velocity feedback q.
This fact will be used later to prove that the controller of the overall
system will only depend on measurements of I, g and q.

Substituting (6) into (3), one obtains the joint position error
equation:

K'Y (D(g) + J)qg = —7*Tw — kv*Tq+ 1~ K5'B(q,9)q

— K5'Baq + ®advak (10

where Bysg £ B(q.4)d, — B(q,4,)q,. It can be shown that By is
an uniformly bounded matrix because ¢, is uniformly bounded.

Introducing a state vector z7 2 [§' ,w”, 3"}, then the dynamic
(10) can be expressed in state space as

&=—Az+ C(I - K5'B(q,$)§ — Kn'Bag + ®a6ax)  (11)

where (7) is incorporated to obtain

0 YD+ J)'END ky2(D+J)'ENT
—~*I 2vI 0

~I 0 0

42

and
(D+J) 'Ky
ca 0
0

Following the argument of [18], an important design procedure
is to find a pair of positive definite matrices P and @ such that
1/2(PA + AT P) = Q. A possible choice is given by

o+7) ZX+J) ZD+n
Y a4

p2 _71(0 +J)  EnT 0
S(D +J) 0 kv KNT
and
(v=5)D+J) —(D+J) 0
A gl .
Q= —+J) YKNT 0
0 0 k2yKNT

Both P and @ are positive definite if v is sufficiently large. Their
eigenvalues satisfy the following bounds:

Ap <infygyiz’ Pz and yA < infigy=z’ Qe (12)

Before the introduction of the control law of the actuator loop
which compensates the disturbance K ~1I, it is helpful to study the
closed-loop system stability of the manipulator loop when I is zero.
The closed-loop system is described by (8) and (11). Its asymptotic
stability is established by the following lemma.

Lemma: The closed-loop system described by (8) and (11) is
asymptotically stable if I = 0 and ~ initially satisfies

2
—La |},
Ap

where A, and A, are defined in (12); L, is a function defined in (28).
Proof: See Appendix A.

A > 3| Ball + 20 (sup lagll + 13

B. Hybrid Adaptive/Robust Control for the Cascade Control System

We can now use (6) to design a control law at the voltage input
u, which forces I to zero. In the following development we suppose
that the electrical parameters Kn, L, R, and K. are all of uncertain
values. However, there exist Lg, Ro, and K., all known, such that

IL—Lol| <615 ||[R—Rol| <625 |IK—Kooll <85 (14

_ With the above in mind, the robust corrective control law, forcing
I = 0, is then synthesized by

u = Lo.’ld + ROId + I{eoéd

— Gullall + BallZall + Gsllaall) senD) (1)
81 = mullalllE (16)
82 = nal| LIl (17
63 = sl Il (18)

where I is defined in (6); n;(: = 1,2, 3) are constants, determining
the rates of the adaptations. As in [5], the term corrective control is
used to highlight the fact that the robust adaptive control law given
in (15)—(18) corrects for the usually neglected electrical actuator
dynamics.

The structure of the controller given by (15) is sketched in
Fig. 1. The controller consists of two parts. In the first part I,
represent a fictitious control input, which may be viewed as a
adaptive controller that ensures the convergence of the tracking error
if the actuator dynamics were not present. In the second part the
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Fig. 1.

Control system.

input voltage u intends to regulate the real armature currents about
the fictitious currents and therefore attempts to provide the control
voltages necessary to make the desired motions.

The stability of the closed-loop system described by (1), (2), (6)
and (15) is established in the following theorem.

Theorem 1: If the robust control voltages u given by (6) and (15)
are applied to the manipulator (1), (2), then in the closed-loop system
the vectors g and T are both asymptotically stable, provided -y initially

satisfies
. 2
o> 318l + 1+ 20 (sup i+ 27
¥

where A, and A, are defined in (12); V is a function defined in (33)
while

19

~T _~
a B - A . I RI
p=s —, B=B+|K) and A, = inf —/—.
4Ar ()2
Proof: See Appendix B.
Remarks:

1) It should be noted that the control law given by (15)—(18) de-
pends on the calculation of I,.Since I;in (6) only involves the
position feedback g, the derivative of I, therefore, only needs
velocity feedback ¢. This is the motivation of synthesizing I in
(6). Actually, the development of I is based on the lead-plus-
bias controller proposed in [19] such that the velocity feedback
is avoided. In this case, the adaptive control law (15)—(18) for
the cascade control system only requires the measurements of
I,q and 4.

2) There is a nontrivial difference between the adaptive law (15)
and the control laws in [5], {8], which also only require the
measurements of I, g and ¢. Since the fictitious control laws
for manipulator loop developed in [5], {8] involve the feedbacks
of ¢ and ¢, the knowledge of the bounds of the derivative of
fictitious control laws is needed to avoid the requirement of
acceleration feedback §. In contrast, the bound of I, is not
required in our scheme.

3) Compared with the adaptive scheme [3], the proposed scheme
utilize the sliding mode method for the corrective control in
the actuator loop, in which as in [4] the adaptive laws adjust
control gains directly without estimating the unknown actuator
parameters. The controller so developed is structurally simple
as well as computationally fast. However, the sliding mode
method is actually a high gain scheme which may result in
chattering behavior. If a boundary layer is used to eliminate
the chattering, as discussed below, only uniformly ultimately
bounded tracking errors can be guaranteed as opposed to [3].
Therefore, the trade-off should be made between the simplicity
and control accuracy.

4) The control law (15) involves the discontinuous functions and
may result in chattering behavior. However, in this case, the
chattering signal is the voltage. As demonstrated in [12], the
torque signal is continuous after the low-pass filtering of the
motor dynamics. From a practical point of view, a chattering
voltage is less difficult to synthesize and less prohibitive than

a chattering torque, since many DC motors are controlled by
pulse-width modulation (PWM) signals. If the chattering effects
should be eliminated, it can be done by introducing a boundary
layer at a sacrificed control accuracy. In our adaptive scheme,
it is easy to replace sgn() in (15) by
w_ Jsgnd) ifI>¢

7"(1)_{I/s ifI<e
for some small £ > 0. However, the stability result changes.
It can only be shown that closed-loop system is uniformly
ultimately bounded.

5) In this paper, the bounds on 6;, 6, and 63 are not assumed to
be available and suitable integral updated laws are given so
that &1, 6, and &3 grow until they reach to whatever levels are
necessary to cancel the nonlinear dynamics. i

III. A SIMPLIFIED ALGORITHM
From (15) we require to calculate

14 = (d/dt)(®alq, 44> a)dar) — 7V T + Kq)

where (d/dt)(®abor) = ®ubar + Pubiak. The computation of
$, may be challenging. It seems that there are no reports on
how to recursively compute it for a general n-link manipulator in
the literature. If such an algorithm were developed, it might be
computational expensive to update ®,. In order to avoid the intensive
computation of ., we simply substitute

I & —3?T(w + k) (20)
for I, since the feedback signal I, = —?T'(w + x§) pays a vital
role in the stability of the closed-loop system whereas the effect
of the feedforward signal I 5 2 ®.(q, 4y, 44)0ax is relatively minor.
Equation (20) implies that the actuator loop becomes a low-pass filter
with respect to the feedforward signal I;. The feedback signal I,
still passes the actuator loop without distortion. In such a case, the
adaptive corrective control law (15)~(18) is correspondingly modified
as

u= L()I.-m + Roli + I\Veoéd

— Gullll + BlTall + sllaall) sen(D) @D
61 = mil| L I @
62 = el Ll 23)
8 = m Il 24

The stability of the closed-loop system is therefore stated in the
following theorem.

Theorem 2: If the estimated inertia parameters ¢, are bounded,
then in the closed-loop system the vectors ¢ and T are both asymp-
totically stable, provided -~ initially satisfies

. 2
7o > 3Bl + i+ 20 (supladl + [V ). @9
P

where A\, and A, are defined in (12); V' is a function defined in (33)
while ’
8
4x,’
I"RI
nf e
1l
Proof: See Appendix C.

>

I Ar=(B+G+|K|}) and

>
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Fig. 2. Two-linkage manipulator.

Remark: The validity of the simplified algorithm depends on the
boundedness of the estimated inertia parameters &, ;. Although the
boundedness of G, is verified in simulation results, the strict proof
in theory remains an open question. However, as long as dg is
uniformly bounded, the stability of the closed-loop, using I m instead
of I4, can be guaranteed, and the simplified algorithm is of the same
complexity as the algorithm by Slotine and Li [13].

IV. A SIMULATION EXAMPLE

A. System Description

As an illustration, we will apply the adaptive algorithm (21)—(24)
to a two-link robot arm with DC actuators proposed as a benchmark
robotic system in [17] shown in Fig. 2. The robot model is described
by (1), (2). A parameterization scheme for this robot is given in [8]

ar=moli +mili+ L+ L+ +1
ax =L+ J2+ 1

az =L+ 1

ag =mali(leo + 12) + mili (I + 1)
as =maly + mi(li + 1) + muly

as =ma(la +l2) + mi(la + o). (26)

where m; is the mass of the end-effector and load, I; is the inertia
of the end-effector and load, {.; is the mass m; center of gravity
coordinate, J;,J> are the rotor inertias.

With this parameterization, ®(q, ¢,,§,) in (4) has components

d11 =da1 d12=0 P13 = dao

$14 = cos(g2)(24ar + az) — sin(g2)(qaz2 + 24ardaz)
$15 = gcos(q1) 16 = gcos(qr + g2)

$21 =0 @22 =Gao 23 = a1

é24 = cos(ga)dar + sin(g2)dh

~

$25 =0 ¢26 = gcos(q1 + ¢2) 27
The values of the manipulator and actuator parameters
are given by [17] I, = 0.45m,m; = 100 kg, la =
015m,I; = 6.25kgm® J; = 4.77kgm?,l; = 0.20m,my =
25kg,lez = 0.10m, I, = 0.61kgm?, J, = 3.58kgm? m; =
40kg,l = 0.20m,I; = 7.68kgm? L; = 8 x 10° Vs/A,

R; = 1.50hm, K.; =25.05Vs, Ky; =25.05Vs, L, = 8 x 107°
Vs/A, R; = 1.50hm, K., = 21.07Vs, Kn2 = 21.07 Vs.

We also need to choose the nominal system parameters. Let the
uncertainty of the inertia parameters be originated by the varying
load m;. The electrical parameters are assumed to have 50% of
uncertainty. The nominal system parameters are given by L; =

Error(Rad)
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
-0.00 >
-0.10 f
-0.20

T(Sec)

0.00 2.00 4.00

Fig. 3. Error comparison for joint 1.

5x 107 Vs/A, R; = 1.00hm, K.; = 16.53Vs, Ly = 5 x 107°
Vs/A, Rz = 1.00hm, K> = 14.54 Vs, m; = 20 kg.

The desired I, is synthesized by (6) where k = 8, + =10,T =
151, and o = 0.2. The initial values of &« are chosen as G,x(0) =
[1.0657, 0.3575, 0.1888, 0.1051, 2.1869, 2.2911, 1.2297, 0.4125,
0.2179, 0.1213, 2.5234, 2.6434]T. The controller is then synthesized
by (15) where 1 = 1 x 107", 7, = 1 x 107°%, and 3 = 1 x 107°.
The initial values of &; are chosen as 6,(0) = 8 x 107°,4,(0) = 1.
and 6,(0) = 10.

B. Simulation Results
The control (15)-(18) is used to track the desired trajectories

Q1a = g2a = —90° + 52.5(1 — cos 1.26t).

The initial displacements and velocities are chosen as ¢1(0) =
—30°,¢2(0) = —70°,41(0) = ¢2(0) = 0. The proposed hybrid
controller is compared with the adaptive controller (6) that neglects
the motor dynamics. the results of the simulation are shown in
Figs. 34 for two cases: the controller taking the motor dynamics
into consideration (solid curve) and the control neglecting the motor
dynamics (dotted curve). Fig. 3 shows the trajectory tracking error
of joint 1. Fig. 4 shows the trajectory tracking error of joint 2. It is
confirmed that, compared with a controller based on the manipulator
dynamics only, the controller based on manipulator dynamics as
well as the motor dynamics obviously provides a better tracking
performance.

It is noted, however, that the use of the controller that takes the
actuator dynamics into consideration will increase the computational
load. The numbers of computation involved to update the control law
is about three times larger as compared with the controller (6) that
neglects the motor dynamics. One way to reduce the computation
load is to use the simplified algorithm (21). In this case, the real-
time implementation aspects are similar to [13] and may be referred
to [13]. Fig. 5 shows the tracking error of joint 1. Fig. 6 shows
the tracking error of joint 2. The tracking errors have very similar
transient patterns as compared to the control (15). These results
coincides with the analysis in Section HI. It should be mentioned
that in the simulation the estimated inertia parameters are converged
to bounded values.

V. CONCLUSION

In this paper, a hybrid adaptive/robust control law, based on
the cascade control strategy, has been derived that incorporates
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Fig. 4. Error comparison for joint 2.
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Fig. 5. Tracking error of joint 1 with simplified algorithm.
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Fig. 6. Tracking of error of joint 2 with simplified algorithm.

the robot manipulator dynamics as well as the dynamics of the
robot joint motors, in the case of arbitrary uncertain mechanical
and electrical parameters of the robotic system. The control law
requires the measurement of only joint positions, velocities and

motor armature currents. Asymptotical stability of the closed-loop
system is established in the Lyapunov sense. Simulations were
performed with a two-link example, and simulation results verify the
improvement in performance which was expected to be obtained by
including the actuator dynamics in the control design. Compared to
the controllers designed in torque level [1], [11], the present scheme
needs additionally the measurement of the motor armature current and
a somewhat more complicated control law, which, however, should be
viewed together with the benefit of improving tracking performance.

APPENDIX A
PROOF OF LEMMA 1

Consider a Lyapunov function candidate

1 .7 .
Lo & La+ 5y Gakak- (28)

where Ly 2 (1/2)2" Pz. Tts time derivative is evaluated along the
trajectory of (11) as

La=—-2"Qz+2" PC(~-K5'B(q.9)q
. o 1.
— K5'Bag + ®adtar) + —;—:TP:B + ;dfk&ak~ @9

When v > max{1,x}, one can write
. .1 e \T .
—2T PCKy'Bag = - (q —swe ;q) Buag

<3| Ballll=I* (30)

and
%xTPz — :r:TPCKﬁlB(% e
1 . . Ly12
= ;(nq -w)’[D - B(g.d)la

< 20lgllll=l”, 31
where 9||g]| = || ) — B|| and identity ¢’ [(1/2)D — B(q.9))g = 0
has been used to derive (31). Substituting (12), (30) and (31) into
(29), one obtains

La < —(vAq = 3|IBall - 29ll))ll=!*
+ (zT‘Pa + la:k)dak
a
= — f(llahll=Il?

where f(llgl) = (vA, — 3||Ball — 29llgll) and identity
2T PC®udar = 2z ®oGar and the (8) have been used. The
right side of (32) is negative if f(||¢{|) > 0. which is true if (13)
is satisfied.

When v\, is sufficiently large such that (13) is satisfied for t = ¢o.
then L,(to) < 0. This indicates a decreasing L, and continuous
satisfaction of (13) for ¢t = to + 6t. where 6t is an infinitesimal of
time. By induction with respect to ¢, L, (t) will keep on decreasing
until ||z|| = 0.

(32)

APPENDIX B
PROOF OF THEOREM 1

The closed-loop stability is related to a Lyapunov function can-
didate

V(t) = La(t) + Ll(t)
where L,(t) is defined in (28) and

(33)

3
Lit) & S LI+ L 3 (6 — 802 /.

=1

where 4; is defined in (14) and b; is its estimate.
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The time derivative of L,(¢) should not be bounded from above by
(32) since Iisnot necessarily an all-zero vector. Instead, an additional
term z© PCT must be added to the right side of (32) to establish an
upper bound for Lo when I # 0. as a result, one has to write

Lo < —f(lal)ll=ll* + =" PCL. 34)
When v > max{1,x}, one can write
T
' PCI = (@ - %w + s(;) I <3)=|\M). 35
Consequently,
Lo < = f(lla) =l + 3[l={| (1. (36)

The time derivative of L;(t) is evaluated along the trajectory (2) as

Li=-I"[LIs+ RI+ K.g— u+ RI; + K.q,]

+ 3206 = b=/

=1

Substituting » in (37) by the control law (15), one obtains

(E2)

Li <-T"RI - T K.q+ (5. \alllF1|
+ Sal|TalllITN + Ssllaa NI
= GulTlIN) + B\ Lal| TN + Ballaa 1)
3 .
+ (8= 8)(=8:)/n:
=1

=-I'RI-T'K.g< -I' RE 4+ oxl=lllT]l.  (38)

where ax 2 1K) )
Based on (36) and (38), V can be expressed as
V <= f(lliall* + Bll2ll | - I" RI
<=(£(lalh = milll® = AW - vil=l)?, (39
where

aB ab
F=ax YT e

w
112

(3+ ax), and

_ I'RI
inf ———.
i
The right side of (39) is negative if (f(||¢]|) — x) > 0, which is true if
(19) is satisfied. The region of the attraction for V' is given by (19).0]

1>

APPENDIX C
PROOF OF THEOREM 2

In this case the Lyapunov function candidate (33) is modified as
V(t) = La(t) + Li(2) (40)
where L,(t) is defined in (28) and

lie
(NI

3
— ~T _~ — ~
Lit) 2 3T LI+ 3 (5 = 8)%/mi.
i=1

where 6, = 6;,62 = 69, and 83 = (63 + (2), 6; are defined in (14),
(2 is defined in (43), and §; are the estimates of &;.

The time derivative of the first term Lq(¢) in (40) is unchanged.
Due to the change of the control u, the derivative of L;(t) becomes

Lo=—I"[LUn +1;)+ BRI+ K.j—u+RI,+K.q,]

3 .
+ 38 = b)) /. @1
=1

When v > max{1,x}, one can write
—T"Li; = -1 L(®attar + ®adiar)
< a1 @allll@arll + [|2alllldax]])
< arl (| @alllidarll + 3112all (Il
where aq 2 [IZ|| and the (8) and (9) have been used. Since ¢4, ¢4
and qE,B) are uniformly bounded, one can write
I@all < g5 11 @all < elldll
where p and o are constants. Thus, the (42) becomes
~I"Li; < ool T lalléarll + 3o p* 1Tz
< oae TN + llgalh liarll + 3 p® [l
<Gzl + GlalI

where (1 2 (cupl|@ar]] + 3cuop?) and G 2 wolldarll-
Substituting u in (41) by the control law (21) and noticing (14)
and (43), one obtains

fLi<-I"RI-T"K.§-1"LI;
+ (Sl L N + S2l Ll + Ssll@allI 1))
= ([ ||V + S\ L2l | + S3llaalVIITI])
3 \
+ E(E ~8:)(=6:)/m:
=1
ST s aT . : .
<-I RI-TI K.g+ G|l
..T ~ ~
< —I RI+ (& + ax)l=lliH]|

42)

43

44)
Based on (36) and (44), V can be expressed as
. . ~ ,.,T ~
vV <=f(l@hi=l® + Aull=llI - I" RI
<=l = poll=l® = Al = mlizlD? @)
where
BAGrata mdA 28 g
1= 1 k)s M1—4)‘ra 1 2,
a . ORI
= inf ——.
1
The right side of (45) is negative if (f(||q||) — p1) > 0, which is true
if (25) is satisfied. O
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Learning Control for Robot Tasks
under Geometric Endpoint Constraints

Tomohide Naniwa, Member, IEEE, and Suguru Arimoto, Fellow, IEEE

Abstract—A learning control scheme for a class of robot manipulators
whose endpoint is moving under geometrical constraints on a surface
is proposed. In this scheme, the input torque command is composed of
two different signals updated separately at every trial by different ways.
One is updated by the angular velocity error vector which is projected
to the tangent plane of the constraint surface in joint space. The other
is updated by the magnitude of contact force error at the manipulator
endpoint.

Not only the uniform boundedness of position and velocity trajec-
tory errors but also the uniform convergence of position and velocity
trajectories to their desired ones with repeating practices are proved
theoretically. In addition, it is shown that the contact force itself converges
to the desired one in the sense of L2-norm with repeating practices.
Computer simulation results by using a 3 DOF ipulator are pr
to demonstrate the effectiveness of the proposed method and to examine
the speed of convergence of force trajectories besides position and velocity
trajectories.
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I. INTRODUCTION

Skillfulness of motions done by humans has been acquired through
repeated practices. Cleaning a window, writing with a pen, and
eating with knife and fork are typical tasks that humans do in their
everyday life. Humans perform all those tasks skillfully and almost
unconsciously, but they had to learn much from experience through
practices. In contrast, can mechanical robots acquire such skillfulness
of motions through repeated practices? Motivated by this observation,
“Learning Control” that is a new approach for the control problem
of skill refinement through practices has been studied extensively in
the previous literatures [1]-[4].

Learning control is crystallized into a simple recursive form of
learning law, in which the next actuator input torque is composed
of the previous input torque plus a modification term that refers
to previous angular velocity or/and acceleration errors. Therefore,
learning control laws need not use the knowledge of dynamics of
the manipulator.

Many of previous studies of learning control [1]-[4] treat the case
that an endpoint of the manipulator can move freely without any
constraint in work space. However, there is a large class of tasks
in which the endpoint of the manipulator must contact with the
environment or other objects and sometime must move in touch with
it. In such cases, dynamics of the manipulator includes two terms of
contact force and friction force arising at the contact point and at the
same time must satisfy an algebraic constraint equation. In addition,
the manipulator must be controlled to achieve not only the desired
position trajectory but also the desired contact force trajectory.

A learning control problem for manipulators whose endpoint is
moving in touch with the environment was first treated by Kawamura
et al. [5], where the contact surface is assumed to be stiff but not
rigid and hence it is assumed to move in one direction. In their
treatment the contact force error is assumed to be proportional to
the displacements of the surface. Very recently Jeon and Tomizuka
proposed a different but similar approach called “repetitive learning
control” of manipulators for such a stiff contact case [6] where the
task must be periodic in the nature of repetitive control. In all these
methods, the convergence of contact force exerted at the endpoint is
proved in terms of the convergence of displacements of the surface.
A general case of rigid contact was first treated by Aicardi et al.
[7]. They introduced “mixed” dynamics of the manipulator described
in the new mixed coordinates which is composed of a part of the
manipulator joint angle coordinates and the Cartesian coordinates at
the endpoint. By using an approximated “mixed” dynamics model,
the feed-forward control input is calculated, which includes an
acceleration term. Therefore, the computational cost of calculation
of the control inputs is not trivial. They showed theoretically the
convergence of position and force trajectories by assuming high PD
feedback gains so that in all trials those trajectories must remain in
a neighborhood of the desired ones.

Another learning control method was proposed by Lucibello [8]
which constructs the state space from the contact force and the
reduced coordinates of joint angle coordinates that are derived by
the implicit function theorem, This method is based on the feedback
linearization. Therefore, it needs to use the dynamics model of the
manipulator.

A simple recursive form of learning control law is proposed
for a general rigid contact case in our recent paper [9], which
is based on only a modification of angular velocity errors. This
scheme needs accurate values of the inertial matrix of manipulator
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