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Abstract — In this paper, a stable adaptive con-
trol scheme for robot manipulators with unknown dy-
namics is proposed. It consists of an off-line least-
mean-square (LMS) type identifier to identify struc-
tured system dynamics and an on-line dynamic com-
pensator to compensating for dynamic uncertainties.
Taking advantage of the unique structure of the robot
regressor dynamics, the former uses a LMS type algo-
rithin to identify, using a set of trial data, the struc-
tured dynamic parameters of the robot while the lat-
ter uses an on-line stable parameter updating mecha-
nism determined using Lyapunov theory to compen-
sate for both unknown and uncertain dynamics. The
off-line identified parameters are nsed as initial values
for the on-line dynamic parameter estimation. Since
both identifier and compensator are implemented us-
ing the regressor dyvnamics, the recursive formula for
the computation of robot regressor dynamics previ-
ously proposed can be used to achieve high compu-
tational efficiency in real-time implementations. An
illustrative simnlation example is included to show
the proposed adaptive control algoritln.

INTRODUCTION

Vast majority of industrial robots are controlled by
using classic PID type regulators. PID controllers are
robust to dynamic uncertainties since they do not use
dyvnamic models in their algorithins. The computed
torque control algorithm, on the other hand, gener-
ally provides better performance than a PID control
algorithm, but it requires the exact dynamic model
of the controlled robot to achieve this performance.
The fact is that dynamic models of commmercial robots
are normally not available and the dynamic models
of industrial robots in applications are changing with
the changing robot loads and various disturbances.
Therefore, neither one will provide a satisfactory con-
trol algorithm for robot applications where precision
control algorithms with high performance are essen-
tial to the successful accomplishment of a task, such
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as space rohot applications in precision assembly type
of tasks.
ated with both PID and computed torque control
algorithins, model based adaptive control algorithms
have been extensively studied and several stable adap-
tive control schemes have been proved to be effective
in compensating unknown /uncertain dynamics of the
controlled robot [1-5]. The previously proposed adap-
tive control algorithins are generally theoretically at-
tractive but computationally not so efficient.

To overcome these disadvantages associ-

In this paper, a stable adaptive control scheme for
robot manipulators with unknown dynamics is pro-
posed. It consists of an off-line least-mean-square
(LMS) type identifier to identify structured system
dynamics and an on-line dynamic compensator to com-
pensating for both structured and unstructured dy-
namic uncertainties. The former takes advantage of
the unique structure of the robot regressor dynam-
ics and uses a LMS type algorithm to precisely iden-
tify, using a set of trial data, the structured dynamic
parameters of the robot, which are contained in the
parameter vector of the regressor dynamics. The lat-
ter uses an on-line stable parameter updating mecha-
nism determined using Lyapunov theory to compen-
sate for both unknown and uncertain dynamics, with
the off-line identified parameters as initial values of
the dynamic parameters. The off-line identification
process provides a precise robot dynamic model as
a starting point while the on-line compensator up-
dates the dynamic parameter to reflect the changing
dynamics introduced by, for example, varying loads
or disturbances. Since both identifier and compen-
sator are iinplemented using the regressor dynamics,
the recursive formula for the computation of robot
regressor dynamics presented in {6] can be used to
achieve high computational efficiency in real-time im-
plementation of the proposed control algorithm. An
illustrative simulation example is included to show
the proposed adaptive control algorithm.
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RoBoT DyYNAMICS

The dynamics of an n degree-of-freedom (d.o.f)
robot manipulator can be described by

H(q)4+ C(q,q)q+g(q) = 7 (1)

where 7 is the n x 1 vector of the joint torgne; ( is
the n x 1 joint displacement vector; H(q) is the n x n
mass watrix; C(q,q) and g(q) represent torques dne

to centrifugal and gravity forces respectively. Two of

the important properties of the dynamics (1) arc as
follows.

Property 1 All robot dynamics parameters such as
link masses, centers of masses, etc. appear as
coefficients of known functions of (q,q.q), i.e.,
eqn. (1) can be written as

H(q)d+C(q,4)q4 +g(q) = Y(q,4,3)8 = 7
(2)
where Y(q,q,q) is an » x r matrix of known
functions which is referred to as the manipulator
regressor, and @ is an 1 x 1 vector containing both
known and nnknown dynamics parameters.

Property 2 Matrix S(q,q) = H(q) -2C(q,q) is
skew symumetric, i.e., it satisfies

x'Sx = x"(H - 2C)x = 0.
The above two properties are crucial to the devel-

opment and stability proof of the proposed control
scheme,

OFF-LINE IDENTIFICATION ALGORITHM

—( Robot Dynamics

—-L Identifier

Fig. I Off-Line Parameter Identification Structure

The regressor dynamics defined in (2) is

T =Y(q,q,4)0 (3)
or
T,'='Ely.‘j01' fori=1,.--,n (4)
": =

where 7; is the i-th element of T, 0; is the j-th element
of 8, and y;; is the (7, j)-th element of Y.

An off-line identification process, nsing a set of trial
data of the robot, as shown in Fig. 1 is used to iden-
tifv vector 8. The known regressor Y can be obtained
by using the formula presented in [6].

The least-mean-square (LMS) algorithm is used in
the off-line identification process. It makes the iden-
tified parameters converge to a set of parameters that
minimizes the mean-square error

J =E(lr - 7II*)

where 7 is the torque vector from the set of trial data
of the robot dynamics and F is the output torque
vector of the identifier. By applying gradient descent
method, the algorithm to update 8 to minimize J
turns out to be

Oincw = 0j01d + 21t6Y;; and 6= (mi— 7)Yy

where ¥ is the gradient, or an approximation of it,
with respect to 6; of 7;. The constant g is chosen to
adjust the speed of convergence and stability of the
parameters during identification.

ON-LINE CONTROL ALGORITHMS

Consider the equation of motion (1). Define q, =
4 — Aq, where q, is the desired velocity, @ = q — qq,
and A > 0, and the control torque 7 is assigned as

T =Y(q,4.§,)0 — Ks (5)

with 8 = q — q, and @ is an estimate of 6.

The first term of control (5) can be written as

Y(q.9,4,)8 = Y(q,4,4,)8 + Y(q,9,4,)20. (6)

The first term on the right-hand side of eqn. (6) can
be replaced by the regressor Y(q,q, q,) and the pa-
ranieter vector @, which is obtained throngh the off-
line identification process using a set of trial data of

the robot as presented in previous section.

The second term on the right-hand side of eqn.
(6) will be implemented using the following on-line
adaptive control algorithm.

If we choose A =), K =)H(q) and @ = 8+A8
with 8 as an initial estimate and A@ as a small vari-
ation of 8, the error dynamics of the system becomes

. B - A —1 « e \o
a+2)\q+XMg=H Y(q,4,4,)8 (7)

where 8= 6 — 0 and @ = 8 =A@. If the estimate is
updated according to

AO=-TY (q4,4)s, T>0 (8



using property 2 of (1), the Lvapunov function can-
didate

1 4 -7 -
V= 5(sﬂHs +6'1r'e
and its time derivative along trajectories of (1) as

V=-s"(K-C(q.q))s

with svmnietric matrix C = (C + c’ )/2 guarantee
the position and velocity tracking errors converge to
zero. This can also be concluded from equ. (7) since
the estimate update law (8) will drive A to 8—8 (9 =
0} and therefore (] and q approach to zero.

SIMULATION AND COMPARISON

Fig. 2 A Two Degree-of-Freedom Planar Robot

A two d.of. planar robot as shown in Fig. 2 is
used as an example svstem to illustrate the proposed
scheme. In this siimulation, it is assumed that we have
no knowledge of the robot dynamic parameters at all
and that the mass of each link is a point mass located
at the distal end of the link. By using the formmla for
regressor dynamics presented in [6], the regressor Y
of the robot is found as

ca(g1 + G2) Qi gen gt G
Y = — ooy +2q;) T IR Iz 90 @

c2q1 + $9G7 gi+q¢ gep 00

where ¢; = cos(q;), s; = sin(q;), c12 = cos(q +¢2), and
g is the gravitational acceleration constant. Parame-
ter vector 8 is then

07 = [mylily ol myly (my + my)l, (my + ma)l})

The true values of the link masses and lengths are
m=2 kg, mo=1 kg, /)=1 m, and l,=1 m. Therefore
the corresponding true paramcter vector is

6'=[1113 3]

In the simmlation study, first the off-line identifica-
tion process of Fig.1 is performed where a small set
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of random number is used to start the process. Af-
ter using a set of trial data of the robot dynamics
with 200 sampling points for 5 times (200 x 5 itera-
tions), the identified parameter vector 8 converges to
the following values

8" = [ 1.0673 0.9262 1.0035 3.0127 2.9411 |

and its convergence profile is depicted in Fig.3. This
set of values is then used as an initial estiinate of the
paramneter vector and the control (5) and (6) is then
applied to the robot to track the circle in as shown
in Fig.4, which depicts the tracking performance of
the proposed control scheme. This tracking perfor-
mance also shows the ability of the proposed con-
trol algorithm in dealing with unstructured dynam-
ics uncertainties since an unmodeled dynainics term,
the Coulomb friction term, f = [1.75 - sgn(¢1) 1.4 -
sen(gz)]T. is added to the robot dynamics but is not
modeled in the control algorithm. Fig.5 shows the
tracking errors in joint 1 and 2 by using the proposed
controller. Fig.6 shows the profile of the parameter
vector variation A@. Fig.7 shows the tracking per-
formance of the robot using the modified Slotine-Li
adaptive algorithin. Fig.8 shows the tracking errors
in joint 1 and 2 by using the MSL adaptive controller.
Fig.9 shows the paramecter identification of the MSL
adaptive controller, which is not as good as the iden-
tification of the off-line identifier probably because
too many parameters (five) are identified and the in-
put signals are not rich enough. Fig.10 shows the
Cartesian space tracking error comparison of the two
control methods with the error defined as

e(t) = |[xa(t) — x(t)]|

where x4 is the desired position and x is the actual
position of the robot tip in Cartesian space.
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