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Abstract—In this paper we introduce an adaptive control
scheme for robots with elastic joints (in particular for the DLR
medical robot) in order to increase the positioning accuracy
and the performance of control with respect to uncertainties
of the parameters of the robot dynamics. In order to design
control and analyze system stability a static friction model is
applied which describes Coulomb, viscose and load dependent
friction. A stability analysis is done for this adaptive control
scheme, allowing a Lyapunov based convergence analysis in the
context of the nonlinear robot dynamics. Experimental results
validate the practical efficiency of the approach.

Index Terms— Adaptive control, adaptive friction compensa-
tion, flexible joint robots

I. INTRODUCTION

Robots with high gear ratio aiming at low own weight and
high payload, as the DLR medical robot (Fig. 1, [1]), can
be modeled as robots with flexible joints. For these robots
the effects of joint friction can strongly influence the system
performance. On the other hand, the dynamic parameters
of the actuator including friction can strongly vary with
time or with temperature, motivating the adaptive control
development of this paper.

Different control strategies for elastic joint robots have
been developed in the literature. Some methods, such as feed-
back linearization [2], backstepping [3], or passivity based
adaptive control [3], [4] belong to the standard reference
and provide control solutions which apply for both regulation
and tracking. Singular perturbation controllers [5], [6] can be
easily implemented, but are valid only for limited elasticity
and lead to some limitations of the overall control bandwidth
due to their cascaded nature. Simpler control structures were
proposed, such as PD-controller [7] or SISO state feedback
controller [8] where for the latter the global asymptotic
stability of the closed loop system can be shown.

In order to deal with the strong joint coupling of the DLR
medical robot, in [9] a MIMO state feedback controller with
full state feedback (motor position, link side torque, as well
as their derivatives), gravity and friction compensation was
introduced. This controller was already successfully applied
to the DLR medical robot. The system stability is derived in
analogy to [7] and [8] with a Lyapunov approach.

For the controlled robot the friction compensation is a
very basic problem in motion control and therefore there is
a huge amount of research literature, out of which only a
small fraction can be cited here. The standard approaches
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are model based friction compensation with a static friction
model [10] or with a dynamic friction model [11]. Since the
parameters of friction strongly vary with temperature and
with time, model based friction compensation is quite inaccu-
rate. In addition the friction compensation performance with
the static friction model is bad with slow velocity because
of the chattering phenomena. On the other hand, standard
linear techniques such as integrators or disturbance observers
[12] are typically used in industrial robotics applications
and show good practical performance. For integrators, only
local convergence results have been achieved in robotics.
Adaptive control techniques in this case can improve control
performance with respect to parameter variations.

Most adaptive schemes for robots with flexible joints
assume that the link position is measured [13], [14], [15],
[16] and neglected effects of friction. In this paper an
adaptive control scheme is developed for the DLR medical
robot, that takes frictional effects into account. The resulting
adaptive controller is experimentally verified and compared
with the corresponding model based controller, or rather with
the MIMO state feedback controller. The experiments are
implemented at the coupled joints 2-3 of the DLR medical
robot.

The paper is organized as follows. Section II introduces
the robot model. In Sec. IIT a motion controller is designed
based on all known parameters of the robot while Sec. IV
summarizes the adaptive controller. Sections III and IV also
present the results of the convergence analysis. Sec. IV deter-
mines the parametric update law for the adaptive controller.
Finally, the obtained performance is verified by experimental
tests reported in Sec. V.

Fig. 1.

Setup for using the DLR Medical robot.



II. MODELING OF THE MEDICAL ROBOT
A. Dynamics Model

The DLR medical robot (in Fig. 1) has n = 7 rotary
joints that exhibit considerable elasticity. Apart from the
first joint, the following three joint pairs are coupled with
differential gears. The following simplified dynamics of the
DLR medical robot with flexible joints [9] is described by

Uy, = Jmém +TTr + Tfm (D
T = M(q)i+C(q,9)d+9(q) (2)

with
T = K(T0,, —q). 3)

Therein, ¢ € R™ and 6#,, € R" are the link and motor
angles, respectively. The elastic torque vector 7 € R" is
determined by a the linear relationship 7 = K(76,, — q)
and is measured by strain gauge based torque sensors. The
joint stiffness matrix K € R™" is symmetric and positive
definite and for the DLR medical robot has the following
structure

K = diag(Ki,K23,K45,Ke7) 4
with K; € R K, =K' ¢ R¥? Vic{23,456.7}.

The motor inertia matrix J,, € R™" is diagonal as well.
M(q) € R™™ is the mass matrix, C(q,q) € R™" the
centrifugal and Coriolis matrix, and g(q) € R™ the gravity
vector of the rigid body model. The control input is the motor
torque u,, € R". 74, € R" is the friction torque.

Due to the coupling of the joints through the differential
gear (see Fig. 2), motor coordinates, denoted by the subscript
m, have to be distinguished from the coordinates after the
gearbox (or, on the link side), written without subscripts.
For example, the motor position 6,, as well as the motor
inertia J,,, are given in motor coordinates, while the joint
torque 7 is measured after the gear, in link coordinates. Due
to the differential gears, the transformations between motor
and link coordinates for positions and torques are given by

0 =716,
{ T = TTT )
with T being the transformation matrix
1 .. 0
T 0.5 0.5
=1 7VT:{—0.5 0.5}' ©
0 .. T

Finally, in order to facilitate the controller design and the
stability analysis the following two properties are used
1) The matrix M(q) — 2C(q, ¢) is skew symmetric and

a”(M(q) — 2C(q,4))x =0 Va,q,4 € R™.

2) The dynamic parameters of the rigid body can be
linearized and enable to write

M(q)§+ C(q,4)q + 9(q) = Yq(q,4,G)vq,

where v, € R™ is the vector of the rigid body param-
eters and Y, € R™™ is the corresponding regressor
matrix of known functions.

B. Friction Model

In this paper a static friction model is chosen for the
control design and the stability analysis. In particular, we
consider the following standard friction model containing
Coulomb friction, load dependent friction and viscous fric-
tion. So the friction model is given by

Tfm = (fc +p | Tm |)Sign(ém) + f’uém @)

with f., f, and p being the Coulomb, viscous and load
dependent coefficient matrices, respectively. 7,,, is the joint
torque at the motor side. Furthermore the friction model can
be described by

Trm = Y (O, )y ®)
with
Y = [f(3117~'~7fcnn7ﬂ117~-~7,unna
. f’l)11)"')fv,,Ln]T ERB" )
Y (O, ™) = |[diag(sign(0,,)), diag(|7y,|sign(0m)),

diag(6,,)] € R™3"

III. CONTROL DESIGN WITH ALL PARAMETERS KNOWN

In this paper the stiffness K of the robot may be assumed
to be known. So the link position ¢ can be calculated by
q =T6,,— K17, when the motor position 6,,, and torque T
are measured. For the controller design, the dynamics (1), (2)
is rewritten in terms of link coordinates (after the gearbox)
as

JO+ K (0 —q) + 7y )
0 = K 'M(q)i+Clgd)i+g(@))+q (10)

The following tensor transformations have been used

u =

uw=T"Tu,,
0=T40,,
J=T"J,T!
Tr=T""7pm.

(1)

Notice that J € R™", the motor inertia matrix written in
link coordinates, is positive definite and symmetric, but in
general not diagonal.

In order to control the robot to track the desired trajectory
44, a joint motion controller is developed based on the rigid
body dynamics which generates the desired motor position
04. Then, based on this desired motor position the suitable

Fig. 2. Differential gear at the DLR Medical Robot.



control torque u is computed by a motor motion controller so
that the motor position can follow the desired motor position
04, and thus the link position ¢ will follow the desired link
position ¢ .

A. Joint Motion Controller

Let A, be a positive definite and diagonal matrix, and
define
€q =dqd —4q
Vg = Ga + Ag€q
Sq =1Vq — = €q+ Ageq.

12)

The designed motor position 6, is generated by using the
rigid body dynamics [17]

00 = K '[M(q)oq + Cla,d)vq + 9(a)]

+ K_qusq +q (13)

where the matrix K, is positive definite and diagonal.
Substituting (13) into equation (10) we obtain the closed-

loop rigid-body dynamics

04— 0

K M(q)3, + C(q,q4)sq) + K1 Kys4. (14)

B. Motor Motion Controller

€p =

Further let us define the tracking errors of motor side
ey = Gd — 9
vg = ba + A€o
Sg = vg — 0 = ég + Mgey.

15)

with Ay being a positive definite and diagonal matrix.

To ensure that the motor position 6 converges to the
designed motor position 64, a computed torque like control
law is chosen as

u=Jog+ K0 —q)+ Kosg + 7(0m, Tm) (16)

with the friction torque (11) being 7y = T’TTfm(ém,Tm)
and Ky being a positive definite and diagonal matrix.

Then, substituting (16) into (9), we have the closed-loop
of the motor dynamics

Js9 + Kgsg = 0.

C. Stability Analysis

For stability analysis the following Lyapunov function
candidate was used
1

1
Vi = 584" M(q)sq + 550" Jsg +eo” Koloeo.

This Lyapunov function contains in addition to the motor
and link side kinetic energy also the potential energy related
the motor motion controller, and is always positive definite.

The derivative of the Lyapunov function V; along the
system trajectories using the equations (17), (15), (14) leads
to

7)

(18)

) 1 .
quM(q)sq + iquM(q)sq

+ so” Jé0 + 2¢4 KoXpeq
= quKe.g - SqTKqu - GQT/\QTK9>\969 - égKgég

_[ SqT 60T ]H|: zg :| —égKgée

VvV, =

(19)

with the Hessian-matrix
1
K, —5 K

i = 1K AT Ko

Then, the function V1 is negative definite when the
Hessian-matrix H is positive definite or the following con-
dition

1
Mol Kghg > ZKTK;K (20)

is fulfilled.

Therefore, the system is stable in the sense of the Lya-
punov theory because of the functions V; > 0 and V; < 0.
From the closed-loop dynamics (17) and (14), 3¢ and 3,
are bounded. Since sy and s, are bounded and are also
uniformly continuous functions, it follows that V; is bounded
and uniformly continuous function. Therefore,

lim sp =0, and lim s, =0

t—o00 t—o00
and e¢g — 0,ég — 0,¢q — 0, and ¢, — 0 as ¢t — 0.
Therefore the system is globally asymptotically stable.

IV. ADAPTIVE CONTROL DESIGN
A. Adaptive Joint Motion Controller

For unknown parameters the adaptive control law of the
designed motor position 8, is chosen by

ba = K'[M(0)o,+Cla,d)vg + ()
+ Kﬁqusq +q
= K7Yy(0,4,v9, 0] + K Kqsq +q 1)
where M (9), C (¢,¢) and g(q) are adapted parameters. Sub-

stituting (21) into equation (10), leads to the closed-loop rigid
body dynamics

€p = Qd—a
= - K_ln(qaq'7v¢Z7vq)§q
+ K_I[M(q)éq + C(q,q)sq] + K_qusq.

where ~,,7, are the dynamic parameters of the rigid body
model and their estimates respectively, and 7, = v, — 7.

(22)

B. Adaptive Motor Motion Controller

The following adaptive control law for the motor motion
control based on the robot dynamics with the static friction
model (7) is chosen

Jig + K (0 — q) + Kgsg
+ TﬁT[(fc + meDSign(Um) + fvvm] (23)
Jig+ K (0 —q) + Kosg + T "Y1 (0n, T )3
with v, = T~ 1vy and ~r being the estimates of the friction
parameters.
Substituting (23) into equation (9) and utilizing equations
(8), (11), (15) yield the closed-loop motor dynamics
Js0 + Kgsg + TiT[Yf(Um, Tm) — Yf(ém, Tm)]’)/f =
Yo (i0)Fo + T~ " Y (U, Tm) Vs
where 7§ = v; — 75, and J = J — J, and where
Jon]T € R”
Ii}on) € Rnxn'

u =

(24)

59 - [<7117¢722a"'7

}/9(1}9) = diag(’[)gl,l.)gw ceey



C. Stability Analysis

Stability analysis of the closed-loop dynamics (22) and
(24) can be shown by considering the following Lyapunov
function candidate

1o 1op o 1 p g
V=Vit 33,0 e+ 55 g Ao+ 577 T 19 (29)

where I';,I'g and I'; are positive definite and diagonal ma-
trices. So this Lyapunov function is always positive definite.

The derivative of the Lyapunov function V along the
system trajectories and utilizing equations (22), (24) is given

. 1 . .
quM(q)sq + §SqTM(q)sq + QegKg)\geg
T . ,JT —1~ ,JT —1~ ~'T —1~
+ 50" JSo+7q Ty g+ Ty ve+7r Iy 3y
= quKeg — ququq — é(,TKgég — egT)\gTKg)\geg
T . . ~ T —11~
+ [8¢" Yq(q, G, vq,09) + g Fq |67
. ~ T 1.~
+ [s6" Yo(i9) + 70 Ly ' 170
_ ~ T 1~
+ (86T T~ "Y (0, Tm) + 71 Fflhf
- SOTTiT[Yf(enu Tm) + Yf(vm; Tm)]’yf
Vi4+ Vo4 Vs

V:

(26)

with
Vv, =
"'/'2 =

quKeg — SqTKqu — égKgég — egT)\gTKgAgeg
T . . =T —11~
[sq" Yq(q,q,vq,0¢) + Vg I, g
. ~ T 1~
+ [s0" Ya(00) + 76 Ty 30
_ ~ T _q,~
+ [50TT TYf(Um>Tm) +75 T 1]'Yf
- SQTTiT[Yf(U’rru T’rn) - Yf(a’ma T’m)]’)/f-

From section (III) the function V1 is positive definite when
the condition (20) is fulfilled.

Since the parameter vectors 74, v¢ and 7y are constant, the
update laws for the estimated robot parameters are chosen

Vs = Q27)

7q = Fg}/;](Q7 q.7 UQ’ 7.}q)TSq
Yo =T§ Yo(v9)" 50
¥r= F?Yf(vm, Tm) T T Lsg.

(28)

This makes the function V5 equal to zero.

Further, setting f; = (fc + u|7m|) (and always f; > 0)
and from equations (8), (11) and (15) the function V3 can
be rewritten as
‘73 = _(”m - 9m)T[ fsSign(vm) + fvvm

_fss'ign(em) - fvem]

= Z —fvl. ('Umi - émi)2 - fsl[
i=1
- f%[ )

and is always negative definite. '

Thus, the Lyapunov function V' is positive definite and V'
is negative definite with the conditions (20) and the adaptive
law (28). The system is also stable in sense of the Lyapunov

— Um; sign(@mi )]

U,

Oum,

- emq‘,Sign(Uma‘,)] <0

theory. Further, the errors sy and s, are uniformly and
continuously. Therefore

lim eg =0, lim é¢ =0, lim ¢; =0, and lim ¢, = 0.
t—oo t—o0 t—o0 t— o0
The system is also globally asymptotically stable.

V. EXPERIMENTS

In this section the results of two experiments with the
controllers of Sec. Il and Sec. IV are compared for the
coupled joints 2-3 of the DLR medical robot, with

—-0.5 0.5

—-0.5 —0.5 |-

Both axes are controlled to track a desired periodic trajectory
(see Fig. 3) with a desired velocity of [ 10, 14] (deg/s).
The following gain parameters are chosen in the experiments
Ay = diag(25,25), A\g = diag(25,25), K, = diag(20,20),
Ky = diag(20,20), Ty = diag(10,10,10,10), Ty =
diag(10,10) and I'y = diag(30, 30, 30, 30, 30, 30).

In the first experiment, the model based controller with
known parameters according to Sec. III is applied in order
to show the behavior in terms of the tracking errors. In
this experiment it has been assumed that the real friction
parameters used for the controller have been identified with
a deviation under 5%. Figure 4 shows the position errors
of both joints. Another experiment with the model based
controller shows that this controlled system is very sensitive
with respect to uncertainties of the parameters. So for 30%
error of the friction parameters the system becomes unstable.

For the case of the adaptive controller according to Sec. IV
the same desired trajectory is used. The initial values of
the estimated friction parameters are 80% of the identified
friction value f., ., = [8.8,6.8] Nm, pin;s = [0.35,0.06],
and f,, ,, = [7.0,10.8] Nms/rad. The estimates of the static
friction parameters are shown in Fig. 6, Fig. 7, and Fig. 8.
The position errors of both joints are shown in Fig. 5.

It can be observed from the tracking errors that the adap-
tive controller with friction compensation is considerably
superior in performance with respect to the model based
controller. Those tracking errors were improved significantly
due to the adaption.

Further, this result is compared with the case of MIMO
state feedback controller [9] which has the linear control law

uw = Kpeg— Kpl+KrK Y(g(qa) —7) — KK '%
+ 9(qa) (29)

with symmetric positive definite control gain matrices
Kp, Kp, Kr and Kg. The motor position errors of this
MIMO state feedback controller without friction compensa-
tion (Fig. 9) are worse than the adaptive controller. However
the MIMO state feedback controller can achieve a better
dynamic behavior that can be shown in a single period of
the measured link torques (Fig. 10 and Fig. 11) concerning
smaller noise and superior damping in the reversal points of
the trajectory. The reason is that the adaptive control scheme
use link position, velocity as well as acceleration which the
MIMO state feedback controller ignores the acceleration.
For the case of interacting with the environment the adap-
tive control scheme is not longer suited due to the chattering

|
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Fig. 3. Desired link position.
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Fig. 4. Tracking link and motor position errors with the computed torque
scheme.

phenomena near zero velocity. Then a compensation with
the dynamic friction model or with a friction observer [12]
is proposed.

VI. CONCLUSIONS

In this paper we have proposed an adaptive scheme with
friction compensation that can be used in order to enhance
the robot accuracy. The friction model used in this paper
is static, containing Coulomb, viscous and load dependant
effects. The static friction parameters are estimated online
because of their time variance. Finally, global asymptotic
stability of the adaptive controller has been proven. Exper-
imental results validate the approach for the DLR medical

robot.
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