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Abstract—1In this paper a control scheme is addressed to
improve the tracking accuracy of flexible joint robots without
replacing the structure of a MIMO state feedback controller
which is used effectually with the DLR medical robots. By
using the desired position, the new desired link torque, as
well as their derivatives the effects of nonlinear dynamics are
compensated and the tracking accuracy is thereby increased.
Hereby, the new desired link torque takes the whole rigid body
dynamics into account, not only the friction and gravitation
compensation terms. A stability analysis based on the Lyapunov
theory and Barbalat’s lemma is given for this new MIMO
state feedback control scheme. Experimental results validate
the practical efficiency of the approach.

Index Terms— State feedback control, decoupling control,
flexible joint robots

[. INTRODUCTION

The DLR medical robots have been developed for a variety
of specific medical applications. They are flexible joint robots
with high gear ratio aiming at low own weight and high
payload. For several applications of DLR medical robots,
such as navigated pedicle screw placement, biopsies [1], laser
cutting or minimally invasive surgery [2] a high positioning
accuracy is required.

In Fig. 1 the second generation of the DLR medical robots
is shown, the so-called MiroSurge, which is specialized for
minimally invasive surgery. Typical for these robots is the
existence of pairs of joints which are highly coupled. In
addition, the joints have a high compliance.

Path tracking errors mainly originate from kinematic er-
rors, control performance limitations, and joint flexibility.
The kinematic errors can easily be compensated in the path
planning. So the control performance and flexibility of the
flexible joint robot must be taken into account to achieve
small path tracking errors.

For elastic joint robots different control strategies have
been developed in the literature, such as PD [3], SISO state
feedback [4], feedback linearization [5], backstepping [6],
or passivity based adaptive control [6], [7]. Because of the
robustness only the controllers PD and SISO state feedback
are used in practice for the DLR medical robots, but with
miserable results for the coupled joints.

In order to deal with the strong joint coupling of the DLR
medical robot, in [8] a MIMO state feedback controller with
full state feedback (motor position, link side torque, as well
as their derivatives), gravity and friction compensation was

Luc Le-Tien is with The Robotics and Mechatronics Center, German
Aerospace Center (DLR), Oberpfaffenhofen, D-82234 Wessling, Germany
Luc.Le-Tien@dlr.de

Alin Albu-Schiffer is with The Robotics and Mechatronics Center,
German Aerospace Center (DLR), Oberpfaffenhofen, D-82234 Wessling,
Germany Alin.Albu-Schaeffer@dlr.de

introduced. This controller has already been successfully ap-
plied to the DLR medical robot and is mostly used in medical
applications as the standard position controller. However,
this controller does not take all effects into account, e.g.
not the full motor dynamics, nonlinear link dynamics (e.g.
centrifugal or coriolis forces), and especially tracking motor
velocity, which result in deviations of the robot motion. So
the inclusion of these nonlinear effects is really necessary to
improve the path tracking accuracy.

In motion control, position deviations can be clearly re-
duced by friction compensation. There exists a huge amount
of the approaches to friction compensation, such as model
based friction compensation [9], [10], adaptive friction com-
pensation [11], integrators or disturbance observers [12].
But this is not the subject of this work. In this paper a
change of the MIMO state feedback controller with model
based friction compensation in [8] is addressed to increase
the tracking accuracy of the DLR medical robots without
replacing its structure. Therefor, the desired motor position
and the desired link torque are newly calculated by using
the whole rigid body dynamics, not only the gravitation as
in the old control structure. Thereby, the compensation of the
nonlinear dynamics considers the link velocity error for the
computation of the desired motor position and the desired
link torque to ensure the system stability. Furthermore, the
desired motor velocity and the derivative of the new desired
link torque are added to the controller to improve the tracking
accuracy.

In this paper the joint damping is neglected for control
design, as well as for stability analysis. But experiments are
shown that the neglect of the joint damping in this new con-
trol structure hardly ever changes the system performance.

The system in this case is non-autonomous, so the stability
of system can be proven by using the Barbalat’s lemma
instead of the Krasovskii-LaSalle principle as in [8].

Fig. 1. The DLR MiroSurge telerobotic system for endoscopic surgery.



Because the friction compensation plays a role for the
tracking position, in practice this new control structure can
be combined with different friction compensation methods to
achieve a higher accuracy (e.g. disturbance observer [12]).

The paper is organized as follows. Section II introduces
the dynamic robot model. In Sec. III the standard struc-
ture of a coupling MIMO state feedback controller without
feedforward for the DLR medical robots is recapitulated. In
Sec. IV the new controller with feedforward is presented and
its stability is analyzed. Finally, the obtained performance is
verified by experimental tests reported in Sec. V.

II. MODEL OF THE ROBOT DYNAMICS

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 simplified dynamics of the DLR medical robot
with flexible joints [8] is described by

IO+ TET + 74, (1)
M(q)i+ C(q,4)q+ 9(q). (2)

Therein, ¢ € R™ and 6#,, € R" are the link and motor
angles, respectively. 7, € R™ is the friction moment. The
control input is the motor torque u,, € R". The motor
inertia matrix .J,,, € R™" is diagonal and positive definite.
T is the transformation matrix of the differential gear. The
transmission torque between motor and link dynamics 7 €
R™ is modeled as a linear function of the motor and the link
position

Uy, =

T =

K(T0,, —q) 3)

T =

and is measured by strain gauge based torque sensors. The
joint stiffness matrix K € R™" is symmetric and positive
definite and has the following structure

diag(Kla K2,3) K4,57 K677) (4)
K, €R, K; =K ¢ {R*™ |i={23,4567}}.

K =

Furthermore M (q) € R™" is the mass matrix, C(q,q) €
R™" the centrifugal and Coriolis matrix, and ¢g(g) € R™ the
gravity vector of the rigid body model.

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 =16,
{ Tm =TT )

with the transformation matrix e.g.

T =diag(1,T.,T.,T.) , VT.= { 0.5 0.5 } .

—-0.5 0.5

Finally, in order to facilitate the controller design and the
stability analysis the following three properties are used

P.1:  The mass matrix M(q) is symmetric and positive
definite M (q) = M™(q) and

T M(q)x >0, Vq,z€R™

P2:  The matrix M(q)—2C(q, q) is skew symmetric and

«'(M(q) —2C(q.4))x =0, Vz,q,4 €R"™

P.3:  For the friction moment Ty, a dynamic friction
model (LuGre friction model [10], [13]) is chosen
as

Tfm = 00% +o1z2+ fvem (6)

with the inner dynamics of the friction
. 5 Om
{ z2="0, — ‘h—z‘aoz %

Therein, T,, is the measured link torque in mo-
tor coordinates. og and o1 are the stiffness and
damping coefficients of the LuGre friction model.
feo fv and p describe the Coulomb, viscous and
load dependent coefficient of the friction moment,
respectively.

For control design the dynamic equations (1) and (2) are

transformed to the link coordinate system

= Jo+71+ Ty 8)
= M(q)i+C(q:9)q+9(q) 9

with the measured link torque
T = K@ -q) (10)

by transformations (5) and
J =7"T1J,T7!
v =T Ty,
T = TﬁTTfm.

III. DECOUPLING MIMO STATE FEEDBACK
CONTROLLER

In [8] a MIMO state feedback controller for the DLR med-
ical robots has been designed through modal decomposition
in order to deal with the high coupling between the robot
joints. Therefor, using the torque controller

u=JMNK) w+ (I —JOK)™ 7+ 74,

Y

(12)

Fig. 2. Differential gear of the DLR medical robot.



the motor dynamics can be transformed from the link coor-
dinate system (8) to the modal coordinate system with \;
being a positive scalar and being chosen so {|| J(A;K)~! ||
—1} — min. The vector w is a new control input and I is
the unit matrix. So one becomes the motor dynamics in the
modal coordinate system

w=(\K)I+7 (13)

A. Control Law

Let us call the desired link torque 7,4. For a given desired
link position ¢4 and motor position 6, the corresponding link
torque is given by

74 = K(0a — qa). (14)
Then, the linear control law is presented by
w=Kpeg— Kpb+ KrK e, — KsK'# + 14 (15)
with
{ ey i 04— 0 (16)
€r =Tqg—T.

In this control law the desired motor position and the
desired link torque are chosen by

{ 74 = 9(qa)

17
0q = g4+ K 'g(qa)- {17

The control gain matrices Kp, Kp, Kr and Kg are
positive definite and symmetric. Each control matrix can be
represented in the following form [8]

Ko, o .. 0

Ko = (18)

v C={P,D,T,S}, K¢, €R,
Ke, = K& € {R¥™? | i ={2.3,4.5,6.7}}

Furthermore, there exists a matrix (¢ € R™", such that
the relationships

K =QQ"

Kp =QKpoQ"
Kp = QKpqoQ”
Kr = QKroQ"
Ks = QKsoQT

hold, with Kpg, Kpg, Krg and Kgsg € R™" being
positive definite and diagonal matrices.

19)

B. Robust Design of the Control Parameters

Before the DLR medical robots are assembled, startup
experiments are executed separately for each pair of coupled
joints. The joint coupling of the coupled joints is dominant.
So the control parameters can be designed independently for
each pair of coupled joints (and single joints, respectively),
which is considered as an 8th order system, according to a
worst case position (e.g. maximal load). The pole placement

for the control parameters is done by specifying a desired
characteristic polynomial of the form

(s +p1)(s + p2) (s> + 25§ w1 + wi) (s + ps)
(54 pa)(s® + 28bows + w3). (20)

Therefor, p1, p2, p3, ps are real poles. Because of the low
stiffness at the coupled joint structure of the DLR medical
robots the damping coefficients are chosen & = & = 0.7
such that the system is better damped.

The controller is used effectually at the DLR medical
robots. It is robust and ensures the good dynamic behavior
of the robots. But experiments have shown that for medical
applications which need high accuracy, the controller must
be improved.

IV. PROPOSED CONTROLLER

In this section a new controller is developed. The proposed
controller is a MIMO state feedback controller as well, but
with the new desired motor position and the new desired link
torque as well as their derivatives used for feedforward.

Let us define the position tracking errors of the link side
by

€q =qd —q- (21)
So, together with (14) and (10), this leads to
er =14—T=K(eg —eg). (22)

A. Desired Torque for a State Feedback Controller

The desired link torque 74 is generated by using the rigid
body dynamics [14]. However in this paper an additional
control damping term is added in the control law to ensure
the system stability

Ta = M(q)ja + C(q,4)da + 9(q) + Kqéq (23)

where the matrix K| is positive definite and diagonal.
Using (23) and (9) we obtain the closed-loop of the link
dynamics

er = T4—T

= M(Q)éq +C(q, Cj)éq + Kqéq. (24)

B. Full State Feedback Controller with Feedforward

To ensure that the link position g converges to the designed
link position ¢4, a computed torque like state feedback
control law is chosen as

w = ()\JK)éd—l—erg—i—KDée

+ KrK e, + KsK e, 4+ 74 (25

with Kp, Kp, Kr and Kg being positive definite and
symmetric matrices. These control matrices have the same
characteristics as the control matrices (19) in Sec. III.

Then, substituting (25) into (13), we get the closed-loop
motor dynamics

()\JK)ég + Kpeg + Kpéy
+ (K1 + K)K 'e, + KsK~'é, = 0. (26)



C. Stability Analysis
For stability analysis the following Lyapunov function
candidate was chosen

1
vV = §é§K(KT+K)—1(AJK)é9

1 1

+ 5éqTM(q)éq + §egTK(KT + K) 'Kpeg
1

+ —(eg — €q)TK(€9 —eq).

5 27)

In accordance with the condition (19) of the control
parameters, one can determine the matrices

{ K(Kp+ K)"'(A\sK) = \;Q(Kpq +1)7'Q"

K(Kr + K)'Kp = Q(Kro + 1) ' KpoQT.

Because the matrices K7g and Kpg € R™" are positive
definite and diagonal, K (K7 + K) '(A\;K) and K (Kt +
K)~!Kp are symmetric and positive definite as well. So the
function V' is positive definite.

The derivative of the function V' along the trajectory, using
equations (24) and (26), leads to

Vo= & K(Kr+K) '(A\K)é + el M(q)é,

1.
+ 5eZM(q)éq + ¢V K (K1 + K) ' Kpeg
+ (¢g — é9) T K(eg — eg)
= — G K(Kr+K) '(Kp+ Ks)éo
+ é) K(Kr + K) ' Kgéq — ¢f Kqéq
= —[e¢F T |H {?9} (29)
€q
with symmetric Hessian matrix'
o | K@ oK) — 1K (Kr+K) 'Ks
| KK+ 'K K, :

The function V is negative definite when the Hessian
matrix H is positive definite. This leads to the condition
for sub-matrices Hoo > ngHﬁngl or

K, > iK(KT + K) 'Ks(Kp + Ks) 'Ks. (30)

Therefore, the functions V' > 0 and 1% < 0. This implies
that V(¢) < V(0), and therefor, that eq, é9, e, and é, are
bounded. Because the derivative of V' (using equations (24)
and (26)) is bounded as well, according to Barbalat’s lemma
[14] the function V is uniformly continuous, or V' — 0
as t — oo. That leads to {limy_,o ép = 0,lim; 0 ég =
0}, hence, {lim; o €9 = 0,limy_, €, = 0}. From the
closed-loop of the dynamics (24), (26), it is shown that
that the position errors converge to zero {lim; ,.cep =
0,lim;_,c eq = 0}, or {6 — 04,9 — gq}. The system is
globally asymptotically stable.

!'The matrices K (K7 +K)™1(Kp+Ks) = Q(Krg+I1) Y (Kpg+
KSQ)QT and K(KT + K)flKS = Q(KTQ + I)flKSQQT are
symmetric and positive definite according to the condition (19)

V. EXPERIMENTS

In this section the results of experiments with the con-
trollers of Sec. III (the state feedback controller without
feedforward terms, with model-based friction compensation)
and Sec. IV (the state feedback controller with feedforward
terms, with model-based friction compensation) are pre-
sented with the DLR medical robot. Furthermore, it is shown
that the accuracy of the robots can be improved even more if
the new control structure with feedforward terms is combined
with the disturbance observer of [12] to compensate the fric-
tion effects. So the experimental results of this combination
(the state feedback controller with feedforward terms, with
observer-based friction compensation) are reported as well
in this section. The experiment results of the coupled joint
2-3, for which the load is dominant, are shown to validate the
control structures. The tables I, II and III show the parameters
of the coupled joint 2-3, as an example.

TABLE I
PARAMETERS OF THE COUPLED JOINT 2-3.

Motor inertial J,, (kg.m?) [ 1.26813, 1.26813 ]
Stiffness matrix K (Nm/rad) 2700.0, —101.10

{ —101.10, 3035.6 }
Damping matrix D (Nm.s/rad) 5.06, —0.59

{ 059, 7.68 }

TABLE I
FRICTION PARAMETERS OF THE MOTORS 2-3.

Motor fc fl fv g0 o1
(Nm) (Nm.s/rad) | (Nm/rad) | (Nm.s/rad)
2 10.51 | 0.1263 14.56 5033.38 317.66
3 10.36 | 0.1432 15.48 5423.55 286.50
TABLE IIT
MIMO STATE FEEDBACK CONTROLLER PARAMETERS OF THE COUPLED
JOINT 2-3.
Kp Kp
7606.33, 144.33 465.08, 6.61
144.33, 7120.02 6.61, 442.70
KrK— T KgK— 1T
6.04824, 0.08149 0.004742, —0.006841
0.08143, 5.77639 —0.006837, 0.027564
Ky AJ
2.0, 0.0
{ 00 2.0 } [ 0.00033 ]

In the first experiment, the robot follows a periodic
trajectory (see Fig. 3) in order to show the behavior in
terms of tracking errors. The motor position errors of both
controllers according to Sec. III and Sec. IV are shown
in Fig. 4. It can be seen from the tracking errors that the
state feedback controller with new feedforward terms is
considerably superior in performance with respect to the
controller without feedforward terms. The dynamic behavior
of the robot in those two cases is compared by the measured
link torque in Fig. 5. At the reversal points of the trajectory
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Fig. 3. Desired link position and velocity, periodic trajectory.

it can be seen that the new feedforward terms inhibit hardly
damped oscillations by the link torques, which characterize
the state feedback controller without feedforward terms in
Sec. IIL.

Furthermore, the state feedback controller with feedfor-
ward terms can be combined with observer-based friction
compensation [12] instead of model-based friction compen-
sation to achieve a higher accuracy (see Fig. 6). In case of
the state feedback controller without feedforward terms the
experiments show that a combination with observer-based
friction compensation improves the tracking accuracy of the
robots not as much.

In the second experiment, a point to point trajectory (see
Fig. 7) is chosen in order to show the position tracking
accuracy of the robots. The best performance is clearly
obtained by the new control structure using the feedforward
(see Fig. 8). Fig. 9 shows the improvement of the position ac-
curacy, when the state feedback controller with feedforward
terms uses observer-based friction compensation instead of
model-based friction compensation.

However, in both experiments some steady state error can
be seen because of the coarsely modeled friction torque and
rigid body dynamics.

It can be concluded that the new controller with the
feedforward considerably contributes to the reduction of the
positioning errors.

VI. CONCLUSIONS

In this paper we have proposed a new state feedback
control scheme with the new desired motor position and
the new desired link torque as well as their derivatives as
a feedforward that can be used in order to enhance the robot
accuracy. Finally, global asymptotic stability of the controller
has been proven. Experimental results validate the approach
for the DLR medical robot.
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Fig. 4. Tracking motor position errors of the MIMO state feedback control
scheme during the periodic trajectory: 1) without feedforward and with
model-based friction compensation 2) with feedforward and with model-
based friction compensation.
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Fig. 5. Measured link torque of the MIMO state feedback control scheme
during the periodic trajectory: 1) without feedforward and with model-based
friction compensation 2) with feedforward and with model-based friction
compensation.
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Fig. 6. Tracking motor position errors of the MIMO state feedback control
scheme during the periodic trajectory: 1) with feedforward and with model-
based friction compensation 2) with feedforward and with observer-based
friction compensation.
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Fig. 7. Desired link position and velocity, point to point trajectory.
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Fig. 8. Tracking motor position errors of the MIMO state feedback control
scheme during the point to point trajectory: 1) without feedforward and with
model-based friction compensation 2) with feedforward and with model-
based friction compensation.
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Fig. 9. Tracking link position errors of the new MIMO state feedback
control scheme during the point to point trajectory: 1) with feedforward
and with model-based friction compensation 2) with feedforward and with
observer-based friction compensation.



