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Abstract

The paper addresses the problem of controlling the
joints of an flexible joint robot with a state feedback
controller and proposes a gradual way of extending
such a controller towards feedback linearization. The
global asymptotic stability for the state feedback con-
troller with gravity compensation is proven. FExperi-
mental results on the DLR light-weight robots validate
the method.

1 Introduction

The development of robotics in the past few years
goes from the earlier standard applications of indus-
trial robots to new fields such as space and service
robotics and force-feedback systems. A common fea-
ture that all robots suitable for these applications
must share, is a light-weight construction with a high
load to weight ratio. The two light-weight robots at
the DLR are designed with these considerations in
mind [1},{2]. A main problem which is specific for
the implementation of these new robot concepts is the
inherent flexibility introduced into the robot joints.
Consequently, the success in these robotics fields is
strongly dependent on the design and implementation
of adequate control strategies which, by making exten-
sive use of sensory information, can compensate for the
structural elasticity in the robot joints and provide fast
control bandwidths near to those of industrial robots.

In the past fifteen years a large amount of research
has been focused on the control of flexible joint robots.
Starting from control methods developed for rigid
body manipulators, there are some very powerful the-
oretical results concerning the control of manipulators
with joint elasticities. These include singular pertur-
bation and integral manifold, feedback linearization,
and dynamic feedback linearization along with adap-
tive control techniques. Integral manifold and singular
perturbation techniques solve the control problem by
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a two stage strategy [3],[11]. They propose a fast joint
torque control loop, corresponding to the fast part of
the manipulator dynamics, and a slower outer control
loop corresponding to the rigid body dynamics of the
robot. These control strategies use the assumption
of a weak elasticity of the joints. In the case of the
DLR light-weight robot this is just marginally satis-
fied. Our experiments [4] showed that the difficult part
of this method is the implementation of the fast joint
torque controller. Under conditions of considerable
elasticity and noisy torque and torque derivative sig-
nals, the bandwidth of the resulting torque controller
limits the overall bandwidth of the system. While im-
plementation of force and impedance control showed
good results, the position control proved to be slower
than with other methods. The control method best
founded theoretically is based on feedback lineariza-
tion. This method was proposed by Spong [3] using
a somewhat simplified robot model. Even in this case
the computations are much more involved compared
to the equivalent computed torque method for rigid
robots. In the most general case, the dynamics of
the flexible joint robot is not feedback linearizable.
De Luca [7] solves this problem by dynamic state lin-
earization. He uses not only the actual state of the
robot, but also the values of the past states, the re-
sulting control structure having the order 2N(N —1).
In order to overcome the main disadvantage of feed-
back linearization, namely the requirement of exact
knowledge of robot parameters, adaptive control tech-
niques have been proposed [6].

Although these control methods are complete from
the theoretical point of view, they are very difficult to
implement. Mostly, tests are reported only through
simulations or on one or two robot joints. For complex
structures, such as the seven DOF redundant DLR
robots, the involved computations required, the lack
of robustness on parameter or model uncertainties and
the difficulties in interpreting and debugging the re-
sults are serious obstacles when implementing these
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methods.

The practitioners attack the problem from the other
end. One starts by implementing simple control struc-
tures such as PD controllers, which work for industrial
robots, adds some damping for the joint elasticity or
uses linear techniques known from the control of elas-
tic actuators. The bandwidth of the controllers has to
be reduced until robustness against the highly nonlin-
ear dynamics is reached. Stability proofs for such con-
trollers are more complicated than for controllers using
extensive model information. Starting from [9], which
provides the theoretical justification for the PD con-
troller still used in most industrial robots, Tomei [8]
proved the stability of PD control with gravity com-
pensation also in the case of flexible joint robots. Since
this controller uses only motor-side information, it is
practically quite under-damped unless the bandwidth
is considerably reduced.

This paper proposes an intermediate between the
theoretical and the practical approaches presented be-
fore. It starts using a simple control structure in the
form of a joint state feedback controller with grav-
ity compensation. Since it uses both motor and link
states, its performance is superior to that of the PD
controller. In analogy to [9] and [8] a stability proof
for this controller is presented, based on Lyapunov’s
first method. Compared to other controllers, this one
is practically efficient and easy to implement even for
many DOF, and still theoretically well-founded. The
control structure is then gradually extended by adding
more information about the robot dynamics. This
controller is presently used to control the new DLR
robot and proved its efficiency in daily operation.

2 Hardware description

The two light-weight robots developed at the DLR.
are very well suited for the implementation and test-
ing of the control algorithms mentioned in the previ-
ous section. By designing highly integrated mechan-
ical and electrical components, a load to own weight
ratio of =~ 1 : 2 is achieved, for a robot weight of
17kg. For joint control, the motor position and the
joint torque signals based on strain gauge technology
are available. The new robot (Fig.1) is equipped with
link position sensors as well. Additionally, a 6 DOF
force-torque sensor is integrated in the robot’s wrist.
Both robots are redundant 7 DOF manipulators. The
use of a floating point signal processor for each joint
controller and a fast optical communication bus (1 ms)
between the joints and the robot controller provides
the necessary flexibility and computing power for in-
volved control algorithms. The driving PM motors are

Figure 1: The new DLR light-weight robot

controlled field oriented using analog Hall sensors, in
order to reduce the motor torque ripple.

3 Controller structure

For the design of the controller we start by consid-
ering the robot model proposed by Spong [3]:

Tm = J(.].1+T+DK—17.'+TF (1)
T+ DK™ = M(q2)d + C(g2,d2)d2 + 9(q2)(2)
= K(q1 — q) (3)

Tm is the motor torque vector, ¢; and g2 the motor and
link positions, respectively, and 7 the joint torque. J
is the motor inertia matrix, K and D are the elasticity
and damping matrices, caused mainly by the gear box
and the torque sensor. These matrices are diagonal
and positive definite. M, C and g are the same as
for stiff robots: the mass matrix, the Coriolis and cen-
tripetal torque vector and the gravity vector. In these
equations the kinetic energy of the rotors due to link
movements is neglected, only the kinetic energy due
to their own rotation being considered. For the reduc-
tion ratio of 160 ( up to 606 in the first version) of our
robots, this is a good approximation. 7 is the friction
force vector. For the simulation and compensation of
friction we used the following model:

iflgi} < e
TF = Tm if] 7| < 729
TP = TR = (1 + S)(7¢ + pl7|)sign(ry,) else

1f|q1I > €

S N . .
7F = (Tc + p|7])(1 + Se™ ¥ )sign(d1) + diy

(4)
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Tc and p are the coefficients of the constant and the
torque-dependent Coulomb friction, respectively. S
and v, parameterize the stiction and d; is the viscous
friction coefficient. e is zero in the real system, and set
to a small constant in simulation to avoid exact zero
crossing detection. ‘

The equations describing the dynamics of one joint
can be split into a linear part and the nonlinear terms,
printed in boldface.

Tm;, = JiGy, + 7 +dkT My + TR, (5)
i+ dk = Mii(qa,, .- Gon )2, +

Zmij(cm)iizj + ci(az, 42)q2 + gi(qz)
J#i

Notice that the inertia m;; is dependent only of the
angles of the subsequent joints and not of the joint 4
itself.

The PD controller is a very simple and robust con-
troller still used for most stiff industrial robots. Its
straightforward extension to the case of flexible joint
robots is a fourth order state feedback controller for
controlling the linear part in (5), while neglecting
the nonlinear terms. In subsequent stages, additional
terms can complete the controller to compensate for
gravity and friction, leading to the following control
law:

™m = KpGi —Kpgr— KrK™ 't — KsK™'7
+(K + K7)K~'g(q2q) + 7 (6)

Kp,Kp, Kg, K1 are diagonal gain matrices. To com-
pensate for the variation of m;; or to implement vari-
able joint stiffness and damping, the feedback gains
can be modified online. As a last step, the centripetal
and Coriolis terms, as well as inertial couplings can be
compensated for. Fig. 2 presents the proposed con-
troller structure.

Six state signals are available for the joint control of
the second robot, out of which three are obtained by
direct measurement and the other three by numerical
differentiation:

Tm = {Q2»(]2,Q1,(11a7:7;} (7)

This redundancy is very useful in practice. By fu-
sion of redundant sensor information, the parameter
identification is substantially simplified and improved.
An advantage of using the torque signal in the control
structure is that, by adequate setting of the feedback
gains, it can be used to implement a torque controller
or a stiff position controller. We used it to implement

an impedance controller as well, which in fact covers
the previous two structures as special cases.

The proposed controller structures can be regarded
as successive simplifications of the feedback lineariza-
tion controller, by omitting terms which are compu-
tationally expensive. With the available computing
power, it turned out to be not possible to implement
the complete feedback linearization controller in real
time.

FRICTION ]
MODEL

GRAVITY VECTOR
{+CORIOLIS-
CENTRIFUGAL-
INERTIAL COUPLINGS)

LINKINERTIA
m.

il

Figure 2: Controller structure

4 Stability proof for the state feed-
back controller with gravity compen-
sation

The Lyapunov proof makes use of some well known
properties of the robot dynamic model [9, 8]:

e P1) Positive definiteness of the mass matrix
An <M (g2)]| < Anr (8)

with A,,, Axs the minimal and maximal eigenval-
ues of M.

e P2) The matrix %N[(q-z) — C(q2,q2) is skew sym-
metric, hence:

i [0 - Ol )| =0

e P3) The gravity potential energy Ug, with:

Ucg(q2) 0Ucg(q2)\ _
( g1 T Bgon )_g(qg) (10)
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is dominated by some quadratic function for a
suitably chosen a:

[Uo(42a) = Uaa2) + (a2 — 420) " 9(a20)] < 5elas~azal’®
(11)
or, equivalently: i
l9(g2a) - 9(a)ll < allas — @aall  (12)

q24 is the desired link position. We rewrite the dy-
namic equations only in terms of the motor position
and velocity ¢i,4¢; and the link position and velocity
92 G2-

KAqg+ DA¢

Tm

M(q2)d2 + C(qz, G2)42 + g(q2)
Jiy+ KAq+DAG+1e  (13)

Il

The control law (6) can be rewritten as:

Tm = Kpgi —Kpg — KrDdqg— KsAg

+(K + Kr)K "' g(g2d) + 7F (14)
Here we use the following notations:
Ag=q1— g (15)

G = qja—4q5, J=12 (16)
By setting all derivatives in (2) to zero for the desired

equilibrium point, the reference motor position is re-
lated to the reference link position by:

914 = q2a + 9(q2a) K" (17)
To prove the asymptotic stability of the controller,
consider the following Lyapunov function candidate:

vV o= _(I1K(K+KT) Y + quI(QZ)Q2

+—((11 - @) K (G - ¢)
41 50 TKpK(K + Kr)™ ‘41

+UG((12) — Uc(g24) + @ 9(q24) (18)

This function contains the kinetic energy of the mo-
tor and of the rigid body robot, the potential energy
of the gravity force and of the link elasticity and the
energy corresponding to the controller. While for the
proportional and the derivative terms the equivalence
to a physical spring-damper suggests the choice of the
energy, for the torque and torque derivative feedback
such an analogy is not straightforward. A way to
find the energy function (18) of the state feedback
controller starts from the observation that the PD

controlled robot is a negative feedback connection of
two passive systems, as seen from the. input-output
pair {7;,,41}: the robot arm and the controller [9}.
One can search for the conditions under which the
state feedback controller is also passive with respect
to {Tm,d1}. The energy function is then the sum of
the energy of the robot and the controller.
If we use the state vector »
T =[¢1,q1.41 — 42,91 — 2] (19)

and the reference vector:

zq = [0,q14, 0, q1d — q24] (20)

then we have V(z4) = 0. To prove that V(z) > 0 for
x # x4 we use property P3) and obtain:

VeVi+V, (21)
with
Vi = —ql TK(K + Kr)™'Jg + —(Iz TM(g2)q:  (22)
1 . T s~ - |
Vo = _(QI_(IZ) K(ql—qz)—-qz ogs (23)
+—= qleK(I(+KT) Q1

For

and regarding P1), V; is always positive. N is the
number of robot joints. Since in V3 all matrices are
diagonal, V, can be written as:

N
Vo= Vy (25)

Vb are quadratic functions of §; and §o; with the
Hessian:

1[ ki—a —k;
H(Voi) = = . 26
( 21) 2 [ —ki k’(l k;ﬁ-l;clTi) :| ( )

With (24), it follows that V3 is p.d. if
a < ki
Kep 27
{ o < i kei>0 20

Then V is p.d. if the conditions (24) and (27) are sat-
isfied. The derivative of the Lyapunov function V is:

V = ¢TK(K+Kr) '+ d5 M(g2)da
1 7. . . - -
+5d3 M(@)d2 - MK (@ - @)

—ql KPK(K + KT) q1
+42 9(q2) — 43 9(qza) (28)
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In order to compute the derivative of V along the tra-
jectories of the system we substitute (13), (14) into
(28).
V = ¢TK(K+Kr) '[-(K+ Kr)Aq+ Kpd
—Kpg1 — (D + Ks)A¢ + (K + Kr)K " g(g24)]
+43 [KAq + DAG ~ C(g2,42)d2 — 9(a2)]
1 . . . .
+§(12TM(Q2)Q2 - AGTK(G1 — @) (29)
—4i KpK(K + K1)7'q1 + 43 (9(42) — 9(424))
By using P2) we obtain after some simplifications:
V = —{K(K+Kr)"'[Kpg + (D + Ks)Ad]
+¢IDAG - AGTK Ag
~AGTK(@ — @) + (4] — 43)9(g2a)  (30)
Using (17) and the fact, that
G1 — G2 = Agq — Aq (31)
we finally get:
V = —4{KKp(K+Kr) 'q+d3 DAG
~ K(D + Ks)(K + Kr)™'A¢  (32)

Since, again, all matrices are now diagonal, we have:

N
V=>V (33)
i=1
with
- 1 "
Vi= e kr ((kp + ks + d)kg? (34)

—((ks + 2d)k + dkr)d1gz + (dkr + dk)d3)

The indices ¢ were omitted for the sake of simplicity.
V is n.d. if the Hessian matrix H(-V;) is p.d.

H(-Vi) = (35)
1 Akp + ks +d)k  —kk — 2dk — dkr
2k + kr) | —ksk —2dk —dkr  2(dkr + dk)

With (24), this requires the following condition to be
satisfied: -

(ksk — krd)?
4kd(k + k)

From (34) we see that V is just negative semidefi-
nite. Thus we have to make use of Lasalle’s invariance
theorem [10],[12] to prove the asymptotic stability of
the controlled robot. We have to prove that x4 is the
maximal invariant set of the subspace

z={¢ = 0{417(12 =0,q2}. (37)

The condition (37) implies

g2 = 0;
g2 = const.; (38)

g1 =0;
g1 = const.;

By imposing the conditions (38) on (13), (14) we ob-
tain the equations of the largest invariant set.

KAq - g9(q2)
-KAq+ KpK(K + K1) @1 + 9(q2a)

i

0 (39)
0

using (17) for both ¢;4 and ¢, we get

9(a24)—9(q2) = KKp(Kp+Kr+K) ' (g2—q2a) (40)

But for g2 # ¢24 and considering (12) and (27) the
following inequalities hold:

l9(g2a) — 9(a2)ll < all(g2 — q2a)ll <
<||KKp(Kp+ K7+ K)" (g2 — qaa)|  (41)

So we can conclude that (40) can not have other solu-
tions than ¢3 = go4 and therefore the point x = x4 is
globally asymptotically stable.

5 Friction influence

Since friction is a dissipative force, the proof works
also for the controller without or with inexact fric-
tion compensation. In this case V and (24),(27) re-
main unchanged. V contains the additional n.s.d.
term —¢7 K(K + Kr)~'7p so that (36) is still valid.
However, because of the Coulomb friction term, (40)
changes to:

K™Y Kp+Kr+K)(9(q2d) - 9(q2))+ Kp(qaa—q2) = 7
(42)

with | 7p |< T** from (4). In this case, the maximal

invariant set extends to an interval for each joint:

q2i € (Qadi — TF /0, Qoai + TR [0)  (43)
with ‘
_ alkp + kr + k)
k
This reflects the fact that, with uncompensated

Coulomb friction, the joint will stop within a dead
zone around the desired position.

6 =kp (44)

6 Experimental results

A major practical step for the implementation of
the proposed controller structure is the parameter
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Figure 3: Parameter identification for axis 2 of second
DLR robot
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Figure 4: PD versus State feedback control on axis 2
of second DLR robot

identification. Because of the large number of param-

velocity step response
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state feedback
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.
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Figure 5: PD versus State feedback control on axis 2
of first DLR robot

eters, we divided them in several groups which were
identified separately. The robot’s kinematic and dy-
namic parameters are very precisely computed using
current mechanical CAD programs, and measurement
based optimization of these parameters brought no
considerable improvements. The friction parameters
were identified based on current, torque and speed
measurements on relevant trajectories for the whole
robot. Although the characteristics of the current con-
trolled motors can be identified together with the fric-
tion parameters, this leads to a bad conditioning of
the optimization problem. Therefore the motor pa-
rameters were also identified separately using a motor
testbed. The FEM evaluation for the joint elasticity
was not precise enough, so we determined it from the
joint oscillation frequency, knowing the inertia. For
the new robot, the available sensors enable online com-
putation of the elasticity. The identification resulted
in a very. exact simulation model (Fig. 3), which is
used for the design and test of the controllers. The
values of the parameters for axis 2 of the second robot
are listed exemplarily below:

J22 =4.44 k:gm2
Ma2maz = 10.277 | kgm?
g(qz)mam =105.1| Nm

k=1410 Nm (45)
)

d =0.1075 sffm

f,=419950 | <iim
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Fig. 5 and Fig. 4 present experimental comparisons
between the proposed controller and a PD controller
for both.rebots. One shows the case in which both
controllers have almost same bandwidth and the PD
controller exhibits strong oscillations. The other one
shows a better damped PD controller, which requires
that the bandwidth is just half of the state feedback
control bandwidth. .

variable gain
fix gain J=10

torque (Nm]

speed [rad/s]

position {rad)
o

1
0 5 10 15 20 25 30
. time [s}

Figure 6: Fix gain and variable gain controller for
axis 1. The innertia is continuously variyng due to
the movement of joint 2

Fig. 6 compares a state feedback controller with
fixed gains with a variable gain controller on the first
axis. During this experiment, the second axis was
moved from 90deg to 0deg, so the link inertia for the
first axis varied between 10.277 + 0.1 kgm?2. The fixed
gain controller proves to work surprisingly well. By
varying the gains, one can achieve higher bandwidth
for low inertia.

7 Summary

In this paper we proposed a state feedback con-
troller for flexible joint robots which can be gradually
extended to take account of the full robot dynamics.
We proved that even with the simple, fixed gain con-
troller, the arm can be stabilized around a reference
position and the oscilations caused by the joint flexi-
bility are effectively damped. Conipared to other con-
trollers, this one is practically efficient and easy to
implement even for many DOF, and still theoretically

well-founded. The effectiveness of the controller is val-
idated through experiments on the DLR light-weight
robots.
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