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Abstract: In order to investigate the joint torque-based Cartesian
impedance control strategies and the influence of compensations
for friction, an experimental study on the identification of friction
parameters, friction compensation and the Cartesian impedance
control are developed for the harmonic drive robot, by using the
sensors available in the joint itself. Different from the
conventional Cartesian impedance control schemes which are
mostly based on the robot end force/torque information, five
joint torque-based Cartesian impedance control schemes are
considered, including the force-based schemes in Cartesian/joint
space, the position-based schemes in Cartesian/joint space and
the stiffness control. Four of them are verified by corresponding
experiments with/without friction compensations. By comparison,
it is found that the force-based impedance control strategy is
more suitable than the position-based one for the robot based on
joint torque feedback and the friction has even a positive effect
on Cartesian impedance control stability.
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armonic drive transmissions are widely used in many
H precision positioning applications. However, some fac-
tors such as friction, joint flexibility, nonlinearity and hyster-
esis degrade system performance. A substantial body of pre-
vious research exists in the area of modeling harmonic drive
"1 " Although these research efforts have provided
significant insight into the physical phenomena that charac-
terize harmonic drive behavior, all their experimental work
has been performed on custom-designed, elaborate testbeds
that allow direct measurement of many important system pa-

friction

rameters such as compliance and kinematic transmission er-
ror. Our work is distinct from these previous works in that
the joint friction caused by harmonic drive can be identified
and compensated for only by using the sensors which are
available in the joint itself, such as the input motor current,
the joint torque sensor and the motor shaft encoder.

Even though compensating for friction, controlling the in-
teraction of a robot manipulator with the environment is still
a very complicated problem. Impedance control” " has been
widely adopted by many researchers. But most control
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schemes adopted in the industrial robot need a force sensor
at the robot end to detect the interaction force, which are
practically impossible to detect the collision occurred on the
manipulator structure. Albu-Schiffer et al. ™' gave many
experimental investigations on Cartesian impedance control
for the DLR-light-weight-arms with/without an end force/
torque sensor and proved asymptotical stability based on
passivity theory. However, few comparative results were an-
alyzed in their experiments. Our distinct contribution from
these previous works is that in this paper we not only present
different impedance control schemes but also identify the
friction parameters and compare these different strategies in
experiments with/without friction compensations on our
flexible joint manipulator which has only a joint torque sen-
sor in each joint and no end force/torque sensor.

1 Cartesian Impedance Control Methods

In this section we summarize some control methods,
which can be used to obtain the desired compliant robot be-
havior in Cartesian space for an end-force sensor-less robot.
Because there is no force sensor in the robot end, if necessa-
ry, the Cartesian force at the robot end is computed accord-
ing to the joint torque which is measured from the joint
torque sensor directly. As we know, the aim of the Cartesian
impedance controller is to establish a mass-damper-spring
relationship between the Cartesian position Ax and the Car-
tesian force F:

F=MA%¥ +D A% +K,Ax  Ax=x,-x (1)

where M,, D, K, and x, are positive definite matrices repre-
senting the virtual inertia, the damping, the stiffness of the
system and the desired reference Cartesian position, respec-
tively. In the following, we will focus on five control strate-
gies for the impedance control.

1.1 Force-based scheme in Cartesian space for imped-
ance control( FB-CS-IC)

As shown in Fig. 1, the control algorithm is realized in
Cartesian space in the FB-CS-IC structure. The impedance
control directly uses Eq. (1), in which the actual Cartesian
position x is computed from the joint position ¢ using for-
ward kinematics. G_(f) represents the Cartesian force control-
ler (e. g., PI controller), which is in charge of regulating the
tracking error between the impedance force F, and the actual
force F computed according to the joint torque. Using the
transposed Jacobian J' (gq), the control result U, is trans-
formed into the motor torque command with nonlinearity
compensations, such as friction and gravity compensation.
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Fig.1 FB-CS-IC architecture

1.2 Force-based scheme in joint space for impedance
control (FB-JS-IC)

This control strategy is similar to the former, as shown
in Fig. 2. The remarkable difference is that in this control
structure it is not necessary to compute the Cartesian force
F, because in the control algorithm only joint torque 7 is

used. The Cartesian force F;, computed from Eq. (1) is
transformed into the desired joint torques directly. The joint
torque controller G (7) (e. g., the PD controller in Ref.
[9] can be used) generates the motor torque command with
the nonlinearity compensations.
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Fig.2 FB-JS-IC architecture

1.3 Position-based scheme in Cartesian space for im-
pedance control (PB-CS-IC)

The third control structure is the position-based scheme
in Cartesian space, which means that a high-gain position
controller can be adopted in Cartesian space to compensate
for some nonlinear effects, as shown in Fig. 3. The end Car-
tesian force F can be computed from the joint torque, just
as mentioned in the above. H(f) represents the second-or-
der impedance filter, whose parameters are the same as

those of Eq. (1). Hence, the desired Cartesian position x,
can be computed by

A 2)

X, =X -——> """
7 M5 +Ds+K,

Using the Cartesian position controller(e. g. the PD control-
ler) G (x) and JT(q), the motor torque command can be
computed just as shown in Fig. 3.
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Fig.3 PB-CS-IC architecture

1.4 Position-based scheme in joint space for impedance
control (PB-JS-IC)

As the high-gain joint position controller can compensate
for the friction in the joints, another control architecture is

presented ( see Fig. 4). There are two obvious differences
from Fig. 3. One is that the position controller G,(q) is for
the joint position, not for the Cartesian position; the other is
that in this control algorithm inverse kinematics is nece-
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Fig.4 PB-JS-IC architecture
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ssary, which is distinct from the previous three control
methods. Because the bandwidth of the Cartesian control
loop approaches the joint bandwidth by using the high-gain
controller, stability problems will appear for desired low
stiffness and damping for this control strategy. This prob-
lem is even more noticeable for flexible joint robots, since,
in that case, the bandwidth of joint control is more critical.

1.5 Stiffness control

Since the mapping relationship between Cartesian space
and joint space can be deduced according to the robot equa-
tion, this leads to the idea of converting the desired Carte-
sian impedance parameters to corresponding parameters for
the joint'"™™_ But it is necessary to point out that the map-
ping as well as the joint impedance parameters {M;, D;, K;}
has only a local meaning.
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Once the joint impedance parameters are computed by Egs.
(3),(4) and (5), the joint controllers can be designed.

Five control structures are summarized according to the
previous research in this section. There are still some re-
marks to be noted:

1) Owing to the nonlinearities such as joint frictions, the
computed Cartesian force F (F =J "7) may be not good. In
order to eliminate the effects of noise, some filters for force
signals are necessary, which is not mentioned in this part.

2) When the manipulator executes some tasks, the force
applied by the robot may be decomposed into motion-indu-
cing and internal forces. But in this section, we suppose that
the end force of the robot is only an internal force, which is
completely transformed into a joint torque by the transposed
Jacobian JT(q), and the force decomposition is not referred
to.

3) The control structures mentioned above are only con-
sidered in ordinary cases. Some special behaviors such as
singular configuration and redundancy robots are not dis-
cussed in this section.

2 Friction Identification for Harmonic Drive
Joint

There are many approaches about friction identification in
harmonic drives'""""" . To describe velocity-dependent fric-
tion, we carry out high-gain closed-loop experiments where
a PD position controller is used in order to achieve good ve-
locity tracking even at very low velocities. Each joint is
commanded to move at a constant velocity and the mean
torque required to maintain the velocity is regarded as the
friction for that velocity. In order to investigate the friction
model accurately as soon as possible, data for joint veloci-
ties between 0. 5 and 30 (°)/s are collected, which are re-
corded in different intervals with 1 (°)/s increments be-
tween 1 and 6 (°)/s,2 (°)/s increments between 6 and 20
(°)/s,5 (°)/s increments between 20 and 30 (°)/s, re-
spectively. Three trials are performed for each velocity in
both the positive and negative directions, for a total of 96
measurements per joint. After collecting data for all four
joints, we fit three different friction models using the Mat-
lab toolbox, that is, 1) the kinetic plus viscous friction mod-
el,2) the cubic polynomial model, and 3) the Stribeck
curve model. The analysis results are shown in Tab. 1 and
comparisons are made for different models.

Tab.1 Different models for friction and their comparisons

Viscous model

Cubic model Stribeck model

foint Model DOF SSE RMSE  Model DOF SSE RMSE  Model DOF SSE RMSE
1 2 20. 62 1.214 4 3.059 0.504 9 4 3.101 0. 508 4
2 2 51.55 1.919 4 38.630 1.794 0 4 39.110 1.8050
3 2 33.55 1. 548 4 3. 155 0.512 7 4 5.437 0.673 1
4 2 96. 53 2.383 4 5.351 0.597 3 4 5.916 0.628 0

Through the comparisons of different models, we find
that the Stribeck model provides a reasonable and intrinsic
description for harmonic driving friction. It is worth noting
that the residual variance for the cubic model presented by
Tuttle™™ is smaller than that for the Stribeck model for the
robot’s joints. But we find that the differences are remarka-
ble between models fit by whole data and by partial data
when using the cubic model. For example, we have acquired
16 experimental data to describe the relationship between
friction torque and joint velocity, and find that the cubic
model parameters fit by the first 14 data are obviously dis-
tinct from those fit by the whole 16 data. The cubic model
is invalid beyond the velocity zone where the identification
experiments are not executed. It seems that this model just
makes the fit curve “look” good, but does not expose the
intrinsic rule of the harmonic friction. This inconsistent phe-

nomenon is not so remarkable in the Stribeck model. As
shown in Fig. 5, curve 1 is the cubic curve approximation fit
by the first 14 data and curve 2 is that fit by the whole 16
data; curve 3 is the Stribeck curve approximation fit by the
first 14 data and curve 4 is that fit by the whole 16 data. It
is clear that the Stribeck model is better than the cubic
model in modeling the harmonic friction. So, in our experi-
ments we adopt the Stribeck model as the friction model of
the harmonic drive. For convenience, the expression for this
model is given by

T.(v) =aexp( -bv) +cv+d (6)

where a, b, c, d are parameters to be identified for the mod-
el. Tab. 2 gives the Stribeck coefficients for all joints.
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Tab.2 Coefficients for Stribeck curve describing friction behavior
for all joints in both positive and negative directions

Direction  Joint Coeflicients
a b c d
1 -41.97 1.88 941.3 62.72
Positive 2 -9.63 99. 24 978.5 19. 06
direction 3 -8.01 14.58 235.5 12.39
4 -21.05 3.76 215.6 26. 84
1 10.87 -5.65 961.7 -31.78
Negative 2 5.91 -51.49 972.2 -20.27
direction 3 7.69 -17.58 236.5 -11.71
4 19.15 -4.39 218.1 —-24.40

3 Experiments

To demonstrate the general validity of the proposed con-
trol architectures, four experiments using the first four con-
trol structures except the stiffness control mentioned in sec-
tion 1 were executed on our robot. The experiments were
related to typical application areas for impedance control:
contact with unknown, stiff but passive environments. Dur-
ing these experiments, we compare the control results and
conclude their advantages and disadvantages, respectively.

The experiment setup is shown in Fig. 6. The manipulator
is commanded to move in the vertical (z) direction. After
the impact with an aluminium surface, the force at the robot
end increases proportionally to the position error. The com-
manded stiff values for these experiments are 5 000 N/m,
5000 N/m and 500 N/m in x, y and z directions, respec-
tively. The stiffness in z direction is smaller in order to have
a reasonable steady-state force. The plots of position and
force in z direction are given in the following using the dif-
ferent control strategies, respectively. For comparison, com-

Fig.6 The setup for the impact experiment

parative experiments with/without friction compensation are
executed (see Fig.7 and Fig. 8). Among them, the first four
figures are the experimental results using the force-based
control strategy; that is, (a) and (b) are the results ob-
tained using the FB-CS-IC strategy, and (c) and (d) are
the results obtained using the FB-JS-IC strategy, respec-
tively. At the same time, for comparison, the following four
figures show the control results using position based control
schemes, where (e) and (f) are the results obtained using
the PB-CS-IC strategy, and (g) and (h) are the results ob-
tained using the PB-JS-IC strategy.

From the comparison experiments, some remarks about
advantages and disadvantages of the presented strategies are
given in the following:

1) Owing to the integrator control, the FB-CS-IC strategy
can maintain a small steady error. Even under the condition
of the small desired Cartesian impedance stiffness, the sys-
tem is also stable. But unfortunately, when the robot im-
pacts with the stiff environment, the force will vibrate
slightly, which will degrade the system’s stability( see Figs.
7(a) and (b)). If there is no friction compensation, the sta-
bility may be improved ( see Figs. 8(a) and (b)), but the
tracking performance will degrade.

2) The FB-JS-IC strategy provides a good trade-off be-
tween the system’s performance and stability. Due to the PD
controller’s adoption in joint torque control, the system’s
damping can be increased and the passivity properties can
be maintained, which makes the system stable even under
the condition of the small desired Cartesian impedance stift-
ness. When the robot impacts with the stiff environment,
good performances can be achieved using this strategy not
only in the transition state but in the steady state no matter
whether friction compensations are in or not(see Figs. 7(c)
and (d), Figs.8(c) and (d)).

3) Though the PB-CS-IC and the PB-JS-IC strategies can
guarantee good tracking performances in large Cartesian im-
pedance stiffness with friction compensation( see Figs. 7 (e)
and (g)), interactions with the stiff environment are often
unstable when using the same control parameters ( see Figs.
8(f) and (h)). If stability is assured under the same condi-
tions, the gains in the position loop must be decreased
greatly, which will affect the performance badly. Even with-
out friction compensation, there are two obvious shortcom-
ings: bad tracking performance for PB-CS-IC ( see Figs. 8
(e) and (f)) and instability for PB-JS-IC( see Figs. 8(g)
and (h)).

4) Friction compensation can improve the system’s track-
ing performance and compliance ability, but the stability of
the system will be affected negatively (see Figs.7 and 8).

Hence, it can be recognized that the force-based imped-
ance strategies are better than the position-based impedance
strategies for the end-force sensor-less robot with a harmon-
ic drive transmission. Interestingly, for the force-based strat-
egies, the friction has even a positive effect on Cartesian
impedance control stability'”!, which is also found in our
experiments. However, performance degradation is intro-
duced by tracking errors.
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Fig.7 Position and force using different control schemes with friction compensation. (a) Position displacements using the FB-CS-
IC strategy; (b) Forces using the FB-CS-IC strategy; (c) Position displacements using the FB-JS-IC strategy; (d) Forces using the FB-JS-IC
strategy; (e) Position displacements using the PB-CS-IC strategy; ( f) Forces using the PB-CS-IC strategy; (g) Position displacements using the
PB-JS-IC strategy; (h) Forces using the PB-JS-IC strategy
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Fig.8 Position and force using different control schemes without friction compensation. (a) Position displacements using the FB-
CS-IC strategy; (b) Forces using the FB-CS-IC strategy; (c) Position displacements using the FB-JS-IC strategy; (d) Forces using the FB-JS-
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4 Conclusion

A number of Cartesian impedance control schemes are
experimentally tested for the end-force sensor less robot
with harmonic drive friction compensation. The perform-
ance of the schemes using the force-based scheme strategies
is shown to be generally superior to that of the schemes
using the position-based strategies for the end-force sensor
less robot. Among all the various schemes, the force-based
scheme in joint space for impedance control gives the most
encouraging results not only with large impedance stiffness
but with small impedance stiffness. Even in the case of in-
teraction with the stiff environment, good capabilities can
also be achieved. This is quite promising to foresee real ap-
plications of the control strategy on some end-force sensor
less robots with harmonic drive transmissions.

Only the translational impedance parameters are consid-
ered in our experiments. Future research efforts will be de-
voted to extending the work to rotational impedance tasks
and giving theoretical explanations for the experimental
control strategy.
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