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A 1-DOF (degree-of-freedom) telemanipulation system is presented in this paper. The paper focuses on disturbance
compensation of the haptic force feedback. The master and slave devices are connected via serial ports. The mechanism,
which is applied as a human interface device, is subject to perceptible internal friction that must be eliminated. As a result,
the operator would only feel the force feedback from the manipulated environment. The main contribution of this paper is
the presentation of the telemanipulation device with a model reference adaptive control that compensates for the friction
force using a direct model-based sliding mode algorithm.
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1. INTRODUCTION

In connection with the rapid spread of the Internet over
the past few years, research about CSCW (Computer-
Supported Cooperative Work) technology is being vehe-
mently conducted. It is expected that this network-based
technology will make collaboration in connection with
human intellectual activities between distantly connected
people easier. In the field of CSCW technology, the data
to be processed are only images, sounds and other data for
computers, little attention has been paid to multi-modal
collaboration including physical contact. Our focus con-
cerns networked multi-modal collaboration especially be-
tween those including haptics.

A collaboration tool that facilitates a better connec-
tion between laboratories, offices and factories in the
manufacturing industry has become necessary [1-3].

Research into the bilateral control of master-slave ma-
nipulators was conducted in 1992. In [4] a 1-DOF telema-
nipulation system was tested. The research covered the
dynamics of the human operator as well as the device.
Three levels of ideal responses were determined, in all
cases a force signal to the master arm was the input. The
position of the two arms was identical in the first level,
whereas the force response of the two arms was identical
in the second, and both responses were identical in the
third.

In [5] a four-channel control architecture was
examined. Four models were tested on a teleoper-
ation system, namely on an admittance-admittance,
impedance-admittance,  admittance-impedance  and
impedance-impedance pair. Based on the types of
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model, a one-one suggestion was made for the control
architecture in each case, namely Position-Position,
Position-Force, Force-Position and Force-Force.

In addition to the basic criteria of stability, the ease
of usability becomes increasingly important. To ensure
comfortable and ergonomic telemanipulation, the opera-
tor should control the slave device more smoothly and
precisely. Furthermore, the elimination of perturbations
in all circumstances is necessary. For this purpose, the de-
sign of a model-reference adaptive control with a sliding
mode friction compensator is promising.

2. Theoretical background of the experi-
ment

2.1 Sliding mode-based disturbance elimina-

tion

The main concept is the design of a reduced-order state
observer for a partially perturbed linear system with infi-
nite gain. The traditional roles of the system and observer
are exchanged. The system is forced to follow the states
of the unperturbed ideal model. Infinite gain is ensured
by a sliding mode.

Consider the following partially perturbed linear sys-
tem that consists of external disturbances and uncertain
parameters which satisfy the so-called Drazenovic condi-
tion, written in the regular form of a state equation,
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where x; € R™™™ denotes the vector of non-perturbed
state variables, xo € R™ stands for the vector of per-
turbed state variables, u® € R™ represents the input of
the real system, A;;(i,j = 1,2) and By are the nomi-
nal or desired (ideal) matrices of the system, respectively,
AAs;(j = 1,2) and AB; denote the bounded parameter
perturbations, and f(¢) stands for the bounded external
disturbance. The perturbed state variables are estimated
by a discontinuous observer [6]

d.. -
2= Agixi +ApX+ By (W +rv) ()
where v denotes the discontinuous term. Let us design
the following sliding surface:

o= -I [fﬂ -0 3)

where I € R™*™ represents the identity matrix and o €
R™ stands for the distance from the surface. o must tend
to zero. Let us calculate the elements of the discontinuous
term v in following way:

v; = G sign(o;), “4)

where G is the gain of the sliding mode controller. The
implementation of a sliding mode means that the signs of
o; = 0 and v; change at an infinitely high frequency [7].
v can be substituted by its mean value denoted by v..
By comparing the second line of Eq. 1 and Eq. 2:

(EQ + ABQ) VvV = AA21X1 + (KQQ + AAQQ) Xo
— ARy + ABou’ + Ex f(t) (5)

According to Eq. 5, v can be used to estimate the pertur-
bation. As a result, the response of the perturbed system
in terms of u — v will be identical to that of the unper-
turbed ideal system, u.

The main problem concerning the sliding mode is the
chattering caused by the infinitely alternating frequency
of v. To avoid uncontrolled resonances of the unmodeled
dynamics of the real system, v is substituted by v (the
continuous equivalent of v. In practice, it is impossible to
calculate the equivalent control v, precisely, but it can
be estimated by a low-pass filter for v as shown in Fig. 1,
where two loops can be seen.
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Figure 1: Sliding mode-based disturbance compensation.

Figure 2: The haptic device.

The observer — sliding-mode control loop is calcu-
lated by the computer and should be as fast as possible
to achieve an ideal sliding mode [8, 9]. Since a reduced
order observer is used, xo of the real system is measured
in terms of the disturbance compensation. Of course, all
state variables might be measured in the outer control
loop. ﬁeq, the estimation of vy, is added to the control
signal of the outer control loop.

3. Application

3.1 Tuning the disturbance compensation

The master device consists of a DC motor and an arm
(Fig. 2). The slave device is identical to the master de-
vice. Their roles are interchangeable. The arm is not rigid
since the force is measured by strain gauges. In the case
of the ideal telemanipulation model, the master device is
not subject to friction nor mass (inertia). Of course it is
impossible to construct an ideal master device. The goal
of the sliding mode-based disturbance compensation is
to force the master device to follow a model subject to
significantly reduced degrees of friction and inertia. The
model of the master and slave devices is shown in Fig. 3.
The position of the motor is controlled by a simple Pro-
portional Derivative (PD) controller. The results of three
simulations were compared:

* PD controller with the parameters of the real motor

* PD controller with the parameters of the desired mo-
tor

* PD controller with the parameters of the real mo-
tor which were modified by the addition of sliding-
mode disturbance compensation.

MOTOR MODEL

velocity it
- K 1 1| position
Q =

Position_sign

‘ @,L

Figure 3: Model of the master and slave devices.
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Figure 4: Model of the feedback force.

The main goal of this chapter is to tune the dis-
turbance compensation component. If the results of the
last two simulations are similar, sliding-mode disturbance
compensation can be used in a bilateral telemanipulation
system.

The parameters used in the model are calculable. A
1-DOF telemanipulation system was studied where the
effect of the feedback force of the master arm was mod-
elled [10] as follows (Fig. 4):

Qmot _ 1

= 6

r-f,

Qmot _ B—‘:Ba BL (7)

fsepim 1 s THL

where s is a complex variable and 7" denotes the time
constant of the manipulator:

Jy
T=— 8
By, ®
J is calculated according to:
J=Jr+ Juz + Ja, ©))

and represents the resultant moment of inertia, J, stands
for the inertia of the rotor, J;,o is the transmission inertia
and J, denotes the inertia of the arm.

B, =B+ B, (10)

B, represents the resultant damping, B the mechanical
damping and B, the damping caused by the armature re-
sistance.

K3
~ R, a1
Ky denotes the torque constant of the motor and R, its
resistance. (2,0 stands for the angular speed of the mo-
tor, fi, the force- and r the vector of the lever arm with
regard to the torque of the motor.

In this experiment, the following constants were
used for the aforementioned parameters: Kz = 0.1222
[Nm/A], R, = 80 [?], L, = 0.0011 [H] and J; = 0.12
kg m?].

The model of the ideal motor took friction into ac-
count (Fig. 5), however, the other models accounted for
this separately.

B,

3.2 Design of the disturbance compensation
component

In terms of human sensation, the electrical time constant
of the system (the inductance of the DC motor) is negligi-
ble. Two state variables are used: the position of the arm
 and the angular speed w. The system equation must be
written in the same form as (Eq. 1) where:

dfe] o 1 e 0 1.,
& |:w:| B |:0 amotOr:| [w] + |:bmot0r:|u ’ (12)

Gmotor and byotor are the two perturbed parameters. No
external disturbance is applied. The observer is designed
for the state variable w.

It should be noted that in the case of the ideal system,
friction is accounted for in the model. The ideal param-
eters were selected in terms of friction and inertia. It is
important to choose the ideal parameters wisely because
these two parameters will determine the trajectory fol-
lowed by the position signal of the compensated motor. If
the values of the ideal parameters are too unrealistic, the
compensated signal would not be able to follow the tra-
jectory! In this simulation, the following parameters were
used:

Ay Ba
12 - 5
where J| ; denotes the inertia with regard to the model
of the ideal motor and B, ; stands for the coefficient of
friction concerning the model of the ideal motor.
The compensation component consists of the ob-

server with the following transfer function:

Jii (13)

bmotor
e 14
S + Gmotor (14
where a0t0r 1S calculated by:
B i ngl
motor — —7 15
Amoto JLi R.- Jlfi (15)
and byotor bY:
Kg
bmo or — & 1 16
t R s (16)

Then a PD position controller is added to each model of a
motor (Fig. 5) and the component concerning the sliding-
mode compensator connected to the first real model of a
motor (Fig. 6).

An estimated value of the velocity is specified in this
section which will be compared with that of the actual
velocity. This will be the input for the component of the
sliding-mode controller that consists of a signum func-
tion and a gain block. From here a positive feedback was
applied from the output of the sliding-mode controller to
the input of the observer, and the output of the sliding-
mode controller filtered by a 3*¢ order low-pass filter as
the output of the whole compensation component (Fig.
6).
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Figure 5: Model of the ideal motor with the application of a PD controller.
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Figure 6: The component with regard to the compensation of friction.

3.3 Calibration of the model

To specify the parameters of the system, first the afore-
mentioned model must be implemented. In the first case,
a position controller was used for tuning (Fig. 7). It is
worth noting that the position signal of the real motor
reaches its final value by oscillation and overshooting,
while the graphs of the ideal motor and the compensated
motor are smoother. It has to be mentioned that the PD
controller is not optimised for a stand-alone task, rather
for the compensation. In this experiment the following
constants were used for the aforementioned parameters:
pidP = 190, pidP = 60 and Gaingjiging = 30, 000.

In the case of a 1-second-long simulation, the differ-
ence between the position trajectory of the ideal and com-
pensated motors is visible (Fig. 8).

In Fig. 9 it s visible that the sliding-mode controller is
inactive for about 0.2 seconds which is the time necessary
for the controller to reach the sliding surface.

Position control with friction compensation
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Figure 7: The compensated signal follows the stated tra-
jectory.

Between —0.04 and +0.04 the active sliding-mode
becomes visible (Fig. 10). There is a noticeable level
of chattering originating from the output signal of the
sliding-mode controller (Fig. 11). This was eliminated by
the 34 order low-pass filter (Fig. 12).

3.4 \Verification of the model

Subsequently, the calibration component follows on from
verification of the model. The former simulations were
run under nearly ideal conditions, but now a relevant
Coulomb friction will be added to the system as well as
an additional step function load. In Fig. 13 the supple-
mented system is shown only for the model of the motor
that compensated for friction using real parameters (the
models of the ideal and simple real motors were excluded
to save space).
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Figure 8: The difference between the position signals of

the ideal and compensated motors.
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Figure 9: Reaching the sliding surface.
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Figure 10: After reaching the sliding surface, the sliding
mode becomes active.
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Figure 11: Chattering originating from the output of the

sliding-mode controller.
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Figure 12: The filtered signal of the sliding-mode con-
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Figure 13: Full model of the compensated motor subjected to calibration.
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Comparison of the behavior of the models
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Figure 14: Position signals after Coulomb friction was
accounted for in the system.
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Figure 15: An additional load added to the system.
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Figure 17: The same parameters applied to the slave arm
failed to yield results.

Figure 18: Position signal following of the bilateral sys-

tem.
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Force input for the bilateral control
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Figure 19: Force input to the bilateral control.

In Fig. 14 the position signals are shown after the ad-
dition of the Coulomb friction to the system. This new
component has a stabilizing effect on the oscillation of
the real motor which is greater than can be compensated
for without the introduction of a permanent error. How-
ever, the behaviour of the motor compensated for by fric-
tion remains unchanged. The values of the Coulomb fric-
tion and viscous friction used in this experiment were
2,200 and 0.3, respectively. Then after 2 seconds an ad-
ditional load was added to the system (Fig. 15). It was no-
ticeable that when the position signal of the normal motor
started to rapidly decrease, the model compensated for by
friction adapted to the new circumstances. The value of
the load added after 2 s was 42.

4. Results and Discussion

4.1  Final model

Finally, bilateral haptic control was realized (Fig. 16).
The model of the two force cells on the real-life device
was added to the system by applying the same logic as
used on the real. Each model of the motor was extended
by a left- and right-force block.

In terms of bilateral control, the difference between
the force blocks of each joystick was compared, which
was also the input of the force controller of the master
arm. Subsequently, the position of the master arm was
compared to that of the slave arm, which was the input of
the position controller of the slave arm (Fig. 16). It would
be illogical to apply the same parameters to the position
controller as to the one that accounts for compensation
because without the component of compensation the fric-
tion force would prevent the proper position from being
reached (Fig. 17).

Nevertheless, if an individually tuned proportional—
integral-derivative (PID) controller is connected to the
component responsible for position control of the system,
the signal that results would be visible (Fig. 18). In this
case, the input signal was applied to the right force cell
of the master arm in a shape as is shown in Fig. 19.

It is impossible to eliminate the entire effects of fric-
tion and inertia on the mechanical construction, but they

can be reduced significantly. The magnitude of the fric-
tion force exceeded the limit suitable for a smooth, com-
fortable operation. Compensation aims to make the sys-
tem behave like an ideal model subject to a minimal level
of friction. Due to the compensation, the operator can
move the master joystick with ease.

Over a series of experiments, classical and sliding
mode-based model reference adaptive control methods
were compared. The applications of these methods with
regard to compensation for friction are published in
[11,12].

It is crucial to identify an optimal adaptation parame-
ter which facilitates rapid adaptation but avoids overcom-
pensation. In the event of overcompensation, the joystick
moves randomly even in the absence of reference torque
because of the measurement noise. As the size of the
adaptation parameter increases, adaptation occurs more
rapidly, however, the likelihood of random movements
rises.

5. Conclusion

An experimental telemanipulation system was presented
in this paper. The master device was a serial linked lever-
type haptic interface with force feedback. Even though it
is impossible to eliminate the entire effects of friction and
inertia on the mechanical construction, a reference model
that accounts for minor levels of friction was designed.
The system was forced to follow the reference model. In
other words, the original dynamics of the master device
were replaced by a virtual version which ensures a com-
fortable degree of manipulation for the operator.
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