Bilateral Teleoperation Control for Improving Transparency
in Stiff Environment with Time Delay
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Abstract: This paper proposes a new bilateral control scheme to ensure the both
transparency and robust stability under unknown constant time delay in stiff environments.
Presented method guaranties system performance and robust stability while the transition
between soft and stiff environments occur. Presented framework is a combination of
adaptive sliding mode controller and adaptive impedance controller, in which an online
estimation of environment impedance is performed to be used as desired impedance in
master side. Numerical simulations under different conditions such as constant and time-
varying delays and obstructed environments are provided to verify the theoretical results.
Transition between soft and stiff environments is also considered. Finally, the proposed
method is compared with a recent work in this field.
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1 Introduction
Teleoperated systems are now being used in several
applications such as nuclear experiments [1],
telesurgery [2], micro manipulation [3] and space
robotics [4]. One of the most important challenges in
teleoperation systems is time delay [5]. Teleoperation
systems are subjected to the time delay caused by
communication-channels.  Nowadays teleoperation
systems which are connected through the internet
experience the time delay created by this network.
Internet has unknown time-varying delay which results
in reduced stability and control performance of the
closed-loop system over it [6]. To stabilize the system
under communication delay, scattering theory [7] and
wave variable [8, 9] methods have been proposed,
however these methods cannot ensure acceptable level
of transparency in case of time-varying delay. Ideal
transparency is defined as the equivalence between the
impedance felt by operator and the impedance of the
environment [10]. Mentioned methods do not have such
characteristic.

The other problem to be addressed in teleoperation
systems is the system failure in tracking the position
while interacting with stiff (obstructed) environments,
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which may lead to instability [11]. In [12] an adaptive
impedance control, and in [13] a time varying wave-
based method has been proposed to achieve position
tracking in stiff environments. In [14] an observer-based
sliding mode impedance controller has been proposed to
guarantee robust tracking under unknown constant time
delay. In [15] a fuzzy singular perturbation point of
view is obtained to model the teleoperation system and
control it. Researchers in [16] have proposed an
adaptive controller based on MRAC and a feed-forward
compensator parallel to the plant, such that the stability
has been ensured for a wide range of time delays;
nevertheless interaction with stiff environment has not
been considered. In [17], an adaptive-robust controller
has been designed for teleoperation systems in presence
of dynamic uncertainty and constant time delay which
has also considered a restricted range of uncertainties in
the environment stiffness. Another work on time delay
can be found at [18] where they have used a friction
compensator with impedance controller.

Most control frameworks for bilateral teleoperation
are designed to achieve both stability and transparency;
effectiveness of these controllers generally depends on
the dynamics of the environment which is often
unknown or variable. So far, researchers have employed
position, velocity and force or impedance information to
propose a variety of control schemes. However, none of
these controllers can ensure both stability and
transparency independent of time-varying delay and
also dynamics of the environment. This is due the fact
that there is a trade-off between the aforementioned
goals [5, 19].
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In this paper, a new architecture for bilateral
teleoperation which is composed of a Sliding Mode
Controller (SMC) at the slave side and an adaptive
impedance controller at the master side is proposed.
Using the sliding mode concept, the proposed
architecture will become robust to time-varying delay
and uncertainties in the environment dynamics.
Furthermore, the adaptive impedance controller is
designed to achieve the environment impedance at the
master side, so that the operator feels a correct sense of
the environment. It has been shown that the proposed
structure, unlike many other methods, has good
performance in presence of time-varying delay, while
moving in stiff environments, and in addition, while
transitioning between soft and stiff environments.

This paper is organized as follows: robot models are
given in Section 2. In Section 3, problem formulation
and the control law design procedure has been
discussed. Simulation results and validation of the
proposed structure along with the comparison with
some other recent methods are presented in Section 4.
Section 5 provides the summary and concluding
remarks.

2 Modeling

Since the master and slave robots are considered to
act almost linearly, they are modeled using a linear
mass-damper system, as shown in Fig. 1.

In Fig. 1 u,, and u,, are control signals, f; is the force
applied to the master side by the operator, and £, is the
force exerted on slave robot from the environment. This
model is very common in the literature and has been
used in several articles [20-22]. Dynamics of the master
and slave robots are then given by:

My, €)+B,v, t)=u,)+f, ) @)
My, ()+Byv, (t)=u, )~f, () @)

where M denotes inertia, B is the damping coefficient, v
stands for velocity, and subscripts 'm' and 's' denote the
master and the slave, respectively. Using mechanical
impedance concept in frequency domain, the relation
between forces and velocities is given by:

Fh :Fh*_Zth (3)
E, =2V, (4)

where capital letters denote the Laplace transformation,
Z, and Z, are the human and environment impedances
and F,” is the operator exogenous force.

The main control objective at the master side is to
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Fig. 1 Dynamics of the master and slave robots.

provide the entire environment’s impedance to the
operator. In other words, achieving the ideal
transparency is desired. To design the controller for the
master side, the teleoperation system is considered as a
two port network, as shown in Fig. 2.

To provide a correct sense of environment to the
operator (transparency), the information of position and
force are not enough individually [23]. Therefore, the
impedance controller at the master side works well to
achieve:

Z,=2, (®)
where Z, is the impedance of the environment and Z, is

the equivalent impedance at the master side that
operator feels:

Fh
t:V_

m

z (6)
From Egs. (5) and (6), desired dynamics for the
master is given by:

F,=V,Z, )

It is assumed that the slave robot is in contact with
the environment modeled as a mass-spring-damper
system with stiffness K,, viscosity B., and mass M,. So
that Eq. (4) and (7) would become:

fe :Mev.s +Bevs +Kexs (8)
fh :Mev.m +Bevm +Kexm (9)

Based on the assumptions mentioned above, in the
next section design procedure of the controller is
provided.

3 Controller Design
Controller structure is assumed to be as depicted in
Fig. 3. The details are provided as follows.

3.1 Adaptive Impedance Controller (Master Side)
Theorem 1. Provided that the environment
impedance parameters are known, the control law given
by
um = (Mm _Me)v'm +(Bm _Be)vm _Ke'xm (10)

where x, denotes position of the master, ensures a)
Desired impedance at the master side is equal to the
impedance of environment; b) Force tracking would be
achieved if the position tracking would be confirmed.

Proof. a) Substituting Eq. (10) in Eq. (1) and using
Laplace transformation yields

Two Port
Network

Operator -~ " Environment

Fig. 2 Teleoperation system as a two port network.
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Fig. 3 Block diagram of the whole teleoperation system.
_Fh —i (11) Up, :(Mm _Me)v'm +(Bm _Be)vm _Kexm (17)
7 . .
Vv Notice that except some rare changes which can be
m S

Using the definitions in Egs. (4) and (7), we have
zZ,=Z, (12)

b) If the position tracking is ensured at the slave
side, i.e. if

v, =v, e’ (13)

N

in which T is the channel delay from master to slave,
then

fo=fre™" (14)

which means complete force tracking has been
achieved.

Now in order to implement the controller given by
Eg. (10), the environment parameters (K., B., M.)
should be estimated and the control law needs to be
adapted accordingly, since the mentioned parameters
are all unknown and variable. This is done by measuring
the slave position, x, and the force exerted on robot from
the environment f,.

Transfer function is obtained by applying the
Laplace transformation on Eq. (8):

X (s) 1

Fy(s) M s?+Bgs +K,
Discretization of Eq. (15) with sampling time T,

(using Zero order hold method), gives:

Xq) _

Fe(2)

(15)

biz +bg

. (16)
z"+az +q

The Recursive Least Square (RLS) algorithm is used
to estimate the parameters ay, a;, b, and b;. Afterwards
the impedance parameters can be achieved by the
inverse conversion. Using the estimated values
(M,,B,,K,) inEqg. (10), control signal for the master
robot becomes:
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modeled by step function, the impedance of the
environment is assumed to be constant in time. So we
canassume Z,(:)=Z,(-T)=Z,.

Applying Eq. (17) to the master side, we would have
an adaptive impedance control law that provides actual
remote impedance characteristics by online estimation,
so that the human operator receives an accurate
impression  while interacting with the virtual
environment.

In the next section, designing the controller for the
slave side is presented.

3.2 Sliding Mode Controller (Slave Side)

SMC is used at slave side due to its robustness
against the uncertainties which includes the uncertainty
in parameters and time delay. Design details have been
given in the following theorem.

Theorem 2. If K > .M, then the following slave
controller guarantees exponential convergence of
position tracking error.

M - R
Us :Msﬂ'é—f_"_s(fhd _Bevmd _Kexmd)
M
¢ (18)
+By, +f, —Ksat(%)

where K > 0 is a constant, sat(.) is the saturation
function and ¢ is the thickness of the boundary layer
selected such that the chattering phenomenon is
reduced.

In addition, S(7) is the sliding surface considered as
follows:
St)=e@)+Ae) ,A>0 (19)

in which, A is a strictly positive constant and e is defined
as the tracking error between the slave and delayed
master position:

e(t)=x,0-T)-x,() (20)
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Proof. Consider the following Lyapunov function
candidate:

v :%sz (1)
It is clear that V' is a positive definite function;

taking its derivative with respect to time and
substituting S yields

V =88 =S[(v,, —V,)+ €] (22)

in which vig(2) = vin(2 - 7). Substituting Eq. (18) into Eq.
(2) yields:

v's :ﬂé+"i(fhd _éevmd _KAexmd)
M
1 ¢ g (23)
+——(—Ksat (—))
M ¢
Substituting this equation into Eq. (22) we get:
: . .1 A A
Vv :S[(de _(ﬂ'e+"_(fhd _Bevmd _Kexmd)
M,
1 S L (@4
———(Ksat(—))) + Ze
M (Ksat( ¢))) 1
On the other hand, from Eq. (9) we have
fhd _B\evmd +K’:exmd :Mev.md (25)

Combining Egs. (24) and (25), yields:

V =SS0,y -0, —Mis(Ksat(%))) s
1 S (20)
=S (M_s (—Ksat(g))

Choosing the gain as K > 7.M,, we have
V < —nsat(%)S <0 (27)

Thus, Eq. (21) is a Lyapunov function. By choosing
a proper value for gain, position tracking is guaranteed
independent of the amount of time delay.

3.3 Modification of the SM Controller
The proposed SM controller uses an online
estimation of the environment impedance. So, before
the convergence of estimations, the tracking error would
be large. To cope with this fact, the gain of the
switching term in Eqg. (18) should be adapted
accordingly.

Substituting f; instead of f, in Eq. (22) and

repeating the same procedure as before, the limitation
on gain X is achieved as follows:

K>nM, +Ve —f,

=n.M, +‘A/}ev's +l§evs +I€exs —f.

(28)

in which lfe,ée and A;Ie are estimated values of the
environment impedance, and £, is the force exerted by

the environment on the slave, which can be measured by
a force sensor.

4 Simulations

In this section, the performance of the proposed
controller is investigated via simulations. Different
conditions such as constant and varying time-delay,
moving in stiff environment, and transitioning from a
free or soft environment to a stiff one are considered.
Numerical values are considered as follows:
M, =5B,=15 , M, =01,B, =05,
M,=01B,=1K, =10,
M,=1,B,=10,K, =500
$p=01,n=1

These values are common in the literature, e.g. [13].

(29)

4.1 Offline Estimation, Constant Time Delay

First assume that we have access to the remote
environment, so parameters of the environment can be
estimated offline. Figs. 4 and 5 show the simulation
results in presence of the constant time delay and stiff
environment. It can be seen from Fig. 4 that applying
the proposed controller results in achieving the position
and force coordination goals. Fig. 5 provides a
comparison with [13]. It is shown that the presented
structure in [13] diverges, despite the simulations are
done in the same condition as proposed method. In other
words, this controller is not capable of stabilizing the
system in an environment with 500 N/m stiffness. This
is due to the fact that researchers in [13] have
considered some restrictive assumptions on the upper
bound of environment’s stiffness or delay. Several other
papers have also made the same restrictive assumption
[24-27] which is released in current paper.

T
master
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1= | | | | | | | slave
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=3 u" [ [ T | ] | master
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Time(s)

Fig. 4 Position and force of robots with proposed structure
(mean(T) = 500 msec, K, = 100 N/ m).
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Fig. 5 Simulation result for the structure of [13] (mean(T) =
500 msec, K, = 100 N/ m).
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Fig. 6 Position and force of robots with proposed structure

(mean(T) = 500 msec,var(T) = 100, K, = 100 N/ m).

4.2 Time-Varying Delay

As the internet is the most common communication
channel, confronting with its unknown time-varying
delay is inevitable. Fig. 6 shows the position and force
of robots in presence of a time varying delay with mean
value of 500 msec, and variance of 100 msec. It can be
seen that the system has acceptable performance, even
with time-varying delay.

A comparison with the presented method in [13] is
depicted in Fig. 7. As it can be seen, the system
performance is degraded. In general, every method
based on wave variable [9, 13 and 28]) has the
deficiency of showing undesirable performance or
instability under time-varying delay; although all of the
mentioned methods ensure stability and good
performance of the system under constant time delay.

4.3 Obstructed Environment
The third condition in which the system performance
is investigated is the collision of the slave robot with an
obstacle while moving in a free environment. The

environment is modeled as a stiff wall (K, = 500 N/m)
located at x, = 0.02 m with a reaction force given by:
-10V, —500(X, —0.02) if X, >0.02m
Je= ; & ) co (30)
ON otherwise

Human action is modeled as a constant force source
for the first 2 seconds. After that this force is modeled
as follows:

10N if 0<t<2s
T :{ 20V, — 25X 7 (3D
-20V,, - m if t 22s
The system response is depicted in Fig. 8. Several
proposed methods such as [29, 30] and [31] result in
instability or bad performance in the case that a
collision between the slave robot and wall occurs. Due
to this, we will not provide comparison figures and just
the results of the proposed method are given here. Fig. 8
shows that the proposed structure in this paper ensures
not only stability but also good tracking performance.
Once the slave retrieves from the wall, both master
and slave positions converge to the desired values.

X (m)

FN

Time (s)

Fig. 7 Position and force of robots with structure [13]
(mean(T) = 500 msec,var(T) = 100, K, = 100 N/ m).
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Fig. 8 Position and force of robots with proposed structure,
obstructed environment (7 = 200 msec).
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4.4 Transitioning Between Soft and Stiff
Environment

Transitioning between soft and stiff environment is
the last condition in which the system performance is
verified. In this case, the environment is modeled as two
surfaces with stiffness (K, = 100 N/m) and (K, = 500
N/m) which are located at x, = 0.005 m and x, = 0.01 m
respectively. So the reaction force is given by:

10V, ~500(X ~0.01) if X  >001m
f, =1-10V, ~100(X_ ~0.005) if 0.005<X_ <0.01m (32)

ON otherwise
The human force is modeled as follows:
, « [3N if 0<¢<3s
Sw=T +{6N if 3<r <5s (33)

£ =0.2 sin(wr)

It is assumed that the reference inputf,is a

summation of step and sine functions. This assumption
is made to show the behavior of the system and effect of
time-delay at both transient and steady state responses.
As can be seen in Fig. 9, good position coordination has
also been achieved.

Now the performance of the system is investigated
under the condition when there is no prior knowledge
about the impedance of the remote environment and
online estimated values are used in control inputs. For
the sake of simplicity, it is assumed that only the
stiffness of the environment is variable so only the
stiffness parameter should be estimated. The human and
environment forces are considered to be:

_ [-20V,, - 25X, if0<r <10s
L if £ >10s
£ =0.05 sinfwt) (34)
~10V, -k, (X, -0.01)  if X, >0.01lm
f — S e S S
¢ ON otherwise
0.02 T
! ! ! : : : master
| e I W I A § slave 1
= R
5 s & 1 s
N A
Time(s)

Fig. 9 Position and force with proposed structure, transitioning
between soft and stiff environment (mean(T) = 200 msec,
var(T) = 100 msec).

The simulation results for different values of K, are
shown in Figs. 10-12. Moreover, performance of the
system while transitioning between soft and stiff
environment occurs is verified in Fig. 13. As shown in
these figures, though the system remains stable and
achieves good tracking performance after a few
seconds, increasing K, results in increased transient
response error which is better to be reduced. Fig. 14
indicates that with modification of the proposed
controller, this purpose is attained as well.

10 Conclusions

This paper presents a new control framework for
teleoperation systems which is composed of an adaptive
impedance controller at the master side and an adaptive
sliding mode controller at the slave side. This structure
provides both stability and transparency even when the
slave robot collides with an obstacle or transitioning

Xm vs. Xs
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|
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Time(s)

Fig. 10 Position of robots and estimated parameter with
proposed structure, obstructed environment (K, = 50 N/ m).
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Fig. 11 Position of robots and estimated parameter with
proposed structure, obstructed environment (K, = 150 N/ m).
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Fig. 12 Position of robots and estimated parameter with
proposed structure, obstructed environment (K, = 500 N/ m).
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Fig. 13 Position of robots with proposed structure,
transitioning between soft and stiff environment (K, = 100 to
500 N/ m).
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Fig. 14 Position of robots with modified proposed structure,
obstructed environment, (K, = 500 N/ m).

between soft and stiff environments in the presence of
constant and unknown time-varying delay occurs.
Stability proof has been provided and several practical
scenarios have been considered through the simulations
which are performed on the robot model with the
proposed control structure. Simulation results indicates
the good performance of the proposed strategy under
different conditions where many other structures
presented in literature become unstable or leads to poor
system performance, due to their limitation on the
amount of the time-delay or the impedance of the
environment.
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