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Abstract— In force reflecting Teleoperation the time delay in
the loop make the system unstable. The wave variable method
is one of the ways to make the system as stable for any type
of varying time delay using passivity technique. In this paper
a modified wave variable technique has been proposed which
retain the stability guaranteed by the existing wave variable
and improves the tracking performance of the system. Two
new variables are added in the modified wave variable to
improve the force and position tracking. The effectiveness of
the proposed method is confirmed by simulation results.
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I. INTRODUCTION

A system that involves Teleoperation with force feedback is
described as bilateral Teleoperation because the information
flows both ways producing a closed-loop system. On the
other hand, a system that involves teleoperation with no force
feedback can be described as unilateral teleoperation since
the information only flows one way and the system is open-
loop.

Teleoperation is desirable in many situations where
it is not practical to perform the task onsite for the human. An

example is nuclear waste disposal which can put human
operator at risk. It may also be impractical to have a human
directly operate onsite due to difference in scale. An example
is neurosurgery here the surgeon is supposed to operate at a
cellular level.

Master-slave manipulators are often used for the
remote operations, in which the position of the slave
manipulator follows the position signal from the, master
manipulator manipulated from the operator, and the back
driving force of the actuator of the master manipulator tracks
the force of the slave manipulator. When this teleoperation is
performed over a great distance, such as undersea and outer
space operations, a time delay is incurred. The time delay of
even the order of 100ms can destabilize the system.

The time delay introduces the phase lag and
destabilizes the system. The time delay can be modeled as e
sT which is not a rational function and will introduce infinite
number of poles. Anderson and Spong proposed a scattering
scheme to erase the unstable status caused by constant delays,
Niemeyer and Slotine introduced an equivalent wave variable
formulation for a two port system.
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Fig. 1: Bilateral Teleoperating System

The performance of the bilateral teleoperation
system can be evaluated by the force and position tracking

performance of the system.
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Fig. 2: Force Tracking with zero Time Delay
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Fig. 3: Force Tracking with 80ms Time Delay
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Fig. 4: Force Tracking with 200ms Time Delay

The figure 2,3 and 4 show how the performance of
the system degrades with delay and even small delay (200ms)
makes the system unstable.

The wave variable method is extremely useful
passivity based algorithms that can guarantee stability of
bilateral Teleoperation with varying time delay [Niemeyer
and Slotine 1998]

In wave variable method the performance of the
system is compromised with the stability of the system. The
section 11 gives the details about the wave variable methods
and section |1 gives the detail of the augmented wave variable
method which improves the performance of the system while
ensuring the stability of the system.

Il. WAVE VARIABLE

The wave variable method can be implemented to stabilize a
system. This is accomplished by using wave transformation
on both the master and slave sides. In wave variable technique
the power variables velocity and force are transformed into
wave variables u and v using wave transformation.

Fig. 5:Wave Variable Method
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b wave impedance, un outgoing wave variable of master,vs
outgoing wave variable of slave
Us incoming wave variable of slave, v, incoming wave
variable of master
Us =Um (t-T) (2
Vin=Vs (t-T)
The desired master force and slave position are given by
following equations

fos (1) = Fs(t=T) + b(Xn(t) = X (t=T)) @A)

Xsd(t)=Xm(t—T)+i(fmd(t—T)—fs(t)) 4)

For an ideal case the slave desired position should

not have any affect on the master desired force and master

desired force should not have any affect on the desired slave

position. By reducing the amount of affect on each other the
real system can become as close as to an ideal system.

I1l. AUGMENTED WAVE VARIABLE TECHNIQUE
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Fig. 6: Modified Wave Variable with new variables a & y

By introducing two more variables in thee wave variable
architecture the tracking performance of the system can be
improved even though the ideal performance can not be
achieved.

The variable o is introduced in the force loop as in
[1 and variable v is introduced in the position loop. The new
variable y ensures the better position tracking.
The new wave variables will be

Un(t) = %[fmu(t)+by).(m(t)] )

1
0=

The master desired force and the slave desired positions are

[—af(t) + b X u(1)] ©6)

o HET) D Xol) X aftT) )
a

Xalt) = xm(t—T)+y1b(fm(t—T)— L) ®)

In this paper both the delay forward and return are assumed
asequal T.

From equation the effect of slave position on fug is
decreased by the factor of a where (a>1) and the effect of
master and slave force difference in slave desired position is
decreased by the factor of y where (y>1). Both these equation
give the theoretical proof that the new variables which are
introduced going to increase the performance of the system.

IV. PASSIVITY

The system is passive if it consumes more energy than it
supplies. The necessary and sufficient condition for the
system to be passive
t
E(t) = j[xm(t) fas(t) = X« (t) fi(t)]dT >0 9)
0
For the existing wave variables the integral will become

Un(t) = b X m(t) + foo (1) (10)

Vs(t) = b X« (t) = fs(t) (11)
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- 1
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b
E(t)—i[(u TUm + vs' vs)dt (19)
- 4b 1:[T m m S S
E(t)—i[(u TUm + Vs vs)dt > 0 (20)
- 4b J‘ m m S S =

t-T
Therefore the channel is passive and the system will be stable.
Now for modified wave variable technique the new wave
variables can be written as

Un(t) = ﬁ[fmd(t)+by).(m(t)] 1)

1

(-

The power variables interims of these wave variables are

[—af(t) + b X u(1)] 22)

1 1
fro (1) = ——[un(t) — —Va(t)] (23)
1+y a
: 1
a(t) = ——[Un+ —Va 24
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1
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bl+ay)a+y)a (1+y)
(}/ _1) UmVm ok - UsVs]dT (27)
ab(l+7)? b(L+ay)a+7)

From the equation (27) it is clear that, the condition for
passivity is satisfied and the system is absolutely stable.

V. SIMULATION

We used the linear model of master and slave system
neglecting the coriolisis and centripetal forces from the
dynamic equation of the master and slave electromechanical
devices

The PI controller is used in the slave side to generate
the interaction force. The proportional and integral gains are
set using Ziegler Nicholas tuning method. In all the plots the
master's parameters are shown in blue and green is for slave
and the time delay is 200ms and round trip delay is 400ms.

The operator force is modeled as a step signal and
position, velocity and force of the master and slave are plotted
for zero environment impedance and high environment
impedance.
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Fig. 7: Master and Slave forces in proposed method
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Fig. 8: Master and Slave forces in wave variable method
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Fig. 9: Master and Slave position in proposed method
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Fig. 10: Master and Slave position in wave variable method
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Fig. 11: Master and Slave forces in proposed method with
high environment Impedance
In all the above figures the green cure is for the
master and the blue one is for the slave. Figure 7 shows the
force tracking capability of the proposed modified wave
variable method and figure 8 shows the force tracking
capability of the existing method and the figure 9 and 10 show

the position tracking capability of the proposed method and
the existing method, from these four figures it is clear that the
proposed method improves the position as well as force
tracking performance. Figure 11 shows the force tracking
performance of the proposed method at high environment
impedance.

In this simulation all the nonlinearities of the system
like coriolisis force, coulomb friction were not modeled and
the system was modeled as linear. The simulation results
clearly shows that the new approach minimizes the steady
state tracking error compare to the ordinary wave variable
method at maintain the stability of the system. the value of
the added new variable can not increased indefinitely since it
requires more operator effort to operate the system i.e. the
system will appear more damped. An optimization is needed
between the amount of force can be given as input to the
tracking performance. The tracking performance is
maintained in zero environment impedance as well as high
environment impedance.

The master position and slave force equation for existing
wave variable can be found as

) 1 -sT -sT '
szi(fm—e fs+be Xsd) (28)
MnS+Bn+b
b(Mss+ Bs) * fm
o DM B L e T, (29)
b+ Mss + Bs b
For the modified wave variable method
; 1 =T b
Xm=———(fn-€" fs+—e" xwu) (30)
MmnS+ Bm+b a
Mss + Bs ' fm eiST
o AMSEB) ol e ™ i @)
7 + Mss + Bs

comparing the last four equation, the new proposed method
decreases the effect of slave desired position on master
position by a factor of a and the effect of master desired
position on slave force by a factor of yb. Although the ideal
case can not be achieved the new variable can be tuned to get
the optimized position and force tracking for the given
operator force.

VI. CONCLUSION

The conventional wave variable method guaranteed the
stability of the time delayed teleoperating system with the
cost of poor position and force tracking, By the modified
wave variable method the tracking performance is improved
while keeping the system as stable. The simulation results
confirmed the effectiveness of the proposed method. By
introducing two variables in the conventional wave variable
method the finer tuning of the system for better position and
force tracking can be achieved.
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