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A stabilizing control technique for bilateral teleoperation system with time delay
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Abstract: In this paper, a hybrid stabilization approach involving both passivity observer/passivity controller and wave

variables is addressed to stabilize a teleoperation system with fixed time delay. To guarantee the stability of master or slave side,

passivity observer/passivity controller are applied. But, passivity observer/passivity controller cannot deal with communication

delay, and thus even small communication delay cause the system to be unstable. To cope with this problem, wave variables

are additionally employed to have robustness to fixed communication delays. To show the validity of our proposed approach,

several computer simulation results are illustrated.
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1. Introduction
A bilateral teleoperation system may be described by means

of the block diagram as shown in Figure 1. The main com-

ponents of teleoperation system are master, slave, and com-

munication channel. A master robot takes the motions of an

operator and generates a desired motion command which a

slave robot should follows. While following the desired mo-

tion command transmitted from a master side, a slave sends

information on its current position or contact force for an

operator to feel the environment.
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Fig. 1. Two port network model of bilateral teleoperation

system

Many research works have been done on the analysis of sta-

bility and performance of teleoperation system. Zaad and

Salcudean classified operating mode of teleoperation by spec-

ifying the transmitted data pair and analyzed the stabil-

ity conditions and performances for each operating mode[2],

[3]. Hannaford and Ryu proposed the time domain pas-

sivity observer and passivity controller[4], [5]. The passiv-

ity observer checks whether a system is passive or not by

measuring energy flows. When the system is detected to

be active by a negative value of the passivity observer, the

passivity controller makes the system passive by dissipat-

ing exactly the net energy output. Although the passivity

observer/controller may stabilize a master or slave, instabil-

ity might be caused by communication delay. Niemeyer and

Slotine proposed a physically motivated, passivity-based for-

malism to provide energy conservation and to ensure stability

in the presence of time delay[6], [7]. By transmitting wave

variables in place of the power variables(velocity and force),

the passivity of time-delayed teleoperation system is guar-

anteed. Although the concept of characteristic impedance of

waves was introduced and an analogy was drawn, there was

no research work on the relationship between characteristic

impedance and the stability or performance of teleoperation

system.

In this paper, a hybrid stabilization approach involving both

passivity observer/controller and wave variables is addressed

to stabilize the teleoperation system with time delay. To

guarantee the stability of a master or slave side, passivity

observer/controller are applied. Wave variables are addition-

ally employed to have robustness to communication delay.

Furthermore, the minimum value of transmitted impedance

from a slave to an operator is used as the performance index

of wave-based teleoperation system.
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Fig. 2. Structure of wave transform

2. Wave variables
2.1. Definition

Wave variables are defined by encoding of velocity ẋ and

force F

u =
bẋ + F√

2b
, v =

bẋ − F√
2b

(1)

where u, v, and b denote the right moving wave, the left

moving wave, and the characteristic wave impedance, re-

spectively.

At the master side, the measured velocity ẋm and the left

moving wave vm provide both the right moving wave um

and the force feedback Fm.

um =
√

2bẋm − vm, Fm = bẋm −
√

2bvm (2)

Together with the observed slave force Fs, the right moving

wave us is decoded into a velocity command ẋs and the

feedback wave vs.
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vx = us −
√

2

b
Fs, ẋs =

√
2

b
us − Fs

b
(3)

Figure 2 shows the wave transformation at each side and the

wave-based bilateral teleoperation system is shown in Figure

3.
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Fig. 3. Wave variable-based teleoperation system

2.2. Passivity of wave variables

A one port system is passive if the total energy delivered to

the system is non-negative [9]

E(t) =

∫ t

0

Pindτ + Estore(0) ≥ 0, ∀t ≥ 0 (4)

where Estore(0) denotes the energy stored in the system at

time t=0.

The power input to a one port system can be computed as

following wave form

Pin = ẋTF =
1

2
uTu − 1

2
vTv (5)

where 1
2
uTu is the power flowing into the system and 1

2
vTv

is the power flowing back.

In the wave domain, the passivity condition Eq.(4) becomes∫ t

0

1

2
vTvdτ ≤

∫ t

0

1

2
uTudτ + Estore(0), ∀t ≥ 0 (6)

and a system is passive if the returning energy is smaller

than the sum of provided energy and initially stored energy.

The total power input into the communication channel at

any point in time is given by

Pin = ẋT
mFm − ẋT

s Fs (7)

where the minus sign appears because power is considered

positive while flowing in the main direction from left to right.

Substituting Eq.(1) into Eq.(7), power input can be com-

puted as

Pin =
1

2
uT

mum − 1

2
vT

mvm − 1

2
uT

s us +
1

2
vT

s vs (8)

When the time delay exists in communication channel, wave

variables are transmitted via

us(t) = um(t − T ), vm(t) = vs(t − T ) (9)

Substituting into Eq.(8), power input becomes

Pin=
1

2
uT

m(t)um(t) − 1

2
uT

m(t − T )um(t − T ) +

1

2
vT
s (t)vs(t) − 1

2
vT

s (t − T )vs(t − T ) (10)

=
d

dt

∫ t

t−T

(
1

2
uT

m(τ)um(τ) +
1

2
vT

s (τ)vs(τ)
)

dτ

Integrating Eq.(10), all input power is stored according to

Estore(t)=

∫ t

0

Pindτ

=

∫ t

t−T

(
1

2
uT

mum +
1

2
vT

s vs

)
dτ ≥ 0 (11)

assuming zero initial conditions. Should the returning wave

get delayed then energy is only temporarily stored in the

communication channel and released later, still satisfying the

passivity condition. And this is independent of time delay

T .

3. Characteristic impedance-based stability and
performance analysis of teleoperation system

using wave variables
To learn the effect of characteristic impedance b on stability,

loop gains are obtained from Figure 3 as

Loop 1 :
2be−2sT

Zm
, Loop 2 :

2Cse
−2sT

b
(12)

Figure 4 shows the plot of loop gains with different b. Both

loops are positive feedback and the gain of loop 2 is much

larger than that of loop 1 when b is small, thus increasing b

that decreases the gain of loop 2 is desirable to stabilize a

slave side.

(a) loop 1

(b) loop 2
Fig. 4. Plot of loop gains with different b

In Figure 3, the output from the master side is a velocity

and the input to the master side is a feedback force. This

input-output relation can be matched with four channel ar-

chitecture[1], where channel 3 and 4 are not used in Figure 5.

The only difference between two architectures is that veloc-

ity and force information are transmitted via independent

channel in four channel architecture. But, communication

channels are coupled each other in wave-based architecture,

performance analysis is relatively difficult.
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ture after Lawrence

In this paper, two port network theory is used to analyze the

effect of wave impedance b on the performance of wave-based

teleoperation architecture.

If (Vh, Fe) and (Fh,−Ve) are chosen as the input and output

of communication channel, two port network can be repre-

sented as a hybrid model[9](
Fh

−Ve

)
=

(
h11 h12

h21 h22

)(
Vh

Fe

)
(13)

When the velocity channel from master to slave and the force

channel from slave to master are used in Figure 5, hybrid

parameters can be calculated as

h11:4Ch=Zcm

h12:4Ch=C2e
−2sT

h21:4Ch=−C1e
−sT

Zcs
(14)

h22:4Ch=
1

Zcs

The hybrid parameters of wave-based two port network can

be derived as

h11:W =Zcm +
(2Γ − 1){bCsZs(2Γ − 1) − b2Zcs}

bZcs − CsZs(2Γ − 1)

h12:W =
2e−sT

1 + e−2sT

(
1 − bZs − CsZs(2Γ − 1)

bZcs − CsZs(2Γ − 1)

)

h21:W =− 2bCs(1 − Γ)e−sT

bZcs − CsZs(2Γ − 1)
(15)

h22:W =
b − Cs(2Γ − 1)

bZcs − CsZs(2Γ − 1)

where Zcm = Zm + Cm, Zcs = Zs + Cs, and Γ = e−2sT (1 +

e−2sT )−1.

The performance of teleoperation system can be evalu-

ated as transparency, that is a match between environ-

ment impedance(Ze) and the transmitted impedance to the

operator(Zto). In ideal case, perfect transparency means

that the transmitted impedance is equal to the environment

impedance.

Zto =
Fh

Vh

∣∣∣
F∗

h
=0

=
h11 + (h11h22 − h12h21)Ze

1 + h22Ze
(16)

The minimum value of transmitted impedance can be defined

as Eq.(17) when slave moves freely without any contact with

environment.

Zto min = Zto| Ze=0 = h11 (17)

Substituting Eq.(15) and Eq.(16) into Eq.(17) and after some

manipulation, the minimum values of Zto become

Zto min : 4Ch = Zcm (18)

Zto min : W =Zcm

+
(2Γ − 1){bCsZs(2Γ − 1) − b2Zcs}

bZcs − CsZs(2Γ − 1)
(19)

(a) velocity-force mode of 4

channel structure

(b) wave-based structure
Fig. 6. Plot of Zto minimum

The two minimum values of Zto differ by

(2Γ − 1){bCsZs(2Γ − 1) − b2Zcs}
bZcs − CsZs(2Γ − 1)

Thus, the performance of wave-based teleoperation system

will be degraded if b grows, which cause the growth of Zto

minimum value at high frequency range over 10rad/sec.

Figure 6(a) shows the Zto min plot of four channel architec-

ture, where velocity-force mode is used, and Figure 6(b)

shows the Zto min plot when the wave variables are applied in

teleoperation system with different b. When the value of b is

1, the performances of four channel and wave-based system

look similar. When the value of b is 100, the minimum value

of Zto is increased by 50 times.
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4. Hybrid stabilizing control method using
passivity controller and wave variables

Figure 7 shows the structure of proposed hybrid stabilizing

method. Wave variables are applied at communication chan-

nel to guarantee the stability of time-delayed teleoperation

system and the passivity controller is applied at the environ-

ment to guarantee the passivity of a slave.

The control commands to master and slave are given as

Eq.(20) and Eq.(21), respectively.

master : Um = Fh − (b + Cm)Vh +
√

2bvm (20)

slave : Us =

√
2bCs

b + Cs
us − F

′
e −

(
α +

bCs

b + Cs

)
Ve (21)

where F
′
e is a measured force at the environment and a PI

controller is used at the master and slave.
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Fig. 7. Structure of the proposed hybrid stabilization ap-

proach

5. Simulation results
Figure 8 shows a simulation result when no time delay exists

in communication channel. The parameters used in simula-

tion given as

Zm=0.7s, Cm = 16.8 +
630

s

Zs=0.7s, Cs = 50.4 +
630

s
(22)

As shown in Figure 8, the slave followed the master mo-

tion exactly and the monitored energy at environment satis-

fied the passivity condition. The position difference between

master and slave at steady state was caused by the fact that

slave contacted the virtual wall located at 5cm.

To show the effectiveness of the passivity controller when

the master or slave was unstable, 30msec time delay was

assumed to exist in the slave in the following simulation.

The position response of master and slave and monitored

energy at the slave are shown in Figure 9.

The energy monitored at the slave is negative, which violates

the passivity condition, system is unstable and as a result

master and slave robot oscillate severely.

Simulation result when the passivity controller is applied to

the above situation is shown in Figure 10. We can find that

the passivity controller stabilize the slave by consuming the

generated energy.

Next simulation is to check whether wave variable method

can stabilize the teleoperation system with time delay in

communication channel. Communication time delay is as-

sumed 50msec and the passivity controller is applied to the

slave.

As shown in Figure 11, the position of master and slave

oscillate and the passivity controller which is applied at slave

cannot deal with the communication delay.

(a) position response

(b) energy monitored at the slave
Fig. 8. Position response and monitored energy for the case

without time delay in the communication channel

(a) position response

(b) energy monitored at the slave
Fig. 9. Position response and monitored energy for the case

with 30msec delay in slave dynamics incorporating with

environment
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(a) position response

(b) energy monitored at the slave
Fig. 10. Position response and monitored energy for the

case that the passivity controller is applied at the slave

(a) position response

(b) force response of the slave
Fig. 11. Position response and force response for the case

with 50msec time delay in the communication channel

(a) position response

(b) force response of the slave
Fig. 12. Position response and force response of slave when

wave variables are applied

Figure 12 shows the simulation result when the proposed hy-

brid stabilization method is applied. It can be seen that the

position responses of the master and slave are settled down,

even 50msec time delay exists in communication channel.

6. Concluding Remarks
A hybrid stabilization technique involving both passivity

controller and wave variables was proposed to stabilize the

bilateral teleoperation system with fixed time delay. To sta-

bilize a master or slave side, the passivity controller was ap-

plied and wave variables were additionally employed to guar-

antee the stability of the teleoperation system with commu-

nication delay. By use of two port network theory and the

minimum value of transmitted impedance, the stability and

performance of wave-based teleoperation system were also

evaluated qualitatively.
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