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Abstract Among the prevalent methods in linear bilat-

eral teleoperation systems with communication channel

time delays is to employ position and velocity signals in the

control scheme. Utilizing force signals in such controllers

significantly improves performance and reduces tracking

error. However, measuring force signals in such cases, is

one of the major difficulties. In this paper, a control scheme

with human and environment force signals for linear

bilateral teleoperation is proposed. In order to eliminate the

measurement of forces in the control scheme, a force

estimation approach based on disturbance observers is

applied. The proposed approach guarantees asymptotic

estimation of constant forces, and estimation error would

only be bounded for time-varying external forces. To cope

with the variations in human and environment force, slid-

ing mode control is implemented. The stability and trans-

parency condition in the teleoperation system with the

designed control scheme is derived from the absolute sta-

bility concept. The intended control scheme guarantees the

stability of the teleoperation system in the presence of

time-varying human and environment forces. Experimental

results indicate that the proposed control scheme improves

position tracking in free motion and in contact with the

environment. The force estimation approach also appro-

priately estimates human and environment forces.

Keywords Teleoperation systems � Time delay � Force

estimation

1 Introduction

Teleoperation systems have been designed for their

potential to function in environments that are perilous,

have low efficiency, or where humans cannot be present.

Applications include telesurgery [1], telepresence, and

remote controlled spacecraft [2]. Two key objectives of

teleoperation systems are stability and transparency. In

fact, the main purpose is to design a stable control scheme

for transmitting position, velocity, and force signals from

the master robot to the slave robot and vice versa. The

stability and transparency of teleoperation systems are

directly influenced by the amount and type of information

being transmitted. For instance, if it is possible to transmit

force signals besides position and velocity signals, more

efficient stability and transparency would be available. This

is due to gathering more accurate information from system

conditions, which is an advantage of using force signals in

teleoperation system control approaches. One of the typical

means of controlling teleoperation systems is to employ

position and velocity signals in the control scheme [3, 4].

Some structures enhance system transparency by applying

force signals in addition to position and velocity signals [5,

6, 7]. A basic problem with these structures lies in mea-

suring force in the control scheme. There are several
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significant issues using the direct measurement of external

forces in the control approaches. For instance, when the

robot is applied in the environment with high temperature,

large noise and etc., the force sensor cannot be mounted on

it. In addition, by employing force sensor the rigidity of the

sensor should be taken into account. However, force sen-

sors have several well-known drawbacks with respect to

the cost, size and the complexity issued by it is electrical

and mechanical configuration [8, 9]. A possible solution is

to estimate environment and human force, a method that

has been implemented in a number of control schemes [10,

11, 12]. Although such control schemes ensure system

stability, the closed loop system’s transparency cannot be

investigated.

In this paper, a control scheme is proposed with force

signals that control a linear bilateral teleoperation system

with communication channel time delay. A modified force

estimation algorithm is suggested to eliminate force mea-

surement. The stability and transparency of a bilateral

teleoperation system in the presence of estimated force are

derived from the notion of absolute stability. Evidently,

absolute stability is applied when closed loop dynamics

include real, positional and external force signals. Due to

errors between real and estimated external forces in closed

loop dynamics, absolute stability is not exploitable directly.

To deal with this drawback, a control scheme is designed

based on the sliding mode approach to compensate for

errors in closed loop dynamics. Experimental results

clearly show the aptitude of the proposed approach to

estimate human and environment force. The proposed

controller additionally achieves position tracking and force

reflection in free motion and force reflection when the slave

robot is in contact with the environment. Transparency also

obviously improves compared with the conventional con-

trol scheme without force signals.

2 Model definition

2.1 Dynamic modeling of master and slave

manipulators

Linear master and slave dynamic models with one degree

of freedom are modeled as a mass-damper system.

mm€xm tð Þ þ cm _xm tð Þ ¼ um tð Þ þ fh tð Þ ð1Þ
ms€xs tð Þ þ cs _xs tð Þ ¼ us tð Þ � fe tð Þ ð2Þ

where x and u are the position and control input; m and

c represent the mass and viscous coefficients; subscript

m and s separate the master and slave, respectively; fh is the

force applied by the human operator to the master, and fe is

the force exerted on the slave by the environment.

2.2 Delayed signals

An overall block diagram of the proposed bilateral tele-

operation system is illustrated in Fig. 1.

The master’s position and estimated human force are

transmitted to the slave, and the slave’s position and

estimated contact force are sent to the master via the

communication channels. These channels produce unde-

sired time delays in the transmitted signal. Therefore, the

crossed signals after the communication channels are

shown as:

xT
m tð Þ :¼ xm t � T1ð Þ _xT

m tð Þ :¼ _xm t � T1ð Þ
xT

s tð Þ :¼ xs t � T2ð Þ _xT
s tð Þ :¼ _xs t � T2ð Þ

xT
mðtÞ and _xT

mðtÞ are the master’s position and velocity

respectively. These are transmitted to the salve after

crossing the communication channels. xT
s ðtÞ and _xT

s ðtÞ are

the slave’s position and velocity that are sent to the master.

T1 and T2 are time delays in the feed-forward and feedback

directions, respectively.

3 Control design

A force estimation algorithm is initially proposed, which is

based on disturbance observers [13] for the human force

applied on the master as well as the environment force

exerted on the slave. This algorithm has been used in

several earlier works [14–16]. The assumption of constant

external force [13] is very conservative; therefore the effect

of force time variation should be investigated. Subse-

quently, due to estimation error of time-varying forces, a

robust sliding mode-based controller for the master and

slave is designed.

3.1 Force estimation algorithm for the master and slave

With regards to the master dynamics (1), a definition for

human force is specified as follows:

Fig. 1 Overall block diagram of the proposed bilateral teleoperation

system
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fh tð Þ ¼ mm€xm tð Þ þ cm _xm tð Þ � um tð Þ ð3Þ

Thus, related to [13], applying the following algorithm

is proposed:

_̂
f h tð Þ ¼ �Lh f̂h þ Lhðmm€xm tð Þ þ cm _xm tð Þ � um tð ÞÞ ð4Þ

where f̂h is the estimated human force and Lh is estimation

gain.

A disadvantage of this algorithm is the necessity to

measure acceleration. Acceleration signals are not avail-

able in many robotic manipulators, and deriving the

acceleration signal from the velocity signal through dif-

ferentiation is also impossible on account of measurement

noise.

Although this algorithm is not practical to implement,

by defining the following auxiliary variable, measuring the

acceleration signal could be ignored.

zh tð Þ ¼ f̂hðtÞ � Phð _xmÞ ð5Þ
dPhð _xmÞ

dt
¼ Lhmm€xm tð Þ ð6Þ

By taking the derivative of Eq. (5) and using Eq. (6), the

modified estimation approach is obtained.

_zh tð Þ ¼ �Lhzþ Lhðcm _xm tð Þ � um tð Þ � Phð _xmÞÞ ð7Þ

At this time, the force estimation algorithm’s stability is

considered. First, the observer error is defined as follows:

eh ¼ fh � f̂h ð8Þ

According to (5), (7), (8) the observer error dynamic is

specified by:

_eh ¼ _fh �
_̂
f h ¼ _fh � _zh tð Þ � dPhð _xmÞ

dt
¼ _fh � Lheh ð9Þ

To investigate the stability of the force estimation

approach, the following Lyapunov function is suggested:

Vh ¼
1

2
e2

h ð10Þ

By taking the time derivative of the proposed Lyapunov

function and according to (9), _Vh is obtained.

_Vh ¼ �Lhe2
h þ _fheh ð11Þ

Due to a lack of information on the rate of human force,

it is assumed that the rate of force changes is bounded, such

that:

9dm [ 0 _fh
�
�
�
�\dm 8t [ 0

As a result,

_Vh � � Lhe2
h þ dm ehj j ¼ �Lh 1� lð Þe2

h � Lhle2
h þ dm ehj j

ð12Þ

where l [ (0, 1).

Therefore, since Vh is continuously differentiable,

positive definite and radially unbounded by means of

Definition 4.2 in [17], there are class K? functions a1(.)

and a2(.) such that a1(eh) B Vh(eh) B a2(eh). With Theo-

rem 4.18 in [16], the tracking error is globally, uniformly

and ultimately bounded with the ultimate bound deter-

mined bya�1
1 a2

dm=Lhl

� �� �

. Finally, T [ 0 exists such that

the following equation holds:

ehj j � a�1
1 a2

dm

Lhl

� �� �

for 8eh 0ð Þ and 8t� T ð13Þ

The same force estimation algorithm for human force

was utilized for the environment force exerted on the slave.

3.2 Sliding mode-based controller for master and slave

The proposed master control input designed constitutes the

position and velocity error between the master and slave

plus the estimated human force. Due to varying human

force, the control performance may decline. Thus, a robust

controller can be designed with a sliding mode controller

so a precise desired model is achieved. The input torque is:

um tð Þ ¼ Km xT
s tð Þ � xm tð Þ

� �

þ Bm _xT
s tð Þ � _xm tð Þ

� �

� hf̂h tð Þ
� K1sgn s1ð Þ

ð14Þ

where Km and Bm are positive constants, K1 and s1 are the

nonlinear gain and sliding surface, respectively, and h is

the coefficient of estimated external force.

The closed loop dynamic is obtained by substituting (14)

in (1) and fh(t) regard as fh tð Þ ¼ f̂h þ eh as follows:

mm€xm tð Þ þ cm _xm tð Þ ¼ Km xT
s tð Þ � xm tð Þ

� �

þ Bm _xT
s tð Þ � _xm tð Þ

� �

� hf̂h tð Þ þ f̂hðtÞ
þ eh � K1sgnðs1Þ

ð15Þ

Now the sliding surface is defined as:

s1 tð Þ ¼
Z t

0

ImðtÞdt ð16Þ

where Im is introduced as:

Im ¼ mm€xm tð Þ þ cm _xm tð Þ � Km xT
s tð Þ � xm tð Þ

� �

�
Bm _xT

s tð Þ � _xm tð Þ
� �

� ð1� hÞf̂hðtÞ
ð17Þ

Rewriting the closed loop dynamic and expressing it in

terms of s1(t) gives:

_s1 tð Þ þ eh þ K1sgnðs1Þ ¼ 0 ð18Þ

Considering the candidate Lyapunov functionV ¼ 1
2

s2
1,

the time derivative is:
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_V ¼ _s1s1 ¼ � eh þ K1sgnðs1Þð Þs1 ð19Þ

The system trajectory would converge toward the sliding

surface if the sliding condition of _s1s1� g s1j j is satisfied [17].

Regarding (19), the nonlinear gain K1 should satisfy the

sliding condition as follows:

K1 � gþ ehj j ð20Þ

By demonstrating the boundedness of |eh| in the last part,

the magnitude of K1 can be achieved.

As a result, the sliding surface would converge to zero.

According to [18] and when s1(t) ? 0, it is deduced that

_s1ðtÞ ! 0.

As a result, the desired model is obtained when Im = 0,

as follows:

mm€xm tð Þ þ cm _xm tð Þ
¼ Km xT

s tð Þ � xm tð Þ
� �

þ Bm _xT
s tð Þ � _xm tð Þ

� �

þ ð1� hÞf̂h
ð21Þ

Remark 1 By eliminating the undesired chattering behavior

of the switching-based controller, the sign function (sgn(s1))

would be altered to its continuous form as a saturation

function (sat s1

/

� �

). Here, / is the boundary layer thickness. It

is deduced that the steady state error dynamic would be

bounded by /, so the controller structure would be:

um tð Þ ¼ Km xT
s tð Þ � xm tð Þ

� �

þ Bm _xT
s tð Þ � _xm tð Þ

� �

� hf̂h � K1sat
s1

/

� � ð22Þ

h

Remark 2 It is worth noting that deriving _s1 tð Þ requires

acceleration signal. Avoiding measurement of acceleration

signal, the auxiliary variable can be used as follows:

z1 ¼ s1 tð Þ � P1ð _xmÞ ð23Þ
dP1ð _xmÞ

dt
¼ mm€xm tð Þ ð24Þ

Thus, it is not necessary to measure the acceleration

signal in this modified sliding surface:

_z1 ¼ cm _xm tð Þ � Km xT
s tð Þ � xm tð Þ

� �

� Bm _xT
s tð Þ � _xm tð Þ

� �

� 1� hð Þf̂h

s1 tð Þ ¼ z1 þ P1ð _xmÞ ð25Þ

h

Finally, a similar control scheme designed for the master

as described above is also used for the slave as follows:

us tð Þ ¼ Ks xT
m tð Þ � xs tð Þ

� �

þ Bs _xT
m tð Þ � _xs tð Þ

� �

þ hf̂e

� K2sat
s2

/

� �

ð26Þ

Is ¼ ms€xs tð Þ þ cs _xs tð Þ � Ks xT
m tð Þ � xs tð Þ

� �

� Bs _xT
m tð Þ � _xs tð Þ

� �

þ ð1� hÞf̂e ð27Þ

By substituting the control input from (26) into the

dynamic model (2), the desired closed loop dynamic model

of the slave is obtained:

Fig. 2 The proposed controller

structure
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ms€xs tð Þ þ cs _xs tð Þ ¼ Ks xT
m tð Þ � xs tð Þ

� �

þ Bs _xT
m tð Þ � _xs tð Þ

� �

� ð1� hÞf̂e ð28Þ

Finally, the proposed controller is illustrated in Fig. 2.

4 Stability and performance analysis

In this work, absolute stability is employed for stability and

performance analysis of the closed loop teleoperation

system [19]. Absolute stability is a common means of

analyzing the stability of linear teleoperation systems [20–

23]. This is on account of the fact that this technique

provides a simple device for stability and performance

analysis based only on the system’s input–output proper-

ties. Figure 3 shows a two-port network:

4.1 Absolute stability and performance

of the teleoperation system

Based on Haykin’s definition [19], a linear two-port is

‘‘absolutely stable’’ when there exists no set of passive

terminating one-port impedances for which the system is

unstable. Otherwise, it is potentially unstable. A two-port

network is absolutely stable, if and only if all one-port

networks resulting from any passive output and input ter-

mination are passive [8].

To apply the absolute stability concept, the teleoperation

system should be represented in the two-port. The two-port

network has inputs and outputs ( _xm, _xs) and (fh, fe),

respectively. The relation between inputs and outputs of the

two-port network can be defined as a matrix. The so-called

hybrid matrix is given by:

Fh

�Vs

	 


¼ h11 h12

h21 h22

	 


Vm

Fe

	 


ð29Þ

where Fh, Vm, Fe and Vs are the Laplace transform of fh, _xm,

fe and _xs, respectively.

Llewellyn proposed a number of necessary, sufficient

conditions which guarantee system stability:

h11 and h22 have no poles in the open right-half-plane

(RHP), and any poles of h11 and h22 on the imaginary axis

are simple and have real, positive residues, where the

inequalities are:

Re h11½ � � 0 Re h22½ � � 0

f xð Þ ¼ � cos \h12h21ð Þ þ 2
Re½h11�Re½h22�

h12h21j j � 1

The teleoperation system is absolutely stable if the h-

parameters of the hybrid matrix satisfy Llewellyn’s sta-

bility conditions.

Subsequent to stability, the main purpose of the tele-

operation system control is transparency. Transparency is a

match between the environmental impedance and the

impedance transmitted to the operator [24]. Defining

Fh = ZtVh, Zt comprises the impedance transmitted to the

operator. The transparency condition is satisfied if Zt ¼ Ze,

where Ze is the environment impedance (Ze = Fe/Vs).

Considering the transparency of the teleoperation system,

Zt can be expressed in terms of the hybrid matrix as

follows:

Zt ¼
h11 þ Dh � Ze

1þ h22Ze

ð30Þ

where Dh ¼ h11h22 � h12h21. In other words, perfect trans-

parency is possible when the hybrid matrix parameters are:

h11 ¼ h22 ¼ 0 h12 ¼ �h21 ¼ 1 ð31Þ

In such cases, marginal absolute stability occurs

(Re[h11] = 0, Re[h22] = 0 and f(x) = 1). Therefore, there

is a trade-off between stability robustness and perfect

transparency. In addition, there is a transaction between

stability and transparency due to the presence of trans-

mission delay. Thus, it can be concluded that perfect

transparency is not attainable in practice [24]. Zt is used to

check the teleoperation system’s transparency. If the slave

is in free motion (Ze = 0), or clamped (Ze ? ?), Zt is:

Ztmin ¼ Ztjze¼0 ¼ h11 ð32Þ

Ztwidth ¼ ZtjZe!1 � Ztmin ¼
�h12h21

h22

ð33Þ

Ztwidth is defined as the dynamic range of the impedance

transmitted to the operator [24]. When |Ztmin| ? 0 and

Ztwidthj j ! 1, the performance is good.

Fig. 3 A two-port model of a

bilateral teleoperation system
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4.2 Stability and transparency analysis

of the teleoperation system

The relation between fh and f̂h in the Laplace transform is:

F̂h ¼
LhFh

sþ Lh

ð34Þ

The above relation may characterize the slave as well:

F̂e ¼
LeFe

sþ Le

ð35Þ

The hybrid parameters for the teleoperation system can

be obtained by substituting the equivalent estimated for-

ces (34) and (35) in the closed loop dynamics (21) and

(28). The hybrid parameters are presented in the

Appendix.

The controller gains should be selected keeping in view

Llewellyn’s stability criteria and transparency condition

(|Ztmin| ? 0 and |Ztwidth| ? ?).

5 Experimental results

The proposed control approach containing estimated force

is implemented on a one-link robotic manipulator. To

illustrate the advantages of the new control configuration,

sliding mode control behaviors with and without estimated

forces are compared experimentally.

The experimental setup consists of two 1-DOF planar

robots (Fig. 4). After comparing real and estimated forces,

two load cells as force sensors are used on the master and

slave robots. A DS1104 dSPACE data acquisition and

controller board captured the data. Matlab/Simulink soft-

ware was utilized to implement the control approach. The

sampling time interval for controller implementation and

communication channels was set at 0.001 s.

Prior to experimentation, the master and slave imped-

ances were identified as shown in Table 1.

The proposed controller gains were adjusted such that

Llewellyn’s stability criteria and transparency condition

are satisfied, as shown in per Fig. 5.

Figure 5a, b, c display Llewellyn’s stability conditions

for imported and non-imported estimated external forces in

the control scheme.

By importing estimated external force in the proposed

control scheme [Eq. (14)] Fig. 5 clearly shows that Re½h11�,
Re[h22] ? 0 and ðxÞ ! 1. Therefore, it could be deduced

that the system transparency has been improved in com-

parison with the case that estimated external force has not

been considered in the control scheme.

Figure 6 shows the frequency response of an applied

master signal, where the implemented frequency is

0 \x \ 0.5. Regarding the results in Fig. 5, it can be

concluded that the designed teleoperation system controller

satisfies the stability and transparency conditions.

Table 2 presents the control gain values for the master

and slave robot:

Figure 7 provides the position tracking and force

reflection results when there are no estimated forces in the

control structure. Time delays are considered equal in the

communication channels from master to slave and vice

versa (T1 = T2 = 0.5 s).

Figure 7a, b show the position tracking of the master

and slave robot as well as human and environment force,

respectively. According to Fig. 7, it can be stated that the

control scheme with no estimated external force performs

well in free motion. During the contact condition, position

tracking is deteriorated. The main problem with using this

Fig. 4 Overall block diagram of the proposed bilateral teleoperation

system

Table 1 Values for the impedance models

Master impedance parameters Slave impedance parameters

mm .0018 (kg m) ms .0018 (kg m)

cm .002 (N s/m) cs .002(N s/m)
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control scheme is the position error present during contact.

In this condition, force reflection occurs appropriately. It is

noticeable in free motion owing to the delay between

communications channels, which is a force applied on the

master robot.

Figure 8 illustrates the results of position tracking and

force reflection when the estimated force is introduced into

the control scheme. In this circumstance, the coefficient of

external estimated force is 0.6 (h1 = h2 = 0.6).

Figure 8a, b show position tracking, as well as human

and environment force, respectively. Figure 8a signifies

that position tracking in free motion took place appropri-

ately, and when the slave robot encountered an environ-

ment, position error is less compared to the estimated

external force is not in control scheme. The error values

Fig. 5 Llewellyn’s stability conditions a Re(h11), b Re(h22), c f(x)

Fig. 6 Frequency response of the master signal

Table 2 Controller gain values

Master robot control gains Slave robot control gains

Km = 850 Ks = 850

Bm = 450 Bs = 450

Lm = 12 Ls = 12

K1 = 1 K2 = 1

h1 = 0.6 h2 = 0.6

Fig. 7 Experimental results without the existence of estimated

forces. a Position tracking q, b force reflection

Fig. 8 Experimental results with the force estimation algorithm.

a Position tracking, b force reflection
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when the force is equal for both conditions are given in

Fig. 9.

Figure 9 indicates that the position tracking error

diminishes with estimated force imported into the control

scheme, whereby the error reduction is proportional to the

estimated force coefficient. Increasing the estimated force

coefficient reduces error, but if this coefficient approaches

1, the error converges to zero. However, it cannot be

deduced that force reflection occurs in the closed loop

teleoperation system. The control input may also be satu-

rated when the estimated external force coefficient

increases and Llewellyn’s stability condition is not

satisfied.

The results signify that the estimated human force

converges to the estimated environment force suitably.

Thus, it can be deduced that estimated force in the control

structure would considerably improve the tele-operated

system’s transparency.

Nonetheless, the accuracy of the force estimation

method requires investigation. The load cells employed on

the master and slave robots validate the accuracy of the

force estimation approach, as seen in Fig. 10.

It is clear that the estimated forces adequately converge

to real forces.

To demonstrate the performance and efficiency of the

proposed force estimation algorithms, the result in the

frequency domain is considered in addition to that in the

time domain. Figure 11 displays the appropriate estima-

tion of human and environment forces in frequency

domain too.

6 Conclusion

In this work, a sliding mode-based controller with a force

estimation algorithm for a linear bilateral teleoperation

system was designed. In many tele-manipulation applica-

tions including telesurgery, installing force sensors on end

effectors restricts robot manipulation. Thus, to achieve

adequate operation, external force estimation is necessary.

Consequently, a force estimation algorithm was proposed

for time-variant human and environment forces. It was then

proved that force estimation error is bounded. Due to the

time variations in human and environment force, a sliding

mode controller was designed to satisfy the exact desired

model. The absolute stability concept helped analyze the

stability and transparency of the teleoperation system. As a

key advantage, this work investigated the stability and

transparency of a teleoperation system with estimated force

and with no force sensors required. The experimental

Fig. 9 Experimental results for position error tracking

Fig. 10 Force estimation results. (a) Human force estimation,

b environment force estimation

Fig. 11 Frequency response of a estimated and real human force, and

b estimated and real environment force
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results validate the efficiency of the designed control

scheme.
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Appendix

The hybrid matrix:

h11 ¼
sþ Lhð Þ ðmmsþ cm þ Bm þ Km=sÞ � e

�s T1þT2ð Þ BmþKm=sð Þ BsþKs=sð Þ
mssþcsþBsþKs=s

� �

Lhð1� hÞ

h12 ¼
Le sþ Lhð Þ Bm þ Km=s

� �

e�sT2

Lh sþ Leð Þðmssþ cs þ Bs þ Ks=sÞ

h21 ¼ �
� Bs þ Ks=s
� �

e�sT1

mssþ cs þ Bs þ Ks=sð Þ

h22 ¼
ð1� hÞLe

sþ Leð Þ mssþ cs þ Bs þ Ks=sð Þ
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