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Abstract:
Teleoperation robotic systems control, which enables
humans to perform activities in remote situations, has
become an extremely challenging field in recent decades.
In this paper, a Model Free Proportional‐Derivative Slid‐
ing Mode Controller (MFPDSMC) is devoted to the syn‐
chronization problem of teleoperation systems subject
to actuator dynamics, time‐varying delay, model uncer‐
tainty, and input interaction forces. For the first time, the
teleoperationmodel used in this study combines actuator
dynamics andmanipulatormodels into a single equation,
which improvesmodel accuracy and brings it closer to the
actual system than in prior studies. Further, the proposed
control approach, called Free, involves the simple mea‐
surement of inputs and outputs to enhance the system’s
performance without relying on any knowledge from the
mathematical model. In addition, our strategy includes
a Sliding Mode term with the MFPD term to increase
system stability and attain excellent performance against
external disturbances. Finally, using the Lyapunov func‐
tion under specified conditions, asymptotic stability is
established, and simulation results are compared and
provided to demonstrate the efficacy of the proposed
strategy.

Keywords:Model Free SlidingMode Controller, Teleoper‐
ation robotic systems, Actuator dynamics, Time‐varying
delay, Model uncertainty.

1. Introduction
Manipulation tasks in hazardous, inaccessible, and

extreme environments pose signiϐicant challenges
for modern industrial technology [1–5], including
space works engineering, drilling, robotic surgery,
nuclear detection, undersea exploration, and even
public health interventions such as physical distanc‐
ing restrictions to limit the spread and transmis‐
sion of the novel coronavirus [6]. Teleoperation sys‐
tems are a secure solution for overcoming these chal‐
lenges. Such systems are deϐined as the intercon‐
nection of ϐive elements: a human operator exert‐
ing force on a local master manipulator coupled via
a communication channel to a remote slave manip‐
ulator interacting with an environment to obtain a
sense of telepresence via force feedback. Stability, syn‐
chronization, and transparency are the three funda‐
mental objectives for a teleoperation system operat‐
ing under numerous nonlinearities, uncertainties, and

data transmission delays. Many practical approaches
havebeenproposed, and they canbebroadly classiϐied
into model‐based methods and non‐model methods.
Designing amodel‐based controller necessitates a val‐
idated mathematical model that must incorporate all
of the operating circumstances of the process, which
poses speciϐic challenges for practical model‐based
controllers. Thus, model‐based control such as com‐
puted torque control [7], inverse dynamics control [8],
model reference adaptive control [9], etc., faces many
obstacles in achieving the desired performance due
to the presence of nonlinearities, uncertainties, trans‐
mission delays, and non‐passive external interaction
forces. In contrast, a non‐model controller does not
require prior information about the system dynam‐
ics; it adjusts online with the manipulator’s unknown
dynamics. That’s why non‐model controllers, such as
the Proportional_Integral_Derivative controller (PID),
are often suitable and more practical for the indus‐
trial system. However, such schemes are sensitive
to parameter variations and external disturbances.
They could yield poor performances when the system
presents a vast operating domain. As a result, a more
sophisticated and long‐lasting controller is necessary
to improve the performance of the nonlinear teleoper‐
ation system. Several nonlinear approaches have been
developed and proposed in the literature to cope with
the outcomes of the above‐mentioned issues.

Z. Chen et al. developed a least square adaptive
algorithm for a robust control to meet the passiv‐
ity of teleoperation systems and to deal with the
transparency‐stability trade‐off under time‐varying
delays [10]. A novel Barrier Lyapunov Function associ‐
ated with an adaptive control algorithm is addressed
for bilateral teleoperation systems to cope with out‐
put constrained issues and to achieve ϐixed‐time
convergence performance under time delays, system
uncertainties and external disturbances [11]. To guar‐
antee the system’s stability, Tong et al. [12] convert
the power signals of the system using wave‐variable
transformation. However, the system transparency
performance can be largely decreased due to the issue
of wave reϐlection [13]. The adaptive law in [14] deals
with dynamic and kinematic uncertainties and ensur‐
ing the system’s stability and efϐicient functionality,
but under constant time delay. In [15], a proposed
nonlinear adaptive fuzzy backstepping controller has
been presented for master and slave robots to handle
the nonlinearities and uncertainties. A new adaptive
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neural synchronization control was presented in [16]
for bilateral teleoperation systems with time‐varying
delay and unknown backlash‐like hysteresis.

The interaction force issue between a surgical
manipulator and the patient’s tissues has been tackled
in [17] using a nonlinear disturbance observer (DOB)
with a sliding mode controller. The experimental
results show the effectiveness of such a method. Uti‐
lizing a velocity observer based on anovel nonsingular
fast integral terminal sliding mode (NFITSM) surface,
Yana et.al. employed NFITSM based ϐinite‐time con‐
troller to cope with the synchronization problem of
a teleoperation system in the presence of uncertain‐
ties [18].

Recently, a very interesting approach calledModel‐
free control (MFC) that has been introduced by
Fliess et al. [19] provides good results for practical
processes.

Such an algorithm which is based on an equiva‐
lent ultra‐local model of the system updated online
using only input and output measurement con‐
tain normally proportional (P), proportional‐integral
(PI), proportional‐derivative (PD), or proportional‐
integral‐derivative (PID) controllers and compensated
terms for the estimation errors. The gains of the MFC
controller can be tuned through the estimations of
the uncertainties, which bring out better performance
compared with the classical controller. Many schol‐
ars have successfully applied the MFC scheme to deal
with uncertainties and external disturbances in many
areas, essentially attitude control of a quadrotor [20],
a two‐wheeled inverted pendulum [21], ϐlapping‐wing
ϐlying robot [22], robotic exoskeleton [23], experimen‐
tal green‐houses [24], glycemia regulation of type‐
1 diabetes [25], thermal processes [26], wheeled
autonomous vehicles [27], twin‐rotor aerodynamic
system [28] and more. To the best of our knowl‐
edge, there is no literature on the model‐free control
for teleoperation systems. Furthermore, the major‐
ity of the literature cited above skipped the actuator
dynamics and only considered the manipulator body
dynamics. In practice, neglecting the dynamics of actu‐
ators might result in a loss of system performance or
stability. For all these needs, this paper investigates
a novel model‐free proportional‐derivative controller
based on the sliding mode approach for teleoperating
robotic systems, including actuator dynamics, model
uncertainties, and time‐varying delay. The main fea‐
tures of this work are as follows: ϐirst, the pro‐
posed scheme is completely model‐free: that is, it only
requires the measurement of inputs and outputs to
improve the system’s performance without depend‐
ing on any information from the mathematical model.
Second, compared to previous studies, the teleoper‐
ation model presented in this paper performs bet‐
ter in terms of accuracy and reduction of unmodeled
disturbances as it incorporates more details of the
actual teleoperation system by taking into account
the dynamics of the actuators. Third, to overcome
the implementation problem, our controller was pre‐
sented as a PD controller, which is extremely useful

in practice, especially for non‐linear systems such as
teleoperation robotics. Finally, the stability analysis
of the closed‐loop system is established using the
Lyapunov function, and the simulation validation is
presented to highlight the effectiveness of the pro‐
posed controller. The rest of the paper is structured as
follows: In Section 2, which follows the introduction,
the nonlinear teleoperation manipulators, including
actuator dynamics, are modeled as well as properties
that are involved throughout the paper. The proposed
MFPDSMC controller with the stability analysis is
explained in Section 3. In Section 4, simulation results
are provided, followed by the conclusions in Section 5.

2. SystemModeling and Problem Formulation
A master‐slave teleoperation system is generally

expressed in dynamic equations as follows
Mm(qm)q̈m + Cm(qm, q̇m)q̇m +Gm = τm + τh

Ms(qs)q̈s + Cs(qs, q̇s)q̇s +Gs = τe − τs
(1)

where i = m, s stands for the master/slave manipula‐
tor, respectively; qi, q̇i and q̈i are the position, velocity,
and acceleration of the master and slave dynamic sys‐
tems respectively; Mi is the positive‐deϐinite inertia
matrix; Ci is the matrix of centripetal and coriolis
torque;Gi is the gravitational torque; τh and τe are the
human‐operator torque and the environment torque,
respectively. τm and τs are the control input of teleop‐
eration manipulators.

Recently, there has been a lot of interesting
research into the effect of actuator dynamics on the
response ofmanipulator robots [29]. If we consider an
armature DC motor as an actuator in each joint, it can
be expressed as:

Jaiθ̈ai +Baiθ̇ai = τai − grτi (2)

The gear ratio gr relating the joint position qi and
a motor shaft position θai is described as:

gr =
θai
qi

(3)

where τa is the motor torque; Jai = diag(Ja1, Ja2,
. . . Jan) is the moment of inertia matrix of the motor
combined with the gearbox inertia and Bai =
diag(Ba1, Ba2, . . . Ban) represent the viscous friction
matrix of the motor shaft.

Including the actuator dynamic expression (2), the
model expression (1) will be rewritten as:

Mhmq̈m + Chmq̇m +Ghm = τam + grτh
Mhsq̈s + Chsq̇s +Ghs = grτe − τas

(4)

where
Mhm = Mmgr + Jamg−1

r

Mhs = Msgr − Jasg
−1
r

Chm = Cmgr +Bamg−1
r

Chs = Csgr −Basg
−1
r

Ghi = Gigr

The manipulator dynamics and the combined
manipulator‐motor dynamics have the following
properties:
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Property 1
The inertia matrix Mh is bounded and positive

deϐinite which means

MT
h = Mh;

mmin∥qi∥2 ≤ qTi Mhqi ≤ mmax∥qi∥2.

where qi ∈ Rn×1 is any nonzero vector.
Property 2

The robotic manipulator is a passive systemwhich
means the matrix 1

2Ṁh − Ch is skew symmetric i.e.,

qi

(
1

2
Ṁh − Ch

)
q̇i = 0 (5)

3. Controller Design
3.1. The Proposed MFPDSMC Controller

A Model‐Free Control is a nonlinear control in
which themathematical model of a system is replaced
by an ultra‐local model equation with a small num‐
ber of parameters. Those parameters are updated just
by the input–output information of the system. The
expression of ultra‐local modelling is given by:

y(n) = F + ατa (6)

where
‐ y is the output of the plant.
‐ n is the order of time derivation of the output y
(generally n is chosen equal to 1 or 2).

‐ F is the unknown part of all exogenous perturba‐
tions and unmodeled dynamics such as nonlineari‐
ties and uncertainties.

‐ τa is the control torque.
‐ α is an arbitrary constant parameter chosen such
that y(n) and ατa have the same size.
By taking n = 2. The estimate of F is deϐined as

follows:
F̂ = ŷ(2) − ατa (7)

where ŷ is the estimate of y.
For the estimation of y, various strategies are used

based on algebraic methods [30]. To avoid the alge‐
braic loop issues, we take a ϐirst‐order derivative plus
a low‐pass ϐilter to generate ŷ:

H =

(
K1s

T1s+ 1

)2

(8)

The MFPDSMC control law for master and slave
robots can be deϐined as follows:

τam =

(
1

α

)
(−F̂m + ¨̂qs(t− T )−Kpem −Kdėm)

−(KSm + µsign(Sm))

τas =

(
1

α

)
(−F̂s + ¨̂qm(t− T )−Kpes −Kdės)

−(KSs + µsign(Ss))
(9)

where
em = qm(t)− qs(t− T ) (10)
es = qs(t)− qm(t− T ) (11)
Sm = ėm − λem (12)
Ss = ės − λes (13)

¨̂qm(t− T ) =

(
K1s

T1s+ 1

)2

q̈m(t− T )

¨̂qs(t− T ) =

(
K1s

T1s+ 1

)2

q̈s(t− T )

(14)

Using Equation (7), the teleoperation system
model can be rewritten as:

q̈m(t) = Fm + ατam
q̈s(t) = Fs + ατas

(15)

By making a good estimate of F , i.e., F̂i ⇒ Fi,
combining Eqs. (16) and (10) yields:
ëm +Kpem +Kdėm + (KSm + µsign(Sm)) = 0
ës +Kpes +Kdės + (KSs + µsign(Ss)) = 0

(16)
Note thatwe end upwith a linear differential equa‐

tionwith a constant coefϐicient. The estimated term of
F thatmanages theunknownpart of all exogenousper‐
turbations and unmodeled dynamics makes it simple
to tuneKp andKd for satisfactory performance. This
is a substantial advantage when contrasted with the
classic PD.
3.2. Stability Analysis

Deϐine the Lyapunov function V as:

V =
1

2
S2
m +

1

2
S2
s (17)

The time derivative of V is:
V̇ = SmṠm + SsṠs (18)

Introducing a state variable error such as:
xm1 = em
xm2 = ėm

(19)

xs1 = es
xs2 = ės

(20)

The sliding surfaces are rewritten using the new
state variables:

Sm = xm2 + λxm1

Ss = xs2 + λxs1
(21)

The time derivative of Sm and Ss are:
Ṡm = ẋm2 + λxm2

Ṡs = ẋs2 + λxs2
(22)

Since the same procedure is used to estimate
Fi, q̈i, q̈m(t − T ) and q̈s(t − T ), we can deϐine the
estimation error eest as:

eest_m = Fm − F̂m = q̈m − ¨̂qm

= q̈s(t− T )− ¨̂qs(t− T ) (23)
eest_s = Fs − F̂s = q̈s − ¨̂qs

= q̈m(t− T )− ¨̂qm(t− T ) (24)
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Introducing (10) in (16), we get:

q̈m = Fm − F̂m + ¨̂qs(t− T )−Kpem

−Kdėm − α(KSm + µsign(Sm))

q̈s = Fs − F̂s + ¨̂qm(t− T )−Kpes

−Kdės − α(KSs + µsign(Ss))

(25)

We have the time derivative of xm2 and xs2 are:

ẋm2 = q̈m(t)− q̈s(t− T )

ẋs2 = q̈s(t)− q̈m(t− T )
(26)

Replacing by (26) in (25), we get:

ẋm2 = Fm − F̂m − (q̈s(t− T )− ¨̂qs(t− T ))

−Kpem −Kdėm − α(KSm + µsign(Sm))

ẋs2 = Fs − F̂s − (q̈m(t− T )− ¨̂qm(t− T ))

−Kpes −Kdės − α(KSs + µsign(Ss))
(27)

From the statements (20), (21), (24), and (25), the
expression (27) follows:

ẋm2 = −Kpxm1 −Kdxm2 − α(KSm + µsign(Sm))

ẋs2 = −Kpxs1 −Kdxs2 − α(KSs + µsign(Ss))
(28)

Considering (28), (22) can be rewritten as:

Ṡm = −Kpxm1 −Kdxm2 − α(KSm + µsign(Sm))

+λxm2

Ṡs = −Kpxs1 −Kdxs2 − α(KSs + µsign(Ss))

+λxs2

(29)
Using (29), V̇ can be expressed as:

V̇ = Sm[−Kpxm1 −Kdxm2 − α(KSm + µsign(Sm))

+ λxm2] + Ss[−Kpxs1 −Kdxs2

− α(KSs + µsign(Ss)) + λxs2] (30)

Two cases are considered at this stage:
Case 1: If |Si| ≤ γi

With (γi > 0) is the boundary layer thickness of
sign(Si), then:

V̇ ≤ Sm

[
−Kpxm1 −Kdxm2

− αKSm + µ
Sm

γm
+ λxm2

]
+ Ss

[
−Kpxs1 −Kdxs2 − αKSs

+ µs
Ss

γs
+ λxs2

]
(31)

Yet

V̇ ≤ −α

[(
K +

µ

γm

)
S2
m +

(
K +

µ

γs

)
S2
s

]
(32)

with
−Kpxm1 − (Kd − λ)xm2 = 0

−Kpxs1 − (Kd − λ)xs2 = 0
(33)

Equation (33) is veriϐied if

xi1 = e
−(

Kp
λ−Kd

)t (34)

To guarantee xi1 ⇒ 0, we must have:

Kp

λ−Kd
> 0 (35)

Consequently

Kp > 0 and λ > Kd (36)

For the ϐirst part of V̇ , V̇ < 0 if and only if

α ̸= 0 and K > −
(
µ

γi

)
(37)

Case 2: If |Si| > γi

V̇ ≤ Sm[−Kpxm1 −Kdxm2 − αKSm + µα+ λxm2]

+ Ss[−Kpxs1 −Kdxs2 − αKSs + µsα+ λxs2]

(38)

Additionally

V̇ ≤ −αKS2
m − αKS2

s (39)

with

−Kpxm1 −Kdxm2 − µα+ λxm2 = 0

−Kpxs1 −Kdxs2 − µα+ λxs2 = 0
(40)

To check Eq. (40), xi2 must be equal to:

xi2 =
Kpxi1 + µα

λ−Kd
(41)

Then

Kp ̸= λ; ∀µ, α > 0;xi2 >
Kpxi1 + µα

λ−Kd
(42)

4. Simulation Results
In this section, simulation results are presented to

validate the effectiveness of the proposed MFPDSMC
controller for a teleoperation system consisting of
a pair of 2‐DOF haptic manipulators. The simula‐
tion was performed using Simulink and the ϐixed‐step
solver ode1 (Euler), with a sampling time of 0.001
seconds for 30 seconds. The parameters of themaster‐
slave teleoperation system under actuator dynamics
are chosen as follows:

Mi =

(
M11 M12

M21 M22

)
, Ci =

(
C11 C12

C21 C22

)
,

Gi =

(
G1

G2

)
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Figure 1. Forward and backward time delays

where
M11(q) = m1l

2
c1 +m2l

2
c2 +m2l

2
1 + 2m2l1lc2 cos(q2)

M12(q) = M21(q) = m2l
2
c2 +m2l1lc2 cos(q2)

M22(q) = m2l
2
c2

C11(q, q̇) = −m2l1lc2 sin(q2)q̇2
C12(q, q̇) = −m2l1lc2 sin(q2)(q̇1 + q̇2)

C21(q, q̇) = m2l1lc2 sin(q2)q̇1
C22(q, q̇) = 0

G1 = m2glc2 cos(q1 + q2) +m1glc1 cos(q1)
+m2gl1 cos(q1)

G1 = m2glc2 cos(q1 + q2)

with
m1 = 3.55 Kg; m1 = 3.55 Kg; l1 = 205mm;

l2 = 210mm; lc1 = 154.8mm; lc2 = 105mm;

g = 9.81m/s2

For the actuator dynamics parameters, we have:
gr1 = 60; gr2 = 30;Ba1 = g2r1 × 2× 10−5;

Ba2 = g2r2 × 1.3× 10−5

Ja1 = g2r1 × 3.7× 10−5; Ja2 = g2r2 × 1.47× 10−4

The forward and backward time delays in the com‐
munication channel (Tm and Ts respectively) are cho‐
sen to be randomvariableswith an upper bound equal
to 0.4 seconds (Fig. 1).

To highlight the performance of the proposed
MFPDSMC controller, comparisons with the classical
Proportional‐Derivative controller (PD) and the
Model Free Proportional‐Derivative controller
(MFPD) have been conducted. The PD controllers are:

τm = Kp1em +Kd1ėm

τs = Kp1es +Kd1ės

where

Kp1 =

(
14× 10−2 0

0 1

)
,

Kd1 =

(
14× 10−2 0

0 2× 10−2

)

The MFPD controllers are as listed below:

τam =

(
1

α

)
(−F̂m + ¨̂qs(t− T )−Kpem −Kdėm))

τas =

(
1

α

)
(−F̂s + ¨̂qm(t− T )−Kpes −Kdės))

where

Kp2 =

(
15 0
0 20

)
, Kd2 =

(
3 0
0 2

)
, α =

(
90
100

)
F̂m = ¨̂qm − ατ̂am(t− 1)

F̂s = ¨̂qs − ατ̂as(t− 1)

The proposed MFPDSMC controllers are given as
follows:

τam =

(
1

α

)
(−F̂m + ¨̂qs(t− T )−Kpem −Kdėm)

− (KSm + µsign(Sm))

τas =

(
1

α

)
(−F̂s + ¨̂qm(t− T )−Kpes −Kdės)

− (KSs + µsign(Ss))

The parameters for the controller are set as:

Kp =

(
15 0
0 20

)
,Kd =

(
3 0
0 2

)
, α =

(
100
100

)
,

µ =

(
0.02
0.02

)
,K =

(
40
4

)
, λ =

(
4
4

)
The three controllers were used in two different

scenarios:
Scenario 1:

In this instance, we consider the nominal parame‐
ters of the system model (4), the time‐varying delay
depicted in Fig. 1, and the interaction torques between
the human and the master manipulator and between
the remote environment and the slave manipulator as
follows [31,32] (Fig. 2):

τh = −Nm − Lmqm −Dmq̇m

τe = Ns + Lsqs +Dsq̇s

with

Nm = Ns =

(
1.5
1.5

)
, Lm = Ls =

(
3 0
0 3

)
,

Dm = Ds =

(
6 0
0 6

)
Figures 3 through 5 depict the simulation ϐindings

for this scenario. These ϐigures demonstrate that for
all three controllers, the slavemanipulator exactly imi‐
tates themaster’s trajectories,with negligible tracking
errors. Clearly, the teleoperation system controlled by
the MFPDSMC controller works more accurately, with
a tracking error swing of about zero and less than
10−4 rad (Fig. 5.b), compared to the PD and MFPD
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Figure 2. The human and the environment interaction
torques

Figure 3. Simulation results with the PD controller for
Scenario 1. (a) Position Tracking Error, (b) Position
Tracking Error, (c) Control Torques and (d) Control
Torques Errors

Figure 4. Simulation results with the MFPD controller
for Scenario 1. (a) Position Tracking Error, (b) Position
Tracking Error, (c) Control Torques and (d) Control
Torques Errors

responses in Figs. 3.b and 4.b, where the errors reach
the value of 8× 10−3 rad.

In contrast, due to the estimation process of
function F, the transient response of MFPDSMC is
slightly slower (10 seconds to reach the steady‐state).
Figures 5(c) and 5(d) show that the master and slave
control signals are very close to each other, with a
maximum difference of less than 0.2 Nm. This demon‐
strates that the MFPDSMC approach is effective for
achieving high levels of transparency.

Figure 5. Simulation results with the MFPDSMC
controller for Scenario 1. (a) Position Tracking Error,
(b) Position Tracking Error, (c) Control Torques and
(d) Control Torques Errors

Figure 6. Simulation results with the PD controller for
Scenario 2. (a) Position Tracking Error, (b) Position
Tracking Error, (c) Control Torques and (d) Control
Torques Errors

Scenario 2:
To show how well the proposed MFPDSMC con‐

troller can deal with changes in parameters and dis‐
turbances, the same conditions as the last scenario
are looked at with the following uncertainties in the
actuator parameters:

gr1 = 70; gr2 = 40;Ba1 = g2r1 × 3× 10−5;

Ba2 = g2r2 × 10−5

Ja1 = g2r1 × 2.7× 10−5; Ja2 = g2r2 × 3.47× 10−4

Figures 6(a) and 7(a) demonstrate the advan‐
tages of the MFPD controller over the classical PD in
terms of robustness and performance,where the elim‐
ination of the uncertain part of the system by the func‐
tion F provides a straightforward tuning for the MFPD
gains. Then, Figure 9 veriϐies the stability of the closed
loop when the MFPDSMC surface values approach
zero, i.e., Si=0at about t=4.8 secondswith i=m, s. In
addition, Fig. 8.c shows the MFPDSMC control signals,
which appear reasonable for the closed‐loop system,
and Fig. 8.d illustrates that the force feedback errors
are fairly modest. Therefore, even though the model
parameters are not close to their values, the slave can
greatly track the master, and the human operator will
receive precise force feedback. This result validates
the effectiveness of our control design.
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Figure 7. Simulation results with the MFPD controller
for Scenario 2. (a) Position Tracking Error, (b) Position
Tracking Error, (c) Control Torques and (d) Control
Torques Errors

Figure 8. Simulation results with the MFPDSMC
controller for Scenario 2. (a) Position Tracking Error,
(b) Position Tracking Error, (c) Control Torques and
(d) Control Torques Errors

Figure 9. The values of sliding mode surface at master
and slave sides

5. Conclusion
In this paper, a model‐free proportional‐derivative

sliding mode controller has been proposed for a
nonlinear teleoperation robotics system considering
actuator dynamics, time‐varying delays, and various
uncertainties. The main feature of this work is that
the derivation of the control laws does not require
any knowledge of the system model since the param‐
eter change was managed by automatically updating
the control laws. Also, the high performance against

external disturbances was guaranteed by the sliding
mode term, which drives the system states towards
the sliding surface and, eventually, to equilibrium.
Furthermore, by combining the existing teleopera‐
tion model with the actuator dynamics, the teleop‐
eration model described in this work is more chal‐
lenging and performs better in terms of accuracy and
reduction of unmodeled disturbance. Finally, the sim‐
ulation results demonstrate the effectiveness of the
proposed controller in achieving stability and trans‐
parency simultaneously and they verify the theory
behind the controller design.
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