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Abstract— The work presented in this paper focuses on the
finite-time control of the master-slave manipulators with time-
varying delay. First, a nonsingular fast terminal sliding mode
control (NFTSMC) is used for this system based on the
knowledge of the upper bound of the uncertainties and
disturbances. Despite of the presence of the uncertainties,
disturbances, load variation and time-varying delay, the
controller is robust and present a finite-time convergence.
Second, an adaptive nonsingular fast terminal sliding mode
control (ANFTSMC) is applied to master-slave manipulators to
avoid the knowledge of the upper bound of the uncertainties
and disturbances. This controller presents good performance
compared to the first one. The two controllers are evaluated in
simulation.
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I. INTRODUCTION

Remote operation consists of an operator, a master side, a
communication channel and a slave side that acts on an
environment [1]. This system (master-slave robot) is a non-
linear system with variable parameters and subject to
external perturbations [2].

It is then necessary to build a robust and efficient control
system with respect to the presence of uncertainties, external
perturbations and communication delays.

In [10], the control method is based on the modeling of
the teleoperation system in the state space, considering all
the possible interaction in this system. The proposed
controller is robust to the uncertainties, disturbances and time
delay in the communication channel. In [9], the developed
controllers take the advantage of the NFTSM theory to
ensure fast convergence rate, singularity avoidance, and
robustness against uncertainties and external disturbances. In
[17], adaptive control achieves system robustness in the
presence of uncertainties, perturbations and delays. In [18]
[19], a sliding mode control is proposed to achieve the
trajectory tracking performance based on exponential
approach law and considering the variable payloads and
model uncertainties.

Much research have used NFTSMC and its adaptive
version that are applied on the robotic manipulators.
However, there are no works of this type for the master-slave
manipulators. In this paper, The NFTSM technique has some
superior properties such as fast finite time convergence, high
robustness and complete singularity avoidance. Therefore,
the NFTSMC is applied to the teleoperation system in
presence of the uncertainties, disturbances, load variation and
time-varying delay. The controller needs the knowledge of
the upper bound of the uncertainties and disturbances. In
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practice, it is difficult to determine this bound. Then, an
adaptive nonsingular fast terminal sliding mode control
(ANFTSMC) is used to improve the performances of the
NFTSMC and avoid the knowledge of the upper bound of
the uncertainties and disturbances.

This work is organized as follows: In section 2, the
system model is presented the non-singular fast terminal
sliding mode control is described in section 3. In section 4,
the adaptive version of the non-singular fast terminal sliding
mode is exposed. Finally, some concluding remarks are
exposed in section 5.

II. SYSTEM MODEL

The dynamics of the master-slave teleoperation can be
defined as follows [14] [15] [16]:

M, (4,)d+C(4.4,)4,+G (¢)=w,+R0O) (1)

where ie{m,s} . q,,4,, G, € R" are the position,
velocity and acceleration signals for master and slave
manipulators respectively. M, (qi)e R™" is the inertia

matrices. C, (¢,,4,)e R™" is coriolis/centrifugal force

matrices. G; (‘11' ) e R" is the gravitational force
matrices. P, (t)e R" is the external disturbance and modeling

errors. 71 is the degree of freedom of manipulators. #; is the
control input torques of the teleoperations manipulators [6].

Assuming that the system described in (1) has known
parts M, (ql.),Cl.0 (q,.,ql.) G, (ql.) and unknown parts
AM; (qi) » AC; (qi’qi) and AG; (qi) » then

M, (qi):MiO (qi)+AMi (qi) (2)
G (qi’qi):CiO (qi’qi )+AC1' (qi’qi) A3)
G; (qi) =Gy, (qi ) +AG, (qi) “)

From (2)-(4), (1) can be described in the following
equation;

M;(4,)d, +C (44,) 4 + G (4;) =, + F(q;-4;-6;)
Where
F(4;+G,-G) =AM, (,)d, ~AC (q,.4,) 4, ~AG, (¢,) + B@)
Assuming that [33]

P . 2
F,-(Cll-,cll-,ql-) :CjO +Cj1 |q1' ||+Cl'2 || q; ”



The master-slave robot is a non-linear system with
variable parameters, subject to external disturbances and
communication delays at the slave. The problem is to design
a robust and efficient control system with respect to the
presence of uncertainties, external perturbations and
communication delays.

III. NON-SINGULAR FAST TERMINAL SLIDING MODE
CONTROL

A. Control design
The robot can be described by the following error

system:
€ =€,
. M—l( ) C N
€ =Giq =My \4;)(=Cio(4;,4;)4;
-Gy (qi)+ui +F.(4;,4;,4;))

ie{m,s} (5

Where ¢, =¢,, —q; and ¢, =¢;; —¢;

q,q = 4, for the master

4.y = q,,({—T) forthe slave.

To apply the non-singular fast terminal sliding mode

control to the master-slave manipulator, the first step is to
choose the following sliding surface [4][5][8][7][9]:

B . .
5; =e; + K, |ei1| Slgn(eil )+K12 |ei2 |Ul Slg”(eiz) (6)

The control is determined using the equivalent control
method with putting s = 0 [12],
Then

|ﬁ,-

. . N . 27 N
é, +PB,K,, diag (|el.1 )é, +o,K,, diag (|el.1| )é, =0

Using (5), proposing that F’(q;,4;,4;) = 0, we obtain:

8

ol T . .ol
)é, +a,K,, diag (|el.1| )

¢ +PB;K; diag (|eil

(Giq _Mi_ol (qi)(_CiO (9;54;)4; = Gy (qi ) + ”ieq) =0

Then, the equivalent control is

MiO . L2 . .
Uiy = dlag(|eil| )sign(é; )
a K

iia
1+ Bikildiagdeil |ﬂi_l) )+ M, (qi ) dia ™

+Cy (qi’qi )qi +Gy (qi)

The control is the sum of equivalent control u,, ” and the

discontinuous control #,, .

Uu. =u;

+u,, (8)
Where

u, (?) =M, (Kl- *Si +(C[0 +C, I q; I
. 2 .
+Cj2 ” q; ” )stgn(sl.))

B. Stabilty Analysis

To verify the stability of the control, the following
Lyapunov function is considered

V=s's (10)
; T, . . Bl
V=s, (e +B,K; diag (|ei1| )é,

;-1 (1 1)
+o,K,, diag (¢,[" )é,)

Remplacing the control (8) in the expression of the
derivative lyapunov, we have:

. 1
V= SI-T (&, +B,K, diag (|el.1|ﬂ' )é, +a.K,,

diag (&, (G ~Mg (@) ( (12)
_Cl'o (ql' 7‘?,‘ )ql - G,'O (ql) + u,‘ + F; (q,' 7% ’qi ))))

Using equation (9), the derivative of V' is

5 . .|l

V=-aKk,, dlag(|el.1| ) 13
T -1 T R

(Si MiO Uy —S; F}(‘]p‘]p%))

As a result

; . %L T T
V=-0K, diag (|el.l| )s; Ks;+s, (G a4

. 2. . T P
+Cy 1 ¢, 11 +Cyy 11 4; 1P)sign(s,)-s," F(q;.6:-G,)

. .|l T T
o K;,diag (|ei1| )=s; Kis;— s (Cp+Cyy [l g |l
. 2 . T P
+Ci2 ” q; ” )Slgn(sj)+sj F,»(CI,-,CI,-,%))
. .|l T
<a K, diag (¢," =s K, s, +(= |5, 1(C,o+C,
. 2 . P
g, 11+Cyy 1 d; 1 )sign(s; ) +s; [l F(q;..3,) 1)

< . .|l T <
<-o,K,,diag (|el.1| )—s, K, s, <0

Then, the system is asymptotically stable.

IV. ADAPTATIVE NON-SINGULAR FAST TERMINAL SLIDING
MODE CONTROL

In practice, the upper bound of the system uncertainty is
often unknown in advance and hence the components of the

vector uncertainty (g, ,q;,q;) are difficult to find. Then an

adaptive tuning low is used to estimate C;,, C;; and C;,. An

adaptive non-singular fast terminal sliding mode control
(ANFTSMC) has been studied to improve system output in
the presence of parametric uncertainties, external
disturbances and communication delay.



The same sliding surface (6) and equivalent control (7)
are used.
The discontinuous control is [20]

(=M, (K, *s; +(a;+Cy

. "o (16)
+Cyy 1 g, 11+Cyy 11 4 11 )sign (s, ))

Where a, is a positive constant.

To study the stability of this control, we consider the
following Lyapunov function:

V=n+V, 17
1 5
Vo=—s, (18)
2
2 1 o
i=02%
Where y; are positive constants.
G, =C; -G (20)

Where é'i is the estimated value of C; and C~'i is the

estimation error.
The derivative of (18) is

; T. T,. . Bi-1
Vi=s; 8 =s; (& +B,K, diag (|ei1| )

"

N
)el'z)
T,. . A1,

=s; (& +B,K; diag (|ei1| )€

¢y + K, diag (¢,

. .ol .. -1
+o,K,, diag (|ei1| ) Gy =M (g;)
(=Ci0(4:59)q; — Gio(q;) +u; + F(q;,4;,4,))))

For the system to be stable, it is necessary that V1 <0
then the discontinuous control be as the following:

Uig (t) =M, (K;s; +(a; +Cio+Cyq [l g; ||

A @
+C,y 114, 1P sign(s, )

A A . . T F
+Cy g, 1+Cs 11 d; IDsign(s;) +s;' F(q;,6,,) ]
The derivative of (19) is

. 2 A A
a = 0Ky 22 =(C -GG

i=0 Vi

Finally, the equations (22) and the control (7) (8) (16) in
the equation (21) we obtain

(23)

V=V, +V, (24)
; e T T .
V=0K, dlag(|eil| )(_Si Kis;=s; (a4, +Gy
+Cy 14, 11+ 11, Dsign(s; s, F(q,4,,)  (25)
2 . :
+o K, 2 7((11] -G )Cy
Jj=07%j
So that to have ¥ < 0 you need [11][13] [20]
A T . @ty
Cy = YioS, dlag(|el.| )szgn(sl.)
A T ;. LA
Ciy =%, dzag(|eil| )szgn (Si) g; | (26)

A T . @y 2
Co = Vs, dlag(|ei1| )Slgn(sl.) g,

; . .|t T T
V=uo0kK, dzag(|el.l| )(—si K.s;, —s. (a; + C,

2 . T P
+Cy g, 1 +C,y Il g, IM)sign (s, )+s, F(q,,4,,4d,))

Replace (25) in (24), we obtain [20]

; . . |@-l T T A
V=uK, dzag(|el.1| )(—sl. K, —s; (a; +C,

A A 2. . T .
+Cyy g, 1+C,y || g, I )sign (s, ))+s, F(q;.4,,G,)
+0,K,((Cy —Cyo)s) diag | &, %" sign(s,)
A T ;. A
+(C,y —Cy)s; diag | &, | sign(s;) || g, |

~ T ;. el 2
+(Ci2 —Cl-z)Sl- dlag | e,'l |05, szgn(sl.) || q,‘ ” )
After simplification, we get
. ]
V= —al.Kl.zsl.Tdiag(|e'l.l|a’ )(sl.TKl.sl. —sl.T (a;, +C,

27)
2 . T R
+Cy |1 g, 1+C,y | g, P )sign(s, )+s, F(q;,4,.d,)

V<OV |é|#0

V. SIMULATION RESULT

In order to evaluate the effectiveness of the proposed
controller, it has been applied on two degree-of-freedom
teleoperations systems. The dynamic description of the
master-slave manipulator is given as in the following [6].

Mi(qi)qi +q(qi’qi)qi +G,'(ql~)=“i +E()



With
M,

M,

M22

Cll

sz =0

m12112

i17i2

il%i2

11 12
21 22
G

Gl (ql) = :
G2

=21,1,m, sm(ql )ql.z
=l,l,m, s1n(q )c'[l.2

=1,l,m, s1n(q )qﬂ

2
=M, =myly + Lyl m,cos (in)

= mizlizz + 11'22 (mil +m; )+ 21,1,y myycos (%2)

G, = ,llzm Cos(qiz +qi1)

The parameters of the system are m,, =m_, =0.5Kg+10%,

m,, =m, =4Kg*10%,![ =1, =1,=1,=05m
— 0.6
and g, =9.81NKg l,initials state are | 7" |= and | ¥
qmz 01 qsz
cos |\t .
= , the desired joints are Tma | (v and| %
- Dn2a cos (1) 9524
qm . .
= , P,=P =sin(t) and the delay is:
Qm2
T=1-05¢"".

A. Non-Singular Fast Terminal Sliding Mode Control

The Simulink block of the non-singular fast terminal
sliding mode control NFTSMC of the master-slave
manipulator with time varying delay and sudden load
variation is considered.

g:l,m, cos(q, +q,)+1, (m, +m,)cos(q,)

Q3 | fw)

=]
1

a2m Variable
Delay

- H]

Variabl

4Es

D)

Clock

Derivative

Rlatpm

1

Master controller

Sine Wave

u(1)

u2)

m2

a1

alp alp

quzp“
t t

az
‘—, :
alp

a2p

perturbation

Master

@
— —p{adt u(n) ‘ €
s a2 u2) ; uh) [
B Transport Dbfg ad1p 12 |10
[ ] D%( dudt qdpd1 S1 u@) ‘
i 2 o] D .
; 2
mm—r] - [ I

Variabl 7
Transport D& 992P

Slave controller

Sine Wavet

Slave

Fig. 1. Simulink block of the NFTSMC of the master-slave manipulator with time varying delay and sudden load variation
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For the same values of the system parameters, a

variable delay equal to T=1—0.5¢""%, and that the robot
carries a load equal to 100 g at the instant t=5s .

The Figs 7-10 of the angular position illustrate that the
slave follows the master with a very reduced response time
despite the presence of delay (the presence of delay does
not affect the output). The rate of the tracking error shows
the convergence of the system towards zero in the order of
one second.

It can be seen that the sliding surface remains around
zero, and the trajectory in the phase plan slides in the
vicinity of the sliding surface until it reaches the origin.

This control eliminates the influence of the varying
time delay on the slave.

VI. CONLUSION

In this paper, two controllers are guaranteeing a finite-
time convergence and robustness to the uncertainties,
disturbances, load variation and time-varying delay for the
master-slave manipulators are used. The non-singular fast
terminal sliding mode control is used in the case of the
knowledge of the upper bound of the uncertainties and
disturbances. In order to improve this controller, an
adaptive nonsingular fast terminal sliding mode control is
tested to the master-slave manipulator by avoiding the
knowledge of the upper bound of the uncertainties and
disturbances. Simulation results showed its better
performance. In our future work, we will concentrate with
the adaptive second-order control on bilateral
teleoperations.
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