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ABSTRACT In practical application, the synchronization tracking of teleoperation system requires the fast
speed and strong robustness. It is the ideal control effect that the synchronization errors between master and
slave robots can converge to zero in finite time. In this paper, we propose the new nonsingular terminal sliding
mode and the adaptive finite-time control method for position tracking in teleoperation system. First, a novel
nonsingular terminal sliding mode is designed to provide higher tracking precision and robustness. Second,
the radial basis function neural networks are applied to solve dynamic uncertainties, and the adaptive laws
are proposed to estimate the uncertain parameters and upper bounds of estimation. Then, the corresponding
finite-time controllers of master and slave robots are designed. Third, based on the Lyapunov stability
theory, synchronization performances of the closed-loop system are proved to be stable state and finite time.
Finally, simulations are achieved, and some comparisons with two nonsingular terminal sliding mode control
schemes and two PD methods are shown. The simulation results verify the effectiveness of the proposed
control laws.

INDEX TERMS Teleoperation system, finite-time control, nonsingular terminal sliding mode, adaptive

control, varying time delay.

I. INTRODUCTION

Teleoperation system extends the capability of human oper-
ation in an unknown and dangerous environment. A typical
teleoperation system consists of the master robot, remote
slave robot, a human operator, task environment and com-
munication channel connecting with master and slave side.
Providing stable position synchronization and environmen-
tal force feedback are the essential performance in con-
trolled teleoperation systems. Moreover, synchronization
control performance is very important for teleoperation sys-
tem and has been wildly investigated in many research
works [1]. In practical teleoperation system, external dis-
turbance, indeterminate and nonlinear dynamic model, com-
munication time-delay are unavoidable problems, and these
issues need to be considered in position synchronization con-
troller design [2], [3].

Many control structures and control algorithms have
been proposed to overcome these issues. Anderson and
Spong [4] applied the passivity control approach based on
scattering theory to stabilize the system with communica-
tion time delays. Niemeyer and Slotine [5] introduced the

wave-variables structure based on scattering theory to
improve the time delay communication channel as the pas-
sive part. And then, some improved wave-variable archi-
tectures were proposed for synchronization tracking in
teleoperations [6]-[8]. Furthermore, many other control
structures and methods were introduced to handle position
tracking problems in teleoperation system with communi-
cation time delays, such as fuzzy control [9], adaptive con-
trol [10]-[14], robust control [15], state feedback control
based on Lyapunov-Krasoviskill stability theory [16]-[18]
and sliding mode control.

The sliding mode (SM) control method has been used in
controlling various nonlinear systems. Many literature and
research works introduced the SM for trajectory tracking
control of robotic manipulators. However, the system states
cannot achieve finite-time convergence in traditional SM
control [19]. The terminal sliding mode (TSM) control was
proposed to perform the convergence of system states in
finite-time [20]. In recent years, many improved TSM control
methods have been applied to tracking control of manipula-
tors [19], [21]-[23]. In addition, the SM control and related

2169-3536 © 2018 IEEE. Translations and content mining are permitted for academic research only.

40940 Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 6, 2018

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-1982-6780

H. Zhang et al.: Adaptive Finite-Time Synchronization Control for Teleoperation System With Varying Time Delays

IEEE Access

improvement algorithms have also been used in teleoperation
systems. In literature [24], the sliding mode control was
proposed for telerobot system with communication delay.
Yang et al. [25]-[27] designed three fast nonsingular finite-
time control schemes based on TSM for teleoperation system
with constant communication delay to make the synchroniza-
tion error of teleoperation system quickly converge to zero in
finite-time, respectively. In [25] a novel switching terminal
sliding mode surface was designed, and fuzzy logic systems
were introduced to approximate the uncertain part of dynamic
in teleoperation robots. In [26] the new error transformed
variables were considered in TSM design, and the neural
networks were applied for uncertain approximation. In [27],
a nonsingular terminal sliding mode (NTSM) was designed
and a finite-time control strategy was presented for teleoper-
ation system under communication delay.

Although TMS based finite-time methods have been
applied in teleoperation controllers design and have achieved
the fast regulation speed, there are still some problems need to
be improved. For one thing, the time delays of teleoperation
communication channel in those work [24]—[27] are all con-
stants, but actually, the time delays are time-varying in sys-
tem. For another, as the sliding mode structures mentioned in
above literature are composed of synchronous errors and error
differential forms, the dynamic performance characteristics
of the system could be loosed under varying communication
delays and operator force effect. Recently, the integral TSM
has been used in robot manipulators with higher steady-state
tracking precision and robustness [28]. Zhao et al. [29] pro-
posed integral SM control to guarantee synchronization con-
trol stability for bilateral teleoperation system. But in [29],
time-varying delays and finite-time convergence are not con-
sidered.

In this paper, the adaptive finite-time control based on
NTSM is proposed for synchronization control of teleopera-
tion system under varying time delays and uncertain dynamic
parameters. The designed sliding mode consists integral
term of synchronization errors to improve the stability and
dynamic performance of the control process. The master and
slave controllers are designed based on nonsingular TSM
method. The Radial Basis Function (RBF) neural networks
are introduced to approximate the uncertainties in teleoper-
ation dynamics. The adaptive laws with dead zone form are
applied to estimate the bound of estimation. By Lyapunov sta-
bility methods, we establish the stability criteria and prove the
finite-time convergence of tracking errors. Finally, the sim-
ulations with 2-dof teleoperation system and comparisons
with other control methods are performed, the effectuality
and analysis of the proposed control method are shown.

This paper is organized as follows. In section II, the system
dynamics, preliminaries of RBF neural network, and lem-
mas for controller design analysis are given. The adaptive
finite-time controllers are designed and stability of closed-
loop system is analyzed in section III. We illustrate some
simulation results and analysis in section IV. Finally, this
paper is concluded in section V.
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There are some mathematical symbols used in this paper
need to be explained as: R”" is the (n x 1)-dimensional
real vector space, for any vector x € R", the norm of
x is represented as ||x||. R"*" is the (n x n)-dimensional
real matrix sapce. Apin(A) and Apg(A) denotes the mini-
mum and maximum eigenvalues of the matrix A, for any
matrix A € R"*",

Il. PRELIMINARY

A. DYNAMIC MODELS OF A TELEOPERATOR

The teleoperation system studied in this paper is consisted
of a pair of single manipulators with the same mechanism at
master and slave sides. Each n-dof manipulator is modeled
by Euler-Lagrange theory. The dynamic descriptions of tele-
operation system are expressed as:

Mu(Gm)Gm + Cn(Gm> Gm)qm + Gm(qm)
+Eu(Gm, Gm) = T + J,th,

M;(q5)qs + Cs(qs, Gs)gs + Gs(gs)
+F(gs, §s) = Ts — JsTfe-

where m and s represent master side and slave side, respec-
tively; g, € R" and g; € R" are the vectors of the joint
accelerations; g, € R" and ¢, € R" denote the joint velocity
vectors; g, € R" and g; € R" represent the vectors of the
joint positions. M,,(g,) € R™" and Ms(qs) € R™*" denote
the inertia matrices; Cp,(gm, gm) € R™" and Cy(gs, g5) €
R™ "™ are the matrices of centripetal and Coriolis torques;
Gnu(gm) € R" and G(g;) € R" denote the friction torque
vectors; T, € R" and t; € R" represent the applied control
torques; f, € R" and f, € R" describe the human-operator
and environment forces applied to the manipulators at
master and slave side; J,, € R™" and J;, € R"™™" denote
the master and slave Jacobian matrices. The robotic manip-
ulator in (1) has some well-known structure properties, for
i €= m, s, the properties are revisited as following [30]:

Property 1: The inertia matrix M;(g;) is the symmetric
positive definite and has the upper and lower bounds as
0 < Amin(Mi(g)] = Mi(qi) = Amax(Mi(gi)I, where I is
an identity matrix.

Property 2: The M,-(qi) —2Ci(qi, gi) is the skew symmetric
matrix. Thus the equation xT(Mi(q,-) — 2Ci(gi, g))x = 0 for
any vector x € R" is established.

Assumption 1: The human-operator force f;,, environment
force f,, master Jacobian matrix J,,, and slave Jacobian
matrix Jy are all assumed to be locally essentially bounded.

In practical applications, it is very difficult to get the exact
values of robot dynamic parameters. So uncertain dynamic
parts are introduced into the description of master and slave
robot models. For j = m, s, we have

Mi(qi) = Moi(qi) + AM;(q;),
Ci(qi, 1) = Coilqi, gi)) + ACi(gi, i),
Gi(qi) = Goi(qi) + AGi(g).

where M,i(qi), Coi(qi, i), and G,;(g;) represent the nominal
parts in dynamic models; the matrices AM;(q;), ACi(qi, 4i),

ey
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and vector AGij(g;) are the dynamic uncertain parts. There-
fore, dynamic models of teleoperation system (1) can be
rewritten as:

M on(gm)am + Com(@m, Gm)qm + Gom(qm)
=Tn+ J;th + Hp(gm, Qms ém),

.. L )
Mos(qs)gs + Cos(gs, 4s)qs + Gos(qs)
=Ts— J‘nye + Hy(gs, qw ‘IY)
where Hy,,(qm, Gm, gm) and Hy(qs, g5, §s) are defined as:
Hy(gm, 6']ma Qm) = _AMm(Qm)ém — ACu(gm, 6]m)(/]m
_AGm(Qm) - Fm(CIma CIm), (3)

HS(QSv C'ISv QS) = _AMs(qs)és -
—AG(gs) — Fy(gs, gs)-
Remark 1: The uncertain parts H,,(qm, Gm, Gm) € R and

H(gs, g5, 4s) € R™1 are upper bounded by the following
form:

A CS(qS ’ qS)qS

| H (G, C'Imv Qm)” < h, ||1H(gs, QSv QS)” < hs. 4)

B. RBF NEURAL NETWORKS

RBF neural network can approximate any smooth nonlinear
function with arbitrary precision [31]. It has faster learning
speed and can avoid the local minimum problem, which
attracts the attention of researchers and applications on robot
control [32]. The RBF neural network can approximate a con-
tinuous function f (x) : R¢ — R¢, which can be described as:

f)=wlhox) +e. Q)

where ¢(x) = [¢1, @2, ..., gon]T denotes the output vector of
the hidden layer, each element varphi;(x) can be expressed as:

0i(x) = exp [—||x — c,-||2/(2b,~)] Ci=1,2.....n. (6

x € A, C R%is the input data vector; w € R"*€ is the weight
matrix to connect with hidden layer and output; ¢; € R¢ and
b; > 0 are the center and width of the i-th node in hidden
neuron; ¢ € R is the approximation error of RBF neural
network.

Remark 2: According to the universal approximation prop-
erty of neural networks, the uncertain part of H,,(qm, Gm, Gm)
and H(gs, gs, gs) in (3) can be described by the RBF neural
networks as:

Hy(gm, va Qm) = W,Z;(Pm + &m,

.. @)
Hy(gs, Gs, Gs) = W g + &;.

Wrg s WYT , €m, and &5 are the ideal weights in approximation,

respectively. The approximation errors &, and &; have the
upper bounds as [|le;, || < &p, ll&s]l < &s.
Thus the dynamic models (2) can be written as:

Mom(Gm)Gm + Com(Gms Gm)qm + Gom(qm)
=Ty + Jy,];fh + W”Tl‘Pm + &m,

Mos(q5)Gs + Cos(gss 4s)qs + Gos(gs)
=T5s— -]sTfe + WST% + &s.

®
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Remark 3: As the assumption 1, human-operator torque
J,Z;fh and environment torque J, gT fe have upper bounds which
can be described as

lem + ILfill < omy  lles — I LIl < ;. )

C. THE LEMMAS USED IN THIS PAPER
In this paper, some lemmas [33] are applied to analyze the
control system:

Lemma 1: Assume ifa > 0,b > 0,and 0 < ¢ < 1, then
the following inequality holds:

(a+b)F <da° +b°.

Lemma 2: Considering a dynamic system as: x = f(x),
initial state: f(0) = 0, x € R". This system is finite-time
stable, if there exists a positive scalar function V (x), values a,
b,and ¢, satisfya, b > 0,0 < ¢ < 1, and following inequality
holds:

V(x) < —aV(x) — bVE(x).
and the setting time can be calculated as

1 1—c
T < lnaV (x0) + b.
a(l —¢) b

IIl. CONTROLLER DESIGN

In this section, the adaptive finite-time control based on a
novel NTSM is proposed for teleoperation system with time-
variable delays and dynamic uncertainties. First, the integral
term of synchronization error is introduced to define the new
terminal sliding mode surface. The RBF neural networks
are employed to approximate the dynamic uncertain parts of
Hy(qms Gm» Gm) and Hy(qs, g5, ¢s) in (2). The adaptive laws
are designed to converge synchronization tracking errors to
zero in finite-time. Then, the stability of closed-loop teleop-
eration system is proved via the Lyapunov stability theorem.

A. ADAPTIVE FINITE-TIME CONTROLLER DESIGN

We define the coordination joint tracking errors e, e
between master robot and slave robot is:

en(t) = gm(t) — q5(t — dy),
es(t) = qs(t) — qm(t — di)- (10)

where the d,, and d; are the time-varying communication
delays between master and slave sides.

Assumption 2: The time-varying delays d,, and d; are
assumed to have the upper and lower bound and satisfy:
0 <d; < D;, |d;| < Dj, and |d;| < D; fori = m, s.

The control object is that the position tracking errors
em and eg can converge to a small neighborhood of zero
under asymmetric time-varying communication delays and
dynamic uncertainties, whether existing operator or environ-
ment forces in the teleoperation system.

The velocity errors ¢,,, é; and acceleration errors é,,, €; can
also be defined as following:

em(t) = gm(t) — st — dy)(1 — d),
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és(t) = 45(t) — gt — dw)(1 — dp),
Em(t) = Gu(t) — G5t — dy)(1 — dy)*
+ gyt — dy)dy,
é5(t) = Gs() — Gt — dp)(1 — dy)?
+ Gt — dp)dyp. (11)

The nonsingular TSMs used in this work are defined as:

Sm = ém + Amem + Sm(em),

sy = s + Ages + gs(es). (12)
where for i = m,s, function gi(e;) = oysigle;) ' +
Bi fé sig(e;))'2dt. Parameters of o; = diag(a, ..., diy),

Bi = diag(Bi1, ..., Bin), and X; = diag(\1, ..., Aip) are
all positive-definite diagonal matrices, 1 < rj; < 2,0 <

rip < 1. The function sig(x)" is defined as: sig(x)” =
[x1|"sign(x1), |x2| sign(x2), . . ., |x,|"sign(x,)17, for vector
x = [x1,x2, ..., x,]F € R

Remark 4: The sliding mode surface (12) contains the
integral term of tracking error, compared with the conven-
tional PD-type sliding surfaces, (12) can provide more stable
response and better dynamic characteristics.

Based on the differential definition of sig(x)" [22], the dif-
ferential of (12) to time is :

Sm = €m + Amém + Smlem),
Sy = €5+ Ageg + Ss(ey). (13)

where ¢plem) = amrmidiag(ley|)™ _1ém + Bmsig(em)™?,
Ss(es) = agrqdiag(|es|)’™! _lés + Bssigles).
The proposed controllers are designed as follows:

Tn = Tml + Tm2 + T3,
Ty = Ts1 + T2 + Ts3. (14)

The 1,1 and 7y are given as

Tl = Mowlgs(t — dy)(1 — dy)* — g5t — dy)dy
— Amém — amrmldiag(|em|r’”1_l)ém
- ﬂmSig(enz)r’7’2] + Com(ém — Sm) + Gom,
T51 = Mosligm(t — dm)(1 — d)* = gu(t — dp)d

— Ags — asrsldiag(|es|rﬂ_1)és
- ,BsSig(es)r‘Yz] + Cos(gs — s5) + Gos. (15)

The 7,2 and 75y are given as

Tm2 = —BmlSm — mZSig(Sm)Ua
Ks2Sig(Ss)a- (16)

where K1 = diag(kmi1, ..., kmin), Kmo = diag(knp1, ...,
kman), Ks1 = diag(ksi1, ..., ks1n), and Ky = diag(ksoy, . . .,
ks2n,) are all positive diagonal matrices, and 0 < o < 1.

Considering the approximation and upper bound of uncer-
tain parts in the system, for i = m,s the third term of
controllers 7,,3 and 7,3 are described as:

T = —Ks185 —

~Wl @i — (@i +n)——, if lIsil #0
wm={ ’||,|| 7 lsill # (17)
~Wle, if lIsill = 0.
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where @; is the upper bounds estimation of adaptive parame-
ters, n; is the positive controller design parameters.
The adaptive tuning laws are designed in following terms:

W; = Tigis! . (18)
;i = &llsill. (19)
where i = m, s, I'; and &; are the positive constants.

Remark 5: In practical control, as the uncertain parameters
and communication delays with time-varying, ||s;,|| and ||ss]|
cannot exactly reach to the zero in finite-time, the adaptive
parameters @, and @y could be increased boundlessly [23].

The way to solve this problem is to improve the adaptive
turning law (19) as the dead zoom form:

i = &illsill, l:f”Si” > Wi 20)
0, if llsill < peis

where p; is the small positive constant.

i=m,s.

B. STABILITY ANALYSIS
Theory 1. Considering the teleoperation system (1) with the
control laws in (14)-(17) and adaptive laws in (18) (20),
the closed-loop teleoperation system is stable and the states
can converge to zero as ||s,;|| = 0 and ||ss|| = O in finite-
time, if the inequalitys of n,, > |@,| + ||WTg0m|| and ny, >
|wos| + IIWT%H are established. Where W; = W; — W,

@; = w; — w; fori =m, s.
Proof: 1) Let us consider the Lyapunov candidate V for
system stability analysis as:
1 LIPS SR 1122
V= 2smM[,msm Etr(Wm I Wa) + EE’” (3

1 1 - 1~ |
+ = 5T Mpgss + 5tr<Wf Ty W) + 26 @2, @1

2

With the Property 2, dynamics in (8), acceleration
errors é,,, €5 in (11), and the differential of §,, and §; in (13),
the differential of function V is given as follow:
V = s){tm + W om + em + I i — Comim — Gom
+ Comm + Moml=Gs(t — dy)(1 — dy)? + Gt — dy)d
+ Amém + ml} + st (s + W og + &5 — I fo = Cosils
~ Gos + Cosss + Mosl~m(t = dn)(1 = d)?
+ gt = dp)dp + hses + &51) = tr (W T W)
6 o — tr(WITTIW,) — 67 iy 22)
Employing the control laws (14)-(16) we can get

—Sm[Tm3+W Omt+em +J, fh — Kp1sm — K, ZSlg(Sm) ]

+s1 [fs3 + W] o+ 65— I fo — Koss — Kpsig(ss)” ]

—tr(W f m1Wm) —%‘ a)ma)m

— tr(WIT T Wy) — £ oy (23)
If llsmll = wm and |Issl] > ws, with (9), the control

laws (17), adaptive laws (18), (20), and for vectors x, y € R",
xy < 1xTyl < IIxllyll, we can get

V = _[sraKml Sm +S£Km25ig(sm)g +SzKy1 Ss +SSTKs25ig(Ss)U]

40943



IEEE Access

H. Zhang et al.: Adaptive Finite-Time Synchronization Control for Teleoperation System With Varying Time Delays

+5(Em + Tfi) = @ + 1) llsmll = @llsim]
+5) (65 = I £) = @5+ 1) sl — @sllss
< —Lsp K1 Sm+51,Kinasig(sm)” +s% Ks155+s! Kpsig(s;)° ]
+ omllsmll = (@ + 1) 1Sl
— apllsmll + wslissll — (@5 + no)llssll — osllssll
= —[sz,;Kmlsm +s£,Km2sig(sm)” —}—ssTKslss —i—sSTngsig(sS)”]
= Nmllsmll — nsllssll < 0. (24)
It follows that if ||s,, || < wsm, and |[ss]] < ws, with (9), the
control laws (17), adaptive laws (18), and (20) we have
V< —[s,aKmlsm + s;szsig(sm)” + ssTKslss
+ 57 Ks25i8(55) 1 + @ml|smll = @m + 1) |5l
+ wsllss || — (05 + ns)lssl
= —[s,{lelsm + S,Cszsig(sm)a + SZK_g]SS
+ 57 K25ig(59)" 1+ (&m — ) ISl
+ (w5 — no)lssll- (25)
I 0 = 1@l + IW,@mll, 05 = 10| + IW] @sll, we can
obtain
V< —s,aKnﬂsm - s,al(,,,zsig(sm)(I - sSTKx]ss
— sTKysig(ss)” < 0. (26)
Similarly, whether |ls,ll < wm or [lssll < ps, with (9),
the V < 0 is always hold. Therefore, the stability of closed-
loop control system has been verified.

2) The finite-time proof is described as following.
We define another Lyapunov function candidate:

17 I 7
U = EsmMomsm + Ess M,sSs. 27

Applying the (8), (9), (11), (13), the control laws
in (14)-(17), adaptive laws (18), (20), we have

U < —[s;Kmlsm + sﬂszsig(sm)" + sSTKs1ss

+ 57 K2sig(s)” 1+ sml W,k @mll + sl IW] gl

+onllsmll — (Cbm + ) llsml

+ wslssll — (&)s + ny)llssll

< —[s;Kmlsm + s,{il(mzsig(sm)cr + ssTKslsS

+ 57 Ky25ig(55)° 1+ (1&m] + WS @mll = 1)l

+ (@] + W] @sll = no)llssll. (28)
As N = |l + IW ol s = 1@s] + 1W] sl we can

obtain

U

IA

T T .
_smelsm - SmeZSlg(sm)g
— 85 B8 — 8§ 52518(S5)
_ TK M*lM _ TK . o

SiBm1M 0 MomSm — Sy, 2818 (Sm)

T -1 T .

— 8 Ksle Msss — S KsZSlg(Ss)g- (29)
o+l o+l

KM\, KyoMoy >, KaM', and KoM, °  are the

om?
diagonal matrices. We define

)\min(Kml)

— > 0,
)‘-min(Mum)

kml = Kmin(KmlM;ml) =

40944

)\min(Ksl)
)\min(M(jxl)

According to the meaning of diagonal matrix and
lemma 1, we can write (29) as following relational expres-
sion:

ksl = )\min(KslM;ql) = > 0.

. ot
U < _kmlsz,;Momsm - )\min(KmZ)(sg;sm) 2

atl
- kslszMosss - )\min(KSZ)(SZSS) 2

_ o+l
_kmlsz;Momsm - )\min(KmZ)(S;MgmlMumsm) 2

<
_ o+l
_kslSZMosss - )Mmin(KSZ)(SSTMoslMosss) . (30)
We define
_o+l
kma = Xmin(Km2) hmin(Mom > ) > 0,
o+l

ko = )\min(KSZ))\min(Mo_sT) > 0.

The (30) can be writeen as
. 1 7 1 7
U< _kal(ESmMomsm) - stl(iss M s5)
o+l 1 otl
-2 ka(ESyaMomsm) 2

otl 1 otl
-2 ksZ(EszMosss) 2

o+l

< —kiU—kU™7. (31)
where p = ZH ki = minQhkm, 2ks1), and ky =

min(ZQTHkmz, ZOTH ks2). So based on the lemma 2, the trajec-
tory errors at master and slave sides can converge to zero in
finite time. The reaching time can be calculated as
1 kiU'=P(0) + k2
= n .
ki(1—p) ky

T (32)

Human
Force

Slave
Robot

Master
Robot

lsz
lsl

. L

S
—J<€&—] Controller

Master
Controller

FIGURE 1. Teleoperation system simulation considered in simulation
analysis.

IV. SIMULATIONS

This section describes the simulation experiments to evaluate
the proposed control scheme. We used MATLAB software to
perform related simulation experiments. The master and slave
robots in teleoperation system are considered to be the 2-dof
robot arms with revolute joints. The system structure is shown
in Fig. 1, the d,, and d; represent the communication delays
between master and slave controllers. We define z;; = (m;; +
miz)lﬁ, Zp = mizli22, zi3 = 2mplilp, ziu = (ma + mp)la,
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and zj5 = mjplp for i = m, s. The dynamic descriptions of
teleoperation system are given as following:

Mg = |4 +zi2 + 2zi3c0sqin 2 + 2i3¢08qin
o zi2 + zi3cosqpn %) ’
. —zi3qnsingn  —zi3(qi1 + gin)singi
Coi(gi, qi) = o ,
0i(qis qi) [ 2311 5ingin 0
T
Goi(gi) = [Goil GoiZ] s

Fi(qi, i) = fuqi + fi2sign(gy),
Ji = [Jill Jilz]
Jio1 Ji2 ]’
Goi1 = —zigcosqi1 + ziscos(qil + gi2),
Goir = ziscos(qit + qi2),
Jint = —lusin(gi) — lpsin(gin + gi2),
Jirn = —lpsin(gi + qi),
Jio1 = lircos(gin) + lipcos(git + qi2),
Jino = lpcos(gi1 + gi).

For simulation analysis, we choose the parameters in
teleoperation dynamic as[34]: m;; = 2.51kg, mj» = 1.32kg,
liy = 0.87m, I = 0.76m, fi1 = 0.3, iz = 0.2, fs1 = 0.2,
fo = 0.1, g = 9.8m/s>. The values of z1, zi2, 2i3, Zias
and z;5 can be calculated by the above parameters, however,
in practical we can only obtain inaccurate parameters of
dynamic models, so we use the values of z;; = 2.5,z = 0.7,
zz = 08, zyw = 3.0, and z;5 = 0.8 as the nomi-
nal model parameters for controllers design; the uncertain
parts are described as: AM,,(gn) = 0.1sin(2t)Mpn(qm),
ACu(qm: gm) = 0.085in(3t)Com(qm, gm)» AGu(gm) =
0.055in(31)Gom(qm), AMs(qs) = 0.1sin(20)Mos(qs),
ACy(gs, qs) = 0.1sin(41)Cos(gs, qs), AGs(qs) = 0.06sin(41)
Gos(gs). The initial states of system are set as ¢,,(0) =
[0.1,0.15]", gn(©®) = [0,01", g0 = [0,0,
gs(0) = [0,0]”. The parameters of controllers are A, =
diag(6.6,6.1), A; = diag(8.5,7.9), a;, = diag(11.5, 11.8),
oy = diag(9.5,9.3), B = diag(5.15,3.15), B =
diag(3.15,3.35), ryp = 1.2, rpp = 048, rqg = 1.3,
rso = 0.5, Ky = diag(11.8,11.2), K, = diag(8.0,7.8),
K1 = diag(12.5,12.1), Ky = diag(8.3,7.8), 0 = 0.12,
I'm =178, Ty = 15.8, wm = 0.05, us = 0.05, &, = 1.1,
& = 0.8. The time-varying delays at master and slave sides
are set as d,, = 0.2 4+ 0.05sin(z) + 0.06sin(3t) + 0.02sin(6t)
and d; = 0.2 4 0.05sin(t) + 0.06sin(3t) + 0.02sin(8¢)
in Fig. 2. We assumed that the human operator force exerts
at y direction as shown in Fig. 3, and no force is exerted in X
direction. The force applied from 10 s to 12 s and 20 s to 22 s
are 30N and 40N respectively. The slave robot is in the free
state with noexternal force.

We implement two parts of simulation experiments in this
section to show the performance of proposed control method:
the first part is synchronization tracking control analysis of
teleoperation with varying time delays, dynamic uncertain-
ties, and the human-operator force effect; the second part is
the comparisons with other synchronization control methods
under the same experimental conditions as above part.
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The simulation results for proposed control, PD1 and
PD2 are shown in Fig. 12 and Fig. 13, respectively. From
which, it can be seen that the proposed NTSM produces a
better tracking performance over PD control in [31] and [35].
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A. PERFORMANCE ANALYSIS OF

PROPOSED CONTROLLERS

The simulation results of master and slave robots joint posi-
tions are shown in Fig. 4. The synchronization tracking errors
eml, emp at master side and the tracking errors e, €52 at slave
side are shown in Fig. 5 and Fig. 6, respectively. It is obvious
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that the synchronization tracking errors can converge to zero
in finite time with operator force and varying time delays.
The adaptive estimated values Wi, Wy, @, and & are given
in Fig. 7 and Fig. 8. It can be obtained that the adaptive values
are bounded, which infer that the approximation errors of
RBF neural networks are bounded and the closed loop system
can stay in stable state. The control torques of master and
slave robots are shown in Fig. 9. The effect of time-varying
delays and sign functions cause the oscillations in control
torque signals. Our simulation experiments show that the
oscillatory degree of control torque is inversely proportional
to the speed of system regulation.

B. COMPARISON WITH OTHER CONTROL SCHEME
To elucidate the effectiveness of proposed control method,
the comparisons of control effect with NFTSM in [25]

VOLUME 6, 2018



H. Zhang et al.: Adaptive Finite-Time Synchronization Control for Teleoperation System With Varying Time Delays

IEEE Access

= Proposed
£ 0 2§_r S [ (R NTSMI ||
o 20.02 =2 - — -NTSM2
£ 10 11 12 13
E - OO(% ‘_'ﬁ .‘ :
: O
2 -0.01 ol
°© -U.
A 20 25
5 10 15 20 25 30
Time (s)
0.2 . . . , .
= 0.01 Proposed
g 01 I 0 B2 e e NTSM1
e 001 L - — - NTSM2
l -U.
Z 10 11 12 13
e 0 AP s
5 ; 0.01
g -
g 0 [oRersines
:‘E -0.1 A v 4
8 -0.01 L
& 20 25
-0.2 L I L L N
0 5 10 15 20 25 30
Time (s)

FIGURE 11. Tracking error comparison with other NTSM methods at
slave side.

0.6 T T T T T
=)
E o4t I I,I J
— - 1
g [E )
o 02f t"‘ S ' 1
& (Y I
o H 1
=
]
=
S
.%' et . i
A Proposed ==s=====: PDl = = =PD2
-0.4
0 5 10 15 20 25 30
Time (s)
0.3 T T T T T
)
g
o
£
[}
5
=
15}
=
g
Z 02t ]
A | Proposed =+====== PDI = = -PD2|
-0.3
0 5 10 15 20 25 30
Time (s)

FIGURE 12. Tracking error comparison with PD control at master side.

and [35] (NTSM1 and NTSM?2) and the PD methods in [31]
and [36] (PD2 and PD1) are performed in this subsection.
The comparisons of tracking errors between pro-
posed controllers, NTSM1 and NTSM2 are shown
in Fig. 10 and Fig. 11. It is clearly that these three methods
can converge the synchronization errors to zero in finite
time. At the beginning of simulation, the proposed method
and NTSM2 have the similar convergence rates, and the
convergence rate of NSTMI is the slowest. However, with
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the operator force is exerted, the proposed control scheme
has the better robustness and convergence performance than
NTSM1 and NTSM2.

As the results, from the simulation analysis in this section,
the teleoperation system can achieve well stable state and
robustness with dynamic uncertainties, varying time-delay,
and operator force exerted.

V. CONCLUSIONS

In this paper, considering the dynamic uncertainties and time-
varying delays, the novel NTSM surface and dead zone
adaptive laws are introduced into controller design. With
the proposed control method, stable synchronization tracking
between master and slave robots in teleoperation system
is achieved, the robustness and convergence rates are also
improved. And then, the simulations with proposed method
and other control schemes are performed, and the effective-
ness of our controllers has been verified. Moreover, the prob-
lem of oscillation in control torques need to be satisfactorily
solved, and the proposed adaptive finite-time controller in
this paper will be verified by experiments when the hardware
platform of teleoperation system is built.
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