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CONTROL DESIGN FOR BILATERAL TELEOPERATION SYSTEM WITH
ACTUATOR DEAD-ZONE AND TIME-VARYING DELAYS

AWATEF K. ALT* AND MAGDI S. MAHMOUD?*

ABSTRACT. This paper investigates the control design of a bilateral teleoperation system with
input dead-zone, dynamic uncertainties, external disturbances and time-varying delay. Our
objective is to achieve a robust bilateral teleoperation with guaranteed position asymptotic
convergence. This is accomplished using an efficient backstepping approach combined with
nonsingular fast terminal sliding mode control (NFTSMC) where the uncertain dynamics of the
system are identified using radial basis function neural network (RBFNN). The upper-bounds
of the external disturbances together with the RBFNN approximation errors are estimated
and compensated online using adaptation algorithms. Computer simulations are provided to

demonstrate the viability of the proposed control law.

1. INTRODUCTION

The applications of teleoperation are ever growing and expanding in many areas, such as in-
dustries, hazardous environments, medical, space exploration, undersea exploration and robotic

construction [1], [2], [3], [1]. By and large, teleoperation is mainly categorized into:

e Unilateral and

e Bilateral.

The former sends only the force signal via communication channel to the slave plant, while
the later transmits force information from the master to slave and from the slave to the master.
A bilateral teleoperation system comprises of the human operator, master, slave, environment
and the communication channel [5], [6]. The presence of time-delay in the communication
channel deteriorate the stability and subsequently the performance of the system [7], [3]. In
addition, the existence of modeling uncertainties, unknown loads, and external disturbances
further degrade the performance of the system.

In this regards, the control problem of bilateral teleoperation has essentially drawn an enor-
mous interest over the past years and several control methods were designed for both theoretical
and practical applications. A guaranteed performance control of a telerobotic has been achieved
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at both dynamic and kinematic levels [9]. A NTSMC for a force sensor-less bilateral teleoper-
ation system has been developed in [10]. In [11], the trajectory tracking accuracy of bilateral
teleoperation has been enhance by integrating support vector machine with variable gain con-
trol. An adaptive control of telerobotic system with dynamic uncertainties was utilized in [12].
An output feedback control of bilateral teleoperation system with state constraints has been
proposed in [13]. A tele-operated control of bilateral hydraulic system is achieved using SMC
with sliding mode perturbation observer [11]. A force sensor-less control of bilateral dissimilar
master-slave system has been presented in [15]. Despite the fact that the foregoing methods
can ensure both transient and steady state performances, the impact of time delays were not
considered. The effects of constant time delays in teleoperation systems has been dealt with
using nonlinear disturbance observer based control [16], [17], a bilateral impedance control 18],
event-triggered adaptive bilateral control [19], output feedback synchronization control [20],
fault-tolerant control [21], adaptive neural network control |22, an integral SMC optimized
with particle swamp optimization [23], an adaptive NTSMC [24]. However, due to the un-
certainties associated with teleoperation system, the time delays cannot be constant. Several

control architectures were introduced to handle tracking problems in bilateral teleoperation

system with time-varying delays, such as robust adaptive type-2 fuzzy control [25], adaptive
type-2 fuzzy neural-network control [20], linear matrix inequalities control [27], internet-based
control [28], neural-network based control [29], composite adaptive control [30], adaptive finite
time control [31], task space control [32], adaptive fuzzy backstepping control [33], robust adap-
tive control [31], RBFNN-based SMC [35], dynamic gain control [36], adaptive fault tolerant
control [37].

Non-smooth nonlinearities (i.e. backlash, dead zone, hysteresis & saturation) appear in
the actuator of many systems such as power systems, robotic systems, chemical processes
and so on. These nonlinearities severely deteriorate system performance, give rise to poor
transient response, and system instability [38]. To deal with the actuator nonlinearities, many
investigators have suggested diverse control techniques. In [39], a force feedback control with
sliding mode observer has been studied for a bilateral teleoperation with unknown Prandtl-
Ishlinskii hysteresis. In [10], synchronization control problem of bilateral teleoperation plant
with Backlash-Like hysteresis has been presented. In [!11]|, a position tracking controller for
teleoperation system with input deadzone was proposed. The control schemes tackling actuator
saturation in teleoperation systems are presented in [12], [43], [44], [45], [16], [47], [48], [19].

It is worth noting that the control of teleoperation system with actuator dead-zone is reported
for the first time in [11] and has not been considered afterward. However, the authors considered
the effect of the dead-zone in the slave side only. In addition, the inevitable time delay in the
communication channel was not addressed. Therefore, a good control formulation to handle
the aforesaid issues concurrently is challenging.

In this paper, we build on the published work [21]- [11] and extend them further to develop
an improved control scheme for a bilateral teleoperation system with dynamic uncertainties,
external disturbances, time-varying delay and input dead-zone. The contributions of the paper
are summarized by the following points:

e We provide a new control design method to effectively handle both the time-varying

delay and the dead-zone nonlinearities in the master-slave actuators.
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e A backstepping method is combined with nonsingular fast terminal sliding mode con-
trol (BNFTSMC) for upgraded transparency and guaranteed stability of the bilateral
teleoperation system.

e A radial basis function neural network (RBFNN) is employed to identify the uncertain
dynamics of the system. The upper-bounds of the RBFNN approximation errors and
the external disturbances are updated online.

e No prior information about the system dynamics and external disturbances is needed.
The closed-loop system has been shown to converge to a small neighborhood of the
origin using Lyapunov stability analysis.

This work is structured as: Section 2 describes the nonlinear model and some properties of
the teleoperation system. Section 3 presents the control design. Section 4 gives the results and

discussions. Section 5 provides the conclusions.

2. PROBLEM PRESENTATION

This section presents the nonlinear dynamic model and some properties of the teleoperation

systems. The Euler-Lagrange equations describing the dynamics of the teleoperation plant

are [30]
P (@m) Gm + Qm (Gms Gm) Gm + Gm (@) + Ap,
=Dy (Ti) + ™ (1)
PS (qs) q’s _'_ QS (qs? q‘s) QS + GS (qS) + AS = DS (TS> + Te (2)

where P, € R™" Q; € R",G; € R",i = m, s stand for the inertia matrix, Coriolis’s and
centrifugal terms vector, and the gravity vector respectively; D;(r;) € R",i = m,s are the
deadzone outputs; 7; € R",i = m, s are the control inputs; 7,, 7. € R™ are the human and the
environmental contact forces; A; € R", ¢ = m, s represent the external disturbances and the
modelling error. The equations of motion of the master and slave systems satisfy the following
properties [33]:

Property 1: The matrix | P, (¢;) — 2Q; (¢;, ¢:)| > 0 is skew symmetric.

Property 2: P, (¢;) = P (¢;) > 0,01 < P, (q;) < bol,i =m, s, with b; and by are scalars.

Property 3: The model can be transformed to a linear parameterized model as

Pi (@) Gi + Qi (¢, 4) 4 + Gi (@) = Ri (43 G, Gi) Vs (3)

where R; (g, i, §;) represent the regressor matrices, and 9J; denote the vectors of parameters.

Assumption 1: The external disturbances and the RBFNN approximation errors (¢;) are
bounded by

A+ € < oo + aqr e + g €] (i =m, s) (4)

where o, ;1 and ;o are unknown constants.

The deadzone model is expressed as [50)]

[7i = ma ()] i = (1),
Di (Tz) = O, —Wli(t) <7< 7Tri<t)
[Ti—{—ﬂli(t)], Ti S —mi(t),i:m,s

where m,;(t) and m;(¢) are the unknown time-varying deadzone parameters. The 7; can be

written as
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Di:Ti+Hi<i:m,8 (5)
—mi(1) Ti > mi(t)
Where Hz = —T; —Wli(t) <7< Wri(t)

mi(t) 7 < —m(t), i=m,s
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FIGURE 1. Proposed bilateral teleoperation control scheme

3. CONTROL OF THE NONLINEAR TELEOPERATION SYSTEM

In this section, the BNFTSMC-RBFNN is designed for both the master and the slave sub-
systems. The schematic diagram of the overall control system is shown in Fig. 1.

3.1. RBFNN definition. Due to the prominent properties of RBFNN algorithms in function
approximations, the RBFNN is widely used in nonlinear control and systems modelling. The
RBFNN can approximate any continuous function © : R/ — R over a compact domain
T € R’ given by

O(z) =WiVU(z) +eVz C YT e R (6)

where x C T € R/ is the input vector, W € R%*! is the RBFNN weight vector, € > 0 is the
bounded RBFNN approximation error, ¥ = [y, Uy, ... ,\Ifd]T € R™! is a Gaussian function
vector defined as

W; = eqp=lral le=e) (7)
where ¢; € T and v > 0 denote the center and the width of the Gaussian function respectively.

3.2. Slave control design. The reference slave signals gy (%), s (t), Gsr(t) can be obtained by
passing the delayed master position ¢y, (¢ — d(t)) through the filter E¢(s) =1/ (1 + 755)° [39].
The tracking error can be defined as
€s = Gsr — (s
és = Gsr — s (8)
€ss = Gor + P [Quls + G + Dy =TI, — 7 — 7]
Define the NFTSMC manifold as [51]
€ = €5+ Naes + Ao (e5) )
with S, (e,) and its first time-derivative 3, (e,) defined as
B (eg) = {sig (€)™ , &4 =0 or (é}i #£0, |es| > ¢€)
T Psi€si T 1siStg (esi)wsi & # 0, |€si| <e
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o les| ™" ég, & = 0 or (& # 0, les| > )
Bs(es) = puitsi + Noitsi Jesi| " €gi, € # 0, |esi] < e (10)
i=1,2....n
where & = ég + Agies + AifBsi (€6),0 < 0 < 1,1 < wg < 2,6 > 0, and pg and 7 meet the

following conditions

psi = [(Wsi — o) [ (wsi — 1)] g1
1 = (0 — 1)/ (w0 — ) e
Define the Lyapunov function Vj; as

Va = tele, (11)

The time-derivative of V,; can be computed as

Vi = ex [dsr — ) (12)
The virtual controller is thus

s = =& + gsr + Clses (13)

Substituting the controller (13) into (12) yields

Vi = —el'Cue, + el'é, (14)
Then, consider the Lyapunov function

Vio = %esTes + %fsTPsfs (15)
The derivative of V,y can be obtainqd as

Vio = —el'Cies + eT& + 36T P& + ET P,

= —el'Cie, +el'é, + %fsTPsfs
+ET [Qus + Gs + Ay + ¢ — Iy — 75 — 7]
= —clCes + 367 [P = 2Q] & + €] e + Qi
+Qss + Gs + Ay + ¢ — Iy — 75 — 7]
= _6:{0868 + fg [es + @s + As — Ts — 7—6]
where (s = P (Gor + Asbs + A (€5)), 05 = Q& + Qsds + G5 + ¢ — II,. By employing the
RBFNN to approximate ©,, one has O, = WU, + ¢,. The slave equivalent control input can

(16)

be designed as

Tseqv — €s + WST\IIS — Te (17)
The slave switching controller is given by
Tsr = ngs + (aso + 62sl ’esl + asQ ’esD Slgn (53) (18)

where ay; are the estimates of agi = 0,1,2. The total slave control law can be designed as

follows
Ts = Tseqv + Tor

=es+ /qu’s — Te + K& + (Ao + Qa1 |es| + Q2 |€s]) sign (§5) (19)

The parameters are updated by the following adaptive laws

W, =087 — py, W, (20)
as() = 050°|&s|— 11050050 (21)

dAsl = 051 |es| - 5] — posa@s (22)

352 = 0s2°|€s[§s|— posaiso (23)

where 75 > 0,0 > 0,05 >0 (7=0,1,2 ) are constants.

Theorem 1: Consider the slave system (1) and the surface (9), if the control law is set as
(19) with adaptive laws (20)-(23), the closed-loop slave plant is bounded.

Proof 1: Consider the following candidate Lyapunov function
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‘/S — %2+%WZ 29 0 sl 2;&22 (24)
where W W, — Ws, Qs = ag — gt = (0, 1, 2) The time-derivative of V; gives

I'/; = —e, Ces+§ [ WT\I/ + €5+ Ay — Te]

Wy W, — Qo Gy ‘“2‘”32
Substituting the control law (19) 1nt0 (25) ylelds
v, = —eTChe, — TR E + WITLE,

+[60 (65 + Ay) = (@0 + ot [es] + Ao é5]) [4]] (26)

o~ —~ ~ ~2 ~ ~92 ~ ~9
WV W, - B B _
Using a5 = o — ag, (1 = 0, 1,2), we get
V; = —GSTCSGS - gnggs
+ [f’ér (€s + Ds) — (a0 + g1 les| + o [és]) |§S|]

FWE Wl =W, | + oo |Jeo| — B0

0s1

+ag |€S| |€s| - aSI + Qo |68| |55| - 3322

From Assumption 1 and (20) (23), we have
Ve <=1 C Il lel 1= 11K 111 & Il +p Il W || I W |
+M&50a50 + Maslasl + ,uas2a/52

By using the following inequalities

—~ — 2 o112
R A R

&Siasi < QT — ?, (Z = O, 1,2)

Equation (28) can be expressed as
“/s < _bsl‘/s+bs2 (29>

Ws I | ado | @dod

where by =min (2 || C ||,2 || K ||, povo, pest, povsa) , bep = 51 + 550 4+ 552 Integrating

(25)

(28)

AN

the equation above yields

Vo < 2t (Vi(0) — ) et (30)

When t — o0,V < Z—f Therefore, all the error signals in the closed loop system are
uniformly bounded in the compact set given by

@, = {0 € W, (1=0,1,2) : V, < 22| (31)

3.3. Master control design. A good reference impedance model is designed in the master

side to generate the reference trajectory ¢, expressed as
PT (er> qm"’ + QT’ (qmrJ qu) q.mT' + G"’ (qmr>
=71, — T(t — d(t))
where P,, @, and G, are positive definite diagonal matrices of the impedance model, 7(t—d(t))

(32)

is the delayed environmental torque transmitted from the slave plant to the master via the
communication channel. A controller 7, is developed to have ¢,, — @¢u:.. Therefore, the

tracking error between g, and ¢y, is

Em = Qmr — qm
g (33)
ém = Gumr + P [QmGm + G + Dy, — 11,
—Tm — Th)
The NFTSMC manifold is defined as [51]
Em = ém + Anem + ABn (€m) (34)

with3,, (en,) and its first time-derivative £, (e,,) defined as
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(

sig (emi) ™, gmi =0or
gmi 7£ 0, lemi| >¢€
5m (emz) = . wm|i |
Prmi €mi T MmiSig (emi) ™,
\ G A0 Jemi] <<
( Omi ’emi|0mi_1 el;niv gmi =0or
) (gmi 7£ 07 |6mi| > 5)
6m (emi) = Pmi e.mi + 77mi¢’~]mi|e1rni|_Wmi_1 émi; (35)
gmi # 07 ‘6m1| <e¢
L 1=1,2,.....n

where &ni = émi + AmiCmi + AmiBmi (Emi),0 < omi < 1,1 < wmi < 2,6 >0, and py; and N
meet the following conditions

i = (Wi — Tmi) / (Wi — )] 757
i = [(Omi = 1) / (wmi — 1)] e7mimeom

Define the Lyapunov function V,,,; as

Vil = %eﬁem (36)

The derivative of V,,; with respect to time can be computed as

le = 62@ [er - Qm] (37)

The virtual control input is expressed as

Gm = —&mn + Gur + Crnem (38)

where C,,, = CI > 0 is a constant diagonal matrix. Inserting the controller (38) into (37)
gives

Vip = —eL Croem + €T 6 (39)

Then, consider the Lyapunov function

Ving = %eﬁem + %&Z;mem (40)

The time derivative of V,,,5 can be d'erived as

Ve = —€L.Cmem + €L&m + 365 Pudm + EL Pném

= —eTCrem + el & + L PL6
+E [Qumbm + G + Ay + G — Ty — T — T
— —hCmem + €5 | P = 2Qum| &
+&m [em + Quém + Qb + G
+An + G — Iy, — Ty — T
= —el Crnem + &L [em + O + A,
—Tm — Th)
where (,, = P, (('jmr 4+ A + A3 (em)> , O = Qb+ Qumim+Gm+Crn—11,. By utilizing

the RBFNN, we can have ©,, = an;\lfm + €y Then, the master equivalent control law Tyeqy

(41)

is derived as

Tmeqv — €m + /an;\ljm — Th (42)
The adaptive master switching controller is given by
Tmr = m£m+(am0 + aml ’€m| + am? yem‘) SZgn (gm) (43)

where i, are the estimates of ay;i = 0, 1,2. Thus, the overall master control law is designed
as
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Tm = Tmeqv + Tmr
— e+ WU, — 7+ Kb (44)

+ (@mo + 6é\ml |6m‘ + amZ ’6m|) Sign (gm)
The parameters are updated by the following adaptive laws

Wm = ’Ym\pmgnT@ _N’Vmwm (45)
O:éAmo = 0mo0 " [§m| — HOm0Oimo (46)
@ml = Om1"|em|*|§m| = HOm1Om1 (47)
Om2 = Om2 " |€m| - [§m| — 110m20ma (48)

where 7, > 0,1 > 00y >0 (i =0,1,2 ) are constants.

Theorem 2: Consider the master system (2) and the surface (34), if the control law is set as
(44) with adaptive laws (45)-(48), the closed-loop master system is bounded.

Proof 2: Consider the following Lyapunov function

Vin = Vit § W, W+ gt o ot (49)

where W,,, = W,,, — Wi, Qi = i — @it = (0,1,2). The derivative of V,, with respect to
time can be derived as

Vie =—elCpem+£EL [em +WIU,, +en

+Ay — T — Te] — /V[?mfy;me — %QOTSE)QW) (50)

_amlagnl _ am2a$nz
Om1 Om?2
Substituting the control law (44) into (50) yields
Vm = _eﬁcmem - E%ngm + an;qjmfm
_W ,Y—lw _ dmoagno _ amlagnl _ 6.ZmQa,an

R m m~ m . Omo Om1 Om2
Using Qmi = Qi — Qmi, (1 = 0,1, 2), we have
Vm = _eﬁcmem - S%ngm

+ |:§777; (em + Am) - (amO + am1 |em| + Q2 |€m|) |§m”

+W7Z: [qlmfg; - V%I/Wm] + amO [’§m| - %} (52)
1 |em || Gl = B8] + T {[ém] ] — S2]
By substituting (45)-(48) into (52), we have
Ve <=1 Cull e | =1 Ko Il & 0l Won || [ Wi || (53)
+H&m0am0 + M&mlaml + M&mQamZ
The following inequalities hold
372 % Wi || Wi ||
” Wm || || Wm H § ” 2~2” ~ 1 2 ”
&miami S %_%7 (Z:07172)
Equation (53) can be expressed as

2 2
am

Clt2 e
34+ pu75t +pmg* By

where bml = min (2 || Cm ||a2 || Km ||7N05m071u04m1a/45am2> 7bm2 =K
computing the general solution of (54), one has
Vin < Z:_?—F(Vm(()) bm—Q) g bmat (55)

o bml

When ¢t — o0,V,, < Z:Z—f Therefore, all the error signals in the closed loop system are

uniformly bounded in the compact set expressed as

D = { s Gy W, Gy (1 = 0,1,2) : Vy < 22} (56)
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Remark 1: Our work cannot be compared with that of [11]. This is because we take into
account the time-varying delays in the communication channel, and the actuator deadzone in
both master and slave plants.

4. COMPUTER SIMULATION

This section presents the simulation results of the 2-degree of freedom teleoperation sys-
tem under the action of the BNFTSMC-RBFNN. The dynamic descriptions and parame-
ters of the teleoperation system are given in [30]. The time-varying delay in the commu-
nication channel is set as d(t) = 0.2 4+ 0.02sin(4t) + 0.05cos(7t). The initial conditions of

the system are ¢;(0) = ¢;(0) = [0.1 O.l]T (i=m,s). The external disturbances are cho-
sen as A; = [0.5s1n(2)0.5sin(2)]"(: = m,s). The human force to drive the two joints is
7h = [5cos(t)5cos(t)]T. When the slave manipulator is in contact with the environment, the
contact force is modelled as a passive spring force expressed as
_ Jpe(ts—4e) 45> qe (57)

0 s < e
where p. = 1 N/m denote the stiffness constant of the object to be grasped, ¢. = 1.5 m

Te

stand for the contact position of the slave with the environment.

The parameters of the reference trajectories are set as P. = diag [1 1] ,Qr =

diag [0 0} , G, = diag [4 4] Gmr- The low pass filter for generating the slave reference trajec-
tories is designed as 74 = 0.002. The parameters of the controllers are: Ay = diag[9090], A,, =
diag [100 100] A, = diag [1 1] A = diag [1 1} K, = diag [19 19] K, = diag[2223),
the initial conditions of the update laws are g4(0) = 0mi(0) = 0.01(¢ = 0,1,2). The number of
RBFNN node is 5,0 = 2, 7, = 7m = 0.05, 1 = 0.0001, ¢ — [—4 2 0 1]

The position tracking results of the master and slave plants are depicted in Fig. 2 and Fig.
3 respectively. The trajectory tracking deviations are very small (of order 107 ) as shown in
Fig. 4 and Fig. 5. Therefore, a good tracking performance is achieved. The responses of the
input torques of the master and the slave are displayed in Fig. 6, and Fig. 7, respectively.
Moreover, it can be observed that the slave’s control torque is faster than the master’s control
torque. This is due to the fact that the slave’s control torque puts in more effort to follow the

delayed information from the master plant.

5. CONCLUSION

In this article, a BNFTSMC-RBFNN has been designed for uncertain bilateral teleoperation
systems with time-varying delays and unknown actuator dead-zone. The devised scheme guar-
antees that the position tracking errors asymptotically converge to a very small neighborhood of
zero. The BNFTSMC-RBFNN is model free and the dead-zone inverse and its prior knowledge
are not needed. As such, the proposed control technique is easy to be implemented in physical
system. The effectiveness of the proposed controller has been verified via numerical simulations.
Moreover, its effectiveness in practical application will be verified when the hardware of the

teleoperation system is acquired.
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