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ABSTRACT The bilateral teleoperation technique has drawn much attention with its attractive superiority
to implement the tasks in hazardous environments. Transmission delays and uncertainties are the two
main challenges in the nonlinear bilateral teleoperation system to guarantee stability and achieve good
transparency performance (including position tracking and force feedback) simultaneously. In this paper,
a radial basis function neural network (RBFNN)-based adaptive sliding mode control design is developed
for the nonlinear bilateral teleoperation system with transmission delays and uncertainties. For details,
the reference trajectory producer is designed in both the master and slave sides to produce the passive
reference trajectories for the tracking of master/slave manipulators. The RBFNN-based adaptive sliding
mode controller is designed separately for the master and slave to achieve the good tracking performance
under system uncertainties. To mitigate the negative effect of transmission delays on the system’s stability,
a projection mapping by saturation function is applied in the master side to guarantee the boundedness of
the delayed environmental torque. Thus, the global stability and the good transparency performance with
both position tracking and force feedback can be simultaneously achieved for our proposed method. The
comparative experiment is carried out, and the results show the significant performance improvement with
our proposed control design.

INDEX TERMS Bilateral teleoperation, adaptive sliding mode control, neural network, transmission delays,

uncertainties.

I. INTRODUCTION

With the advancement of automation and robotics [1]-[9],
the bilateral teleoperation technique, which is an efficient and
secure approach to implement the remote tasks in hazardous
or extreme environments with force feedback, has been
applied in numerous fields such as the undersea exploration,
medical surgery, and so on [10]-[12]. A typical bilateral
teleoperation system consists of the human operator, mas-
ter, communication channel, slave and the environment [13],
as shown in Fig.1, where the master is operated by human
operator in a safe place and send reference command sig-
nals to the slave through communication channel, and the
slave tracks the received signals to perform the operation in
the environments and transmits the environment information
back to the master [14].

Stability and transparency are the two non-negligible per-
formances in the bilateral teleoperation system, which have
been investigated for several decades [15], [16]. The stability
of a bilateral teleoperation system must be guaranteed in
case of the transmission delays between master and slave
subsystem with nonlinearities and uncertainties, while the
transparency with both position tracking and force feedback
requires the slave to imitate the behavior of the master manip-
ulator and the remote environment to be perceived by the
human operator [17]. However, these two performances are
affected by the great nonlinearities and uncertainties of the
master/slave subsystems with the transmission delays [18].

The transmission delays, which are the inherent property in
the communication channel to deteriorate system’s stability,
have been studied for many years [19]. The passivity-based
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FIGURE 1. Architecture of bilateral teleoperation system.

control scheme [20]-[24] is developed to maintain the pas-
sivity of the bilateral teleoperation system with transmission
delays, which guarantees the system’s closed-loop stability.
For example, the scattering operator [20], [21] is introduced
to judge the passivity of the bilateral teleoperation system
with the architecture of 2-port network. The time-domain pas-
sivity architecture [22] is developed to guarantee the stability
by the design of observer to maintain the energy conserva-
tion of the bilateral teleoperation system. The wave-variable
transform [23], [24] is introduced to convert the power signals
in the communication channel to the wave variables, which
guarantees the system’s stability. However, the obvious draw-
back of passivity-based control scheme is that the system may
exist some performance deficiencies (e.g., wave reflection),
which will largely decrease the transparency performance
of teleoperation system [16]. The four-channel architecture,
which relies on the control parameter fit between the master
and slave subsystems, is an useful approach to obtain good
transparency performance [25]. Therefore, the idea of com-
bining the passivity-based control scheme with four-channel
architecture is developed to achieve simultaneous stability
and good transparency performance [15], [26].

The great nonlinearities and uncertainties of the mas-
ter/slave subsystems with multi-degree-of-freedom are
another main challenge for bilateral teleoperation sys-
tem [27]. The prescribed performance control design with
barrier Lyapunov function is introduced to provide the good
transient-state performance with additional synchronization
constraints [28]-[30]. A switching terminal sliding mode
surface is introduced in [31], where the fuzzy logic system
is used to approximate the modeling uncertainties for mas-
ter/slave subsystems. The neural networks are applied with
the design of new error transformed variables in [32] to let the
tracking errors quickly converge to zero. The neural-network-
based passivity control scheme with the type-2 fuzzy model
of master/slave subsystems is designed in [33] and [34],
where the nonlinear teleoperation system is divided into a
group of linear models for the implementation of robust
control algorithms via mature linear theories.

Though many control strategies have been tried to han-
dle these two performances of the bilateral teleoperation
system, to achieve simultaneous stability and good trans-
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FIGURE 2. The architecture of RBFNN.

parency performance is still challenging [35]. Therefore,
focus on these two performances, an RBFNN(Radial Basis
Function Neural Network)-based adaptive sliding mode con-
trol (ASMC) design is developed in this paper. The reference
trajectory producer is designed in both the master and slave
sides to produce the passive reference trajectories for the
tracking of master/slave manipulators, and the RBFNN-based
adaptive sliding mode controller is designed separately for the
master and slave to achieve the good tracking performance
under system uncertainties, where the enrollment of sliding
mode control scheme has the advantage of fast convergence.
A projection mapping by saturation function is applied in
the master side to guarantee the boundedness of the delayed
environmental torque, which mitigates the negative effect of
transmission delays on the system’s stability. Thus, the global
stability and good transparency performance including the
position tracking and force feedback can be simultaneously
achieved for our proposed method. The comparative exper-
iment is implemented and the results verify the significant
performance improvement with our proposed control design.

The rest of this paper is organized as follows. Section II
introduces the definition of RBFNN. Section III introduces
the modeling of nonlinear bilateral teleoperation system.
Section IV presents an RBFNN-based adaptive sliding mode
control design in bilateral teleoperation system with the
detailed stability and transparency analyses. Section V imple-
ments the experiment, and the comparative results verify the
superiorities of proposed design. Section VI summarizes the
whole paper.

Il. THE DEFINITION OF RBFNN

With the characteristic of universal approximation, the
RBFNN(Radial Basis Function Neural Network) algorithm
has been widely used in the control design of the model-
uncertain systems [36]. The definition is introduced in details
as follows.

Definition 1: The RBFNN is a forward neural network
consisting of 3 layers with u inputs, n hidden nodes and 1
output, as shown in Fig.2.

Define the input of RBFNN as:

X =[x1, s Xy x]T (1
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Then the Gaussian function is obtained as:

0 = exp (12291 I @
j 217/2
h(x) = [hi(0)]" 3)
where || o || is the Euclidean norm of e, j = 1,...,n,¢; =
[cjl,...,cji,...,cju]T,C =[c1,..s vy Ol
Therefore, the output of RBFNN is derived as:
n
y:Zthj(x)+S=WTh(x)+8 )
j=1

where W = [Wy,..., W, ..., W,17T, € is the estimation error,
and e < ¢&. [ |

Ill. BILATERAL TELEOPERATION SYSTEM MODELING
Consider the following nonlinear master/slave teleoperation
manipulators:

My, (gm) ém + Co (@ms Gm) Gm + G (Gm) + Dy = T + 110
5
Ts + Te

(6)

where g, ¢m, Gm and gs, g, g5 are the displacement, velocity
and acceleration for master/slave manipulators. M,,, M; are
the mass inertia matrixes, C,, Cs are the coriolis/centrifugal
matrixes. G,,, Gy are the gravitational matrixes. Dy,, Dy are
the disturbance and modeling errors. t,,, Ty are the control
inputs. 7, is the human operating torque, and t, is the envi-
ronmental torque.

Some properties and assumptions of (5) and (6) are as
follows:

Property 1: Mm —2Cy,, MS — 2C; are skew-symmetric.

Property 2: Part of (5) and (6) can be written in the form
of RBFNN as:

M (g5) Gs + Cs (g5, s) g5 + G5 (g5) + Dy

M, (Qm) émd +Cn (Qms Qm) de + Gn (QM)

= W, h(Gms Gm. dma» Gma) %)
M; (gq5) ésd + Cs (Qsa Qs) ‘.st + Gy (gs)
= W, h(gs. s, Gsd» sa) (8)

Assumption 1: The norm of D, and Dy are bounded with
the upper bound as:

1Dl < dm, | Dsll < ds €))
IV. CONTROL DESIGN FOR NONLINEAR BILATERAL
TELEOPERATION SYSTEM

A. CONTROL SCHEME

The proposed control scheme is shown in Fig. 3, where the
time-varying transmission delays 7'(¢) exist in the communi-
cation channel. A reference trajectory producer is designed in
the slave side to derive the reference trajectories gsq, ¢sd, Gsd
with the only delayed master position signal g, (¢), and a
projection mapping by saturation function is designed in the
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FIGURE 3. Control scheme of nonlinear bilateral teleoperation system.

master side to guarantee the boundedness of the delayed
environmental torque signal 7.(t — T(¢)), which can effec-
tively mitigate the negative effect of transmission delays on
the system’s stability. To produce the passive reference tra-
jectory for the tracking of master manipulator and provide
the human operator with good force feedback, a reference
trajectory producer is designed in the master side. Subse-
quently, the RBFNN-based adaptive sliding mode controller
is designed separately for the master and slave manipulator to
achieve the good tracking performance. Thus, the global sta-
bility and good transparency performance including position
tracking and force feedback is simultaneously achieved.

B. SLAVE CONTROL DESIGN
A reference trajectory producer is designed in the slave,
which is a low-pass filter Ef(s) = 1/(z¢s + 1) with the input
of delayed master position signal g,,(t — T(¢)), to produce
the reference trajectory qsq, gsa, Gsa for the tracking of slave
manipulator.

Define the sliding surface as

ss = é5 + ke (10)
where k; = kST > 0 and e; = ¢g5q — ¢5. Thus,

Mss‘s = M; (ésd + ksés) - Mszl.s
= My (§sa + ksés) + Csgs + Gy + Dy — 1o — 75
= —Cyss+ Qs+ Dy — T, — T4 (11
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where ¢ = M (Gsqa + ksés) + Cs (gsa + kses) + G, which
contains the dynamic information of the slave manipulator.
Then, the slave controller t; can be designed as:

Ty = lyss + (gs + ngsgn (sg) — Te (12)

where I; > 0, ny > 0, qA&s is the RBFNN to estimate the
unknown dynamic parameters ¢, and can be written as:

‘z’s = Wshs (xs) + & (13)
where
x=[ef & ]
hy ) = exp (=9 I
2
J
T
hs (x5) = [hsj (xs)]
j = 1,...,nis the hidden nodes of RBFNN, and ¢; is the

estimation error satisfying &5 < &.
And the adaptive law can be designed as:

X 1
W = —s5hs (x5) (14)
ds

Therefore, the following theorem can be obtained as:
Theorem 1: With the bounded delayed signal g,,(t — T'(¢))
and ng; > & + ds, by utilizing the control law (12) and the
adaptive law (14), all the signals in the slave are bounded
with e, — 0, and the slave subsystem is asymptotically
stable by the design of posmve definite Lyapunov function
Vi = 2sTMsg + 38,WIW,, where Wy, = W, - W,
8s > 0. |
Proof: Consider the following Lyapunov function V; as:

1 7 | R
Vs = zss Mgsg + E(SSWY Wi (15)
Then the derivative of V; is
. . 1 . - A
Vy = sT M + EssTMssS + 8, WIW,
= S? (‘i’s + &5 + Dy — ngsgn (s5) — lsss)
1 . A
+ Esz (Ms - 2Cv) Ss — (SSWSTWS
= —SSTIXSS + S? (&5 + Ds — nysgn (ss))
+ WgT (ths (xs) — (SsWs) (16)

Substitute the adaptive law (14) to (16), then

Vs

IA

_qulsss + SZ (es + Ds) — (C_lv + és) [Issl
< =5 Isss (17)

For Vi > 0 and \'/‘Y < 0, Vi is bounded, which means s,
and Ws are bounded. Furthermore, when s; = 0, VS =0,
according to Lasalle invariance principle, the slave subsystem
is asymptotically stable, and sy, e;, &5 — 0.

The proof is complete. 0
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C. MASTER CONTROL DESIGN

To provide the operator with the bounded environment force
feedback transmitted from the slave side via the communica-
tion channel, a projection mapping by saturation function is
used in the master side, which is to guarantee the boundedness
of the delayed environmental torque t.(t — T'(¢)).

Thus, based on the good control of master manipulator
to let ¢, — ¢mq and the bounded environmental torque,
a reference trajectory producer is designed in the master side
to produce the passive reference trajectory g4, which can be
written as:

Mr(‘]md)q-md + Cr(‘]mdy Qma’)de + Gr(de)
=1 -t —-T) (18)

where M,, C, and G, are the impendence parameters.
Define the sliding surface as

Sm = em + ke (19)

where k,, = k! > 0 and e,y = ¢ma — ¢m- Thus,

Mys, = M, (CImd + kmém) — QO
= My, (Gma + kmém) + Cugm + Gy + Dy,
—Th — Tm

= —CpSm+Pm+ D — Th — Ty (20)

where ¢ = My (Gma + kmém) + Cu (Gma + kmem) + G,
which contains the dynamic information of the master manip-
ulator.

Then, the master controller 7, can be designed as:

T = lpSpm + qgm + Nmsgn (Sm) — T 21

where I, > 0, n,, > 0, (f)m is the RBFNN to estimate the
unknown dynamic parameters ¢,,, and can be written as:

b = Winhm (m) + € (22)
where
Xm = [631 érTn qr{m]
2
m — i
hmj (xm) = exp <2—b]2>
T
h (xm) = [hmj (xm)]
j=1,...,nisthe hidden nodes of the RBFNN, and ¢,, is the

estimation error, &, < &,.
And the adaptive law can be designed as:

b 1
Wm:8—

m

Smhm (om) (23)

Therefore, the following theorem can be obtained as:

Theorem 2: With the bounded delayed environment torque,
passive reference trajectory produced in (18), and n,, > &, +
dp, by utilizing the control law (21) and the adaptive law (23),
all the signals in the master is bounded with ¢,, — 0, and
the master subsystem is asymptotically stable by the design
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FIGURE 5. Transparency performance of C1.

of positive definite Lyapunov function V,, = %sz,:Mmsm +
%(SmWIZWm, where W,,, = W, — W,,,, 6, > O. [ |
Proof: Consider the following Lyapunov function V, as:

|
Vi MopS + 58’” WIW, (24)

T
= Esm
Then the derivative of V,, is

Vin

s,{,Mm&m + %S,T,,Mmsm + BmWnZVLVm
= s,Tn (q;m + Dy + & — Nmsgn (Sm) — lmsm>
4 35h (W = 2C) s — 8 W Wiy
= —s;lmsm + s;l (D 4 &m — Nmsgn (Sm))
+ W] (b Com) = 80 W) (25)
Substitute the adaptive law (23) to (25), then

Vm = _SrTnlmsm + 551 (D + €m) — (zim + gm) [l 11
< =L Lusm (26)
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For V,, > 0 and Vm < 0, V, is bounded, which means s,
and Wm are bounded. Furthermore, when s,, = 0, Vm =0,
according to Lasalle invariance principle, the slave subsystem
is asymptotically stable, and s, ;,,, €, — O.

The proof is complete. |

Therefore, the following remarks can be obtained
as:

Remark 1: With the saturated projection mapping to guar-
antee the boundedness of delayed environmental torque,
the signals in the whole teleoperation system are bounded.
Moreover, with the asymptotically stable of master and slave
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subsystems guaranteed separately by Theorem 1 and Theo-
rem 2, the overall closed-loop bilateral teleoperation system
is stable. |

Remark 2: The good position tracking performance is
achieved with the convergence of reference trajectory gsq to
gm(t — T (1)) via the stable low-pass filter E¢(s) and the good
tracking performance of slave manipulator guaranteed by
Theorem 1. Moreover, the good force feedback performance
is achieved with the good impedance behavior in (18). There-
fore, the good transparency performance including position
tracking and force feedback is achieved. |

V. EXPERIMENT

A. EXPERIMENT SETUP

The Phantom Premium haptic devices are the real test plat-
form for our nonlinear bilateral teleoperation system, which
are shown in Fig.4. Each device offers 6 degrees of free-
dom (3 translational, 3 rotational) in output, and is suitable
for the maintenance of trajectory planning and teleoperation
applications.

In the experiment, to verify the transparency performance
improvement for nonlinear master/slave manipulators in the
teleoperation system under time-varying delays, the Joint
1 and Joint 2 of the Premium haptic devices are used, and
the time-varying delays are selected as 0.4 + 0.ls. The
disturbance and modeling error are set as D,, = D; =
[0.05sin?, 0.05sin]7.

The experiment with human-enforced motion references is
implemented, where the following two controllers are used
for the fair comparison as:

C1: The proposed controller with RBFNN-based ASMC
and saturated projection mapping. The control law and adap-
tive law for the master manipulator are selected as (12)
and (14), where n,, = 0.25, 8,, = 0.05, 1, = k, =
diag{15, 15}. The impendence parameters are selected as
M, = diag{1.5, 1.5}, C, = diag{0, 0}, G, = diag{2%9.8, 2%
9.8} * gmq. The control law and adaptive law for the slave
manipulator are selected as (21) and (23), where n; = 0.25,

11910
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ds = 0.05, Iy = ky = diag{15, 15}. The 17 in the low-pass
filter is set as 7y = 0.025. The upper and lower bounds of
the saturation function are set as =2 Nm. In the RBFNN,
the hidden nodes are selected as n = 5, b; = 0.5, and C
is selected as:

~10 -05 0 05 1.0
C=|-10 -05 0 05 1.0 27)
~10 -05 0 05 1.0

C2: The traditional PD control and without the projection
mapping. The parameters of PD control are selected as k, =
diag{0.5, 0.5}, kg = diag{10, 10}.

B. EXPERIMENT RESULT
Fig.5-9 show the comparative results of transparency perfor-
mance with two different controllers.

It can be clearly seen that the position and force signals of
the slave manipulator go up to infinity after 7s in Fig.9, which
means the system is not stable with C2 under time-varying
delays.

Since the implement of projection mapping in Cl,
the delayed environmental torque signal is bounded (shown
in Fig.5), which guarantees the whole signals in the teleoper-
ation system to be bounded. Moreover, with the enrollment of
sliding mode control design and the bounded control inputs
(shown in Fig.8), the system has the greater transient response
performance, where the convergence time is fast with small
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orders of magnitude (10735, shown in Fig.6(a)), and the
position tracking error (shown in Fig.6) and force feedback
errors (shown in Fig.7) are quite small.

Therefore, the slave can greatly track the master and pro-
vide the human operator with accurate force feedback, even
when the joint 1 of manipulator reach a large position at about
16s, which validates the effectiveness of our control design in
the improvement of transparency performance for nonlinear
bilateral teleopration system with time-varying delays.

VI. CONCLUSION

In this paper, an RBFNN-based adaptive sliding mode con-
trol design is proposed for nonlinear bilateral teleoperation
system with transmission delays and uncertainties. The ref-
erence trajectory producer is designed in both the master
and slave sides to produce the passive reference trajecto-
ries for the tracking of master/slave manipulators, and the
RBFNN-based adaptive sliding mode controller is designed
separately for the master and slave to achieve the good track-
ing performance under system uncertainties. A projection
mapping by saturation function is applied in the master side
to guarantee the boundedness of the delayed environmental
torque, which mitigates the negative effect of transmission
delays on the system’s stability. Thus, the global stability and
good transparency performance including position tracking
and force feedback can be simultaneously obtained for our
proposed method. Comparative investigation is carried out
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and the results show that the transparency performance with
both position tracking and force feedback is significantly
improved by using our proposed control design, while the
stability is still guaranteed in the presence of time-varying
delays.
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