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Abstract: The performances of position synchronization and force interaction of the teleoperation
system provide a safe and efficient way for operators to perform tasks in remote, hazardous envi-
ronments. In practice, however, communication delays and dynamic uncertainties can impair the
performance of position synchronization controls. Under the above factors, it is necessary to study and
design appropriate bilateral control methods to achieve stable and effective position synchronization
control. In this paper, a new adaptive control architecture based on velocity feedback filter and radial
basis function neural network is proposed. In the proposed control scheme, only the position signal
is transmitted during the communication process, and the speed feedback filter and compensation
method are designed and adopted to avoid the use of acceleration signals. In addition, a new auxil-
iary variable with a tracking error integral term is used to reduce the steady-state error of position
tracking under nonzero external environmental forces. Using the Lyapunov-Krasovskii method, the
stability of closed-loop remote operating systems is demonstrated. In the simulation and experiment
sections, the algorithm was verified separately and compared with other algorithms. The results of a
master—slave robot system verify the tracking performance of our proposed control scheme.

Keywords: teleoperation system; adaptive control; position tracking; velocity feedback filter; time-
varying delay

1. Introduction

The biological laboratory has very high requirements for cleanliness, and operators
must implement three-level protection before entering for operation. Using teleoperation
robots to replace humans to work in the high cleanliness laboratory can avoid the op-
erator from polluting the experimental area and affecting the experimental results. The
teleoperation system is a typical network robot system, which has also been widely prac-
ticed in many engineering fields, such as space exploration [1], deep-sea operation [2],
telesurgery [3], disposal of hazardous materials [4], and so on. In the teleoperation system,
the human operator can control and operate the remote slave robot through the master
robot and force feedback devices. The force of the slave robot generated by contacting with
the task environment can also be feedback to the human operator. Between the master
and slave robots, the position, speed, and other information of the robots are transmitted
through the communication channel to realize the information interaction and the position
synchronization control. It is well known that communication will lead to signal transmis-
sion delay, which will weaken the performance of position synchronization control of the
teleoperation system and even cause system instability. Therefore, achieving stable and
high-performance master—slave position tracking is one of the important indicators for the
teleoperation system.

Many research works have been studied to improve tracking performance in prac-
tice [5]. For one thing, as the signals of the local robot and remote robot are transmitted
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by the communication channel, the communication delays in the transmission cannot be
evitable. Communication delay, especially asynchronous communication delay, can reduce
the control performance of the teleoperation system and even cause system instability [6].
For another, it is well known that the robot model is nonlinear and time-varying dynamic.
Especially, the friction, high-frequency model parameter perturbations, uncertain external
disturbances, and unknown environment descriptions are difficult to estimate and identify,
which can impede the improvement of operating performance in the teleoperation.

For decades, some classic methods are proposed to deal with the adverse effects of time
delays, such as scattering approach [7,8], wave variable method [9,10], PD control [11,12],
sliding mode control [13-15], He, control [15], output feedback control [16,17], feedforward-
feedback position control [18], and observer approach [4,19]. These control algorithms
are based on passive theory, Lyapunov theory, and the main force on the stability of the
system with time delays. The uncertainties of teleoperation dynamics have not been
adequately considered.

Adaptive control is a more effective method for improving the performance of a
complex nonlinear system with poor structure dynamics and unknown disturbance. Some
researchers have applied the adaptive method to the teleoperation system control. The main
principle of these adaptive methods is to use the fuzzy logic system, Radial Basis Function
(RBF) neural network, and linear parametric model to estimate the uncertain model and
external interference.

In [20], a novel fuzzy adaptive control method is proposed, the dynamic uncertain
parts are defined as a nonlinear function, and the fuzzy system is applied to estimate
it. In [21,22], the adaptive linearly parameterizable method is employed to estimate the
uncertainties parts and time-varying delay is considered. In [22], two adaptive control
schemes are developed for position tracking of master—slave robots. The RBF neural
network is applied to approximate the model uncertainties. In [23], the robust mechanism
is introduced to enhance the robustness of the system and the adaptive controllers are
developed for master and slave robots. In [24], the uncertainties in both kinematics and
dynamics of the teleoperation system are considered, and an adaptive control approach
based on the fuzzy logic system is developed.

The above research works are mainly focused on the position tracking control of the
teleoperation with fixed time delays, and time-varying delays have not been fully consid-
ered. Furthermore, researchers have paid more attention to the position tracking of the
teleoperation with time-varying delays, which has more practical engineering significance.
At the same time, the parametric uncertainties are also taken into account. In [25,26], Yang
and Li investigate two adaptive control schemes based on multiple fuzzy logic systems
for teleoperation systems. In [27], Yang et al. introduce the RBF neural network and
propose a new adaptive wave variable structure for the teleoperation system with time
delays. In [28,29], two bilateral control schemes based on type-2 Takagi Sugeno (T-S) fuzzy
system are proposed for position tracking of the teleoperation system. The T-S fuzzy
model is utilized to represent the dynamic for controller design and guarantee the motion
synchronization when time-varying delays and uncertainties exist. In [29], the authors
address the problem of task motion tracking in the teleoperation system with uncertain
dynamic/kinematic and time-varying delays. A new adaptive controller and related adap-
tive laws are designed. Huang et al. [30] develop a new adaptive sliding mode controller
based on the projection mapping method, and the adaptive laws and control laws are
designed for parameter estimation and position tracking control. In [31,32], the signal
smoothing filter is introduced into the communication process from the master robot
to the slave robot to smooth the position information transmitted with time delay and
enhance the stability of the system. In [33,34], adaptive fixed-time control methods for
position tracking of the teleoperation system are presented to implement fast position error
convergence performance.

It is noted that the auxiliary variable and sliding surface in the above works are com-
posed of tracking error and error differential. The steady-state error of motion tracking
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may exist under the active operation forces and external interference acting. In [35,36],
the integral term of position tracking error is introduced to provide more accurate motion
tracking. In [35], an integral sliding mode control structure is proposed for synchroniza-
tion control. In [36], a novel finite-time control based on the error integral is developed.
However, there are still problems in the above research works: for one thing, the position
acceleration signals are used to calculate the control laws and estimate the uncertain parts
of the teleoperation system; for another, in the above control structure, both position and
velocity signals are transmitted through the communication network, which increases the
amount of data transmitted by the signal. If only the position information is transmitted
and the velocity information is obtained by deriving the position signals at the controller
side, the amount of data transmitted can be reduced. However, the change effect of delay is
also superimposed in the position and speed information, which may weaken the control
performance of the system.

Therefore, following the line of challenges in the above works, this paper mainly
solves the problem of position tracking control of the teleoperation system in the presence
of time-varying delays and uncertain models. At the same time, the proposed new control
scheme can improve position tracking accuracy and avoid the use of acceleration signals.
The main contributions of our work can be summarized as follows:

* A novel auxiliary variable constructed by position error integral term is proposed,
and a new adaptive control scheme for teleoperation system is also developed. Com-
pared with the existing auxiliary variables constructed by errors and error differential
terms, the proposed auxiliary variables and control method have better robustness
and smaller steady-state error.

*  The new velocity feedback filter and velocity delay adaptive compensation are de-
signed to avoid the use of acceleration signals and improve the stability of the system.
On the other hand, only the position information is transmitted by communication to
reduce the amount of communication data, and the velocity is obtained by calculating
the time derivative of the position at the controller side. In this way, the time delay
information will be added to the velocity signals. If the communication time delay
changes greatly, it will produce a large time delay superimposed on the velocity infor-
mation and weaken the stability of the system. Therefore, we design and introduce an
adaptive compensation term of velocity delay to improve the stability of the system.

The remainder of this paper is presented as follows. In Section 2, the dynamic de-
scriptions of the teleoperation system are described and some preliminary definitions are
given. In Section 3, the proposed adaptive control scheme is investigated. Subsequently,
in Section 4, the stability analysis is discussed. The simulation and experiment results and
illustrations are given in Section 5. Finally, this work is concluded in Section 6.

2. Problem Formulation
2.1. Master—Slave Telerobotic System

In this paper, the dynamic description of a telerobotic system based on the Euler—
Lagrange method are given as

{Mm(‘]m)ijm+Cm(qmzqm)qm+Gm(qm) + By = T + T, (1)

M;(qs)ds + Cs(gs,4s)4s + Gs(qs) + Bs = T — Te.

where both the master and slave robots are revolute joint manipulators with n Degree of
Freedom (DOF). The subscripts {m, s} represent the master robot and slave robot, respec-
tively. For j = m,s, Mj(q;) € R"*" is the mass inertia matrix; C;(q;,4;) € R"*" is the
coriolis and centripetal matrix; G;(q;) € R" is the vector of gravitational torque; B; € R" is
the vector of friction torque; g; € R", 4; € R", and §; € R" are the vectors of joint position,
joint velocity, and joint acceleration, respectively; ; € R" is the input control torque vector;
7, € R" and 7, € R" are the external torque vectors acted by the human operator and task
environment, respectively. In our work, the external environment torque 7, is defined as
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the spring damper model, which is described as T. = D.g§s + S.q.. D.,S. € R"*" are the
unknown damping matrix and spring matrix of the environment.

There are some properties and assumptions of teleoperation dynamics in (1), which
are as follows:

Property 1. The inertia matrix M;(qm) is the positive and symmetric definite matrix. Moreover,
El/\j,min and El/\j,maxr thereis 0 < /\j,minInXVl < M](qm) < /\j,maxlﬂxn-

Property 2. M;(qm) — 2Cj(qs, qs) is the skew symmetric matrix, and for any vector y € R”",
the following equation always holds:

y* (Mj(qm) — 2Ci(qs,d5))y = 0.

Assumption 1. In a teleoperation system, the signals of master and slave robots are transmitted to
each other by the communication channels. We define d,, (t) as the communication delay from the
master robot to the slave robot, and ds(t) as the time delay from the slave robot to the master robot.
In addition, as dy, (t) and ds(t) are both time-varying, bounded, and asynchronous delays, we can
have 0 < dy(t) < dy, 0 < ds(t) < ds, |dm(t)| < Dy, and |ds(t)| < Ds.

Assumption 2. The human operator torque Ty, and environment torque T, are all bounded, and we
have || t,||> < T, and ||t ||* < T

In the practical system, there may be uncertain dynamic parts caused by inaccurate
parameters in the teleoperation system, such as M;(qm), Cj(4s,4s), and G;(q;). To deal
with the uncertainties, we introduce the nominal models and uncertain models to describe
the Mj(qm), Cj(qs,qs), and Gj(q]') as

M;(q;) = Mj, + AM;,
Ci(qs,4s) = Cjo + ACj, 2
G](q]) = Gjo + AGj.

2.2. The Definition of RBF Neural Network

The RBF neural network has been widely applied in the controller design of the
uncertain model system, with its property that the RBF neural network can approximate
any nonlinear smooth function with arbitrary precision [37,38]. RBF neural network has
three layers, namely, the input layer, the hidden layer, and the output layer. Based on its
excellent characteristics, RBF neural network is used in control theory, data prediction such
as electric load forecasting, fault diagnosis, classification, and so on.

For a continuous function F(x) : R? — Rf, based on RBF neural network it can be
rewritten as

F(x) = 0"p(x) +e. ©)

where 8 € R?*? is the weight matrix and d is the number of network nodes. x € R” is
the input of RBF neural network. ¢(x) is the Gaussian basis function vector and can be
calculated as
(=) T(x-by)
p(x)=e 22 ,i=1,2,...,d. 4)
b; € R? is the Gaussian center vector of the i-th node. ¢ is the width of Gaussian function. ¢
is the bounded approximate error.

In more RBF neural network applications, there are some methods to obtain the center
vector and width of the Gaussian basis function, and the weight coefficient matrix can be
solved through the data training process. However, it should be noted that in the adaptive
control method with RBF neural network, the weight matrix of the neural network is usually
designed and obtained based on the Lyapunov stability criterion of the system. The stability
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and convergence of the system can be guaranteed by designing adaptive learning laws.
The Gaussian center vector of the i-th node b; should be determined according to the range
of the actual input value of the RBF neural network. In addition, the input data value of
the RBF neural network should be within the effective range of the Gaussian function by
giving an appropriate width c. In the following section of simulation and experiment, we
also selected the center position b; and width c of the Gaussian function through the neural
network input data values.

2.3. Control Objectives

We first define the position tracking errors e;; and e; at the local side and remote
side as
em = qm(t) — qs(t — ds),
es = qs(t) — qm(t —dm).

For a teleoperation system with uncertain dynamics and asymmetric time-varying
delays studied in this work, the main control objective is to design the appropriate control
torques T;,; and s so that the closed-loop system satisfies the following performance:

Q)

e  Stability. The teleoperation system is stable with proposed control laws, asymmetric
time-varying delays, dynamic uncertainties, and bounded operator and environ-
ment torques.

¢  Position tracking. The joint position of the slave robot can track the master robot
when the master robot is moving. At the same time, the master robot can also track
the joint position of the slave robot, which can provide certain force feedback to the
operator.

3. Adaptive Control Scheme Design

This section proposes a novel adaptive control scheme for the teleoperation system.
First, the velocity feedback filters are designed and introduced into the master/slave control
channels. We define the velocity feedback filters v;, and vs as

U = —Hu1Vm + ﬂqus(t - ds)/

. . (6)
Vs = —H51Vs + ﬂszqm(t - dm)

where #,,1, 51, #m2, s2 € R™*" are the positive diagonal matrix of filter.
We design a novel form of auxiliary velocity error functions e}, and e} based on the
introduced velocity signal feedback filter, which can be described as

ey = Gm(t) — vm,

) @)
el = gs(t) — vs.
The differential operation on e}, and e can be obtained as
€ = Gim(t) — Vm
= qm(t) + 1V — ’Imzqs(t - ds)/
v . . 8)
é5 = gs(t) — s
= i].s(t) + Hs1Vs — ﬂs2qm(t - dm)-

Then, we propose the novel auxiliary variables s,; and ss based on the functions of
auxiliary velocity error and the terms of tracking error as

¢
sm=¢ep+ Apiem + Amz/ e, dT,
0
; )
ss = E{ + As1e5 + A A esdt.
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where A1, Ay, As1, and Ay are the positive controller parameter matrices. Then, the
derivative of the auxiliary variables s;, and s; can be expressed as

Sm = évm + Am1ém + Apoem,

10
s.s == é1S/ + Aslés + ASQES. ( )

Based on the differential definition of e}, and e} in (8), (10) can be rewritten as
$m = qm(t) + N1 Vm — ﬂmzqs(t —ds) + Apiém + Apoen, (11)

§s = qs(t) + s1Vs — ﬂqum(t - dm) + Aq165 + Agpes.

To simplify the descriptions of the analysis, the expression of M;$; is directly given
as follows:

M;s; :Mjl']'j(f) + M; {11]‘11/]' — ﬂquj/(t - d]'/) + A€+ Ajze]}

(12)
=Tj — Tjhe + M] [1]]11/] — ﬂqu]/(t — d]/) + Ajlé]' + AjZej} — C]q] — G]‘ — B]‘.
where if j = m, j' = sand T, = T;;if j = 5, j' = mand Tjp, = —T.
In addition, the differential of tracking errors e;;, and es; can be described as
érrt(t) = qm(t) _qS(t_dS)(l _d5>/ (13)
éS(t) =4s t) - qm(t - dM)(l - dm)-

It is obvious that the unknown time-varying delay information d,, and ds are intro-
duced in the é,,(t) and é;(t). Therefore, in order to simplify the presentation and avoid
introducing the unknown time delay information into the controller design, we define an-
other form of velocity error functions e, and e, instead of é,,(t) and é;(t), respectively, as

emv = Gm(t) — qs(t —ds),

. . (14)
eso = 4s(t) — Gm(t — dm).
Then, é,,(t) and é;(¢) can be rewritten as
én(t) = emo + 4s(t — ds)ds,
m( ) mo .115( s) .s (15)
és(t) = esp + Gm(t — dw)dm.
M;$; in (12) can be rewritten as
M;$; =Tj — Tjpe + M; {qjlvj — ﬂquj/(t — dj/) + Aﬂéjv a8

+/\]'2€]' + Ajlq]/(l’ — d]/)d]/} — C]q] — G] — Bj.
With the definition of dynamic uncertainties in (2) and environment torque 7., we have

MuSm =Tm — Ty + Mo 1 Vi — Ymaqs(t — ds)
+Am1€mo + Amaem + Ay s (t — ds)ds]
- Cmoqm - Gmo + Pm/
M;s3s =Ts + Mo [1s1Vs — 1s2Gm (t — dim)
+A51650 + Aszes + As1 G (t — d) |
— Cs04s — Gsp + Ps.

(17)

where P is the term of dynamic uncertainties, which has
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Py = — AMy [011Vim — Ym2qs(t — ds) + A1 émo
+Amaem + Ay s (t — ds)ds]
— ACygm — AGy, — By,

Py = — AM;[551vs — s0Gm (t — dm) + As1€s0
+As2es + As1Gm (t — dm)dip]
— (ACs + De)gs — AGs — Bs — Seqs.

It is well known that the RBF neural network can approximate the smooth nonlinear
function with arbitrary precision. The P; can be described as

P = 01Y,(Z)) + ;. (18)

where 0, € RF*" is the ideal approximate parameter matrix of RBF neural network,
Y(Zj) = [yn(Z)),yp(Z)) ,...,yjl(Zj)} € R is the Gaussian basis function vector,
which can be calculated by Z;:
T
() (#-<i)

_(#) (7<) 19
vi(Z) =e 2 =12, (19

where ¢; € R1*" is the Gaussian center function vector of i-th hidden layer node and
T
bj is the width of Gaussian function. Z; = {‘u]-Tl,y}rz, q].T,(t - dj/),q}r, qﬂ . pj1 and pjp are
defined as
i = —1'/]' + /\jlé]'y + Ajze]',

. (20)
Hj2 = Sj — 4

Remark 1. In this paper, the dynamic uncertainties are defined as a new form Py, and Py, so that
the acceleration signals cannot be utilized for parameter estimation. We first give the Lyapunov
function as Vi = %s;Mmsm + %ngsss, and then define the uncertain parts in V; as the dynamic
uncertainties to estimate. However, in most of the existing work, AM;g;, ACiqj, and AG; are
directly considered as the uncertain part to compensate, which means the acceleration signal has to
be introduced to obtain the parameters of AM;.

Then, the adaptive control scheme of the teleoperation system with asymmetric time-
varying delays and dynamic uncertainties is shown in Figure 1.
The control laws are proposed as

T =T + T (21)

where 71 and T, are designed as

Th = — Mj, [’1]‘11/]' — gy (E—dy) + Apéjo
+Ajpej] = Cio(sj — 4j) + Gjo,
34T .
Dimjshissi  @js
Zajzl 242 J

(22)

T2 =~ 6]Y(2)) -

where pj3 = AjiMj,q4; (t — d;); the adaptive laws are presented as
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A T
6] = A]‘1Y](Z]‘)S] 9],
A Ap 2
D, = —](sT - ) —D,,
7 i3 j (23)
A
A i3 T ~
i = 5.2 515 T Wi
203, /

Remark 2. Different from the assumption of the time delay derivation d]- in [17,25], the bounds
of d; need not be known and set as d; < 1 in our proposed control scheme. In control laws, é;, in
(14) is applied instead of é;, which means the d; does not need to be used. We design the adaptive
parameter Ijj to compensate this replacement.

m() q (¢
gul®) qn(® 4, (0) .
Nominal Model
q,(t—d,) =~ () Controller
T/ T .
Auxiliary [ Sm_ RBFNN Tm, | Master
- £, | Variable " Adaptive Robot [ ]
Velocity v Controller
Feedback Filter L
»| Master Controller
q.(t—d,)

Y

"Im([ - ds) IZ"@

Nominal Model Velocity

v
Controller s - Feedback Filter
. o sv Vs
Slave | _ RBFNN _ Auxiliary

Robot ; Variabl
s Adaptive 8 arable M\

Controller - et q.(t—d,)
Slave Controller <_| o® Q.o q5(9)

Figure 1. Proposed control structure.

[40]

A

A A

4. Stability Analysis

Theorem 1. With the velocity feedback filter (6), auxiliary variable (9), proposed control laws
(21), (22) and adaptive laws (23), if Assumptions 1 and 2 hold, the parameters satisfy that K, 1,
j2, Aj1, Ajp, and Ajy are all positive definite diagonal matrices; and Aj and Aj are all positive
constants, for j = m, s. Then, the closed-loop teleoperation system under time-varying delays and
model uncertainties is asymptotically stable.

Proof. We design the Lyapunov—Krasovskii function V as
V=Vi+W+V. (24)

where for j = m,s, j = s,m, we have

1
Vi =) 55 Mjs;. (25)
m,s
—-1152 -1 ~2
1 . AGDZ A
Vo=Y|tr(07A0) + =L 4 2 T (26)
[he(oa) 22020 L
todi—t+
Vs =YL / _ j%ﬁszsjd‘B. 27)
m,s t_dj d]

A~

where=60—0,D D, — f)]-/, Wj = wj — ch]-, and L]- > (0 is a known constant.

[
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First, the time derivative of V; can be described as

: 1
V= Z( i Mjsj + 55 M; s]> (28)

m,s

Based on Property 2 of dynamic (1) and the description of (17), we can obtain that
Vi=) s/ (Mj3j+Cs))
m,s
= r;s;r{‘[] = Tihe + M]'O [1]]11/] — 11]2q]/(t — d]/) + /\jléjv (29)
+Apej] + A My (t = dy)dy + Cio (s — d7) = Gjo + Py}

With the control laws in (22) and the RBF neural network description of P; in (18),
we have

Dol s
Yy o T|aTy. 7y IHBPBS  @isi| 1
Vi —n;{s]- 0,Y;(Z;) 22 22, s; K;s;
, ] ]
+S}A]1M]q]/(t — d]/)d]/ + S;»r <€] — Tj,he) }
T (30)
AT Dymihssi  djs; T
S Z{ 9 Y 2a2 — 2012 — S]- K]S]
m,s j2
2
ldi| 1 lej— Tinel® 1 @+ ap
+225y]3y]3]+72]2 sjs]—i—iz .
As |dj/| < Dj and |lej — j,he||2 < wj, we can obtain
Dy @, +a
y 5 T 11 ]
V) < Z{SJTG;FYJ(Z )+ 5 2 st y]3y]3s] 211]2 sjsj—s;Kjs; + 2}. (31)
m,s ]2
The time derivative of V, can be calculated as
— AT A—1 A —1 A -1 ~ A
V, = Z[tr(ﬂj Ajl 6]) + AjZ D]'/D]'/ +A]-3 w]w]} (32)

m,s

With the definition of 9 D 7, @j, and the adaptive laws in (23), V, can be written as

D; 2 @
g ATy (73\T| _ (T _ YT
Vs _mE,s{tr{BjY](Z])sj} r 2 (s y]3) 2a]zzs] S

(33)
+tr<§TA.‘19-) +A .—1D~,D-, +A.—1¢Dw-}
j 41 Y] j2 Pt 3 Wjljg-
For tr (é}rAﬁléj) , A]El Dij, and A]Tﬁl cZJj(IJ, the following inequalities are always estab-
lished:
~ n 1 ~ ~
w(87A;18)) < —5(87A5')) + tr(GTA '6)),

AR'DD; < —-D2+ D2, (34)
AL AL
—1 ~ 3 -2 3 2
Aj3 w]wg— 2 @ +Tw

Then, we can obtain
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D. 2 @
7, — 0Ty (7T | — L (Ty.. ) —L oTs.
Va —Z{tr[ﬂjY](Z])sj} e (s]- y]3) 5251
m,s ]1 ]2 (35)
L (GTA—15 Locimo 1,90
—otr(87A18)) = SAL' D} - SAG A+ ¥
AL A
where ¥; = %tr(ﬂjTAﬁlBO + %DJZ + —5-w? is the positive constant.
For V3, we have
y T Li oo
= ¥ |Lstsi— = [ s (B)s;()dp (36)
j=m,s ] t—d;
.. . t  di—t+p t
In addition, it is clear that ftfdj : 7 s]T(ﬁ)s](,B) dp < de] s]T(,B)s](B) dB. Then, we
can obtain B
: Li pt di—t+p
< ) ggg_j/d.fjsﬂm%wm4. (37)
j=m,s j i ]

Then, combining the V; in (31), V5 in (35), and V3 in (37), we have

: 1 /et i 1 -
T T T A —1 —1752
1% gjgs {—s]. Kjsj + sTLjls; - itr(ﬂj A ej) - 50,'D;
7 2 2

1, 1.0 Ljst di—t+p ay + ap (38)
<YV 4V

where for j = m,s, Y and ¥ are defined as

Y = min | Amin (K = L) |1
A (M)

4

AL R I R
2 2

Based on (38), it implies that

Yl v ¥

< < —— B

0<V(t) < {V(o) Y]e +y (39)

We can determine that V is radically bounded. In addition, Sj, éj, Dj, and @; are also

bounded. The stability analysis mentioned above shows that the closed-loop system is
asymptotically stable and the signals are bounded.

This completes the proof. [

Remark 3. In this paper, the error integrator is utilized for control scheme development. Based on
the mathematical proof above, it is noted that auxiliary variable s; is bounded. Therefore, fot e;dBis
also bounded, which implies that error e; needs to converge to 0. In some research works, the auxiliary
variable is only designed with error and error differential, and the bounded s; can only obtain the
bounded e;. Thus, the proposed control scheme can improve position tracking accuracy.

5. Simulation and Experimental Analysis
5.1. Simulation Analysis
The teleoperation system used for simulation consists of two robot manipulators with

2-Dof revolute joints. The asymmetric time-varying delays, uncertain dynamics, and ex-
ternal operator/environment forces are also considered in the simulation experiments.
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The dynamics of the local robot and remote robot are the same as (1), for which the mass
inertia matrix M;, centripetal Coriolis matrix C;, gravitational torque G;, and friction torque
B; are defined as [39]

M — |:mj11 mj12:|
mpr M)’

C. {lel lez}
L [ S v
G = s8],
B; = [bj,bp] "
mjiy = I3 (mjy +mjpp) + lpmpp (2l cos qjp + 1),
Mjjp = Mjp1 = l]zzmjz + ljlljzmjz COS{jo,

2
mpp = limp,

ci1 = —ljplpmj singjpgjo,

c12 = —lplpmp singjp (41 + 42),
ca1 = lplpmjp singj,

e =0,

gj1 = (mj1 +mp)lpgcos(qj1) +mplpgcos(gj +4qp),

8o = mplpgcos(qin +qp),

bjl = k]lqjl + k]gsign(q]-l),

bip = kjzdj2 + kjssign(gjz)-
where the parameters of master and slave robots are chosen as follows: m,,;; = mg =
3.5 kg, My = Mgy = 2.5 kg, lml = 151 = 03 m, lm2 = lsz = 0.35 m, kml = km3 = 0.5,
kmp =kpua =02, kg =kop =ksz =k =0.3,9=9.8 m/s?. The environment model is the
same as the description in Section 2. The damping matrice is defined as D, = diag(0.5,0.5);
the spring matrice is set as S, = diag(10.0,10.0). The asymmetric time-varying delays at
the master and slave side are shown in Figure 2. The operator torques in x-direction and
y-direction are assumed as shown in Figure 3.

In simulation experiments, the model perturbation parts AM;, AC;, and AG; are
introduced into the dynamic models of the master and slave robot; they can be presented
as AM; = 0.1sin(10t)M;, AC; = 0.1sin(10t)C;, and AG; = 0.1sin(5t)Gj, respectively.
In addition, the parameters of nominal models are set as 1,51 = Mg = 2 kg, My =
mgp = 1kg, Iy =1l =03 m, lp =l = 0.3 m. We consider simulating the uncertain
conditions of teleoperation dynamics by adding the model perturbation parts and defining
the inaccurate nominal model parameters, which are employed to verify the effectiveness of
our proposed methods. The controller parameters are set as follows: in master controller—
1 = diag(5.0,5.0), #,2 = diag(1.0,1.0), A,; = diag(2.0,2.0), A, = diag(1.5,1.5),
K, = diag(25.0,25.0), a1 = amy = 1, Ayn = diag(0.9,0.9), Apo = Ayg = 0.9; in
slave controller—ys; = diag(5.0,5.0), #5» = diag(1.0,1.0), Ay = diag(2.0,2.0), A, =
diag(2.5,2.5), Ks = diag(25.0,25.0), a5 = a5 = 1, Ag; = diag(0.9,0.9), Asx = Az = 0.9.

We performed two parts of the simulation experiment to verify the control effectiveness
of the developed control scheme. First, The simulation experiments are performed to show
the stability and performances of the teleoperation system and verify Theorem 1. Based
on the simulation conditions and parameters set above, the results of the simulation are
shown in Figures 4 and 5, respectively. Figure 4 presents the joint position of the master
robot and the slave robot. Figure 5 shows the position tracking errors between the master
and the slave robot. It can be seen that the joint positions of master and slave robots achieve
good tracking performances. The joint positions are changed when the active operating
forces are exerted on the master robot, and the position tracking errors can still converge to
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0. Figure 5 also illustrates that the tracking errors e, and es are bounded. Figures 6-8 show
the adaptive parameters of 0., 05, D)y, Dy, 0, and @. Tt is shown that these adaptive
parameters are all bounded.

Second, the simulation comparisons with the other three control methods are pre-
sented. In this part, two adaptive control algorithms in [21,23] and an improved P + d
control scheme in [12] are introduced to illustrate the performance of our method. In the
works [21,23], the RBF neural network is implied to estimate the uncertainties. These two
control schemes have good control performance. However, compared with our method,
on the one hand, the acceleration signals are used in [21,23]; on the other hand, the integral
of position error is not considered in the controller design, which may make the system
have steady-state error under the action of different operator forces. Figure 9 shows the
control effect comparison between our proposed method and other control methods, where
simulation case 1, simulation case 2, and simulation case 3 represent the position tracking
error curves using the control methods in the works [21,23], and [12], respectively. As it can
be seen, the position tracking error of these control methods can converge to a small area of
0 with a short-time operator force. When the continuous operating forces are applied to the
master robot, there are large tracking errors with the control method in simulation case 1,
simulation case 2, and simulation case 3.

1

z |
~ 05}
=
0 .
0 10 20 30
Time (s)
1
©
=05
<3
O 1 1
0 10 20 30
Time (s)

Figure 2. Forward and backward time-varying delays d,;, and ds.
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Figure 3. External operator torques Fy, in x-direction and Fy, y-direction.
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Figure 5. Position tracking errors at master side e,,1, e,,2 and slave side ey, €.
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Figure 6. Adaptive parameters 8;, and 0; in RBF neural network for uncertain parts estimation.
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Figure 9. Comparisons of position tracking with different control methods: our proposed method,
simulation case 1, simulation case 2, and simulation case 3.

In this paper, the Root Mean Square Error (RMSE) of position tracking errors is em-
ployed to evaluate the control effect under different methods. The RMSE can be defined as

1 n
RMSE = 1/;i;(e,-)2 (40)
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where ¢; represents the i-th error in the error sequence, and 1 represents the length of the
error sequence. In fact, the RMSE index can be introduced to characterize the degree of
position tracking error distribution of master and slave robots. The smaller the RMSE is,
the closer the tracking error distribution between the master robot and the slave robot is,
which means that the better the tracking control performance is.

The RMSEs of the position tracking errors with these three control schemes are shown
in Table 1. In Table 1, the minimum RMSE value in each row is shown in bold. It can be seen
from these data that the position tracking errors with the proposed control method have
smaller RMSE values, which means that the master and slave robots have better position
tracking performance based on the proposed control method. It also can be found that
with the action of nonzero external environmental forces, larger steady-state errors are
introduced into position tracking errors of the master and slave robots based on method 1,
method 2, and method 3. Therefore, the tracking error RMSE values based on these three
methods are relatively large. This result also verifies the validity of the auxiliary function
constructed by the error integral term in this proposed method.

Table 1. RMSE of position tracking errors with different control methods.

RMSE Proposed Method 1 Method 2 Method 3
em1 0.005325 0.018781 0.018986 0.066509
em 0.005216 0.021510 0.033383 0.065783
€s1 0.002939 0.015770 0.019065 0.041126
es2 0.002333 0.017474 0.028411 0.040475

5.2. Experiment Analysis

In this part, the experiments are performed to verify the validity of proposed control
method. The experiment system is composed of two Phantom Omni devices with actuated
3-DOF. One Phantom Omni is denoted as the master robot and another one is denoted as
the slave robot. These two devices run in the MATLAB/Simulink environment based on
OpenHaptic SDK and S-Function. In the experiment, the first three active joints of these
two robots are used, and the passive joints are fixed by ropes to prevent the influence of
their rotation. The dynamic descriptions and the parameters of the devices are obtained
from [40]. The parameters of the virtual environment force model are defined as follows:
D, = diag(0.01, 0.01, 0.01) and S, = diag(0.1, 0.1, 0.1). The parameters of the master
controller and slave controller are set as follows: in master controller—#,,1 = 2 =
diag(15.0, 15.0, 15.0), A,;; = diag(20.0,20.0,20.0), A, = diag(15.0,20.0,20.0), K,, =
d1ag(250, 20.0, 300), Ayl = Am = 5, A1 = 0.9115><15, AmZ = Am3 = 0.9; in slave
controller—ys1 = 515, = diag(10.0, 10.0, 10.0), As; = diag(20.0, 23.0, 24.0), A4, = diag(25.0,
22.0,25.0), K; = diag(40.0, 35.0, 30.0), a51 = ap = 5, Agy = 0915415, Ay = Az = 0.9.
In order to reflect the control performance of the closed-loop teleoperation system, we have
added a spring-damped model to simulate the action of the slave Phantom Omni devices
on the environmental forces. In the experiment, the operator drags the end of the master
robot to achieve an approximate circular periodic trajectory and feels the force from the
slave robot. The slave robot moves along the trajectory of the master robot with the force
action of the virtual spring-damped model. The schematic diagram and the structure of the
environment system are shown in Figure 10.

The position tracking performances of the three joints and end position of the master
and slave robots with the proposed method are shown in Figures 11 and 12. Figure 11
shows the tracking of the three active joints of the master and slave robots under the action
of the operator dragging and the virtual environment force Figure 12 shows the trajectory
tracking of the master and slave robots under the above experimental conditions in the
Cartesian coordinate frame. We only intercepted part of the trajectory curves to better show
the trajectory tracking performances of the robot end-effectors.
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Figure 10. Experimental system used in our work, the left part is the system structure and the right
side is the actual experiment system.
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Figure 11. Tracking control performance of three active joints of master and slave robots based on the
proposed algorithm.

In addition, to better verify the efficiency of the proposed method, the trajectory
tracking performances of the master and slave robots using the control algorithms in [12,23]
are also presented in Figures 13-16. For the convenience of analysis and expression, we
define the experimental results based on the method in [12] as experiment case 1, and the
results based on the method in [23] as experiment case 2. The conditions of these two
experiments are the same as the previous experiment. Figures 13 and 14 show the tracking
of the three active joints and end-effectors of the master and slave robots under the action
of the controllers presented in [12], respectively. In experiment case 1, an improved P + d
control scheme in [12] is applied to realize the position tracking of the master and slave
robots. It can be seen from Figure 13 that the gravity torque compensation is not applied
in the position tracking control, which results in the tracking curves of the three active
joints having large tracking errors with the action of external forces. The unsatisfactory
end-tracking performance in Figure 14 also verifies the above analysis.

In experiment case 2, an adaptive control method in [23] is also employed to realize the
position tracking of the master and slave robots. It can be seen from Figures 13 and 15 that
the adaptive method can compensate for the gravity torque and external forces; the joint
tracking errors of the master and slave robots are also reduced. However, there are still
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the position tracking errors compared with Figure 11. It can be seen from the comparison
between Figures 12 and 16 that the method proposed in this paper has smaller tracking
errors, and also has more performance advantages in terms of the position tracking of the
robot end-effectors. These two comparative environments verify the effectiveness of the
control scheme proposed in our paper.

master
- - = =slave

—200

100 100
X (mm)
Y (mm)
Figure 12. Tracking control performance of end-effectors of master and slave robots based on the
proposed algorithm.
master — — - -slave
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0 20 40 60 80 100
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05 I 1 1 1
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Figure 13. Tracking control performance of three active joints of master and slave robots under
experiment case 1.
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Figure 14. Tracking control performance of end-effectors of master and slave robots under experiment
case 1.
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Figure 15. Tracking control performance of three active joints of master and slave robots under
experiment case 2.
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Figure 16. Tracking control performance of end-effectors of master and slave robots under experiment
case 2.

6. Conclusions

This paper presents a new bilateral adaptive control scheme for the teleoperation
system. The adaptive controller consists of an auxiliary variable, a nominal model controller,
and an RBF neural network adaptive controller. The velocity feedback filter and integral of
tracking error are applied to design the auxiliary variable. RBF neural network is used to
estimate the uncertain parts of the system. The proposed control scheme can effectively
achieve position tracking and eliminate the adverse effects of time-varying delays and
dynamic uncertainties. Furthermore, compared with some related work, our method does
not need to calculate the position acceleration signals. The simulation and experiment
results are given to verify the effectiveness of the proposed control structure.
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