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Abstract: Communication delay is an important factor affecting the stability and performance of
telerobotic systems. In this paper, a new adaptive proportional damping controller is proposed to
improve the stability and performance of the system in the presence of the cases such as asymmetric
communication delay, unknown gravity torque, friction torque, and other disturbance torques. The
proposed proportional damping control method combines the RBF neural network and adaptive
control strategy to compensate for the unknown torque. The stability and robustness of the system
are enhanced by adding error-damping items, operator force, and environmental force items. The
Lyapunov—-Krasovskii functional is employed to analyze and prove the exponential stability and
signal boundedness of the closed-loop system. The simulation results verify the correctness of
the proposed method, and the comparison with the results of other control methods shows the
effectiveness of the designed control strategy.

Keywords: teleoperation; proportional damping control; adaptive control; time-varying delay;
Lyapunov—-Krasovskii function

MSC: 93-10

1. Introduction

In some particular application scenarios, such as nuclear environments, deep sea,
space, and industrial environments, there are a lot of demands for operational tasks.
However, operators cannot operate in these dangerous and extreme environments, and the
present robots are not sufficiently intelligent to work well. Therefore, teleoperation robots
have been introduced to perform tasks in various scenarios [1-3].

A typical telerobotic system includes the operator, the master robot, the communica-
tion channel, the slave robot, and the task environment [4]. Generally, the control structure
of the teleoperation system is the bilateral control scheme. The human operator manip-
ulates the master robot to move, and then the position signals from the master robot are
transmitted through a communication channel to the slave side. With the slave controller,
the slave robot can track the position of the master robot to perform the task. In addition,
positioning signals and /or force signals that interact with the surrounding environment
can be transmitted to the master robot, which will act on the master robot and the operator
with the action of the master controller.

Stability and positional tracking are the most significant performance objectives for
teleoperation systems. In the bilateral teleoperation system, the positional signals are sent
through a communication channel and the time delay in communication transmissions is
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inevitable. This fact creates an inconsistent factor, i.e., the delay in communication will
reduce the performance and stability of the teleoperation system, and may even cause
system instability [4,5]. Therefore, since finding the harmfulness of time delay signals to
the teleoperation system, many research works have been devoted to analyzing the impact
on the system and ensuring its stability of the system.

The passivity theory is the earliest method used to analyze the stability and con-
trol performance of time-delay teleoperation. Based on the passive theory, some control
methods have been proposed and applied to the control of time-delay teleoperation sys-
tems, and good performance of position tracking control has been achieved. Some typical
control methods are the scattering approach [6,7] and traditional and improved wave
variables [8-11]. The core of the above control methods is to ensure the passivity of the
communication, which requires assuming the external forces of the operator and the envi-
ronment are passive relative to the speed of the robot. However, in practical applications,
the passivity assumption of this external force input is conservative and cannot meet the
needs of most application scenarios. Therefore, some control methods based on passive
theory have limitations in practical applications. In the world, many scholars have pro-
posed and are studying the control methods of time delay teleoperation systems based on
the Lyapunov stability theorem. These typical methods include robust control [12], adap-
tive control based on neural networks and fuzzy systems [13-17], sliding mode control
[18-20], output feedback control [21], feedforward-feedback position control [22], observer
approach [23], and finite-time control [20]. Among the above methods, the author pays
more attention to solving the problem of fixed delay stability of the teleoperation system.
However, in practical applications, the changing communication delay in teleoperation
systems needs more attention.

Damping injection control is another method to guarantee the stability of the time
delay teleoperation system. Its main principle is to use the damping term in the controller
to weaken the energy introduced into the system due to time delay. The controller design
and stability analysis of the closed-loop system are based on Lyapunov-Krasovskii method.
In [24], Nufio proposed a simplified proportional plus damping (P+d) control with constant
time delay for the teleoperation system, and rigorous stability proof has also been given.
Based on the designed first-order filter, a PD controller without speed measurement is
proposed to control the teleoperation system in [25], but the complex communication delay
is not fully considered. In [26], Slawinski proposed a compensated P+d control scheme
to eliminate energy and realize the good position control performance of the time-delay
teleoperation system. The idea of compensation is to consider the simplified model of the
operator’s behavior before tactile and visual stimuli to modify the instructions. In [27],
Islam proposed a new PD control strategy for a teleoperation system with passive and
nonpassive input forces, and symmetrical and unsymmetrical time-varying communication
delays. In [28], a new P+d-like controller is presented to ensure the position and force
tracking control for the network nonlinear teleoperation system. In [29,30], the bilateral
position force control strategies based on the P+d method are also designed for the time-
delay teleoperation systems, respectively. In [29], the extended active observation filter
is designed to measure the external force. In [30], a nonlinear function of environmental
forces is added to improve the control performance of the system.

In some research work, the authors consider the influence of torque saturation on
the stability and performance of teleoperation systems with time-varying delay and de-
sign a P+d control strategy for controller saturation [31,32]. By combining the dynamic
master—slave interconnection with the dynamic damping injection of each robot, in [33]
the authors propose a new control strategy for the time-delay bilateral teleoperation sys-
tem with stable input to state. In [34], the authors designed a simplified algorithm with
gravity compensation based on traditional P+d control and verified the effectiveness of the
algorithm through experiments.

In the above control methods, gravity torque compensation is added to some control
laws to achieve better position control performance [35]. However, these algorithms still
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ignore the effects of friction torque and external interference torque, and for practical
robots, gravity torque may not be accurately obtained, which may weaken the control
performance with the above methods. Adaptive control is an effective method and can
improve the control performance of complex nonlinear systems with unknown dynamics
and disturbances [36,37]. Adaptive control has been widely used in teleoperation systems
for position-tracking control. The main principle is to use fuzzy logic systems, radial basis
function (RBF) neural networks, and linear parameter models to estimate uncertainties
and external disturbances [16,17]. Because of its good characteristics, an adaptive control
strategy has been combined with P+d control in some work. In [38], a nonlinear adaptive
term of environmental force is added to the slave controller, and a nonlinear proportional
plus nonlinear damping (nP+nD) controller is designed. In [39], an adaptive fuzzy logic
system is used to estimate and compensate for the uncertain torques, and an improved
proportional differential sample plus damping (PD+d) control method is designed.

Therefore, based on the line of analyzing the existing work, this paper focuses on
how to combine the RBF neural network, adaptive control method, and P+d control
principle to design a novel control strategy to solve the position tracking problem of
teleoperation system under the factors of asymmetric time-varying delay, unknown gravity
torque, friction torque, and external bounded interference torques. This paper presents
a new improved P+d control based on RBF neural network adaptive compensation for
teleoperation systems. The fundamental contributions of this paper can be summarized
as follows:

* In this paper, a novel control scheme with a proportional plus damping strategy
and adaptive compensation is proposed for the time delay teleoperation system.
RBF neural network and adaptive control method are employed to estimate and
compensate for the unknown torque information.

¢ The traditional proportional damping injection control is improved to obtain better
control performance. The damping term based on position error is introduced to
enhance the stability and robustness of the closed-loop system.

¢  The Lyapunov-Krasovskii functional is used to establish the boundedness and stability
of the closed-loop teleoperation system. The relationships between the controller gain
coefficients are also given in the stability analysis.

The remainder of this paper is presented as follows. In Section 2, the dynamic de-
scriptions of the teleoperation system and the control problem are described. In Section 3,
the proposed adaptive proportional damping injection control scheme is investigated
and the stability analysis is also discussed. The simulation experiment results are given in
Section 4. Finally, this work is concluded in Section 5.

2. Problem Statement
2.1. Teleoperation System Modeling

Consider the master and slave robots with n degree of freedom (dof) rotation joints,
qm € R",q9s € R", g € R", gs € R", §m € R", and §s € R" are, respectively, defined as
the position, velocity, and acceleration vectors of the rotation joints at time t € R™. In joint
space, the dynamic model equations of the master and slave robots can be described as

Mm(qm>qm + Cm(qm/ qm)qm + Gm(Qm) +Fy=1tm — ];Fh/

1
Ms(qs)qs+Cs(q.s/‘15)q.s+Gs(qs)+Fs =Ts _ISTFe/ ( )
where My, (qm), Ms(qs) € R" " are the inertia matrices, Cy(§m, qm), Cs(4s,qs) € R™*"
are the Coriolis and centrifugal matrices, and G, (gm), Gs(gs) € R" are the gravitational
torques. F,, F; € R" are friction torques and external interference torques. The force
exerted by the operator to the end of the master robot is F, € R", and the environmental
force acting on the end of the slave robot is F, € R". The Jacobian matrices J,; and J; can
map the operator and environment forces to the torques in the joint space of the master
and slave robots. The control torques in the master and slave sides are T, and ;. Define
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X and X; as the end positions of the master and slave manipulators in the Cartesian
coordinate system, and X, and X; can be obtained through forward kinematics (FK;; and
FKj) of these two robots. The end velocities X, and X; can be calculated through Jacobian
matrices and the joint velocities. The above relations are shown in the following

X = FKm(qm)/ Xm = Imqm/

. 2
Xs = FKS(qS)/ Xs = ]sqs‘ ( )

It is well known that the dynamic models (10) are nonlinear and parameter time-
varying. For j = m, s, there have some important properties as follows [40,41].

Property 1. The inertia matrix M;(q;) is symmetric positive-definite. In addition, the following
inequality relations are satisfied for the maximum eigenvalue M; yqx and minimum eigenvalue
M i of the matrix M;(q;)

0< Mj,minI < M] (l]]) < Mj,maxI < o0

Property 2. The matrix M]- — 2C; is a skew-symmetric matrix, which means that for any nonzero
vector q € R", the following equation always holds

q" (M; —2Cj)q =0

Property 3. The gravitational torques Gy, Gs, friction torques and external interference torques
E,,, F, are all bounded.

In a teleoperation system, the position signals of the master and the slave robots need
to be transmitted to each other’s controllers to form the bilateral control mode. As we
all know, the transmission time delay of communication is inevitable. d,,(t) and ds(t)
are employed to represent the communication delay signals from the master side to the
slave, and from the slave side to the master side, respectively. Therefore, g5, is defined
as the position signal of the master robot transmitted to the slave side, gq,,,4 is defined as
the slave robot position transmitted to the master side, and we have gq; = g (t — dn (1)),

qmd = qs(t - dS(t))'

Assumption 1. The asymmetric time-varying communication time delays dy, (t) and ds(t) are all
bounded, and there have two constants d,, € R and d; € R that

0 <dn(t) <dpm,
0 < ds(t) < ds.

For operator and environmental forces, there has an assumption below

Assumption 2. The operator force F, and environment force F, are also bounded by ||E,|| <
Fh/ Fh > 0and ”Pg” < Fg, Fg > 0.

2.2. Control Objectives

For a teleoperation system with asymmetric time-varying delays and bounded opera-
tor/environment forces action studied in this work, the main control objective is to design
the appropriate master controller and slave controller to build a bilateral control scheme
and achieve the closed-loop system satisfies the following performance:

e  Stability. The closed-loop system of bilateral teleoperation should be stable, whether
under asymmetric time-varying delay or external force.

e Position tracking. The joint positions of the master and slave robots can track each
other quickly and with small errors. When the time t — oo, ||q(t) — gs(t)| should
approach a small neighborhood of zero or even zero.
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2.3. RBF Neural Network

The RBF neural network has been widely employed for the adaptive controller design
of the uncertain model system, with the property that it can approximate a nonlinear
smooth function with an arbitrary accuracy [42]. In our work, the RBF neural network
is used to estimate the unknown gravity torque vector and friction torque vector. The
RBF neural network has three layers, namely the input layer, the hidden layer, and the
output layer.

For a continuous function G(x) : R* — RY, x € R" is the input vector, with the RBF
neural network, it can be defined as

G(x) = Wlp(x) + w. (3)
where W € R%*4 is the weight matrix, d is the number of network nodes. @ = [¢1, @2, - - -, ¢4] T
is the Gaussian basis function vector and can be calculated as

(Pi:e 2c2 ,1:1,2,...,d.

b; € R” is the Gaussian center vector of the i-th node. c is the width of the Gaussian
function. w is the bounded approximate error.

Remark 1. In more applications of the RBF network, some methods can be used to obtain center
vectors and widths of Gaussian base functions, while the matrix of the coefficient of weight can be
obtained through the training of the data. However, it is important to note that in adaptive control
methods with the RBF neural network, the weight matrix for neural networks is usually constructed
and obtained by the Lyapunov stability criterion. The stability and convergence of the system can be
assured by the development of adaptive learning rules. The Gauss-centered vector of i-the node b is
determined concerning a range of input values of the neural network. In addition, input data values
of the RBF neural network should be in the effect range of Gaussian functions by giving a suitable
width of c.

3. Adaptive Proportional Plus Damping Control Design

In this subsection, a novel adaptive proportional plus damping control method is de-
scribed. Firstly, RBF neural network is used to approximate and compensate the unknown
parts of gravitational torques Gy, G;, friction torques, and external interference torques
E,., F;, which are expressed as follows

Gu(qm) + Fn = W (%) + w,

T 4)
Gs(gs) + F = Wy @s(xs) + ws.

where forj =m, s, W; € R is the ideal approximate weight matrix of the RBF neural

T
network with [ nodes, x; = [q]-T, qﬂ is the input vector of the neural network. @;(x;) €
R is the Gaussian basis function vector, which can be calculated by
T
(xj=03) (3b;i)

- 5
pji=e % =121 ®)

bj; € R¥!" is the Gaussian center function vector of the i-th hidden layer node. ¢jis the
width of the Gaussian function. Then the dynamics of the teleoperation system can be
rewritten as

My (qm)dGm + Con (G, @) G + Wo@@m (Xm) + Wi = T — J b F,

(6)
M (q5)ds + Cs(4s, q4s)4s + Wi @s(x5) + ws = 7 — I F,
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As mentioned in [43,44], P+d control is a damping injection control method that can
ensure position tracking with varying time delays. In our work, the nonlinear control term
of position error and the adaptive compensation term for unknown torque are introduced
into the traditional P+d control method, and the following control strategy is constructed

T = — Kyt 86 (G — qsd)T(qm —qsd) — Knfm
= P(qm — qsa) + Wm(l’m(xm) + W + ]rEPh/

Ts = — Kaxs(qs — qmd)T(qs — qma) — Ksgs
- P(qs — qmd) + Ws(Ps(xs) + s + ]sTFe-

@)

where for j = m, s, Kj; > 0 is the gain weight of position error nonlinear control term, K; is
the damping coefficient matrix, P represents the proportional gain matrix. K;; and P are
all the positive diagonal gain matrices. x; is defined as the stability gain vector, which is
used to ensure the stability of the system with the action of the position error control item.

T. .
ki = [Kj1,Kjp, ..., Kju| is defined as

1 ...

—, ifq;i 70
qji ,
0, lfq]Z =0
Based on the above definition, we can further obtain that

o {1, ifllg;ll #0
0, ifllgjll =0

q; %j =

Remark 2. The time-varying communication delay will lead to the disturbance of the position
tracking errors qm — g and qs — qsq in the master and slave controllers, which means that
the closed-loop system is injected with energy and the stability of the system is weakened. In the
traditional damping injection control, the damping term K;q; is introduced to dissipate and weaken
the harmful energy, to ensure the stability of the system. In our work, the introduced position
error damping control term is also a damping injection mode. Compared with the traditional mode,
the role of the introduced position error damping term can be adjusted according to the position
error. The added error damping term increases the energy dissipation of energy introduced by
communication delay and enhances the stability and robustness of closed-loop teleoperation. In the
controller design, the the stability gain vector ; calculated by the reciprocal of joint velocity is
defined, which not only meets the requirements of damping injection control but also facilitates
the analysis of error damping term in stability proof. In addition, a weight coefficient Ky is added
to adjust the effect of the error damping term, to prevent oscillation caused by velocity speed and
too large position tracking error. Based on this idea, we can also design other forms of error-
damping terms to achieve the above analysis functions, such as kjysign(d;)(q; — q74)" (4 — q74),
forj=m, sand j’ = s, m. The subsequent analysis of this paper only focuses on the control law
proposed above, while the stability analysis of other damping term forms is similar.

Kji: i:1,2,...,7/l (8)

©)

Remark 3. In the above control law, the adaptive control strategy and RBF neural network are
introduced to compensate for unknown gravity torque, friction torque, and other unknown bounded
disturbance torque. The essence of adaptive control is to design an appropriate adaptive learning
law based on Lyapunov theory to ensure the convergence and passivity of the parameter estimation
process. The passivity and stability of the closed-loop teleoperation system can be improved to a
certain extent by introducing adaptive methods. In this paper, the following forms of adaptive
learning laws are designed based on the Lyapunov stability theory. The specific analysis process can
refer to the following part of system stability analysis.
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A 1 1 ..
W, =— — T 7 — — W.’
] o o e (10)
W = — L . 1 Wi
j A 9j Kp o

where Aj1, Njp, Kjp, and Kjz are the gain coefficients of adaptive learning laws, both of which are
positive constants. The control block diagram of the closed-loop teleoperation system is shown in
Figure 1.

Position error
damping

F, Im

_ qm
—>®—> Master Robot >

RBFNN Adaptive | _
Controller

_ | RBFNN Adaptive
Controller

< Slave Robot [«— g ye—

: K

[PUURYD UONBIUNWWO))

Position error
damping

Figure 1. The control block diagram of the teleoperation.

The following theorem serves as a design method and stability for controller (6) for
teleoperation systems with asymmetric time-varying delays and unknown gravity, friction,
and external torques.

Theorem 1. In the bilateral teleoperation system in (1) with the control laws in (7) and adaptive
laws in (10), the closed-loop system is stable and qy,, qs, and q., — qs are bounded for bounded
asymmetric time-varying communication delays and unknown gravity, friction, and external
torques, respectively. If there exists positive controller gain coefficients Kj1, Kjp, Kj3, Aj1, and A,
and positive definite control gain matrices Kj and P, j = m, s, and there exist the positive definite
skew-symmetric matrix Qu, and Qs, so that the above gain matrices and gain coefficients can satisfy
that the new matrices T, ¥, and ¥s defined below are all positive semidefinite.

ds dn
[ =Kl - —Q +Kal - 775Qu'
¥, =Ky — dpn Qo — %PQ;lpT (11)
B} dy
¥, = K — ds Qs — ﬁpgmlpT

The detailed proof process of Theorem 1 can be seen in Appendix B.

4. Simulation Results

The system used in the simulation is a pair of two manipulators with 2-dof revo-
lute joints. The asymmetry varying time delays, unknown gravity and friction torques,
and the external forces of the operator and the environment are also taken into account.
The principle block diagram of the simulation experiment is shown in Figure 2.
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Environment
Operator
Master Slave
Robot Robot
Master ] delay |« Slave
Controller " v Controller

Figure 2. The block diagram of the simulation experiment.

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.
The dynamics of the master and remote robots are similar to (1), where the inertia matrix
M;, centripetal Coriolis matrix C;, gravitational torque G;, and friction torque F; in actual
robot dynamics are defined as [41]

M — {mjll mle] C. [lel lez}
Mmp1 M|’ T e ep2)’

G] = [gjlrng]T/ F] = [f]'l/f]‘Z]T.

The elements of the above matrices M;, Cj, Gj, and F; can be described as mjp =
1121 (m]1 + m]z) + ljzmjz(ZIjl cosgjp + l]'Z)/ Mjlp = Mjy1 = l]zzmjz + ljlljzmjz COS{gja, My =
Iomp, ci1 = ~lilpmpsingpdp, c12 = —lplpmpsingp(dj + 4jp), ca1 = lnlpmpsingp,
cpn =0, 81 = (ﬂ’ljl + mjz)ljlgCOS(L]jl) + mjzljzgcos(qjl + é]jz), 8z = mjzljzgcos(qjl + qu),
fi1 = 0.54;1 + 0.2sign(g1), and fj» = 0.54;2 + 0.2sign(4;2). For simplicity, the configuration
parameters of the teleoperation system are represented in Table 1 [38].

Table 1. Physical parameters of the teleoperation system.

Mm1 Mm2 L Linz ms1 ms2 Is1 Is2
4.0kg 0.5 kg 1.0m 1.0m 3.4kg 0.25kg 1.0m 1.0m

In the simulation experiment, the asymmetric time-varying communication delays at
the master and slave sides are shown in Figure 3. The force interactions between the robot
and the operator and the environment are all assumed to be the stiffness-damping models.
Therefore, the operator input force F, and environmental force F, are modeled as follows

Ey = + by Xon + ki (Xim — %mo),
F, :beXs + ke(Xs - st)'

where fj, is the external operator force, its curve is shown in Figure 4, it can be seen that
the operator exerts the additional trapezoidal forces in x and y direction from 2 s to 8 s. by,
and kj, are the damping and stiffness coefficients of the operator force dynamic respectively.
b, and k. are the damping and stiffness coefficients of the environment force model. x,,
and x5 represent the initial position points of the force applied by the operator and the



Mathematics 2022, 10, 4675

9o0f21

environment, respectively. In this simulation experiment, k, = k. = 10 N/m, b, = 2
N/(m/s), be =25 N/(m/s), xuo = [0.707,1.707]m, and x5 = [0.5,0.866] .

= 1f
< 05y |

0 5 10 15
Time (s)
1 T T
=
= 0.5 |
~
0 5 10 15
Time (s)

Figure 3. Forward and backward time varying delays d;; and d;.

T T
10+ .
z
— 5 B 7
]
0 L L
0 5 10 15
Ti
3 : ime (s) :
z 2 1
S -
0 1 |
0 5 10 15

Time (s)

Figure 4. External operator forces F, in the x-direction and y-direction.

The adaptive law parameters are setas Ay = Ay =1, Ag = A =1, Kpp =Kyzs =1,
and K» = Kg3 = 1. The gain matrices of the control laws are set as K, = Ks = 101, P = 51
and the gain parameters K,;; = K;; = 0.1. The initial joint position of the master robot
is qmo = [71/4, /4] T the initial joint position of the slave robot is g0 = [71/3, 7/ 4]T.
The initial joint velocities 4,0 and g0 are zeros.

We set up two parts of the simulation experiment to verify and illustrate the stability
and effectiveness of the closed-loop system. The simulation experiments are carried out
under the MATLAB/Simulink platform.

Firstly, the simulation with our proposed control scheme is considered. The simulation
is carried out according to the experimental conditions and controller parameters stated
above. This part of the simulation focuses on verifying the stability of the system and the
boundedness of the parameters. The results of the simulation are shown in Figures 5-9,
respectively.

Figures 5 and 6 represent the joint position tracking performances of master and slave
robots. From the joint position and the joint tracking error curves, it can be seen that the
master and slave robots achieve position tracking control within about 5 s, and the position
tracking errors of the two joints are very small and approach 0. These results prove that the
proposed method has a good performance of master-slave robot position tracking control,
and the closed-loop system is stable.
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qm1
- === s |

dm1, qs1 (rad)

Time (s)

qm2
- - -4

dm2,9s2 (rad)

0 1 1
10 15
Time (s)

(=]
W

Figure 5. Joint positions of the master and slave end-effectors in the x-direction and y-direction.

0.2 T T
E2)
Eooop
& -02F i
|
= —04F b
S
06 L I
0 5 10 15
Time (s)
0.1 T T
T 005k 1
0
|
2 -0.05F -
=
0.1 L !
0 5 10 15
Time (s)

Figure 6. Joint tracking errors of the master and slave robots.

Figure 7 shows the motion of the two links of the master and slave robots in the task
space. The red lines present the initial link position and pose of the master and the slave
robots. The blue lines indicate the link position and pose of the master and slave robots.
The orange lines represent the position of the links between the starting time and the ending
time of the master and slave robots. It can be seen that the starting positions of the master
and slave robots are different, but with the performances of the controller, external operator
force, and environmental force, the ending positions are the same, and the whole moving
process is stable.

Figures 8 and 9 show the curves of adaptive parameters Wy, Wy, Wy, and wy,. It can
be seen that the adaptive parameters are convergent and bounded in the control process.
These results verify that the closed-loop teleoperation system with the proposed method is
stable, and the signals of the system are also bounded and convergent.
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W

Ws

Initial configuration

Final configuration

0

Initial configuration

Final configuration

2 -1 0 1
X (m)

10 15
T
10 15
Time (s)
Figure 8. Adaptive parameters in the RBF neural networks W;, and W;.
15 T T
Wm1
1F Wina |
0.5 .
0 L
0 5 10 15
Time (s)
2 T T
Ws1
Ws2
l — -
0 L
0 5 10 15

Time (s)

Figure 9. Adaptive parameters of W, and ;.

In the second part of the simulation, we selected some representative damping injec-

tion control work, implemented these control methods in the simulation, and compared
the results of these methods with the proposed methods to verify the effectiveness of the
methods presented in this paper. Three cases based on three different damping injection
control methods are set. Case 1: in [34], the authors proposed a simplified but classical pro-
portional damping injection control method with gravity compensation. Case 2 [38]: with
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the traditional proportional damping injection control, the author added an adaptive part
based on parameter linearization to compensate for the gravity torque. This idea is similar
to our work, but the difference is that the position error damping term is not introduced
into the control scheme. Case 3 [39]: the author designed a proportional differential plus
damping injection method, which has no gravity torque compensation and operating force
and environmental force feedback in the control law. The detailed simulation results and
results comparison are shown in Figures 10-18.

Figures 10 and 11 show the joint position tracking curves and the motion performance
in the workspace of the master and slave robots based on the Case 1 method. It can be seen
that the position tracking performances of the master and slave robots have entered into
the stable state within 10 s, and there is a certain amount of steady-state errors. The joint
position error results in Case 1 are compared with the error results of the proposed method,
as shown in Figure 12. The simulation experimental conditions are the same as those above.
It can be clearly seen that the position tracking performance with Case 1 is affected by
additional operator forces due to the lack of friction torque and operator force compensation,
and the convergence speed is slow. The proposed method has faster convergence speed
and smaller steady-state errors.

=) e P S
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e
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- - = == g5
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Time (s)

o
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Figure 10. Joint positions of the master and slave end-effectors with the method in Case 1.
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Figure 11. Task performances of the master and slave robots with the method in Case 1.
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Figure 12. Comparisons of joint tracking errors based on the proposed method and the method in
Case 1.

dm1,4qs1 (rad)

dm2, qs2 (rad)

Figures 13 and 14 show the joint position tracking and the task performance of the
master and slave robots based on the method in Case 2. It is shown that the joint position
tracking the performance of the master and slave robots is not affected by the additional
operator force with the adaptive control, operator, and environment force compensation.
The position tracking errors can approach a very small range within a certain time, and the
task performance does not have a process of vibration. Similarly, the error tracking results
of the method in Case 2 are compared with the results of the proposed method. It can be
seen that the error convergence speed of Case 2 is slower, and the convergence error of
joint 2 is larger. The proposed method has advantages in position tracking performance.
Figures 16 and 17 show the joint position tracking and the task performance of the
master and slave robots based on the method in Case 3. It can be seen that the introduction
of a differential term in Case 3 improves the convergence speed. Under the adaptive
compensation of the fuzzy system, the first joint position tracking error converges quickly
and the steady-state error is small, but the second joint position tracking error is large.
The task performances also illustrate the above issues. Figure 1 shows the comparison
between the joint position tracking errors using the Case 3 method and the proposed
method. The control method in Case 3 has a faster convergence speed, but the position
tracking accuracy is not as good as the proposed control method.

1
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Figure 13. Joint positions of the master and slave end-effectors with the method in Case 2.
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Figure 15. Comparisons of Joint tracking errors based on the proposed method and the method in

Case 2.
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Figure 16. Joint positions of the master and slave end-effectors with the method in Case 3.
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Figure 17. Task performances of the master and slave robots with the method in Case 3.
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Figure 18. Comparisons of task space tracking errors based on the proposed method and the method
in Case 3.

Based on the above analysis of the position tracking performance of these three
damping injection control methods in Case 1, Case 2, and Case 3, it further illustrates that
the proposed control scheme has advantages in position tracking accuracy and is superior
to Case 1 and Case 2 in convergence speed.

5. Conclusions

This paper presents a new adaptive proportional damping injection control method
for teleoperation systems, which considers the existence of asymmetric time-varying time
delay, unknown gravity torque, friction torque, and disturbance torque. The stability of the
time-delay system is further enhanced by introducing the position error damping term. The
RBF neural network and adaptive control method are used to compensate for the unknown
torque information. A Lyapunov—Krasovskii function is defined for the stability analysis of
the closed-loop teleoperation system. The verification simulation of the proposed method
and the comparison simulation with the results of other control methods are implemented,
respectively. In the verification simulation, the position information of the master and slave
robots could enter a stable state with very small errors of about 5 s. In the comparative
simulation, the proposed method has the advantages in the steady state errors of position
tracking and the rapidity of convergence. The proposed adaptive P+d method can be used
for telemedicine and teleoperation of mobile robots [45]. We also plan to apply the method
proposed in this paper to industrial robot systems. However, it should be noted that the
position error damping term introduced in this paper has singular characteristics near zero
velocity, which will bring oscillation to the control value. In addition, avoiding oscillation
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near a singular value, introducing the idea of robust control into the controller design,
and carrying out some physical experiments to verify the proposed method are also the
directions of our future research and need to be further carried out.
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Appendix A. Preliminary Lemmas

In order to better analyze the stability of the closed-loop system, some useful lemmas
are introduced here.

Lemma A1 ([46]). For a positive-definite matrix Q € R™*" and arbitrary vectors related to time
tX(t) € R"and Y(t) € R", the following inequation always holds as:

+x7 (1) / t

t—d(t)

t

v@ac- [ Y@@ < X0 X (A

—d(t)
where 0 < d(t) <d.

Lemma A2 ([47]). Let there be two continuous and differentiable time functions f(t) and V (t) :
[0, +00) € R, for any time t : t > to > 0and constant x € R, if V < —aV + f, the following
inequality is always true.

V() < ety (4 + ) f(t)dt (A2)

= fo

Appendix B. Proof of Theorem 1

Proof. The proof of this theorem is investigated using the following Lyapunov-Krasovskii
function V = V; + V, + V3 4V, where

1 1
Vi = Eq;szqm + iququS/
1
Vo = E(qm - qS)TP(qm —qs),
0 t 0t
vi= [ [ ah@Quin@dzdo+ [ [ 4T(&)Qudc(e)dzdo
—dy Jt+6 —ds Jt+6

A o Nop o1 A T Ao 7
Vi = T"“tr(W,ZWm) + me,ﬂwm + 251 tr(WsTWS) + Tszwgws.

(A3)

V1 represents the total kinetic energy of the master robot and slave robot; V; represents
the potential energy in proportional control; V3 characterizes the energy of forward and
backward communication channels with time-varying delay; V, represents the energy of
adaptive estimation.
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With the property of the system in Property 2 and the control laws in (7), the derivative
of V is computed as

Vi=-— Ky (gm — qsd)T(qm —qsa)I — q,EKQO - qunP(qm —qsq)
+ 4 (Wi + @) — Kaa (s = Xoua)" (95— guna) T — 47K (A4)
— 4P (gs — Gua) + 47 (Wquos + ﬁ?s)

For terms (g — qsq)’ (gm — qsa) and (gs — qma) " (gs — gma), based on the definition
of integral, the following inequalities exist

(@ = 4s2)" (G — 4sa) = (g — 45)" (G — qs) +2(qm — q5)" /tid 45(£)dg,

(A5)
(s = Gma)" (95 = Gma) = (g5 = qm)" (45 — ) +2(qs — gu)" /ttdm G (§)dE
Then, it can be obtained as
Vi < = K1 (qm — qS)T(qm = q5)1 = Gy K — 4 P(Gm — qsa)
+ (an(l’m + ﬁ)m> —2(qn —q5)" /ttds q4s(¢)dg 6)

T . . .
1(4s = gm)" (s — qm)T — 4. Kss — 4IP(q5 — qna)
_ ot
+ qu (WsT§”s + WS) —2(qs — qm)TBs /t—d gm(§)dg.
where Wm, Ws, Wy, and W ws are the matrices and vectors of parameter estimation error,
and they are defined as Wm =W, — W, Wy = Wy — wy, W = Ws — W, and W, =

wS ws
The time derivative of V, is described as

Vy = (Gm — QS)TP(qm —qs) = q;P(‘im —qs) — qSTP(qm —4qs). (A7)
Then there is
Vi+ Vo <= K1 (gm — qS)T(q — g5)I — 43, Knm + 41, (anfl’m + ZT’m)

T [t
P [ 4@~ 20" [ au(@de

T T (T (A8)
— Ks1(gs ‘M) (gs — qm)I — 45 Ksgs + 4, (Ws @s + WS)
¢
—4s / ¢)dg —2(qs qm)T/t_d Gm($)dg.
The time derivative of V3 is
; 7 T f T 7T boor
Vs =dmdy Qmim — / — GuKmgmdr +dsqs Qsqs — / _ 45 Ksgsdr
t—dpy t—d. (A9)

B ¢ B t
<dwdp, Quim — /tid K Gmdr + dsgi Qsds — /tid G2 Kgsdr.
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Sum V;, V», and V3
Vi+Va+ V3
< — K1 (gm — qS)T(qm —qs)I — qLKmqm
+ 4, (W;£¢m + ZT’m> + oy Quilm
t t
—anP [ gz =2 [ T Quiudr
t t
T . .T .
—2(qm — qs) /tde gsd¢ — (1 - A7) /t—ds 45 Qsqsdr (A10)
— K1 (gs — qm)T(qs —qm)I — ququs
+ il (Wlps+ @, ) + 4! Quds
t t
—lP [ qudZ =2 [ 4l Quindr

~2g =) [ gudt—1-1) [

, dr Qulmdr.

where 0 < A < 1.
Considering Lemma 1, it can be obtained as

t t d
—dhP [ gz =2 [ I Qusdr < TxdlPQIP g,
t—ds t—ds

t t d
~qTP [ gudE A [t Quindr < (4IPQ, P4,
t—dy, t—dy, 4)

t t
_Z(qm_qs)T/t ) qsdg—(l—/\)/t ) 4T Qsdisdr A
~ds ~ds 11

1_ A(qm - qS)TQs_lBrE(qm —9s)

t t
~20ge—q)’ [ dwdz— (1) [

, 43 Quimdr

5 (@ = )" Q' BY (i — 45)
Based on the above inequality, the following results can be further obtained

Vit Vot Vs < — (qu —45) T(qm — q5)
— G Yl + Gy (WWZ(Pm + ZTfm) (A12)
— %o+ 4L (W s + )

where the gain matrices I', ¥, and ¥ are defined as

d _ d _
=Kl — 75 Q" +Kal = 75bmQ;,!

Y =Ky — dpn Qo — %PQS*PT (A13)

A

lIJs:I<s_d-st_ﬁ

PQ,'PT

Based on the conditions set by the theorem, these matrices I', ¥,;,, and ¥ are all
positive semidefinite.
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With the adaptive laws in (10), the time derivative of V} is

- TTo T ~ A e Ny 7
Vi=— g, Wlom — 4L wm — K—m]tr(anWm> — K—mzw%wm
m2 m3

_ Aa. (mra) A
— gl W s — glw, - 22 (WIW,) - 22wl
Ks2 Kss

< —gr W, — = tr(W,ZWm) 4 o tr(w,};wm>
2Kz 2K,0 (A14)

Am2 ~T ~ Am2 T
2K, 5 omm T o Wi

T As1 . (coTvo Agq
—gIWlgp,s - 2K552 tr (WSTWS) + 21(552 tr (WSTWS)
AsZ ~T ~ Asz T

_ K w; Ws + K3 W Wg

T ~

— 41

SO . . . . .
V=Vi+Wm+V+V,

< —(Gm—q5) T(qm — qs) — 4 Emim — 4 ¥sdis

At (voTvo Amp T~ (A15)
— t (w W, )—
W ") T 2K
Aa e\ Mgy o
_ sl tr(WSTWs) - 2K523w§ws +A
S,

where A is a positive constant and defined as

_ Aml
2K,0

A A A
A tr(w,};Wm) 4 B2 T gy 4 S tr(WSTWs> + 22 T, (A16)

2K7113 m 2K52 2KS3

Further considering V, the following inequality relations are established
V-0 [(qm —45) " (qm — 45) + Gndim + 41 45

o (A17)

+tr(w,£wm) WLy + tr (WSTWS) + zT;STzT;s] +A

where (), is defined as

(A18)

A A A A
) = min (Fmin/ Yo min, ¥ il 2 s1 s2 )

s,mins Zsz/ Zng,, 2K52, 2K53

where I'yin, Yo min, and Yy ;i are the minimum eigenvalues of matrices I', ¥;,, and ¥,
respectively.

From q].T Qjq4; < Qj,mﬂxq]rqj,j = m,s and Qjqx being the smallest eigenvalue of Q;,
we can obtain that

0 t 42
/_d]_ /HG 47 (£)Qjd;(2)dGd0 < —-Qjmaxd] 4j- (A19)

Therefore, the derivative of the Lyapunov-Krasovskii function V can be written

as follows
- T LT . LT .
V < |(gn = 5)" (@ — 45) + didn + 42 ds
o (A20)
e (Wi W) + @0, + tr(WI W) + @] |

where () is a positive real number and is defined as

Mm,mﬂx‘i‘d?an,mux Ms,max‘i‘dZQs,mux Pmax Aml AmZ ﬂ AsZ
2 ! 2 2727 27272

0, = max( ) (A21)
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M max, Msmax, Pmax, Qm,max, and Qs max are the maximum eigenvalues of matrices of M,
M;, P, Qs, and Q, respectively.
Therefore, it is obvious that the following results can be obtained

V< —&VJFA. (A22)
@)}

If the gain coefficient of the control laws in the theorem is satisfied, then it can get that
()1 is a positive real number. Based on Lemma 2, there exists a ty for t > ¢y > 0, we can get

O O
V< mIy () + A2 (1 - eoi(”‘”> (A23)
1

Then it can be further obtained that

lim V(t) < 222

t—ro0 Ql

(A24)

It is obvious that the closed-loop system is stable and the Lyapunov-Krasovskii
function V is bounded, which also means that the position error q,; — gs and velocities 4,
and g; are also bounded. This completes the proof. [
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