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a b s t r a c t

Bilateral controller design for the teleoperation system is studied in this paper based on a motion
prediction approach. To compensate the known long time-varying delays, novel predictors are pre-
sented to reconstruct the positions and velocities of robots on both sides through using the delayed
measurements. The proposed predictors consist of several sub-predictors in a cascade structure, each
of which is to predict the states of the previous one. The estimations of the actual states can be
obtained from the last sub-predictor. New prediction horizons of each sub-observers are designed to
cope with the time-varying fractions of the time delay. Then through applying the predicted results,
bilateral predictive controller is designed for the teleoperation. The errors of both position tracking and
prediction can converge into the bounded regions under several sufficient conditions of the control
gains, which are obtained by using the Lyapunov–Krasovskii approach. The effective capacity of the
presented method can be verified through comparative simulations.

© 2021 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introductions

With the developments of robotic and communication net-
orks, teleoperation system has been widely developed to enable
uman operator to accomplish a work in distant. Since teleoper-
tion systems are generally utilized in extensive fields, such as
erospace exploration, remote surgery, harmful chemical exper-
ment, unmanned vehicles, and so on [1–3], they highly suffer
rom the time delays, which are hard to avoid owing to the
ong communication distance and bandwidth limitation [4]. Large
ommunication delays can break down the real-time operation
r even destabilize the robotic systems [5]. Recently, intensive
esearch activities have been aiming to achieve the stable control
or the bilateral teleoperations. Thus many important approaches
ave been proposed, such as wave variables [6], Lyapunov-based
tability conditions [7], adaptive finite-time control method [8],
nd so on. It is worth mentioning that the delayed measurements
ave been directly used in most previous works of teleoperation
ystem. The slave robot can just synchronize with the delayed
ositions of master robot, meanwhile the master side can only
btain a delayed feedback from the slave robot. However, in
any practical applications of teleoperation system, the real-time
otion synchronization and feedback are very essential [9]. Thus
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it is quite desirable to design a motion prediction method to
reconstruct the real-time states of remote robot based on the
delayed measurements.

In the case of linear teleoperation system, the motion pre-
diction problems with constant time delay have been studied
by utilizing the Smith predictor [10] and model predictive con-
troller [11]. In [12], by considering delay as a constant with
time-varying uncertainty, a time shift approach was proposed to
estimate the system states of linear system with time-varying
delayed output. For nonlinear robot systems, several motivated
predictive controllers were proposed for robot systems with in-
put time-delays [13,14]. However, the delayed measurements
have not been considered. Recently, a number of observer-based
approaches were presented to predict the actual states for uni-
lateral robotic systems by using delayed measurements. For in-
stance, in [15], the delayed output of the system were considered
as special disturbances, which are estimated and compensated
by applying extended state observers. In [16], a predictor with
observer-based structure was proposed for a single robotic sys-
tem with unilateral output delay. However, the bilateral motion
prediction for nonlinear telerobotic system is still a challenging
and open problem.

When the measurement (output) delay is enough small, we
can just apply one predictor to predict the actual state of sys-
tem [17]. Yet, in case of long time delay, we need to use several
predictors with a cascade structure [18]. The cascade predictor is
composed of a number of sub-predictors in a chain. Each sub-
predictor is to predict the states of the previous one, and the
ntrol for teleoperation under long time-varying delays. ISA Transactions (2021),
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ast sub-predictor generates estimations of the actual states of
he teleoperation system. In [17,19], the cascade predictors were
pplied to nonlinear system with invariable delays in output.
n [20], output reconstruction methods were proposed, which
urned the time-varying delayed output into constant delay cases
hrough further delaying the measurements. But the prediction
rrors also rose due to the artificially increased delays. Then
n [21], the cascade observer was designed to deal with a class of
elayed measurements which were continuously available during
ome time horizons but sampled during others. Note that these
pproaches require the knowledge of controller inputs. However,
s for teleoperation system, the predictors are located on the
ther sides of the robots to be estimated (as shown in Fig. 1).
hat is to say, the information of controller inputs cannot be
mmediately obtained and utilized by the predictors. Therefore,
he cascade predictors in these approaches cannot be applied to
andle the teleoperation systems directly. Besides, the controller
esign method based on the prediction results has not been
onsidered in the mentioned previous works.
In this article, the design of bilateral predictor and controller

or teleoperation systems under known communication delays
re studied. A novel robust cascade prediction approach is pro-
osed to estimate the real-time states of robots on both sides.
hen motivated by [22], bilateral predictive controller is designed
ased on the existent prediction results. Through applying the
yapunov–Krasovskii method, sufficient conditions guaranteeing
he boundness of the prediction and tracking errors are ob-
ained. Moreover, in uncertainty-free case, the prediction errors
onverge to zero exponentially. Finally, the performance of the
esigned controller and predictor is verified through compara-
ive simulation results by using a two degree-of-freedom (DOF)
eleoperation system.

The main novelties and contributions of this work are listed in
he following:

1. Different from the previous cascade observers [17,19,20]
with constant partitions of time delays and prediction hori-
zons, we design new time-varying prediction horizons for
the sub-observers to address the time-varying delays. Also
we employ estimated input functions which can be ob-
tained directly on the same side of the predictors, in-
stead of the real inputs of the remote robot to be es-
timated. These features will greatly improve the conve-
nience of implementation of the proposed predictors for
teleoperation.

2. Based on the prediction results, bilateral predictive con-
troller is designed for the teleoperation system. Differently
from previous studies where the delayed measurements
are directly used in the controllers [22–25], the proposed
approach can ensure more timely information exchanging
and more precise position synchronization between the
robots.

. Mathematical model and preliminaries

The n-DOF nonlinear teleoperation system which includes a
master and a slave robot is described by

Mi(qi)q̈i + Ci(qi, q̇i)q̇i = ui + εi + fi, (1)

where i = m, s indicates master or slave, qi, q̇i ∈ ℜ
n are joint

angles and velocities for the robots, respectively, ui represents
controller input, and εi represents the unknown disturbance.
fm ∈ ℜ

n represents the human operator input torque and fs ∈

ℜ
n represents the environmental torque. Mi(qi) ∈ ℜ

n×n is the
atrix of inertia, which is positive definite, and Ci(qi, q̇i) ∈ ℜ

n×n

is the Coriolis and centrifugal effects matrix. Several common

properties of the system are satisfied [23]:

2

P1: For some constants µi1, µi2 > 0, there is µi2I ≥ Mi(qi) ≥

µi1I .
P2: For some constants ci > 0, there is ∥Ci(qi, q̇i)∥ ≤ ci∥q̇i∥.
P3: Ṁi(qi) − 2Ci(qi, q̇i) is skew symmetric.
As it is presented in Fig. 1, the robots on master and slave sides

xchange messages to each other by communication channels un-
er known time-varying forward delay τm(t) and feedback delay
s(t). We assume both positions and velocities are measurable.
he first aim of our study is to design predictors to estimate the
eal-time states of robots on another side by utilizing the delayed
utputs qi(t−τi) and q̇i(t−τi). System (1) is initialized by qi(t) = 0
nd q̇i(t) = 0, whenever t < 0. Several assumptions on the time
elays and unknown parts are given in the following.

ssumption 1. The unknown disturbances and inputs are
ounded and satisfy

εi + fi∥ ≤ v1, (2)

where v1 > 0 is a constant, ∥·∥ represents the standard Euclidean
norm,

Assumption 2. τm(t) and τs(t) are known, continuous, time-
varying and bounded functions in time, which satisfy, for i =

, s,

0 ≥τi(t) ≥ τ1 ≥ 0, (3)

τ̇i(t) < 1, (4)

where τ0, τ1 are known upper and lower bounds of τi(t).

emark 1. The assumptions on unknown parts and time delays
re very commonly used in the designs of nonlinear systems [14,
3]. The assumption of known delay is realistic in many net-
orked control applications. When clock synchronization can
e achieved for robots at both sides, the time delays can be
easured immediately by subtracting the time stamp of data
ackets [26]. Besides, for Internet-based communications, time
elays change slower than the time thanks to communication
rotocols [27]. That is to say, the derivative of the delay is less
han 1. Furthermore, once the time delays grow faster than the
ime, nothing new can be received from the communication
hannel. Under the circumstances, any remote control makes no
ense. The upper and lower bounds of τm and τs could be different.
or brevity, we can select τ0 as the maximal upper bound, and τ1
s the minimal lower bound of both τm and τs.

We reformulate the Eq. (1) as

¨ i = M−1
i (qi)(ui + εi + fi) + gi(qi, q̇i), (5)

here gi(qi, q̇i) = −M−1
i (qi)Ci(qi, q̇i)q̇i. Because Mi(·) and Ci(·, ·)

re usually very complex and hard to be determined or calculated
or multi-degree of freedom robot, we will utilize the approxi-
ate functions in the prediction algorithm to render the proposed
lgorithm easily to be implemented.

ssumption 3. There exists available estimated functions hi(·, ·)
f gi(·, ·) and M̂i(·) of M(·) which satisfy

hi(qi, q̇i) − gi(qi, q̇i)∥ ≤ v2 (6)

¯ i1I ≤ M̂i(qi) ≤ µ̄i2I. (7)

here v2, µ̄i1, µ̄i1 > 0 are constants, and I represents the identity
atrix.

ssumption 4. The first partial derivatives of hi(qi, q̇i) and ui are
ounded.

p
Highlight
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Fig. 1. The proposed control block for teleoperation.
B
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emark 2. The estimated functions in Assumption 3 are usually
designed based on nominal parameters of the robot, such as
in [25]. In our method, the predictors remain stable as long as
hi(·) and Mi(·) is bounded by conditions (6) and (7). The designs
re relatively free. Nevertheless, better prediction results can be
btained by using more accurate estimated functions.

Let x1i and x2i denote the predicted position and velocity, re-
pectively. In our method, we assume that the master controller is
esigned by using the measurements qm, q̇m and the predictions
1s, x2s, which can be obtained on the master side without delay.
imilarly, the slave controller is designed by using qs, q̇s and the
redictions x1m, x2m, That is

m = um(qm, q̇m, x1s, x2s) (8)

us = um(qs, q̇s, x1m, x2m) (9)

owever, as is shown in Fig. 1, since the predictor is situated
n the other side of the estimated robot, the controller ui is
navailable in the predictor design. Thus, we will employ an
stimated input function ûi based on the variables, which can be
btained directly on the same side of predictor. That is

ˆm = um(x1m, x2m, qs, q̇s) (10)

ûs = um(x1s, x2s, qm, q̇m) (11)

. Cascade predictors for teleoperation system

.1. Partitions of time-varying delay and prediction horizons of sub-
redictors

In the case of long time delay, we should use several sub-
redictors in a cascade structure. Thus we divide the delay τi(t)
nto several partitions, and use the same numbers of sub-
redictors to estimate the real positions gradually. Considering
i numbers of partitions, where pi ≥ 1 is a positive integer
or i = m, s, the following partition laws are applied to the
resentation of proposed predictor [18]: for j = 1, 2, . . . , pi,

ij(t) = qi

(
t − τi(t) + j

τi(t)
pi

)
(12)

˙ ij(t) = q̇i

(
t − τi(t) + j

τi(t)
pi

)
(13)

he structure of proposed cascade observer is given in Fig. 2,
here the output of each sub-predictors x1ij, x2ij are estimations
f qij, q̇ij, respectively. The actual states qi and q̇i will be estimated

by the last predictor. Consequently, we have x1i(t) = x1i,j=p(t) and
x2i(t) = x2i,j=p(t).

Each sub-predictor is to predict the positions of previous one
with a prediction horizon ζij(t). In other words, x1ij(t) is a predic-
tion of q (t−ζ (t)) which is approximatively replaced by x (t)
ij ij 1i.j−1

3

in each sub-predictor. For a constant time delay τi(t) = τic , we
have qij(t −

1
pi

τic) = qi,j−1(t). Thus we can use ζij(t) =
1
pi

τic . But
this relationship is incompatible for the time-varying delays. In
our approach, motivated by [20], the update laws of time-varying
delay horizons for sub-predictors are proposed as following:

ζij(t) =

(
1 −

j − 1
pi

)
τi(t) − Tij(t), (14)

Tij(t) =

(
1 −

j
pi

)
τi
(
t − ζij(t)

)
. (15)

ased on Eq. (12), the following relationship is checked:

qij(t − ζij(t)) = qi

(
t − ζij(t) −

(
1 −

j
pi

)
τi(t − ζij(t))

)
= qi

(
t −

(
1 −

j − 1
pi

)
τi(t) + Tij(t) − Tij(t)

)
= qi,j−1(t)

(16)

When the time delay is constant, from Eq. (14), we have ζij =
1
pi

τic . In this case, the prediction horizons are same as the ones
proposed for invariable delays [17–19].

Through differentiating both sides of (14), we can obtain

ζ̇ij(t) =

pi−j+1
pi

τ̇i(t) −
pi−j
pi

τ̇i
(
t − ζij(t)

)
1 −

pi−j
pi

τ̇i
(
t − ζij(t)

) .

= 1 −

1 −
pi−j+1

pi
τ̇i(t)

1 −
pi−j
pi

τ̇i
(
t − ζij(t)

) . (17)

ased on Assumption 2, since τ̇i(t) < 1, there is

˙ij(t) < 1. (18)

In addition, since τi(t) is bounded, ζij is also bounded and satisfies,
for all j = 1, . . . , pi,

0 ≤ ζij(t) ≤ ζ̄i (19)

where ζ̄i is the known upper bound of ζij(t).

Remark 3. Based on Eqs. (14) and (15), Tij(t) and ζij(t) can be built
as shown in Fig. 3, which can be implemented using standard
program ‘‘Variable Time Delay’’ in Matlab/Simulink.

3.2. Bilateral cascade predictor design

The proposed cascade predictor is presented as follows, for
j = 1, . . . , pi,

ẋ1ij(t) = lij(t)x2ij(t), (20)

ẋ2ij(t) =lij(t)[hi(x1ij(t), x2ij(t)) + M̂−1
i (x1ij(t))ûij(t)]

˙
(21)
+ Kpi(1 − ζij(t))rijζ (t),
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here x1ij(t) and x2ij(t) are predictions of qij(t) and q̇ij(t) respec-
ively, lij(t) = [1 − (1 − j/m)τ̇i(t)], Kpi is the positive constant
redictor gain which can be expanded as

pi = ka + kb + kc + kdi, for i = m, s. (22)

nd for j = 1,

ri1ζ (t) =q̇i(t − τi) − x2ij(t − ζi1) + α(qi(t − τi) − x1ij(t − ζi1))

− Kpi

∫ t

t−ζij(t)
(1 − ζ̇ij(t))rijζ (σ )dσ ,

(23)

for j = 2, . . . , pi,

rijζ (t) =x2i,j−1(t) − x2ij(t − ζij(t)) + α(x1i,j−1(t) − x1ij(t − ζij(t)))

− Kpi

∫ t

t−ζij(t)
(1 − ζ̇ij(t))rijζ (σ )dσ ,

(24)

We introduce the notations of prediction errors as following:

rijζ (t) = rij(t − ζij(t)), (25)

eij(t) = qij(t) − x1ij(t), (26)

ηij(t) = q̇ij(t) − x2ij(t), (27)

θij(t) = Kpi

∫ t

t−ζij(t)
rij(σ )dσ (28)

Rij = ηij(t) + αeij(t) − θij(t). (29)

Notice that θij(t−ζij(t)) = Kpi
∫ t
t−ζij(t)

(1− ζ̇ij(t))rijζ (σ )dσ . For j = 1,
since qi1(t − ζi1(t)) = qi(t − τi), we can conclude that

Ri1(t) = ri1(t). (30)

And for j = 2, 3, . . . , pi, since qij(t − ζij(t)) = qi,j−1(t), there is

Rij(t − ζij(t)) = rij(t − ζij(t)) + ηi,j−1(t) + αei,j−1(t). (31)

After defining Ωij(t) = t − ζij(t), there is

Rij(t) = rij(t) + Eij(t). (32)

where

Eij(t) = ηi,j−1(Ω−1
ij (t)) + αei,j−1(Ω−1

ij (t)). (33)

Theorem 1. For cascade predictor (20)–(21) and the teleoperation
system (1), if the gain Kpi are selected sufficiently large, such that for
j = 1, 2, . . . , pi,

ka >
δ
, kb >

ρ2
j (∥zj(0)∥)

, kdi >
δ + 2ω + 2κζ̄i

, (34)

2 2φj 2(1 − δ)

4

nd if the prediction horizon are sufficient small such that following
elations are simultaneously satisfied

>
δ

2
, (35)

δ

2ω
< 1 − ζ̇ , (36)

ζ̄i <
2κδ

3K 2
pi

, (37)

hen the prediction errors Rij, eij, and ηij converge to the bounded
egions, where δ, ω, κ , γ1, φj and γ2 are a positive constants which
ill be specified later, ρ(·) represent a non-decreasing and positive

unction, zj(0) is the initial value of zj(t), and zj(t) ∈ ℜ
6n is defined

s

j(t) =
[
eTmj θ T

mj RT
mj eTsj θ T

sj RT
sj

]T
. (38)

roof of Theorem 1. Throughout this proof, the time argument
is omitted for brevity.
By substituting Eqs. (26)–(28) into (29), the time derivative of

ij can be obtained as

Ṙij =lijq̈ij − ẋ2ij + αėij + Kpi(1 − ζ̇ij)rijζ − Kpirij
=lijq̈ij + αėij − lij[h(x1ij, x2ij) − M̂−1

i (x1ij)ûij] − Kpirij.
(39)

ccording to Eq. (5) and relationships (30) and (32), we have

˙ ij =

{
Ndij + Nij − eij − KpiRij, for j = 1,

Ndij + Nij − eij − Kpi(Rij + Eij), for j = 2, . . . , pi,
(40)

here

dij = lij[M−1
i (qij)(εi + fi) + gi(qij, q̇ij) − hi(qij, q̇ij)] (41)

Nij =lij[hi(qij, q̇ij) − hi(x1ij, x2ij)+

M−1
i (qij)uij − M̂−1

i (x1ij)ûij + αηij] + eij.
(42)

ased on Property 1, Assumptions 1 and 3, Ndij can be upper
ounded as

Ndij∥ ≤ v = v1/µ1 + v2, (43)

nd the upper bound of Nij can be derived according to the Mean
alue Theorem as [13]:

Nij∥ ≤ ρj(∥zj∥)∥zj∥, (44)

In view of the definition of um in (8) and ûm in (10), the
oundness of M−1

m (qmj)umj − M̂−1
m (xmj)ûmj is determined by not

nly eTmj and RT
mj, but also eTsj and RT

sj. And it is the same as for
s and ûs. Thus for both Nmj and Nsj, their bounds should be
etermined by the functions of ∥z ∥ which contains the prediction
j
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rrors of predictors on both sides. Hence, the stability for the
aster and slave predictors cannot be separately analyzed.
For j = 1, 2, . . . , pi, the following Lyapunov–Krasovskii func-

tional is established:

Wj = Vmj + Vsj, . (45)

Vij =
1
2
eTijeij +

1
2
RT
ijRij +

1
2Kpi

θ T
ij θij + Qij + Pij, for i = m, s. (46)

here

ij =κ

∫ t

t−ζ̄i

∫ t

s
∥rij(σ )∥2dσds ≤ κζ̄i

∫ t

t−ζ̄i

∥rij(σ )∥2dσ , (47)

Pij =ω

∫ t

t−ζij

∥rij(σ )∥2dσ . (48)

et yj ∈ ℜ
10n be defined as

j =
[
eTmj RT

mj θ T
mj

√
Pmj

√
Qmj eTsj RT

sj θ T
sj

√
Psj

√
Qsj
]T

,

(49)

then Wj can be bounded as

λ1∥yj∥2
≤ Wj(y, t) ≤ λ2∥yj∥2. (50)

where λ1 = min
{

1
2 ,

1
2Kpi

}
, and λ2 = max

{
1, 1

2Kpi

}
Through taking the time derivative of Vij, there is

V̇ij =lijeTij (Rij − αeij − θij) + RT
ij (Nij + Ndij − eij − Kpirij)

+ θ T
ij (rijζ − rij) + κζ̄i∥rij∥2

− κ

∫ t

t−ζ̄i

∥rij(σ )∥2dσ

+ ω(∥rij∥2
− (1 − ζ̇ )∥rijζ ∥2).

(51)

The proof of the convergence of the cascade predictor will be
resented in two steps. Firstly, the convergence of ei1, si1 will be

shown. Then we shall prove the boundness of eij, si1 provided
that ei,j−1, si,j−1 is bounded.

Step 1: Using Young’s inequality [7], we can check that

∥lijeTijθij∥ ≤
δ

2
l2ij∥eij∥

2
+

1
2δ

∥θij∥
2, (52)

∥θ T
ij rijζ ∥ ≤

δ

2
∥rijζ ∥2

+
1
2δ

∥θij∥
2 (53)

∥θ T
ij rij∥ ≤

δ

2
∥rij∥2

+
1
2δ

∥θij∥
2 (54)

hen we use the Cauchy–Schwarz inequality to derive

θij∥
2

≤ ζijK 2
pi

∫ t

t−ζij

∥rij(σ )∥2dσ ≤ ζ̄iK 2
pi

∫ t

t−ζ̄i

∥rij(σ )∥2dσ , (55)

For j = 1, since ri1 = Ri1, after applying (52)–(55) and (43)–(44)
to (51), we have

V̇i1 ≤ − lij(α −
δ

2
lij)∥eij∥2

+ ∥Ri1∥ρ1(∥z1∥)∥z1∥

− (ka + kb + kc)∥Ri1∥
2

+ ∥Ri1∥v − (kdi −
δ

2
− ω − κζ̄i)∥ri1∥2

− (ω − ωζ̇ij −
δ

2
)∥ri1ζ ∥2

−

(
κ

ζ̄iK 2
pi

−
3
2δ

− γ 2
1 − γ 2

2

)
∥θi1∥

2

− ζ̄i(γ 2
1 + γ 2

1 )
∫ t

∥ri1(σ )∥2dσ .

(56)
t−ζ̄i

5

Then by substituting (56) into (45) and completing the
squares, we have

Ẇ1 = V̇m1 + V̇s1

≤ −

[
φ1 −

ρ2
1 (∥z1∥)
2kb

]
∥z1∥2

−
γ 2
1

κ
(Qm1 + Qs1) −

ζ̄mγ 2
2

ω
Pm1 −

ζ̄sγ
2
2

ω
Ps1 +

v2

2kc
,

≤ −
φ̄1

λ2
W1 +

v2

2kc

(57)

where

φ1 = min
i=m, s

{
li1(α −

δ

2
li1), ka,

κ

ζ̄iK 2
pj

−
3
2δ

− γ 2
1 − γ 2

2

}
, (58)

φ̄1 = min
i=m, s

{
φ1 −

ρ2
1 (∥z1∥)
2kb

,
γ 2
1

κ
,

ζ̄iγ
2
2

ω

}
. (59)

sing the comparison lemma [28], we can get

1 ≤ W (0)e−
φ̄1
λ2

t
+

v2λ2

2kc φ̄1
(60)

Based on definition of W1, it can be concluded that Ri1, ei1, and
ij converge into the bounded regions, provided that conditions
34)–(37) are satisfied.

tep j: In the next step, for j = 2, . . . , pi, based on the relationship
(32), we have

−kdi∥Rij∥
2

= −kdi∥rij + Eij∥2

≤ kdi(−∥rij∥2
+ δ∥rij∥2

+
1
δ
∥Eij∥2

− ∥Eij∥2),
(61)

∥KpjRT
ijEij∥ ≤

δ

2
∥Rij∥

2
+

K 2
pj

2δ
∥Eij∥2, (62)

By using (61)–(62), similar to the case of j = 1, the time
derivative of Wj for j = 2, . . . , pi can be upper bounded as:

Ẇj ≤ −
φ̄j

λ2
Wj + ςj, (63)

rovided that conditions (34)–(37) are satisfied, where

j = min
i=m, s

{
lij(α −

δ

2
lij), ka −

δ

2
,

κ

ζ̄iK 2
pj

−
3
2δ

− γ 2
1 − γ 2

2

}
, (64)

¯ j = min
i=m, s

{
φj −

ρ2
j (∥zj∥)

2kb
,

γ 2
1

κ
,

ζ̄iγ
2
2

ω

}
. (65)

ςj =
v2

2kc
+ (

k2pj
2δ

+
1
δ

− 1)(∥Emj∥
2
+ ∥Esj∥2). (66)

If Ri,j−1, ei,j−1, and θi,j−1 are bounded, then according to the
definitions in (29) and (33), ηi,j−1 and Eij are also bounded vari-
ables. By utilizing the comparison lemma, we can obtain Wj will
onverge into the bounded regions. Then through combining the
esults with the first step, the prediction errors Rij, eij, and ηij
converge to the bounded regions for j = 1, 2, . . . , pi.

The proof of Theorem 1 is ended.

From Eq. (66), the prediction errors which is caused by v

could be made sufficiently small by applying high values of the
predictor gain Kpi. By this way, however, the upper bounds of
prediction horizons ζij should be small enough according to (37).
According to the definitions of ζij in (14), the upper bound of
ζij is related to the numbers of sub-observers pi. As long as pi
s sufficient large, ζ̄ij can be small enough. In other words, we
should use more sub-predictors to apply a higher value of the



S. Shen, A. Song and T. Li ISA Transactions xxx (xxxx) xxx

p
l
t

p
d
c
n

t
s

R

ζ

t

R
c
(
A
b
a

P
h
i
c

x

A
e
s

4

d

u

w
p

u

I
t
p
t

T
d
t

α

k

w

3

U
Y

∥

∥

w
a
l

redictor gain and achieve smaller prediction errors, which will
ead to increasing calculation costs of the predictors at the same
ime.

In general case, in order to find a suitable (not too redundant)
i, we might have to calculate ζij multiple times in (14) with
ifferent pi, and then obtain the upper bound ζ̄ij to verify the
ondition (37). However, if the delay is slowly varying or the
umber of sub-predictors is very large, then there is ζij(t) ≈

1
pi

τ (t). To reduce complex calculations, we can approximately
apply ζij =

τ0
pi

into the conditions (37) to preliminarily determine
he pi. If this initial value of pi is invalid, then we should use more
ub-observers.

emark 4. Because the domain of the integral is time-varying, the
main difficulty of implementation of the proposed predictor is the
computation of θij(t − ζij(t)). After differentiating with respect to
time, we have (1 − ζ̇ij)θ̇ij(t − ζij) = (1 − ζ̇ij)[rijζ − (1 − ζ̇ij(t −

ij))rijζ (t − ζij)]. Thus, optionally, we can take the time integral of
he right hand to calculate θij(t − ζij(t)).

emark 5. If the velocities of robot system are not measured, we
an use a velocity observer [7,19] ahead of the cascade predictor
as the zeroth sub-predictor) to obtain estimated value of q̇i(t−τi).
s long as that estimation errors of the velocity observer are
ounded, according to the previous analysis, the prediction errors
re still bounded.

roposition 1 (Uncertainty-free Case). If the dynamic models of the
uman force and environment force fi(qi, q̇i) are known, and there
s no uncertainty and disturbance (εi = 0) in the system (1), the
ascade predictor (20)–(21) turns into

˙1ij(t) = lij(t)x2ij(t), (67)

ẋ2ij(t) =lij(t)[gi(x1ij(t), x2ij(t)) + M̂−1
i (x1ij(t))ûij(t) + fi(x1ij, x2ij)]

+ Kpi(1 − ζ̇ij(t))rijζ (t),

(68)

nd if the conditions in (34)–(37) are satisfied, then the prediction
rrors Rij, eij, and ηij converge to be zero exponentially. The proof is
hown in the Appendix.

. Bilateral controller design based on prediction results

By applying the prediction results, the following bilateral pre-
ictive controller is designed:

m = − Kf ûs − Bmq̇m, (69)

us =Ks(x1mp − qs) − Bsq̇s. (70)

here Kf , Ks, Bm, Bs are controller gains, and ûs represents the
redicted torque feedback, which is calculated as

ˆ s = Ks(qm − x1sp) − Bsx2sp. (71)

n order to achieve approximate real-time motion synchroniza-
ion and feedback, distinguished from the similar controller pro-
osed in [22], the prediction results are applied into our approach
o replace the delayed measurements.

heorem 2. The controller described by (69)–(70) and the predictor
escribed by (20)–(21) ensure the boundness of q̇i and qm−qs for the
eleoperation system (1), provided that the controller gains satisfy
6

the following conditions simultaneously:

Bm >
1
2δ

K 2
f (K

2
s + (α2

+ 3)B2
s ), (72)

Kf Bs >
1
2δ

K 2
s K

2
f +

δ

2
, (73)

>
3δ
2

,
δ

2ω
< 1 − ζ̇ , ζ̄i <

2κδ

(3 + δ2)K 2
pi

, (74)

a > δ, kb ≥
ρ2
j (∥zp(0)∥)

2Φp
, kdi >

δ + 2ω + 2κζ̄i

2(1 − δ)
, (75)

where

Φj = min
i=m, s

{
α −

3
2
δ, ka − δ,

κ

ζ̄iK 2
pj

−
3
2δ

−
δ

2
− γ 2

1 − γ 2
2

}
.

(76)

Proof of Theorem 2. Based on Eq. (45), we establish the Lya-
punov functional as below:

V =Vc(t) + Wj=p = Vc + Vmp + Vsp (77)

Vc(t) =
1
2
q̇TmMm(qm)q̇m +

1
2
Kf q̇Ts Mm(qs)q̇s +

Kf Ks

2
(qm − qs)2. (78)

here Wj, Vmj and Vsj were defined in Eqs. (45) and (46).
The time derivative of Vc can be derived by applying property

as

V̇c =q̇Tm[um + εm + fm + Kf Ks(qm − qs)]

+ q̇Ts [Kf us + Kf εs + Kf fs − Kf Ks(qm − qs)]

= − Bm∥q̇m∥
2
+ q̇Tm(εm + fm) − Kf Ksq̇Tmesp − Kf Bsq̇Tmx2sp

− Kf Bs∥q̇s∥2
+ Kf q̇Ts (εs + fs) − KsKf q̇Ts emp.

(79)

sing the relationship x2sp = q̇s −ηsp = q̇s − (Rsp −αesp − θsp) and
oung’s inequality, we can derive

Kf Ksq̇Tmesp∥ ≤
1
2δ

(Kf Ks)2∥q̇m∥
2
+

δ

2
∥esp∥2, (80)

∥Kf Bsq̇Tmx2sp∥ ≤
(3 + α2)K 2

f B
2
s

2δ
∥q̇m∥

2

+
δ

2
∥q̇s∥2

+
δ

2
∥Rsp∥

2
+

δ

2
∥esp∥2

+
δ

2
∥θsp∥

2,

(81)

KsKf q̇Ts emp∥ ≤
1
2δ

(KsKf )2∥q̇s∥2
+

δ

2
∥emp∥

2, (82)

Substituting (80)–(82) into (79), we can obtain

V̇c ≤ − (Bma −
1
2δ

K 2
f (K

2
s + (3 + α2)B2

s ))∥q̇m∥
2
+

v2
1

4Bmb

− (Kf Bsa −
1
2δ

K 2
s K

2
f −

δ

2
)∥q̇s∥2

+
Kf v

2
1

4Bsb

+
δ

2
(∥emp∥

2
+ 2∥esp∥2

+ ∥Rsp∥
2
+ ∥θsp∥

2),

(83)

here Bm = Bma + Bmb, Bs = Bsa + Bsb. Then substituting (83)
nd (63) into (77) and completing the squares, and noticing that
i,j=p = 1, we have

V̇ ≤ −
Φ̄p

λ3
V + η̄. (84)

where λ3 = maxi=m, s

{
1, 1

2Kpi
,

Kf Ks
2

}
,

η̄ =
v2

+ (
k2pj

+
1

− 1)(∥Emj∥
2
+ ∥Esj∥2) +

v2
1

+
Kf v

2
1 (85)
2kc 2δ δ 4Bmb 4Bsb
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Fig. 4. Time delays.
Fig. 5. Predicted results of joint positions of master robot.
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able 1
arameters and control gains of teleoperation system.
π1 π2 α Kpm Kps Ks
1 kg 0.5 kg 1 10 5 10 kg/s2

ι1 ι2 Kf Bm Bs
0.5 m 0.5 m 0.1 2 kg/s 1 kg/s

Φ̄p = min
i=m, s

{
Φp −

ρ2
j (∥zp∥)

2kb
,

γ 2
1

κ
,

ζ̄iγ
2
2

ω
,

Bma −
1
2δ

K 2
f (K

2
s +(3 + α2)B2

s ), Kf Bsa −
1
2δ

K 2
s K

2
f −

δ

2

}
(86)

Using the comparison lemma, there is

V ≤ V (0)e−
Φ̄p
λ3

t
+

λ3

φ2
η̄. (87)

ccording to the definition of V , we can conclude q̇i and qm − qs
re bounded.
The proof of Theorem 2 is accomplished.

In general, the Lyapunov based stability conditions are very
onservative because the worst case scenarios have been con-
idered. Even then, these conditions can provide some important
uidance when we design the controller. It can be concluded from
onditions (72)–(73) that B , B should be big enough when the
m s

7

gains Kf and Ks are high. And according to inequalities (74), the
hoice of α is relatively free via using a appropriate value of δ.

emark 6. The proposed predictor–controller structure for tele-
peration system is differ from common observer-based output-
eedback controller design. The predicted positions of one robot
master or slave) are applied to another robot instead of being
ed back to itself. Thus the stability results are different from the
eparation principles such as in [29].

. Simulations

In this part, several simulations are carried out by using a 2-
OF teleoperation system. The mathematical model of master and
lave are same which is given as

i(q) =

[
(2ι1 cos q2 + ι2)ι2π2 + (π1 + π2)ι21 ι22π2 + ι1ι2π2 cos q2

ι22π2 + ι1ι2π2 cos q2 ι22π2

]
,

Ci(q, q̇) =

[
−(ι1ι2π2q̇2) sin q2 −[ι1ι2π2(q̇1 + q̇2)] sin q2
(ι1ι2π2q̇1) sin q2 0

]
,

The master robot is assumed to be handled by the operator
to follow given trajectories. Thus the input force of the operator
is established as a PD controller under the disturbance, i.e. fm =

10(q̇m−q̇d)+50(qm−qd)+w, and w ∼ [0, 10−3
] represent a Gaus-

sian noise, qd =
[
qTd1 qTd2

]T , and qd1 =

{
0.03t, 0 ≤ t ≤ 15,

0.45, t ≥ 15 ,

qd2 = −0.5 sin(0.15t). The environment force is modeled as fs =

0.01q̇s + 0.05 sin(qs). And the time delays are simulated as τm =

1.5+0.1 sin(0.25t) second, and τs =

{
1.2 − 0.005t, 0 ≤ t ≤ 50, ,
0.95 + 0.005t, t ≥ 50.
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Fig. 6. Predicted results of joint positions of slave robot.
Fig. 7. Position tracking performance of teleoperation system.
Fig. 8. Prediction errors for master robot with different numbers of predictors.
a

hich is shown in Fig. 4. The parameters of robots and controllers
re given in Table 1. To testify the robustness to model uncertain-
ies of proposed approach, the estimated function is selected as
i(xij, ẋij) + M̂−1

i (xij)ûij = 0 in the predictor.
Scenario 1: Firstly, we apply pm = ps = 3 sub-predictors

n the cascade on both slave and master sides. Figs. 5 and 6
resent the prediction results of positions of robots on both two
ides. It is obvious that the predicted positions (xm1, xm2, xs1
nd xs2) are closer to the real ones (qm1, qm2, qs1, and qs2)
han the delayed measurements (ym1, ym2, ys1, ys2). Then, Fig. 7
ives the position synchronization performance of teleoperation
ystem. As illustrated in the presented figures, our method can
8

achieve the good performances under time-varying delays and
model uncertainties.

Scenario 2: Next, the numbers of sub-predictors are chosen
s pm = ps = 1, 2, 3, respectively. The comparative results

of prediction errors with different pi on both sides are shown in
Figs. 8 and 9, respectively. As it is analyzed earlier, the prediction
errors get smaller when more sub-predictors are used.

Scenario 3: Finally, we compare the proposed variable predic-
tion horizon method with the output reconstruction method [20],
which turn the system output into constant delay case through
further artificially delaying the measurement. The numbers of
sub-predictors of both two methods are chosen as pm = ps = 3.
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Fig. 9. Prediction errors for slave robot with different numbers of predictors.
Fig. 10. Comparative prediction errors of master robot with different predictors.
Fig. 11. Comparative prediction errors of slave robot with different predictors.
In Figs. 10 and 11, the comparative results of prediction errors
of two methods are presented. Because the communication de-
lays are artificially increased, the prediction errors also rise by
using the output reconstruction method. Better performance of
proposed method in our paper can be shown.

6. Conclusions

A predictor-based motion control approach for teleoperation
system has been developed in this paper. The actual states of
robots on both sides have been estimated by novel robust cascade
predictors through using the delayed measurements. By applying
several chained sub-predictors with variable prediction horizons,
9

the proposed predictor is suitable for the long time-varying delay
case. In addition, we employed an estimated input functions
instead of the real controller input which was unavailable on the
same side of the predictors. This features of our work can greatly
improve the easiness of the implementation of proposed predic-
tors for teleoperation system. After utilizing the predictions to
design the controller, almost real-time information exchange and
motion synchronization can be achieved. The better performance
of proposed method has been proved by some simulations by
comparing with other methods. Further studies will be focused
on the predictor designs with unknown time-delays and compen-
sation methods for uncertainties. In addition, the extensions of
proposed prediction method to the constraint control cases [3]
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ppendix. Proof of Proposition 1

roof. In the uncertainty-free case, we have

dij = 0, (A.1)

Nij =lij[g(qij, q̇ij) − g(x1ij, x2ij)] + αėij + eij
+ lij[M−1

i (qij)(uij + fi(qij, q̇ij)) − M−1
i (x1ij)(ûij + fi(x1ij, x2ij))].

(A.2)

Then following the proof of Theorem 1, for j = 1, it can be derived
that

Ẇ1 ≤ −
φ̄1

λ2
W1 (A.3)

hus Ri1, ei1, and θij converge to be zero exponentially, provided
hat all the same conditions (34)–(37) in Theorem 1 are satisfied.

Likewise, for j = 2, . . . , pi, we have

Ẇj ≤ −
φ̄j

λ2
Wj + (

k2pj
2δ

+
1
δ

− 1)(∥Emj∥
2
+ ∥Esj∥2). (A.4)

f Ri,j−1, ei,j−1, and θi,j−1 converge to be zero exponentially, then
ccording to the definitions in (29) and (33), ηi,j−1 and Eij also
onverge to be zero exponentially. Using the comparison lemma,
e can conclude Wj will converge to be zero in an exponential
ay. By combining with the results of j = 1, the proof of
roposition 1 is completed.
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