ISA Transactions XXX (XXXX) XXX

Contents lists available at ScienceDirect

e

-ansactions®
Vof Automation

ISA Transactions

journal homepage: www.elsevier.com/locate/isatrans

Research article

Bilateral motion prediction and control for teleoperation under long
time-varying delays

Shaobo Shen?, Aiguo Song **, Tao Li"

2 School of Instrument Science and Engineering, Southeast University, Nanjing, 210096, China
b School of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, 211106, China

ARTICLE INFO ABSTRACT

Article history:

Received 9 January 2020

Received in revised form 6 January 2021
Accepted 6 January 2021

Available online xxxx

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
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gains, which are obtained by using the Lyapunov-Krasovskii approach. The effective capacity of the

presented method can be verified through comparative simulations.
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1. Introductions

With the developments of robotic and communication net-
works, teleoperation system has been widely developed to enable
human operator to accomplish a work in distant. Since teleoper-
ation systems are generally utilized in extensive fields, such as
aerospace exploration, remote surgery, harmful chemical exper-
iment, unmanned vehicles, and so on [1-3], they highly suffer
from the time delays, which are hard to avoid owing to the
long communication distance and bandwidth limitation [4]. Large
communication delays can break down the real-time operation
or even destabilize the robotic systems [5]. Recently, intensive
research activities have been aiming to achieve the stable control
for the bilateral teleoperations. Thus many important approaches
have been proposed, such as wave variables [6], Lyapunov-based
stability conditions [7], adaptive finite-time control method [8],
and so on. It is worth mentioning that the delayed measurements
have been directly used in most previous works of teleoperation
system. The slave robot can just synchronize with the delayed
positions of master robot, meanwhile the master side can only
obtain a delayed feedback from the slave robot. However, in
many practical applications of teleoperation system, the real-time
motion 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
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last sub-predictor generates estimations of the actual states of
the teleoperation system. In [17,19], the cascade predictors were
applied to nonlinear system with invariable delays in output.
In [20], output reconstruction methods were proposed, which
turned the time-varying delayed output into constant delay cases
through further delaying the measurements. But the prediction
errors also rose due to the artificially increased delays. Then
in [21], the cascade observer was designed to deal with a class of
delayed measurements which were continuously available during
some time horizons but sampled during others. Note that these
approaches require the knowledge of controller inputs. However,
as for teleoperation system, the predictors are located on the
other sides of the robots to be estimated (as shown in Fig. 1).
That is to say, the information of controller inputs cannot be
immediately obtained and utilized by the predictors. Therefore,
the cascade predictors in these approaches cannot be applied to
handle the teleoperation systems directly. Besides, the controller
design method based on the prediction results has not been
considered in the mentioned previous works.

In this article, the design of bilateral predictor and controller
for teleoperation systems under known communication delays
are studied. A novel robust cascade prediction approach is pro-
posed to estimate the real-time states of robots on both sides.
Then motivated by [22], bilateral predictive controller is designed
based on the existent prediction results. Through applying the
Lyapunov-Krasovskii method, sufficient conditions guaranteeing
the boundness of the prediction and tracking errors are ob-
tained. Moreover, in uncertainty-free case, the prediction errors
converge to zero exponentially. Finally, the performance of the
designed controller and predictor is verified through compara-
tive simulation results by using a two degree-of-freedom (DOF)
teleoperation system.

The main novelties and contributions of this work are listed in
the 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.

2. Mathematical model and preliminaries

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

M;i(q)d; + Gi(qi, G1)q; = u; + & + fi, (1)

where i = m, s indicates master or slave, g;, g; € R" are joint
angles and velocities for the robots, respectively, u; represents
controller input, and &; represents the unknown disturbance.
fm € N" represents the human operator input torque and f; €
R" represents the environmental torque. M;(q;) € R™" is the
matrix of inertia, which is positive definite, and C(g;, g;) € R"™"
is the Coriolis and centrifugal effects matrix. Several common
properties of the system are satisfied [23]:
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P1: For some constants w1, iip > 0, there is upl > Mi(q;) >
wirl.

P2: For some constants ¢; > 0, there is [|Gi(q;, Gi)ll < cillgill-

P3: Mi(q;) — 2Ci(qi, ;) is skew symmetric.

As it is presented in Fig. 1, the robots on master and slave sides
exchange messages to each other by communication channels un-
der known time-varying forward delay 7,,(t) and feedback delay
75(t). We assume both positions and velocities are measurable.
The first aim of our study is to design predictors to estimate the
real-time states of robots on another side by utilizing the delayed
outputs g;(t —t;) and g;(t —7;). System (1) is initialized by g;(t) = 0
and ¢;(t) = 0, whenever t < 0. Several assumptions on the time
delays and unknown parts are given in the following.

Assumption 1. The unknown disturbances and inputs are
bounded and satisfy

lei +fill < v1, (2)
where v; > 0is a constant, ||-|| represents the standard Euclidean
norm,

Assumption 2. 7,(t) and t4(t) are known, continuous, time-
varying and bounded functions in time, which satisfy, for i =
m,s,

To >7i(t) > 11 = 0, (3)
() < 1, (4)

where 1g, 77 are known upper and lower bounds of ;(t).

Remark 1. The assumptions on unknown parts and time delays
are very commonly used in the designs of nonlinear systems [14,
23]. The assumption of known delay is realistic in many net-
worked control applications. When clock synchronization can
be achieved for robots at both sides, the time delays can be
measured immediately by subtracting the time stamp of data
packets [26]. Besides, for Internet-based communications, time
delays change slower than the time thanks to communication
protocols [27]. That is to say, the derivative of the delay is less
than 1. Furthermore, once the time delays grow faster than the
time, nothing new can be received from the communication
channel. Under the circumstances, any remote control makes no
sense. The upper and lower bounds of t,, and z; could be different.
For brevity, we can select ty as the maximal upper bound, and t;
as the minimal lower bound of both t,, and ;.

We reformulate the Eq. (1) as
Gi = M7 (q)ui + & + f) + &ilai, @), (5)

where gi(qi, 4;) = —M; '(¢:)Ci(qi, Gi)d. Because Mi(-) and G-, -)
are usually very complex and hard to be determined or calculated
for multi-degree of freedom robot, we will utilize the approxi-
mate functions in the prediction algorithm to render the proposed
algorithm easily to be implemented.

Assumption 3. There exists available estimated functions h;(-, -)
of gi(-, -) and M;(-) of M(-) which satisfy

hi(qi, 4i) — &i(qi, Gl < v2 (6)
il < Mi(qi) < il (7)

where vy, fii1, iti7 > 0 are constants, and I represents the identity
matrix.

Assumption 4. The first partial derivatives of h;(g;, ¢;) and u; are
bounded.


p
Highlight


S. Shen, A. Song and T. Li

ISA Transactions xXx (XXxX) XxX

1mp Slave
controller

Predictor

robot | for master ¢
robo ; ! Xamp u,
i i
i
i i
i
i
i !
i i
Master 1 1
X = g, (t—7) & |
controller il Predictor s ) . qs-4.
u, for slave 7 I_lr‘
m X 574 q.(t—7;)
i

Fig. 1. The proposed control block for teleoperation.

Remark 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 M;(-) is bounded by conditions (6) and (7). The designs
are relatively free. Nevertheless, better prediction results can be
obtained by using more accurate estimated functions.

Let x1; and x,; denote the predicted position and velocity, re-
spectively. In our method, we assume that the master controller is
designed by using the measurements ¢,,, ., and the predictions
X1s, X25, Which can be obtained on the master side without delay.
Similarly, the slave controller is designed by using g5, s and the
predictions X1, Xom, That is

Um = Un(@m, Gm, X1s, X25) (8)
Us = Un(Qs, Gs, X1m, Xom) (9)

However, as is shown in Fig. 1, since the predictor is situated
in the other side of the estimated robot, the controller u; is
unavailable in the predictor design. Thus, we will employ an
estimated input function ii; based on the variables, which can be
obtained directly on the same side of predictor. That is

ﬁm = um(xlms Xom, s, qs)

ﬁs = um(xls; X255 Qm qm)
3. Cascade predictors for teleoperation system

3.1. Partitions of time-varying delay and prediction horizons of sub-
predictors

In the case of long time delay, we should use several sub-
predictors in a cascade structure. Thus we divide the delay t;(t)
into several partitions, and use the same numbers of sub-
predictors to estimate the real positions gradually. Considering
p; numbers of partitions, where p; > 1 is a positive integer
for i = m, s, the following partition laws are applied to the
presentation of proposed predictor [18]: forj=1,2,..., p;,

ai(t) = q; (r — (1) +j”i(f)) (12)
a0 = & (r —4(0) +j’;§f)) (13)

The structure of proposed cascade observer is given in Fig. 2,
where the output of each sub-predictors xy5, X, are estimations
of gj;, gjj, respectively. The actual states g; and g; will be estimated
by the last predictor. Consequently, we have xy;(t) = x1; j=p(t) and
X2i(t) = Xaij—p(t).

Each sub-predictor is to predict the positions of previous one
with a prediction horizon g;(t). In other words, x4;(t) is a predic-
tion of g;;(t — ¢;(t)) which is approximatively replaced by x1;;_1(t)

in each sub-predictor. For a constant time delay 7;(t) = tj, we
have g;(t — pi,-fic) = qij—1(t). Thus we can use g;(t) = l%_r,'c. 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:

i—1
6i(t) = (1 - ) 7(t) — Ty(t), (1)
Ti(t) = (1 = %) 7 (t = gi(t)). (15)
Based on Eq. (12), the following relationship is checked:
gt — &(0) = g (t — () — (1 - é) ot — Cij(f)))
(16)

ji— 1
=qi<t—<1—]
Di

= qij—1(t)
When the time delay is constant, from Eq. (14), we have ¢; =
;%Tff‘ In this case, the prediction horizons are same as the ones

plroposed for invariable delays [17-19].
Through differentiating both sides of (14), we can obtain

O — B~ 40)

) Ti(t) + Ty(t) — Tij(ﬂ)

&) = =
1— 23 (£ — (1))
i (17)
1 1-— 'Tr,-(t)
1— B4 (6 — g(t)
Based on Assumption 2, since 7;(t) < 1, there is
git) < 1. (18)

In addition, since 7;(t) is bounded, & is also bounded and satisfies,
forallj=1,...,p;,

0 <) <&

where ; is the known upper bound of gii(t).

(19)

Remark 3. Based on Eqs. (14) and (15), T;(t) and ¢;;(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,..., Di,

x13i(t) = Li(E)x(t), (20)
Xoii(t) =l(E)[hi(x15(8), x25(8)) + Mi_](x1y(f))ﬁy(t)] 21)
+ Kpi(1 — &i(t))rije (L),
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where xy;(t) and x,;(t) are predictions of g;;(t) and g;(t) respec-
tively, I;(t) = [1 — (1 — j/m)ti(t)], Ky is the positive constant
predictor gain which can be expanded as
Kpi = kg + kp + ke + kgi, fori=m, s. (22)
and forj =1,

Tie(t) =qi(t — ;) — X24(t — Cin) + a(qi(t — ) — x15(t — &i1))

t
— Ky /
£=4;(t)

forj=2,...,p;
Tije (£) =Xoij—1(8) — Xo4(t — &;i(t)) + ou(Xq;j—1(t) — xq35(t — &;(t)))

t
s f (1— &(0)rge(0)dor,
t—g;i(t)

(1= &i(O)rie(o)do,

(23)

(24)

We introduce the notations of prediction errors as following:
rije (8) = 1yt — &(£)), (25)
e;i(t) = qi(t) — x1(t), (26)
ni(t) = (L) — X24(t), (27)

t
0;(t) = Kp,-/ rij(o)do (28)
t—g;(t)
Rij = n;j(t) + cvey(t) — O(t). (29)

Notice that 6;(t — ¢;(t)) = K fri;,‘j(r)(l - ;L,-j(t))r,'j;(a)da. Forj=1,
since gi1(t — &i1(t)) = qi(t — i), we can conclude that

Rix(t) = ri(t).

And forj=2,3,...

(30)
, Pi» since q;i(t — ¢;(t)) = g;j—1(t), there is

Ry(t — &(t)) = ry(t — &ii(£)) + nij—a(t) + cveij—1(F). (31)
After defining $2;(t) = t — ¢;(t), there is

Rj(t) = ry(t) + Ey(t). (32)
where

E5(6) = mijo1(2 1(0) + aeija(2 (). (33)

Theorem 1. For cascade predictor (20)-(21) and the teleoperation
system (1), if the gain Kp; are selected sufficiently large, such that for
i=12,....p

5 o (lIZ(0)I)

8+ 2w + 2k
ka > —, Kp >
2 2¢

, Kdi
@ T =)

, (34)

and if the prediction horizon are sufficient small such that following
relations are simultaneously satisfied

o > g, (35)
8 )
% <1-¢, (36)
72 (37)
31<p%.

then the prediction errors Ry, ey, and n; converge to the bounded
regions, where §, o, k, y1, ¢; and y, are a positive constants which
will be specified later, p(-) represent a non-decreasing and positive
function, z;(0) is the initial value of z(t), and z(t) € MO is defined
as

T T T T
zi(t)=[er; Om Ru; e

T

65 Ri] . (38)
Proof of Theorem 1. Throughout this proof, the time argument
t is omitted for brevity.

By substituting Eqs. (26)—(28) into (29), the time derivative of
R;j can be obtained as
le =lqu,] — qu + oce,] + I(pj(] — Cl])rl]( — Kp,'fij (39)

=l + aéy — lj[h(Xay, xa5) — My (%1)ilg] — Kpir.
According to Eq. (5) and relationships (30) and (32), we have

Naij + Nij — ejj — KpiRyj, forj=1,

e = : 40
u {Ndij—i—Nij—e,»j—Kp,-(RU—i-Eij), fOl‘] =2,...,Dpi ( )
where

Naij = ;M (ag)(ei + £;) + i(aij» @) — higy, di)] (41)
Ny =lThi(qy, 4i) — hi(x1j, x24)+ (42)

M, (gg)uy — M ()it + amg] + e
Based on Property 1, Assumptions 1 and 3, Ng; can be upper
bounded as

INgiill <v=v1/p1+ vy, (43)

And the upper bound of Nj; can be derived according to the Mean
Value Theorem as [13]:

N5l < pi(llz; DNz I,

In view of the definition of u, in (8) and i, in (10), the
boundness of M (qu)umj — M (Xmj)iim; is determined by not
only el and R}, but also e/ and Rf. And it is the same as for
us and ;. Thus for both Ny and N, their bounds should be
determined by the functions of ||z;|| which contains the prediction

(44)
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errors of predictors on both sides. Hence, the stability for the
master and slave predictors cannot be separately analyzed.

Forj=1,2,..., p;, the following Lyapunov-Krasovskii func-
tional is established:
‘/Vj = ij + Vsj, . (45)
] T 1 7 .
Vi = 26 e,J + 2R Rij + %9,.]9,, +Qj+ Py, fori=m, s. (46)
where
t t _ t
Q= [ [ ino)ldods <t [ oo, (@)
=g Js =g
t
P; :w/ Irii(o)2do (48)
t—gjj

Let y; € R'%" be defined as

VPri  /Qmj € R, 6] Py

J’J‘:[e;j Riy O

V]

(49)
then W; can be bounded as
Myl < Wity £) < aallysl®. (50)
1
where A; = min {2, pron ] and A, = max !1, 2Kp,-}
Through taking the time derivative of Vj;, there is
Vi =ljef(Rj — ey — 0) + RE(Ny + Naij — e — Kyiry)
t
0T (e — )+ kBl — x/ , IIrij(o)Ilzdcr (51)
—=¢

+ o(llrgl® = (1 = Olirge 1%).

The proof of the convergence of the cascade predictor will be
presented in two steps. Firstly, the convergence of e;;, s;; will be
shown. Then we shall prove the boundness of e;, s;; provided
that e;j_y, $;j—1 is bounded.

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

lige] eu||< 2 eIl + Snegnz, (52)
167y | s—nnjc 1%+ —8||9ij||2 (53)
||9;ru||_2||ru|| + 5”9‘7”2 (54)

Then we use the Cauchy-Schwarz inequality to derive

t t
165112 < 5K / (o) IPdo < EK f oo, (55)
t—=gjj =&

For j = 1, since rj; = Ry, after applying (52)-(55) and (43)-(44)
to (51), we have
. )
Vit < = ljla — Ely)lleyll2 + IR ll pa(llza DNz

— (kq + ky + ke)[IRir |12

S _
+ lIRitllv — (kai — 3@~ k)lrall®
. )
— (0 — wg — E)IIrn; 1> (56)

2) 1631117

K 3 )
C:KZ 25 TN

t
— b2 +yf)f Jrao)|do.
t—¢;

ISA Transactions xXx (XXxX) XxX

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

Wi = Vit + Vi
s—[qsl —”1(2”1”)]|| 1112

2 Loy v? (57)
— I + 0 - bnvip SVip L
w 2k,
¢1 v?
< — — -
ot 2k,
where
) K 3
min (@ = ln), ke, = = o5 = 2y, 58
¢1 { 11(05 2 11) a g_lezj 2 14! Y2 } ( )
2 2 5.2
- . )01(”21”) vi  Givs
= min -, =, . 59
4 i=m, s {¢1 2ky K w (59)

Using the comparison lemma [28], we can get
Uz)\.z
chél

Based on definition of W, it can be concluded that R;;, e;;, and
0; converge into the bounded regions, provided that conditions
(34)-(37) are satisfied.

Step j: In the next step, forj =2, ...
(32), we have

—kai|IRjl1* = —kaqillrj + Egll>

)
wp < W(O)e_ﬁt + (60)

, i, based on the relationship

1
< kai(—lIrll* + 8> + EIIEUII2 — IE;11%),

8 K>
IKRGE | < 5 IRy 1 + 2 15117, (62)

By using (61)-(62), similar to the case of j = 1, the time
derivative of W; for j = 2, ..., p; can be upper bounded as:

Wy <— Lt g, (63)
provided that conditions (34)—(37) are satisfied, where

. ) ) K 3
¢j = min {lij(a —=ly), ka— 5 - = —y- y%} , (64)
1=m, § 2

2’ gKZ 26
2
- ozl v &
¢ =min { ¢ — 2" ,y—ﬂﬁ : (65)
i=m, s 2k K w
v’ kp] 1 2 2
5 =g + (55 +3 — DEwI” + 1E51?) (86)

If Rij_1, eij—1, and 6;;_; are bounded, then according to the
definitions in (29) and (33), n;j—1 and Ej;; are also bounded vari-
ables. By utilizing the comparison lemma, we can obtain W; will
converge into the bounded regions. Then through combining the
results with the first step, the prediction errors Ry, ej, and n;;

converge to the bounded regions forj =1, 2, ..., p;.
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 Kp;. By this way, however, the upper bounds of
prediction horizons ¢; should be small enough according to (37).
According to the definitions of ¢; in (14), the upper bound of
gj is related to the numbers of sub-observers p;. As long as p;
is sufficient large, Z,-j can be small enough. In other words, we
should use more sub-predictors to apply a higher value of the
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predictor gain and achieve smaller prediction errors, which will
lead to increasing calculation costs of the predictors at the same
time.

In general case, in order to find a suitable (not too redundant)
pi» we might have to calculate ¢; multiple times in (14) with
different p;, and then obtain the upper bound g:,j to verify the
condition (37). However, if the delay is slowly varying or the
number of sub-predictors is very large, then there is g;(t) ~
ér(t). To reduce complex calculations, we can approximately
apply ¢ = ’—‘j into the conditions (37) to preliminarily determine
the p;. If this initial value of p; is invalid, then we should use more
sub-observers.

Remark 4. Because the domain of the integral is time-varying, the
main difficulty of implementation of the proposed predictor is the
computation of 0j(t — ;(t)). After differentiating with respect to
time, we have (1 — ;)6;(t — &) = (1 — &)l — (1 — g(t —
gii)rije (t — &;)]. Thus, optionally, we can take the time integral of
the right hand to calculate 6;(t — &;(t)).

Remark 5. If the velocities of robot system are not measured, we
can use a velocity observer [7,19] ahead of the cascade predictor
(as the zeroth sub-predictor) to obtain estimated value of g;(t —1;).
As long as that estimation errors of the velocity observer are
bounded, according to the previous analysis, the prediction errors
are still bounded.

Proposition 1 (Uncertainty-free Case). If the dynamic models of the
human force and environment force fi(q;, §;) are known, and there
is no uncertainty and disturbance (¢; = 0) in the system (1), the
cascade predictor (20)-(21) turns into

x3i(t) = L(£)x(t), (67)

Raii(£) =ly(Ogi(Xa(0), Xa3i(8)) + M (xag(O))(6) + filag, Xa4)]
+ Kpi(1 — &;(6))re (1),

(68)

And if the conditions in (34)-(37) are satisfied, then the prediction

errors Ry, e, and n;; converge to be zero exponentially. The proof is
shown in the Appendix.

4. Bilateral controller design based on prediction results

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

Bmdms (69)
Us =K5(X1mp — qs) — Bsgs. (70)

where K¢, Ks, Bp, Bs are controller gains, and i represents the
predicted torque feedback, which is calculated as

Up = — Kfﬁs —

ﬁs = Ks(qm - xlsp) - BSXZSp' (71)

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

Theorem 2. The controller described by (69)-(70) and the predictor
described by (20)-(21) ensure the boundness of ; and q,, —q; for the
teleoperation system (1), provided that the controller gains satisfy

ISA Transactions xXx (XXxX) XxX

the following conditions simultaneously:

1
Bm > 51<f2(1<3 + (a + 3)B2), (72)
1 B
KrBs > 51(3192 +3 (73)
SR ¢, ¢ 28 (74)
0> —, —<1-¢, {i<—F—,
27 2w LT3+ 82)K2
2 -
;i (1z,(0)11) 8+ 2w+ 2kl
kg > 8, ky > ¥’ kg > w, (75)
20, 2(1—38)
where
3 K 3 )
@, = min {aa — =6, kg, — 8, — — — — — — y2_y2
J i=m, s 2 a ;iK;j 28 2 1 2
(76)

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

V =Ve(t) + Wiy = Ve + Vinp + Vp (77)
KK
g%%—%ﬁ (78)

where W;, Vy; and Vi; were defined in Eqgs. (45) and (46).
The time derivative of V, can be derived by applying property
3as

Ve =0 [tm + &m + fn + KrKs(qm — G5)]
+ e [Kpus + Kres + Kpfs — KeKs(qm — gs)]
= — Bullqml* + qL(em + fin) — KrKsGesp — KeBsGpXasp
— K¢Bs||gsl|® + Kra (g5 + fi) — KsKrd! emp.

Using the relationship x,5, = s — nsp = s — (Rsp — €5, — 65p) and
Young's inequality, we can derive

1. . 1 . .
Vc(t) :Equan(Qm)Qm + EKquTMm(QS)QS +

(79)

. 1 . )
H&&#&ﬁsigm&fwﬂﬁ+TMﬁ% (80)

241722
w”'mnl
26 (81)
s . 5 0 , 0 , 0 )
+ Ellqsll +§”Rsp” +5||esp” +5”95p”7

”Kstq;)Qsp | <

) 1 X k)
Im&d%NEE#&MﬁMW+5MWW, (82)

Substituting (80)-(82) into (79), we can obtain
2

. 1 v
V. < — (Bma — —K?(K? 4+ (3 + &®)B2))||m I? 1
¢ < — (Bma 25 f( s +(3+a) s))”Qm” +4me
1 5 Kev?
— (K;Bgyy — —K2K? — )||gs)? + 1 (83)
(f sa 285 f 2)”‘15” + 4B,

8
+ E(IIf?mpll2 + 2llespll* + IRsp 1 + 165511%),

where B, = Bpg + Bmp, Bs = Bsg + Bs,. Then substituting (83)
and (63) into (77) and completing the squares, and noticing that
lij—p = 1, we have

. @
V<——Lv4i. (84)
A3
_ 1 Kst
where A3 = maXj_m, s {1, Wt 2 }
vk v K2
h=— 4 (2 4+ = — 1)(||EnlI® + |Eg|I*) + — L (85
n 2%, (25 s )l mj” I S]” ) 4B, 4B, (85)
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Fig. 4. Time delays.
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Fig. 5. Predicted results of joint positions of master robot.

Table 1
Parameters and control gains of teleoperation system.
T 2] o Kpm Kps K
1kg 0.5 kg 1 10 5 10 kg/s?
5] %) Kf B B
05 m 05 m 0.1 2 kgfs 1 kg/s

P -
- piUlzpll) v &iv?
(Dp = in (Dp — i, yfl, 5172 i
i=m, s Zkb K w

1
B — %1<f2(1<§+(3 + a?)B?), KfBsy —

2
(86)
Using the comparison lemma, there is
_%, A
V< V(0)e '+ ¢—31‘7. (87)
2

According to the definition of V, we can conclude ¢; and g, — ¢s
are bounded.
The proof of Theorem 2 is accomplished.

In general, the Lyapunov based stability conditions are very
conservative because the worst case scenarios have been con-
sidered. Even then, these conditions can provide some important
guidance when we design the controller. It can be concluded from
conditions (72)-(73) that B,,, B; should be big enough when the

1 ,, 8
Z(SKSKf—}‘

gains Ky and K; are high. And according to inequalities (74), the
choice of « is relatively free via using a appropriate value of §.

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

5. Simulations

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

M( ) _ (2L1 CoSs g2 + Lz)tzﬂz + (7T1 + ﬂz)[% L%T[z + L1t COS q2
Q= 73 + (11272 COS G ) ’
Clq. ) = —(t102m2G2) singy  —[11t2m2(q1 + G2)] singqy
a9 = (t1t272G1) sinqp 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. f;, =
10(gm—qa)+50(qm—qa)+w, and w ~ [0, 10~>] represent a Gaus-

. . [ T]T d _ Jo.03t, 0 <t <15,
sian noise, @ = [qy; qgp| > and qnn = 045, t=>15 -
qs2 = —0.5sin(0.15t). The environment force is modeled as f; =

0.01¢; + 0.05sin(g;). And the time delays are simulated as t,, =

1.5+0.15sin(0.25t) second, and 7, = {1629; 1000385:) St t>§530,,
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Fig. 7. Position tracking performance of teleoperation system.

0.1 T T T
¢ A A PAAP
OF FAXSNT N L AN AR XL N e X ofrd ~[\/W\/‘\\—’m“
= \
0.1 I I I
0 25 50 75 100
T
Joint 2 7

0.1\

3
2 | YV
5 :.‘/ ‘ \/
01\ \
0 25

50 75
time (s)

Fig. 8. Prediction errors for master robot with different numbers of predictors.

which is shown in Fig. 4. The parameters of robots and controllers
are given in Table 1. To testify the robustness to model uncertain-
ties of proposed approach, the estimated function is selected as
hi(xij, %) + I\A/I,.”(xij)ﬁij = 0 in the predictor.

Scenario 1: Firstly, we apply pn, = ps = 3 sub-predictors
in the cascade on both slave and master sides. Figs. 5 and 6
present the prediction results of positions of robots on both two
sides. It is obvious that the predicted positions (xm1, xm2, xs1
and xs2) are closer to the real ones (qm1, qm2, gs1, and qs2)
than the delayed measurements (ym1, ym2, ys1, ys2). Then, Fig. 7
gives the position synchronization performance of teleoperation
system. As illustrated in the presented figures, our method can

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

Scenario 2: Next, the numbers of sub-predictors are chosen
as pm = ps = 1, 2, 3, respectively. The comparative results
of prediction errors with different p; 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 p,, = ps = 3.
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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,

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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are also important and interesting research topic in our future
works.
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Appendix. Proof of Proposition 1

Proof. In the uncertainty-free case, we have

Nej = 0, (A1)
Ny =lijg(qyj. 4ij) — 8(xaij, X2ij)] + &y + ey

+ LM (@) + fi(gy G5)) — M (a5 + filxag, xaq)]-

(A.2)

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

Wy < —ﬁW1 (A3)
Ay
Thus Ri1, e;1, and 6;; converge to be zero exponentially, provided
that all the same conditions (34)-(37) in Theorem 1 are satisfied.

Likewise, for j = 2, ..., p;, we have

. b K. 1
W < — iwj + (2—‘:; +3- DIEmll* + IIEgilI?). (A4)

If Rij_1, eij—1, and 6; j_; converge to be zero exponentially, then
according to the definitions in (29) and (33), n;j—1 and Ej; also
converge to be zero exponentially. Using the comparison lemma,
we can conclude W; will converge to be zero in an exponential
way. By combining with the results of j 1, the proof of
Proposition 1 is completed.
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