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Abstract: The motion prediction and tracking control problem for nonlinear teleoperation system with time-varying
delays are investigated in this paper. A novel model-independent prediction method with an observer-based structure
is proposed. The positions of both slave and master robots are estimated by using delayed measurements through two
predictors which are located on the another side of the robot to be measured. It is proven that the prediction errors can
converge to zero by applying the Lyapunov method. Predictive controllers of both master and slave robots are designed by
applying the prediction results instead of delayed measurements. Some sufficient conditions are derived to design suitable
parameters of controllers acording to Lyapunov theory. Finally, the effectiveness of proposed predictor and controller is
verified by simulations.
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1. INTRODUCTION were designed for a single robot system.

In recent years, some observer-based methods have
been proposed to estimate the actual states by using de-
layed outputs. In [14], interval observer for linear time-
delay systems was devised to obtain guaranteed interval
estimate of system states. In [15], the cascade observer
was utilized for the long constant time delay. However,
accurate mathematical models of systems were required
in these literature, which restricts the application area of

Teleoperation systems are able to extend perceptive
and manipulative capabilities of human operators to
the remote or dangerous environments, which has been
widely applied in industrial automation, space explo-
ration, remote surgery, and so on. Because of the long
distance between master and slave robot, communication
delays have become essential and attractive research top-
ics over the decades [1][2].

the proposed methods.

Stability is the primary issue concerned when time de- In this paper, we proposed a novel predictor with an
lays exist. A great deal of approaches have been proposed observer-based structure for teleoperation system with
to deal with this problem, such as wave transformation in time-varying delays. Motion information of both mas-
[3], Lyapunov-Krasovskii methods in [4], time domain ter and slave robot can be estimated by predictor which
passivity approach in [5], and so on. On the other hand, is located on another side. The predictor is model-
transparency has been defined in [6] to evaluate the fi- independent, which consist of a proportion-integration-
delity of perception of the remote environment and the differentiation (PID)-like regulator and a sliding-mode
easiness of operation for the human operator. Recently, regulator for the delayed prediction error. It is proven
there were a number of control schemes for compensat- that the prediction error can converge to zero by applying
ing time delays in order to achieve the accurate position the Lyapunov method. The control structure of proposed
tracking of force-feedback teleoperation systems [7-9]. teleopeartion system is shown in Fig.1.

However, in these works, the slave robot can only track On the other hand, motivated by the force feedback
the delayed information of position measurement of the controller proposed in [16], we apply the prediction re-
master robot. Meanwhile, only the delayed information sults to the controllers of both master and slave robot in-
from remote side can report back to the human operators. stead of delayed measurements. By employing the Lya-

Therefore, in order to realize real-time information ex- punov functional, we build the stability conditions of the
change of the teleoperation system, it is highly desirable controller parameters. Finally, the effectiveness of pro-
to develop motion prediction methods which can estimate posed predictor and controller is verified by simulations.
the actual state of both master and slave robot. In a large
number of previous works, predictive control methods
have been developed for linear teleoperation systems. For 2. PROBLEM FORMULATION AND
examples, in [10], Smith predictor was used to estimate PRELIMINARIES
e.ither slave models or environment Ipodels on the master Consider a nonlinear teleoperation system described
side. And a model reference adaptive control approach by
which enhance the teleoperation transparency in the pres-
ence of time delay were studied in [11]. Nevertheless, for M;i(q:)ds + Cilqs, 4i) i = us + fi, (1)
nonlinear teleoperation systems, few results are available
to predict the motion of telerobot based on delayed mea- where the subscript ¢ = m, s represents the master and
surement. In [12] and [13], predictive control methods slave robot respectively, ¢; € R is the vector of the joint
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Fig. 1 The control structure of proposed teleopeartion

system.

positions for the robots, ¢; is the the vector of the joint
velocities, and u; is the controller input. f,,, € R™ is the
human operator input force and f; € R™ is the environ-
mental force. M;(q;) € R"*™ is positive definite inertia
matrix, and C;(g;, ¢;) € R™*™ is the matrix of the cen-
tripetal and coriolis torques, which satisfy the following
structural property of robotic systems [1]:
Property 1. The inertia matrices M,,(q,) and M;(qs)
are definitely positive. There exist the positive constants
i1 and Hi2 such that ,uilf_ < Mz(qz) < ,LL7,2]
Property 2: The matrix M (q) — 2C(q, ¢) is skew sym-
metric.
Property 3: There exist positive scalars ¢; such that
1Ci(gi, @)l < ci |l Gi ||, fori =m, s.

One of our main objective in this paper is to predict the
actual state of master (slave) robot on the slave (master)
side by using the delayed position measurements:

Yai = qi(t — Ti(t)). 2
where 7;(t) is known time delays. The time delays
in communication channels are asymmetric and time-
varying. Let £1;, £2; denote the predicted positions and

velocities, respectively, and the prediction errors be de-
fined as

3)
“)

Then, another major objective of our study is to accom-
plish the synchronized motion of slave and master robot.
The position tracking controller design will be carried out
by using the prediction results.

Because the predictor for master (or slave) robot is lo-
cated on the other side, we regard u; and f; as unknown
terms when design the prediction algorithm. The follow-
ing usual assumptions for system uncertainties are con-
sidered:

Assumption I: The time derivatives of unknown terms

€1 =q; — L14,

eg; =€1; + aeq;.

Fy = M (q0) (us + J] f3) (5)
exist and satisfy

I[Fi]] < vF1, (6)
|Eil] < vpo. )

Assumption 2: The time-varying delay 7(¢) is bounded
and satisfies

0 < 7i(t) < 70i- ¥
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Assumption 3: Let gi(gi,¢i) = —M; *(q:)Ci(ai, G-
The time derivatives of g;(-) exist and there are known
functions h;(x1, z2) which satisfy

[hi(gis Gi) — 9i(qi, 4i)l| < vna- )
hi(gidi) — (g5, di)l| < vho. (10)
Remark 1: As explained and illustrated in [17,18], the

Assumptions 1 and 2 are quite common in the frame-
work of state observation of nonlinear time delay sys-
tems. As for Assumption 3, because the matrices M;(g;)
and C;(g;, ;) are very complicated to be calculated and
measured, we will design the approximate functions h; ()
instead of g;(-) in the prediction algorithm to make our
approach simple and practical. Based on equations (9)
and (10), we can find appropriate simple functions h;(-)
as long as the g;(+) and ¢;(-) are bounded.

Remark 2: It will be shown in the following analysis that
the uncertain part F;(t) and the approximate functions
h;(-) will not determine the global asymptotic conver-
gence of prediction errors. However, we also find in our
simulations that a more accurate model can make a faster
convergence rate.

3. BILATERAL MOTION PREDICTION
FOR TELEOPERATION SYSTEM

The proposed predictor with an observer-based struc-
ture is given as

) (11)
i T2i) + it — 7i(t)) (12)

21i(t)
2i(t)
where the correction term ;(t — 7;(t)) is a PID-like reg-

ulator for delayed prediction error ey, (¢ — 7(¢)), which is
designed as

doi(t
hi(d1

sz(t) :K <621( )+ ﬂ ) 621(0’)(10’) =+ KOsz(t)

+ Ky / (i(0 — (1)) — i(0))d0.
i (13)

IL;(t) =Sgn(mi(1)), (14)
where qu represents the predictor gain that can be ex-
panded as K,; = K,; + Ky, 8 is a constant, and Sgn(+)
represents the standard signum function. The auxiliary

error 1); € N™ is defined as

mi(t) = e2i(t) + epri(t), (15)
in which e, ¢; € R" is a filtered version of e, i.e.

epilt) = @it = 7(1)) — ¢i(t), (16)
Cori(t) = —Bepri(t) + egi(t). a7

Theorem 1: The predictor described by (11) and (12) en-
sures semi-global asymptotic regulation of eq; and eo; in
the sense that e;; — 0 and es; — 0 as t — oo, pro-
vided that the matrix K,; are selected sufficiently large
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relative to the system initial conditions and the following
conditions are simultaneously satisfied

1

= 18
o> 5 (18)

1 4

-+ 19
B> 545, (19)
1 1
I T 20
To =1t o (20)
Kpi > 0 Q1)
Koi > [|Nalloo + [[Nalloo- (22)
where § is a positive constant, and || - || denotes the £

norm.
Proof of Theorem 1: Noticing that the predictors for
slave and master robot have a same structure as well as
the system model (1), the subscript ¢ can be omitted in
our subsequent analysis.

We apply an auxiliary prediction error r(t) € R"
which is defined as

r(t) =n0(t) + Bn(t) = éa(t) + Bea(t) + ex(t).  (23)
It can be easily obtained that
p(t) = Kypr(t) + KoSgn(n(t)). 24

After substituting (3)-(4) and (12) into (23), we have

r={ — 9+ aéy + Bes

+ &y — h(d1,82) — ¢ 25)
=514+ S — ¢,

where S7, Sy € R" are given as

S1=F+g(q,q) — h(q,q) (26)
S2 =h(q,q) — h(Z1,22) + aé1 + Bea, (27)
The time derivative of r(¢) can be obtained as follows
7(t) = Ng+ N —es(t) — Kpr(t) — KoSgn(n).  (28)
where

Ng= S, (29)
N = Sy + es(t). (30)

Ny can be bounded based on Assumption 2 and 3 as

[INal| < \/vFs + vha-

And the Mean Value Theorem can be utilized to find an
upper bound for NV as: [17]

€29

IV < p(ZID1=11, (32)

where || - || denotes the standard Euclidean norm, p(-) is
a positive and non-decreasing function, and z € R4 is
defined as

¢! (33)

800

Let y(t) € R3"2 be defined as

y=[ & 7 vg VP (34
where Q(t) € R, and P(t) € R are selected as
t t
Q= / / ¢ ()][*dods, (35)
t T0 S
Pt / — KoSgn(n(6)ldo.  (36)

The non—negativeness of P(t) has been proved in [13]
and [18], provided that the gain K, satisfies (22) and ¢ is
selected as:

§= ZKOJHeJ

where the subscript j denotes the jth element of the vec-
tor or diagonal matrix.

Let V,(y,t) € R be a Lyapunov functional which is
defined as follows

I =€ (0)Na(0), 37)

1
—rTr+Q+ P,

Vo =getert gezeat 5 (38)
and it can be bounded as
1
Sl <V, 1) < llyll*. (39)
After taking the time derivative of V},, we have
f/}, =eT'(ey — aey) + el (r — Bey — ey)
rT(N 4+ Ng—eg— K,r) +Q+ P
= —alle1||* — Blle2||* + 8,{62 — egew +rI'N
t
= KollrlP + mllg@l - [ oo,
t—70
(40)

Using Young’s inequality, we have
Hez%ll_%IIeQII2 *H@@IIQ, (41)
lleT eal| §§||61||2+275H62H2- (42)
Then we use Jensen’s inequality to derive

t
leal? <o [ llgto)|Pas, @)

t—T

. 0
el < [ ligte)) s (44)

t—T1o

Substituting (41)-(44) into (40), the upper bound of V can
be obtained as

. ) 1
V<= (- Pllall = (8- 5) lleal?
FlirlloClEDIll — Kplrl P

5 t
~(1-n-gn) [ 1e@iPe.
t—7o

(45)
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Then after completing the squares by using the definition
of z in (33), the inequality in (45) can be bounded as

. z
<= fw- 2 () e e (46)
where w € R is defined as

. ) 1 1 1)
w:mm{a—Q,ﬁ—d,To—l—Q,Kb}. 47)

Thus the negative semi-definiteness of Vp (t) can be en-
sured once inequalities (18-22) are satisfied and

(llzoll)

4w

2 2
PllaD |

K, >
T dw

(48)

where ||zq|| is the initial condition of ||z||.

Since Vp(t) = Omeans e; = 0,eo =0, and e, = 0,
according to (35) and (36), we have P = 0 and /Q =
0. By using LaSalle’s invariance theorem, we have

lime; =0, 49)
t—o0
lim ey = 0. (50)
t—o00

This completes the proof of Theorem 1.

4. PREDICTOR-BASED POSITION
TRACKING AND FORCE FEEDBACK
CONTROLLER DESIGN

Motivated by the force feedback controller proposed
in [16], we design the following predictive controller for
teleoperation system as
U, =K g — 51)
(52)

Brmdm,

:Ks(jlm - QS) - Bsqs-

Us

where 4 is the predicted force feedback, which can be
expressed as

'&s = Ks(Qm - i‘ls) - Bsfc2s- (53)

Other than the controller in [16], we apply the prediction
results into the controller of both master and slave robot
instead of delayed measurements. The stability condi-
tions of velocities and tracking errors are summarized in
following theorem.

Theorem 2: The controller described by (51) and (52)
ensures asymptotic stable of ¢; and ¢,,, —¢qs, provided that
the matrix K,; are selected sufficiently large relative to
the system initial conditions and the following conditions
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are simultaneously satisfied

1

B, > 25(1?( K+ aB,)? + f; B, (54)

SK2K? s

T H-K, 43

a> 6, (56)
1 By

— 2 57

B8 > 5+ 5 (57)
1 1)

—>1+4+ -, (58)
T0 2

Ky; > 0, 59)

Koi > || Nalloe + | Nallc- (60)

Proof of Theorem 2: We choose the following Lyapunov
functional:

V) Vi) + Va(0)
Vi) =0 M (@i + 57 Mo (0:)ds

2
KK

(61)

t
+ 9 . (Qm - QS)Q + / (Q.Z,;Th - que)dU
0
+ Um(qm) + Us(qs) — ki — ks + kp + Ke,
(62)
‘/Q(t) :‘/p'rn + VpS
1
e?melm + 7egm€2m + frz;rm
2 2 2
(63)
L p L L
+ ielmels + 5625623 + 27"5 T

By using property 2, the time derivative of V; can be ob-
tained as

Vi =] [um + KK (qm — q5)]
+ qz[us - Kst(Qm - QS)}
= — Bul|gm| > + (Ks Ky + aBy)dheis (64)
+ K§Bymds — Bsmeas
- BqusH2 + Kstq'Zelm
Using Young’s inequality, we have
T J 2
(KK + aBs)dmers|| < 5llews]]
(65)
K, K By im 2
25( o+ @B i 2
%4511 < Sldml 2 + 2114612 (66)
2 2
T Lo 1 2
lifezoll < 5lldml® + 3 llezsl 2 (©7)
) 1 . 0
KK T ernll < 5K + S llernl . (68)
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Substituting (65)-(68) into (64), we can obtain

1 Kf—‘rl

Vl < —(Bm — 26(K5Kf +O‘BS)2 - B BS)||Qm||2
— (B = KB, = KK [au]? + Sernl?
s 9 fPs 25 fhs s 9 1m
) 1
+ Sllensl? + 5 Bulleas]
(69)
Combining (46) with (69), we have
. 1 Kr+1 .
V S - (Bm - %(Kst + aBs)Z - f2 B§)||qm‘|2
1 1
7B9**KB;**K2K2 'g2
(B, = 3K1B, — 5= K324,
2
B _ P ([lzmll) 2
e e L]
2
A 2
= S0 e,
(70)
where
11 1)
Wy =minqa—0,8—=,——1—= Ky p. (71
é 2
1 By 1 )
wgmm{aé,ﬂéQ,T 27Kbs}.

(72)

Thus the negative semi-definiteness of V(t) can be en-
sured once inequalities (54-60) are satisfied and

P2zl < p*(lz0l)

Kai > =
4&)7; 40.)2'

; (73)

Then the asymptotic stabilities of ¢; and ¢,, — g5 can be
directly proved by Lyapunov theory. The proof of Theo-
rem 2 is completed.

Remark 3: It can be concluded from inequalities (54-
55) that B,,, Bs should be big enough when the force
feedback gain K is large. And from inequalities (56-
57), the values of « and (8 can be selected very freely
through choosing different values of §. Then according
to inequalities (58), when ¢ is small, the controller can
compensate for delay values very close to one second.

S. SIMULATIONS

In this section, simulations are presented to verify the
effectiveness of proposed method including position pre-
diction and synchronous tracking. Consider a 2-DOF
nonlinear teleoperation system which is under the form
(1) with

M M
M) =0 = | A 3 .
. . [Cn C
Cm(q,4) = Cs(q,q) = [ Cor O ] :

802

My, = (211 cos go + lp)lame + 13(my + ma),

My = My = 13ma + l1lams cos ga,

Msy = 3ma, C11 = —lilama sin(ga)do,

Cr2 = —lilama sin(g2)(q1 + 42),

Ca1 = lilama sin(gz)¢1, Caa = 0.

An environment force f, = 0.01¢s + 0.05sin(gs) is

applied to the robot. And we assume that the human op-
erator handles the master robot to follow a desired trajec-

tory. The human operator is modeled as (or replaced by)
a PD controller with disturbance. That is

where w is a Gaussian noise satisfying No ~ [0, 1072],
—0.5sin(0.2t) }

and

4= { 0.2sin(0.25¢)
The time delays 7,,, is randomly varying in the interval
[0.8s, 1s] , while 75 is randomly varying in the interval
[0.5s, 1s]. We select h; (%1, Z2;) = 0, and the parameters
of predictor and controller are given in Table 1.
Table 1 Parameters of predictor and controller.

my ma Iy ly a 8
lke | 0.5kg | 05m | 05m | 1.1 | 02

Kpm | Kps | Kt | Bw | B, | K.
50 50 | 02 | o05kess| 1kess | Skess?

0.5

—real
- = -prediction
delayed measurements

35 40 45 5
35 40 45 5

30

25
t(s)

0
Fig. 2 The prediction results of master positions.

The prediction results of master and slave positions are
shown in Fig. 2 and 3, respectively. We can see that the
predicted positions of both slave and master robots are
very close to the real one, although noticeable delays ex-
ist in the measurements. Compared with the master robot,
higher prediction errors of slave positions occur when
t € [0s,10s]. This is mainly due to the position fluc-
tuation which is caused by PD tracking controller. The
position tracking results are given in Fig.4. We can find
the slave positions fluctuate at the beginning, which can
slow down the convergence speed of predictors. Even
s0, the good position tracking performance is achieved in
Fig.4. The time delays can be well compensated through
proposed predictive method.
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Fig. 3 The prediction results of slave positions.
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Fig. 4 The position tracking performance.

6. CONCLUSIONS

In this paper, a model-independent prediction method
for teleoperation system is proposed. The predicted po-
sitions can convergence to the real one when time delays
exist in measurements. Through applying the prediction
results to the robot controller, the real-time data exchange
and position tracking can be realized. The effectiveness
of proposed method is verified by simulations. Future
works will be focused on the large time delays and ad-
vanced controllers.

REFERENCES

[1] Hua C C, Yang X, Yan J, et al, “On Exploring
the Domain of Attraction for Bilateral Teleopera-
tor Subject to Interval Delay and Saturated P + d
Control Scheme,” IEEE Transactions on Automatic
Control, vol. 62, No. 6, pp. 2923-2928, 2017.

[2] Joao R and Sangbae K, “Humanoid Dynamic
Synchronization Through Whole-Body Bilateral
Feedback Teleoperation,” IEEE Transactions on
Robotics, vol. 34, No. 4, pp. 953-965, 2018.

[3] Yang C, Wang X, Li Z, et al, “Teleoperation control
based on combination of wave variable and neural
networks,” IEEE Transactions on Systems Man and
Cybernetics Systems, vol. 47, no. 8, pp. 2125-2136,
2017.

[4] Yuling Li, Rolf Johansson, and Yixin Yin, “Accel-
eration feedback control for nonlinear teleoperation
systems with time delays,” International Journal of
Control, vol. 88, no. 3, pp. 507-516, 2015.

[51 Sun D, Naghdy F, and Du H, “Neural Network-
Based Passivity Control of Teleoperation System

803

(6]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Under Time-Varying Delays,” IEEE Transactions
on Cybernetics, vol. 47, no. 7, pp. 1666-1680, 2017.
Lawrence D A, “Stability and transparency in bi-
lateral teleoperation,” IEEE Trans Robotics and Au-
tomation, vol. 9, no. 5, pp. 1316-1321, 1993.
Haochen Z, Aiguo S, and Shaobo S, “Adaptive
Finite-Time Synchronization Control for Teleoper-
ation System with Varying Time Delays,” IEEE Ac-
cess, vol. 6, pp:40940 - 40949, 2018.

Nuno E, Basanez L, and Ortega R, “Passivity-based
control for bilateral teleoperation: A tutorial,” Auto-
matica, vol. 47, no. 3, pp. 485-495, 2011.

Zhai D H and Xia Y, “A Novel Switching-Based
Control Framework for Improved Task Performance
in Teleoperation System With Asymmetric Time-
Varying Delays,” IEEE Transactions on Cybernet-
ics, vol. 48, no. 2, pp. 625-638, 2018.

Uddin R, Park S, and Ryu J, “A predictive
energy-bounding approach for Haptic teleopera-
tion,” Mechatronics, vol. 35, pp. 148-161, 2016.
Hosseini-Suny K, Momeni H, and Janabi-Sharifi
F, “Model Reference Adaptive Control Design for
a Teleoperation System with Output Prediction,”
Journal of Intelligent and Robotic Systems, vol. 59,
no. 3-4, pp. 319-339, 2010.

Shaobo Shen, Aiguo song, and Tao Li, “Predictor-
Based Motion Tracking Control for Cloud Robotic
Systems with Delayed Measurements,” Electron-
ics;, vol. 8, no. 4, pp. 398, 2019.

Serhat Obuz, Enver Tatlicioglu, Sadettin C. Cekic,
et al, “Predictor—Based Robust Control of Uncertain
Nonlinear Systems Subject to Input Delay” Proc. of
the 10-th IFAC Workshop on Time Delay Systems,
pp. 231-236, 2012.

Efimov D, Fridman E, Polyakov A, et al, “Lin-
ear interval observers under delayed measurements
and delay-dependent positivity,” Automatica, vol.
72, pp- 123-130, 2016.

Ahmed-Ali T, Cherrier E, and Lamnabhi-
Lagarrigue F, “Cascade high gain predictors
for a class of nonlinear systems,” IEEE Trans.
Autom. Control, vol. 57, no. 1, pp. 221-226, 2014.
Nuno E , Ortega R , Barabanov N, et al, “A Glob-
ally Stable PD Controller for Bilateral Teleopera-
tors,” IEEE Transactions on Robotics, vol. 24, no.
3, pp. 753-758, 2008.

Kamalapurkar R, Fischer N, Obuz S, et al, “Time-
varying input and state delay compensation for un-
certain nonlinear systems,” IEEE Transactions on
Automatic Control, vol. 61, no. 3, pp. 834-839,
2015.

Su, Y, Muller P C, and Zheng C, “A Simple Non-
linear observer for a class of uncertain mechanical
systems,” IEEE Transactions on Automatic Control,
vol. 52, no. 7, pp. 13401345, 2007.

Authorized licensed use limited to: University of Gothenburg. Downloaded on September 01,2021 at 09:13:50 UTC from IEEE Xplore. Restrictions apply.





