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H_, Control of Delayed Teleoperation Systems under Polytopic-Type
Uncertainties

Bo Zhang, Alexandre Kruszewski and Jean-Pierre Richard

Abstract—In this paper, the H., control design under time-
varying delays and polytopic-type uncertainties, which ensures
the stability and performance (synchronization/transparency)
between the master and slave manipulators, is proposed. With
this objective, the design of the controller based on our proposed
control scheme is performed by using Linear Matrix Inequality
(LMI) optimization based on Lyapunov-Krasovskii functionals
(LKF) and H., control theory. The solution is efficient for
different working conditions, e.g. abrupt tracking and wall
contact motion, and this is illustrated by a final example.

I. INTRODUCTION

Bilateral teleoperation is the extension of a person’s sens-
ing and manipulation capability to a remote environment, a
typical form of which is composed of the human operator,
the master robot, the communication medium, the slave robot
and the environment. The remote slave robot tracks the
motion of the master robot commanded by the human op-
erator. Conversely, the corresponding data of the slave robot
is also transmitted back to the master robot, in particular,
to improve the task performance, force feedback from the
slave to master, representing contact motion, provides a more
extensive feeling of telepresence [1], [2].

In bilateral teleoperation, the master and slave are coupled
via the communication medium, which incurs the additional
dynamics represented by time-varying delays (especially
with the Internet) [3]. In order to avoid a severe deterioration
of the global performance, these delays must be considered
at the control design stage [4]. Recently, various methods
addressed the stability and performance issues, most of
them concern passivity-based control under variable delays,
including the scattering and wave variables, the readers can
refer to the survey [5] and the references therein; based
on the energy and power considerations, time domain pas-
sivity control [6], [7] without the transformation of wave
variables have been proposed. For non-passive control, [8]
and [9] summarized many teleoperation control strategies
and schemes. These methods can resolve the stabilization
problem under constant or time-varying delays, but the
system performance is not guaranteed.

Our latest research [10] presented a force-reflecting proxy
control scheme, which guarantees the stability and the po-
sition/force tracking of the closed-loop system under time-
varying delays by using Lyapunov-Krasovskii functionals
(LKF) and H., control, which can be solved by Linear
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Matrix Inequality (LMI) optimization. Thus, in this paper,
based on the control scheme proposed in [10], we handle
the teleoperation under time-varying delays and model un-
certainties. Here, the uncertainties are expressed under the
form of time-varying parameters, but could also correspond
to nonlinear effects. The design approach proposed in this
paper can be summarized:

e Control scheme in [10] is utilized, but the technique
is extended to the case of polytopic-type models of master,
proxy of master (a remote observer of the master used at the
slave side to reduce the impact of the communication delays)
and slave.

e Local controllers of master, proxy and slave are designed
by using Lyapunov functions and LMI optimization.

e Slave controller used to eliminate the impact of asym-
metric time-varying delays are fixed by LKF, H., control
and LMI [11]. Local and slave controllers mentioned above
will be explained later.

This paper is organized as follows: Section 2 introduces
the theorems to be used later. Some details of the control
scheme and the problems to be resolved are presented in
Section 3. Our main results are given in Section 4. Results
of simulation are presented in Section 5. Finally we conclude
in Section 6.

II. PRELIMINARIES

This section is devoted to the general stability analysis
with the H, performance index for time delay system with
time-varying polytopic-type uncertainties. It is considered the
following system with time-varying matrices Ay, A;, i =
1,2,...,n and B,

&(t) = Aox(t) + D7, Asx(t — 7:(t)) + Bw(t),
2(t) = Ca(t), _ ()

2(to +9) = 6(0), é(to +0) = $(6),0 € [~h2, 0],

where, 2(t) € R", w(t) € R is some exogenous distur-
bance signals, while z(¢) € RY is seen as the objective
control output. ¢(6) is the initial state function, and 7;(t) €
[h1,ha), b1 > 0, i = 1,2,...,n, are time-varying delays.
There is no particular assumption on 7;(t). C' is the constant
matrice, and Ay, A;, i = 1,2,...,n, B are subject to time-
varying uncertainties and satisfy the real convex polytopic
model,



[Ao,Ai,B]GQ, 1=1,2,.
N
Q£ [Ao(p(t)), Ai(p(2) Z t)[Aoj, Aij, By,
N =
> ity =1, p;i(t) = 0],
j=1
@)
where, Agj, Aij, Bj, i = 1,2,..,n, j = 1,2,..., N, are

constant matrices of appropriate dimension and p;(t), j =
1,2,..., N, are time-varying uncertainties. Note that, in the
following, all systems mentioned satisfy the polytopic-type
condition as in (2).

Considering the Lyapunov-Krasovskii functional as fol-
low [12],

V(t,z(t), 2(t)) = Z Vit x(t), &(t))
z(t)" Pjx(t)
+/ x(s)" Sjx(s)ds +

o], [
* Zl(hQ ; hl)/_ /+9 Raig®

According to H, control theory, the performance will be
studied by checking H, performance index J(w) < 0 for a
positive scalar ~,

Vit x(t), &(t)) =
(s)dsdb.

Jw) = [T GO0 - Puw v <0, @

and then, from [10], J(w) < 0 can be assured if,

V(t, z(t), 2(t) + z(t)" 2(t) — Ywt) w(t) <0.  (5)

Theorem 1: Suppose there exist matrices P; > 0, R; > 0,
Sj > 0, Saj > 0, Rm'j > 0, ng, ng, Ylj, ng, =
1,2,..,n, 5 = 1,2,...,N, and a positive scalar =, such
that the condition (6) with notations (7), j = 1,2,..., N, is
feasible. Then the system (1) is robustly stable with J(w) <
0 for time-varying delays 7;(t) € [h1,ha], i =1,2,...,n

Proof. From [13], the condition in (5) can be relaxed to
a set of NV LMIs as follows, j =1,2,..., N,

i)+ 2() " 2(t) — Ywt)Tw®) <0.  (8)

The proof of (8) can be found in [10], the readers can
refer to [10] for more details.
Our theorem can also be derived to the delay-free case

(without -7 | A;z(t — 73(t)), i = 1,2, ...,n) as follow,
= Aoz (t) + Bw(t),

z(t)
{ At = Cx(t). ©)
Corallary 1: Suppose there exist matrices P; > 0, Pyj,
P3;, 5 = 1,2,...,N, and a positive scalar «y, such that

Vit z(t),

the condition (10) with the notation (11), j = 1,2,..., N,
is feasible. Then the system (9) is robustly stable with
J(w) <0.

s (T PPEeaT Py L,
=\ s -py-pPL pPLB; | <O, (10)
X * *’Y2I

Remark 1: Theorem 2 in [10] can also be directly applied
to system (1) (One matrice variable replaces N matrice
variables, e.g. P replaces P;, 7 = 1,2,...,N), and then, an
polytopic method is applied to verify the LMI condition.
This method can also make the system robustly stable, but
leads to more conservative, which will be proved later by
the simulation.

IIT. PROBLEM FORMULATION

The force-reflecting proxy control scheme is presented in
Fig. 1. Let us give a description of the control scheme:

e F,,(t) and Fs(t) are the actuated inputs of the master
and the slave.

e Fy(t) and F,(t) are the forces of the human operator
and environment on the system. FJ,(t) and F,(t) are the
estimations of these two forces, which can be obtained by
adding the perturbation observers in reality.

e 71(t) (from the master to the slave) and 75(t) (from the
slave to the master) are the time-varying delays, which are
modeled as the previous section, 71 (¢), 72(t) € [h1, ha]. Mas-
ter and slave clocks are synchronized thanks to time-stamped
data packet exchanges between them, using a network time
protocol as in [14]. Therefore, 71 (t) is the estimated network
delay between the master and slave, it is available at slave’s
side: 71 (t) = 71 (¢).

e From the master to slave, the information transferred
are the velocity/position of the master and the estimated
force Fh(t). However, from the slave to the master, only the
estimated force Fe(t) is transferred, so the force tracking,
Fo(t) = F.(t — 72(t)), is realized, if the stability of the
whole system is verified.

@ 0,,,(t)/0,,,(t) and 0,(t)/0(t) are the velocities/positions
of the master and slave.

The models of master and slave with polytopic-type un-
certainties are described as follows,

(S0 dn(t) = (Ao (®) = Brpn (0 KD (2)

+ Bunlpun () (Fn (6) + Fi(1). "
(£2) () = (As(pa(t) = Ba(pu() KOs (1)

+ Ba(pa(0)(F.(1) + Fe().

where, &, (t) = 0,,(t), z4(t) = 0,(t) are the states of the
master and slave,

[Am (pm (1)), B

Z PmJ
Z PSJ

Am]7 Bm]]

m pm
(13)

[A (ps( ) ASJ7BSJ]
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Fig. 1.

As mentioned above, all uncertainties proposed in this
paper satisfy the polytopic-type condition as in (2). K9, K?
are local controllers of the master and slave ensuring the
speed stability, which will be designed in next section.

Because the proxy acts as a remote observer of the master,
the proxy model is the same as that of the master, but under
different polytopic-type uncertainty,

(Zp)  2p(t) = (Ap(pp(t)) — Bp(p ()) Kp)xp(t)
+ By(pp(£)) (Fe(t) + Fn(t — 1(t)) — Fy(t — 71(t))
(14)
[Ap(pp(1)), By(pp(t ]—me )[Amj, Bmj), (15)

where, x,,(t) = 6,(t) is the state of the proxy, 8, (t)/0,(t) is
the velocity/position, F,(t — 71 (t)) is the correction term of
the proxy of master,

> T(e)

Here, L is the gain of proxy of master, next, K
(K1 K Ks) is the gain of the controller C,

) |

Thus, our following works are to solve:
Problem 1: the local controllers of master, proxy and
slave, KO and K?, are designed to make the master, proxy

ép(t7+1(t))
Om (t—T1(t))
Op (t—=71(t))—O0m (t—T1(t))

Fp(t—m(t) = L (

L:(L1L2L3).

05(t)
bp(t)
0.(t)-6, (1)

Fi(t) = -K ( (17

CROREAO T A ai e

Force-reflecting proxy control scheme

and slave robustly stable with respect to the polytopic-type
uncertainties.

Problem 2: L, K (as the slave controller) will be designed
in order to provide the stability and performance guaran-
tee for teleoperation system under time-varying delays and
polytopic-type uncertainties.

IV. MAIN RESULTS

The objective of this section is to solve the problems
mentioned above.

) A. Problem 1: Local Controller Design

The local controllers are designed by a Lyapunov
functional and LMI, taking the master as an example,
and considering the Lyapunov function V (¢, ., (1))
S0 Valtam(t)), Vit (1)) = 2 ()T P (8), Py =
P’ >0,j=12,..,N. In order to apply LMI condition,
V(t Tm(t)) < 0 is relaxed to a set of Vj(t, 2, (1)) < 0,
7 = 1,2,..., N. We introduce free weighting matrices P,
P into Vj(t, @ (t), 5 =1,2,..., N [13],

Z[xm(t)TPz,T + i:m(t)TP3T}

[(Amj — Bmj Km) Tm(t) — &m(t)] = 0. (18)
N———

A

We set n(t) = col{xm(t),m(t)} and get, j = 1,2, ...,

(# o) <o

Multiplying (19) by diag{P;",P; "} at the left side,
diag{Py ', P; '} at the right side, then K9, can be obtained
by deﬁmng P3 = ¢P, and N, K%Pg. The result
K9 = N,,Py ! follows, j = 1,2, ...

N?

Py+PT A

*

mj Pj—PF+AT,
—P3—Pf

(19)

7N7



m=mj mj m=mj

ApmjPy—BpmjNm+Py AL —NT BT . Pj—Py+ePT AT . —¢NT BT
* —¢Py—€P)

< 0.
(20)
Remark 2: The proxy has the same local controller with
master (K?)), and the local controller of slave (K?) can be
obtained by the same procedure.

B. Problem 2: Slave Controller Design

Firstly, we will design the proxy of master by Lyapunov-
Krasovskii functionals, H,, control and LMI. Considering
the models of the master and the proxy as the following
system,

+Bmp(0mp(t)) p(),

mpTmp(t),

Emp(t) = Ay (Pmp ()T
Zmp(t) =
(21)
where,
oy (£) = g%((tt)) Winp(t) = (p,:(t)Jrﬁ,L(Hl(t)))
P oo ) » Fu(®+F() )

Zmp(t) = (0p(O—0m (1)),

(22)
0 ADp (Pmp (1)) (1,1) 0 0
App(pmp (1)) = 0 A9 (Pmp(1)(2:2) 0 | 5
1 -1 0
A (P (£)) (1, 1) = Ap(pp(t)) — Bp(pp(t)) Ko,
Anp (P (£))(2,2) = A (prm (t) = B (pin (£)) K,
Ay (p0)) = o
( 731’(/’5(’5))1’1 BP(Pp(t))LQ *Bp(Pp(t))LS )
0 0 0 ’
Bnp(pmp(t)) =

0

Cmp = (001).

According to the control scheme, considering any two
subsystems in the master, proxy of master and slave, or
the whole system, the polytopic-type model can be found.
Thus, we get the parameter matrices satisfy the real convex
polytopic models,

Bp(pp(t)) 0
( o Bm(%m(t))) = (Bhyemp®) B2, (omp(®) ),

Amp(p’"LP t) = mem t)Amp]7
j=1
Bpj = Z Pmpj(t Bripi Bip; ) .

Z pmps (t
24)

Theorem 2: Suppose there exist matrices P; > 0, ; > 0,
Sj > 0, Saj >0, Ralj >0, Ps, Yij, ng, M,j =1,2,...,N,
and positive scalars v and &, such that the condition (26) with
notations (27), 7 = 1,2, ..., N, is feasible. Then the system
(21) is robustly stable with J(w) < 0 for time-varying delays
71(t) € [h1, ho] and with the following proxy control gain:

L=MP;* . (25)

Bip (pmp(t

p(t) + A (P (8)) T (= 71 (1))

Proof. We use Theorem [ on system (21), a series
of steps is made to obtain LMI condition [15], we de-

fine P2j, = P2, ng = ng,j = 1,2,...,N, mul-
tiply T'Y, by diag{P; ", T'I} at the left side,
diag{Py"',..., Py, T} at the right side, then make the

transformation A}, (pmp(t)) = —Bp,,(pmp(t))L, choose
M = LP,, apply Schur formula, finally the result follows.
The position tracking between the master and the proxy
of master has been achieved, and then, the position tracking
between the proxy of master and the slave is assured by the
controller C. The model of the system containing the proxy
of master, the controller C' and the slave, is given as follow,

{0

where,

= Aps (Pp?g))xps (t) + Bps(pps(t))wps(t), 28)

0s(2)
Tps(t) = bp(t) o zps(t) = (0s0)—0,(0))
05(H) =0, (t) (29)

_ Fe(t)
wps(t) = <Fe(t)‘Fﬁh,(t*Tl(t))*Fp(t*Tl(t))) ’

ps(pps (1)) =

pe(ﬂpe(t))(l 1) —Bs(ps(t)) K2 —Bs(ps(t))Ks
Aps(ﬂps(t))(2 2) g )

ps(Pp (t))(7 ) = As(ps(t)) — Ba(ps(t)) K — Bs(

A

A ps(t)) K1,
Aps(pps(t))(2,2) = Ap(pp(t)) _Bp(Pp(t))Kvgu

B

Chps

Ba(pa(t) 0 . ,
ps (Pps (1)) Bplop(®) | = (Bpe(eps (1) Bo(pps(®) ),
0

= 0 0 1
(30)
Thus, we get,

= A0, (pps 1)) + Abu(pps(t)) =

Apsy + Azlvsa)

K 0 0
A'mj _B'mj K/?n 0 )

-1 0

AIN(PW( )) =

Z Pps;(t

o (Aa B,
Aij = 0
1

K

ByiK1 —BsiKo —By;K:
A:,sj:< )
0 0 0
Bps(pps(t ZPPSJ Byps; ZPPSJ Bpsj psj)-
3D
With the transformation of Al = —B} K, j =

1,2,..., N, we get the following theorem.

Theorem 3: Suppose there exist matrices P; > 0, P,
W, and positive scalars v and &, j = 1,2,...,N, such
that the condition (33) with notations (34), 5 = 1,2,..., N,
is feasible. Then the system (28) is robustly stable with
J(w) < 0 and with the control gain of the controller C"

K=wP;"'. (32)

435 45 T ~T

F1J1 Fl; BPSJ' Pz Cps
% — [ * 13l eéBps; 0
* % -0 0
% % % -1

<0, (33)
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1—‘1J1 Fl; R; Brrt,p_] M-Yy; Yy YIJ +B7ILPJ Yi;  Bmpj P3;Cnp

" 3] 1 T T

% T3) —€B)  M=Y.L Y vil4+eBl M Y], €Bup; 0

) % >:e —S;—R; 0 0 0 0
39 — % % % S 0 0 0 0 <0 (26)

% % x £ —Ra1j 0 0 0 ’

® % % ® ® —Rq1; O 0

% % F % * * —2I 0

® % ® s * % * —I

35 0 0 35 T 35 _ T 2 2
% =8 +S.; — Rj + Py AmpJ + A5, P, T =P —P+ EPSA opj s Tob=—EPy — EP) + hiR;j + (h2 — h1)’ Rayj.

T4 = Pr A%, " + AgS]Pz w’ B,,SJ - B;sjw,
lel% = P P2 + é-PQAps] fW psj ) (34)

I3 = —¢P, — EPy .

Proof. We apply the system (28) in Corollary 1, and the
proof is straightforward as Theorem 2.

Till now, the position tracking between the master, the
proxy and slave are ensured. Finally, the objective is to
ensure the global stability of the whole system described
by,

Ernps () :Algmps(pmm(t))mmpsa)
AL (ps () Zms (= T1(0) (35,
+Bimps (Pmps (1)) Wips (),
Zmps(t) = CmpsTmps (),
where,
65(t)
bp (1) . F®
Tmps(t) = Om (t) v Wmps(t) = | Fe@®+Fut—m1() |,
05 (t)—0p(t) Fon ()4 F, (£)

Op(8)—0m (¢)
_ [ 0s(@®)=6p(D)
Zmps (t) = (0;‘)(070:”(”) .

(36)
Thus, we can get, j = 1,2,..., N,
N
A? t)) = t)AY
mp.s(pmps( )) - pmpsy( ) mpsjo
=1
0
Ampsy =
Agj—BgjKO—Bg; K —BgjKa 0 —ByjK3 0
0 Apmj—Bpm; K9, 0 0 0
0 0 Amj—Bm; K9, 0 o>
1 -1 0 0 0
0 1 -1 0 0
N
Apps (pmps(t)) = E Prmpsi (1) Amps; =
j=1
N 0 0 0 0 0
Z ) 0 —ByjL1 —BpmjLa 0 =By, Ly
mps 0 0 0 0 0
, pmapsj 0o 0 0 0 0 ’
j=1 0 0 0 0 0
N
Brps(pmps(t)) = E Pmpsi () Bmpsj =
j=1
N 5 By 0
) mj 00010
E Prps;(t) 0 0 Bpmj |> Crmps = (0 000 1)
= 0 0 o0
0 0 0
(37)

@7

By Theorem 1, we can verify the global stability of the
system. Then the force tracking, F,,(t) = F.(t — 72(t)), is
achieved.

V. ILLUSTRATIVE EXAMPLE

To evaluate the performance of the proposed approach,
different working conditions have been simulated. The maxi-
mum amplitude and sampling time of time-varying delays are
0.2s (greater amplitude of delays can also be handled) and
0.001s. Note that, the time-varying delays in two channels
are asymmetric.

For simplicity reasons, the master, the proxy of master
and the slave models can be described as A ( m(t)) =
Asps(t)) = 0, Bulpm(t)) = Bs(ps(t)) = . plt) €
[0.5,1]. Firstly, by our local controller design, K, = K? =
2.6585. Next, the gains of the proxy of master and the
controller C, the corresponding 7%, , vX.  and the global
stability with 7 .~ are presented as follows,

L= (17860 —1.7862 9.1797), ~k.. = 0.2626,
K = (204799 212587 575.2051) , K., =0.0164, (38)
9 = 0.3286.

For comparison reasons, by using the LMI condition
proposed in Remark 1, we get,

L =1.399, AK.. =0.0954, = 1.5681. (39)

’anin
We can see that, the LKF proposed in this paper improves
the results and reduces the conservatism.

A. Tracking in abrupt tracking motion

Fig. 2 shows the position tracking between the master
and slave, where the human operator (F},(t)) is modeled
as the pulse generator. It is clear that our method ensures
the system stability and the position tracking, even at the
changing point of the position, good position convergence
between the master and slave has been achieved.

B. Tracking in Wall Contact Motion

The position tracking in wall contact motion is presented
in Fig. 3. Here, the slave is driven to the hard wall with
a stiffness of K. = 30kN/m located at the position z =
1.0m. Our local and slave controllers ensure the position
performance, because of the uncertainties in master and
slave models and time-varying delays, there exist the small
position jitters at the master and slave side, the slave side’s
jitter usually causes much larger jitter at the master side. The
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force tracking between F),(t) and F,(t) is straightforward
as in [10], thus, it is omitted here.

VI. CONCLUSIONS

This paper focused on the slave controller design problem
for teleoperation with time-varying delays and polytopic-type
uncertainties. Thanks to Lyapunov functions and Lyapunov-
Krasovskii functionals, H,, control theory and LMI, the
system stability and high-quality performance are guaranteed
based on our method.

The simulations performed by YALMIP and SIMULINK
demonstrate that such a teleoperation system can run in
different working conditions.
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