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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Background & Challenges

1. Preliminaries

© Background & Challenges;

© Delayed Teleoperation;

© Positioning;

© Modeling of Time Delays;

© Stability of Time Delay Systems;;



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Background & Challenges

Cooperative System :

Haptic interface cooperative system, LAGIS

Performance Objectives :

© Stability;
© Synchronization (the position tracking, from the master to the slave);
© Transparency (the force tracking, from the slave to the master);
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Background & Challenges

Cooperative System :

Haptic interface cooperative system, LAGIS

Background & Challenges :

© Wireless or long-distance;

© Complex environment;

© Modeling uncertainties;;

© Collaborative sensing ;

© Path planning and trajectory tracking;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Delayed Teleoperation

1. Preliminaries

© Background & Challenges;

© Delayed Teleoperation;;

© Positioning;

© Modeling of Time Delays;

© Stability of Time Delay Systems;;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Delayed Teleoperation

Delayed Teleoperation - Two Cases :
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Unilateral master/slave teleoperation
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Bilateral master/slave teleoperation
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Delayed Teleoperation

Bilateral Teleoperation

Velocity
4 .
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L PRELIMINARIES

L Delayed Teleoperation

Bilateral Teleoperation

Position/Velocity
Humain Master Slave
Operator + Network + Env.
P Controller Controller
Position/Velocity
Position/Velocity/Force
Humain Master Slave
Operator + Network + Env.
P Controller Controller
Force

9/102



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Delayed Teleoperation

General Teleoperation Structure :

F, (1) x,, (t) () x, (1)
| | i | J |
] e
Human Master Slave
Operator Master Controller Network Controller Slave Env.
r— r—
T T I
X, () E, @) x, (1) F ()

© F = force;

©® a = position/velocity;

© 7 = delay;

©® m, s, h, e => master, slave, human operator, environment ;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Delayed Teleoperation

General Teleoperation Structure :

F® x50 G;) x,(0)
v wm L
Slave

Human Master
Mast Network
Operator aster Controller Controller Slave Env.

N e T B A [
w0 (£0) 0 R0

© F = force;

©® a = position/velocity;

© 7 = delay;

©® m, s, h, e => master, slave, human operator, environment ;
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General Teleoperation Structure :

@ x,, (1) @ x, (1)
I I |
Slave

Human Master
Mast Network
Operator aster Controller Controller Slave Env.

T .
%, (1) w x. (1) @

© F = force;

©® a = position/velocity;

© 7 = delay;

©® m, s, h, e => master, slave, human operator, environment ;
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L PRELIMINARIES
L Delayed Teleoperation

General Teleoperation Structure :

o) (s (k) (o
N I
Slave

Human Master
Mast Network
Operator aster Controller Controller Slave Env.
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© F = force;

©® a = position/velocity;

© 7 = delay;

©® m, s, h, e => master, slave, human operator, environment ;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L PRELIMINARIES

L Delayed Teleoperation

General Teleoperation Structure :

£,@) x,, (1)
Human Master
N k
Operator Master Controller etwor

T

1

J

Slave
Controller

Slave

T

1

® F = force;
©® a = position/velocity;
© 7 = delay;

G

©® m, s, h, e => master, slave, human operator, environment ;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Delayed Teleoperation

General Teleoperation Structure :

£0 X, (1) F.(1) x,(1)
| | ! | J |
- -
Human Master Slave
Operator Master Controller Network Controller Slave Env.
T 1 | il 1 |
50 E,0 O
Properties :
Performance Objectives : _
© Stability ; 1. Linear master/slave systems;
© Synchronization (the position tracking, from the master to .
the slave); . 2. Internet/Ethernet/Wifi...;
© Transparency (the force tracking, from the slave to the
master) ;

3. Time-stamped data packets;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Positioning

1. Preliminaries

© Background & Challenges;

© Delayed Teleoperation;

®© Positioning;

© Modeling of Time Delays;

© Stability of Time Delay Systems;;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Positioning

Main Capabilities of Recent Control Strategies :

Control Strategy w Position Tracking Force Tracking
Constant ~ Time-varying

Passivity VA VA 4

Robust va v v va

Freq. VA v

Predict. VA VA v

smc v v v

Adapt. v v

Lyapunov VA VA VA

© P. Arcara et al., Robotics and Autonomous Systems, 2002 ;
© S. Zampieri, IFAC, 2008;
® E. Nufo et al., Automatica, 2011 ;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
L Positioning

Main Capabilities of Recent Control Strategies :

Control Strategy w Position Tracking Force Tracking
Constant ~ Time-varying

Passivity VA VA 4

Robust va v 4 va

Freq. VA v

Predict. VA VA v

smc v v v

Adapt. v v

Lyapunov VA VA VA

© P. Arcara et al., Robotics and Autonomous Systems, 2002 ;
© S. Zampieri, IFAC, 2008;
©® E. Nufo et al., Automatica, 2011;

Time Delays
Control Strategy m Y Position Tracking Force Tracking

Constant ~ Time-varying
Goals of this thesis v Vv Vv VA + Performance
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Modeling of Time Delays

1. Preliminaries

© Background & Challenges;

© Delayed Teleoperation;

© Positioning;

© Modeling of Time Delays;

© Stability of Time Delay Systems;;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Modeling of Time Delays

Network Induced Delays :

t, t,=t+7°(t)

,

Communication delay 7°(¢)

delay

delay
() (@)

Ly L B

Asynchronous sampling delay 7°(t)

Data loss delay
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L PRELIMINARIES
I—Modeling of Time Delays

Network Induced Delays :

 delay

i {

T(t) =71¢(t) + 7°(t) + NT.

Notations and Constraints for
Delays :

T(t) = h +n(t). (2)

» Constant delay : n(t) =0, h #0;
» Non-small time-varying delay :
| n(t) 1< < h, s0
7(t) € [h— b+ pl
» Interval time-varying delay :
0<n(t) <psor(t)€lhh+ul;
» Time delay with the constraint on
the derivative : 7(t) < d < 1,
d>0,or7(t) <1;
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L PRELIMINARIES
I—Modeling of Time Delays

Network Induced Delays :

 delay

i {

T(t) =71¢(t) + 7°(t) + NT.

Notations and Constraints for
Delays :

T(t) = h +n(t). (2)

» Constant delay : n(t) =0, h #0;
» Non-small time-varying delay :
n(t) |< < h so
7(t) € [h = p, h+ il
» Interval time-varying delay :
0<n(t) <p, sor(t)eh,h+ul;
» Time delay with the constraint on
the derivative : 7(t) < d < 1,
d>0,or7(t) <1;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Stability of Time Delay Systems

1. Preliminaries

© Background & Challenges;

© Delayed Teleoperation;

© Positioning;

© Modeling of Time Delays;

© Stability of Time Delay Systems;;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Stability of Time Delay Systems

Delay-Independent Stability :

If a time-delay system is asymptotically stable for any delay values belonging to R, the system is said to be
delay-independent asymptotically stable.

Delay-Dependent Stability :

If a time-delay system is asymptotically stable for all delay values belonging to a compact subset D of R, the
system is said to be delay-dependent asymptotically stable.
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Stability of Time Delay Systems

Delay-Independent Stability :

If a time-delay system is asymptotically stable for any delay values belonging to R, the system is said to be
delay-independent asymptotically stable.

Delay-Dependent Stability :

If a time-delay system is asymptotically stable for all delay values belonging to a compact subset D of R, the
system is said to be delay-dependent asymptotically stable.

Rate-Independent Stability :

For a delay-dependent asymptotically stable time delay system, if the stability does not depend on the variation
rate of delays or on the time derivative of delays, the system is said to be rate-independent asymptotically stable.

Rate-Dependent Stability :

For a delay-dependent asymptotically stable time delay system, if the stability depends on the variation rate of
delays or on the time derivative of delays, the system is said to be rate-dependent asymptotically stable.
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Stability of Time Delay Systems

General System with Piecewise Time-Varying Delays :

#(t) = fz(t), 2(t = 71(1)), u(t), u(t = 1(1))),
z(to +0) = ¢(0), @(to +0) = o(0),
u(to +0) = ¢(0),

0 € [—h,0].

Linear Case :

{ &(t) = Aoa(t) + Y71, Ase(t — (1)) + Bou(t) + Y27, Bjul(t

a(to +0) = ¢(0), @(to+0)=¢(0), 6€[-h,0]

(4)

—25(t)),
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L PRELIMINARIES
I—Stability of Time Delay Systems

Lyapunov-Krasovskii Functionals (LKF) - Linear Case :
© Search of suitable V(z(t), 2(t)) [E. Fridman, IMA Journal of Mathematical Control and Information, 2006] :

V(x(t),2(t)) = z(t)T Px(t) + /7 x(s)T S,a(s)ds + /F z(s)T Sz (s)ds

h1

+ hy / / s)T Ri:(s)dsdf
hy Jt+6

h2 — h1) / / #(8)T Ryic(s)dsdf.
ha t+0
(5)
© Asymptotical stability condition depending of the derivative of V' (x(t), &(t)) along the system trajectories :
V(z(t),z(t)) >0, V(z(t),#(t) <0, for any =z #0,

, - , (6)
and V(z(0),z£(0)) =0, V(x(0),z(0)) =0.
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—System Description & Assumptions

2. Novel Control Schemes

©® System Description & Assumptions;

© Robust Stability Conditions;

© Control Scheme 1 - Bilateral State Feedback Control Scheme
[B. Zhang et al., CCDC, 2011] ;

© Control Scheme 2 - Force-Reflecting Control Scheme;

© Control Scheme 3 - Force-Reflecting Proxy Control Scheme
[B. Zhang et al., ETFA, 2011] ;

© Results and Analysis;



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—System Description & Assumptions

General Teleoperation Structure :

F (1) x,, (1) F(1) x, (1)
| | i | J |
] e
Human Master Slave
Operator Master Controller Network Controller Slave Env.
r— r—
N I
X, () E,®) x, (1) F (0

Our Master/Slave Controller Solution :

© Lyapunov-Krasovskii functional (LKF);
® H control;
© Linear Matrix Inequality (LMI) optimization;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—System Description & Assumptions

General Teleoperation Structure :

F (1) x,, (1) F(1) x, (1)
| i l l
] e
Human Master Slave
Operator Master Controller Network Controller Slave Env.
r— r—
1 T
X, () E,®) x, (1) F (0

From Property 1 - Assumption 1 :

Linear master/slave systems —>
Em(t) = (Am — Bm K" )am(t) + B (Fn(t) + Fu(t)),
Es(t) = (As — BoK()as(t) + Bs(Fs(t) + Fe(t)),

T (t) = O (t) € R™, 2,(t) = 0,(t) € R*; K" & K : supposed to be
known;

(7)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—System Description & Assumptions

General Teleoperation Structure :

F, (1) x,, (1) F(1) x, (1)
| | i | J |
] e
Human Master Slave
Operator Master Controller Network Controller Stave Env.
r— r—
N I
X, () E,®) x, (1) F (0

From Property 2 - Assumption 2 :
Internet/Ethernet/Wifi... = 71(t), 72(t) € [h1, h2], h1 > 0;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—System Description & Assumptions

General Teleoperation Structure :

7,(2)
E0) x0 l @ x
| J | | 1 l
O|—|pueTaatgr Master C'g:tf})i;r Network Cci:?r\cljer Slave Env.
R O
%O F0 w0
7,(1)

From Property 3 - Assumption 3 :
Time-stamped data packets = 71(t) = 71(¢), T2(t) = 72(t);
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Rohust Stability Conditions

2. Novel Control Schemes

© System Description & Assumptions;

© Robust Stability Conditions;

© Control Scheme 1 - Bilateral State Feedback Control Scheme;
[B. Zhang et al., CCDC, 2011] ;

© Control Scheme 2 - Force-Reflecting Control Scheme;

© Control Scheme 3 - Force-Reflecting Proxy Control Scheme
[B. Zhang et al., ETFA, 2011] ;

© Results and Analysis;



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Robust Stability Conditions

Linear Time Delay System :

- (8)

@(t) = Aox(t) + 257, Aix(t — (1)),
l‘(to + 9) = ¢(9), j)(to + 9) = ¢(9), 0 e [—hg, 0]

Asym ptOtlcal Sta b'hty Theorem [E. Fridman, IMA Journal of Mathematical Control and

Information, 2006] .

1=1,2,...,q;

® LMI condition is feasible;

© Rate-independent asymptotically stable for time-varying delays 7;(t)
[hl, hg], 1= 1, 2, g,

©P >0 R>05>0 5 >0 Rs >0, and B, P, Y1, Y5,

€
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Rol:;ust Stability Conditions

Asymptotical Stability Theorem

ri, ri, R+Y I Pl A —qv" qvl —PT a4y . —PTAg+yT vl v
% Tay w8 rfa;—qvl ovl —pTay+vd . —prFag+vyd v ooyl
%% —S—R 0 0 0 0 0 0 0
x % % —Saq 0 0 0 0o 0 o0
r‘=| % = * * —Ra1 0 0 0o 0 o0 <o,
% % * * * 0 0o 0 o
% % * * * * —Ragq 0o 0 o0
% % * % x * % —Rq1 00
% % * % * * % % % —Ragq
(9)
1 _ T T 1 _ T T
F1175+SQ7R+AOP2+P2AO, Flg—prg +AOP3,
: (10)
1 T 2 2
I =—=Ps = Py + hiR+ (ha — h1) E Rai.
=1
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H., Performance - Delay-Free with Perturbation :

{ i(t) = Az(t) + Bu(t),

o 12
(supp (L2 2y ) o
Clw) [l
, V(z(t)) = z(t)T Px(t)

P >0, Py, P3;, and a positive scalar v > 0;
LMI condition is feasible (see manuscript);
Asymptotically stable with H,, performance J(w) < 0;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Robust Stability Conditions

H, Performance - Delay-Free with Perturbation :

{g'c(t) = Ax(t) + Bu(t),
z(t) = Cux(t).
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Robust Stability Conditions

H, Performance - Delay-Free with Perturbation :

#(t) = Az(t) + Bul(t),
{ z(t) = Cux(t). (11)
sw - [ (0T () — P Tw()dt <0,
0 (12)
e,

V(x(t) + 2(0)T2(t) — Y2w(t)Tw(t) <0, V(x(t)) = z(t)T Px(t).

Robust Stability Theorem :

® P >0, P, P3, and a positive scalar v > 0;
© LMI condition is feasible (see manuscript);
© Asymptotically stable with H,, performance J(w) < 0;
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Robust Stability Condition - Teleoperation Case :
© LKF asymptotical stability condition with several time-varying delays

H . performance improvement condition without time-varying delays
but with the perturbation

Robust stability condition with several time-varying delays and the
perturbation :

a(t) = Aoz (t) + S0 )
(1) = Car(t), .

z(to+0) = ¢(0), i(to+0)=(0), 0¢e][—hy,0],
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Robust Stability Conditions

Robust Stability Condition - Teleoperation Case :

© LKF asymptotical stability condition with several time-varying delays
_|_
© H., performance improvement condition without time-varying delays
but with the perturbation
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Robust Stability Conditions

Robust Stability Condition - Teleoperation Case :

© LKF asymptotical stability condition with several time-varying delays
+
© H., performance improvement condition without time-varying delays
but with the perturbation

© Robust stability condition with several time-varying delays and the
perturbation :

i(t) = Aox(t) + Y1, Azt — 74(t)) + Bw(t),
z(t) = Cx(t), (13)

a(to+0) =o(0), a(to+0)=0(0), 0¢€][—he,0]

<.

(x(t),2(t) + 2()T2(t) — v2w(t)Tw(t) < 0.
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 1 - Bilateral State Feedback Control Scheme

2. Novel Control Schemes

© System Description & Assumptions;

© Robust Stability Conditions;

©® Control Scheme 1 - Bilateral State Feedback Control Scheme;
[B. Zhang et al., CCDC, 2011] ;

© Control Scheme 2 - Force-Reflecting Control Scheme;

© Control Scheme 3 - Force-Reflecting Proxy Control Scheme
[B. Zhang et al., ETFA, 2011] ;

© Results and Analysis;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 1 - Bilateral State Feedback Control Scheme

Control Scheme 1 - Bilateral State Feedback Control Scheme :

Master Slave

(_')m (_f) (_) “«) Controller Controller F; (N F; (”

'

m
e
Human i 2
Operator Master Network Slave Env

| 1

[

: .
F, (1) E, (1) L. T bbb

6.1/ 6,(1)

© Delayed state feedback Cy & Cs :
Cr: Fy(t)= —K10,(t —71(t) — K2 (t — 71(2))
— K7 (0s(t = 71(t) = O (t — 1(1))),
Cy: Fo(t) = —K30,(t — 1o(t)) — K20, (t — #2(t))
- K23(95(t - T2(t) - em(t — Ty (t)))

© 71(t) = 71(t) and T2(t) = 12(t) from Assumption 3;

(14)

32 /102



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L coNTROL SCHEMES
I—Control Scheme 1 - Bilateral State Feedback Control Scheme

Control Scheme 1 - Master/Slave Controller Design :

ims (t) = (Amé - BmsKO)xms (t) + Bmsums (t) + Bmswms (t);
Ums(t) = _K’rlnsxms (t —7(t) — K’?nsxms (t —72(t)),
Zms (t) == Cmszms (t)a

(15)
fa(®) 0 Fe(t)
Tms(t) = ( ) ) » ums(t) = g2 s wms() = P )
(£0) D
zms(t) = (0s(D=0m®)
As 0 0O Bs 0
— — — 1 2
Ame = (§ g 8) mme = () = (2h 2
_ (K5 0 0 1 (Kl K2 K3 2 _ (0 0 O 17
o= ( o Kg* U) o Ko = ( o o 01) v K = (K% K3 Kg) ’ an

CmS:(o 0 1).
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 1 - Bilateral State Feedback Control Scheme

Control Scheme 1 - Master/Slave Controller Design :

© Transformation so to apply robust control condition :

Tps(t) = Agzsxms (t) + Aqlnsxms (t—7i(t) + A?nsxms (t —72(t))
+Bmswms (t)a

Zms (t) = CmsTms (t)a
(18)

Agns = Ams - BmsKOa

A’}ns = 7BmSK71ns = 7B71ns[(17 Agnb = 7Bm5K72ns = 7B72nsK2’
(19)

K= (Kl KP OKY), Ko= (K} K3 OK3).  (20)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 1 - Bilateral State Feedback Control Scheme

Control Scheme 1 - Control Objectives :

© LKF : the system stability under the time-varying delays 71 (%),
Tg(ﬁ) S [hl, h2] ;

© H, control : the impact v of disturbances wy,s(t) on z,s(t)

(05(t) = O (1)) ;

Control Scheme 1 - Master/Slave Controller Design Theorem :
©P>0,R>0,5>0,5 >0, Ry1 >0, Ra2 >0, Po, Wi, Wa, Y7, Y5,
and positive scalars v and &
© LMI condition is feasible (see manuscript);
© Rate-independent asymptotically stable with H, performance J(w) < 0
for time-varying delays 71 (t), 72(t) € [h1, h2] :

Ky =WiPy', Ko=WyP; " (21)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 2 - Force-Reflecting Control Scheme

2. Novel Control Schemes

© System Description & Assumptions;

© Robust Stability Conditions;

© Control Scheme 1 - Bilateral State Feedback Control Scheme
[B. Zhang et al., CCDC, 2011] ;

© Control Scheme 2 - Force-Reflecting Control Scheme;

© Control Scheme 3 - Force-Reflecting Proxy Control Scheme
[B. Zhang et al., ETFA, 2011] ;

© Results and Analysis;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L CONTROL SCHEMES

I—Control Scheme 2 - Force-Reflecting Control Scheme

Control Scheme 2 - Force-Reflecting Control Scheme :

Env.

Slave
1 ém(f)ﬁ@m(f) C°%‘”e' 1«}(:)ll E) ‘
gp\‘:}”r‘;zr Master Network o

il

!

£y

© E(t) : Fp(t) = Fo(t — 72(1));
© C with controller gain K%, i =1,2,3:

C:

.0

IA0)

E/6(1/6,(1) 6.(0/6,(0)

Fo(t) = —K'0,(t — 71 (t)) — K20, (t — 71.(t))

— K3(0s(t — 71 (t) — O (t — T1(1))).

(22)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 2 - Force-Reflecting Control Scheme

Control Scheme 2 - Slave Controller Design :

{ jfms (t) = (Ams - BmsKO)l‘ms (t) + Bmsums (t) + Bmswms (t);

umb(t) = _Kmsxms (t — T (t))’
(23)
Km,s = (Igl 162 163) . (24)
\
Bms(t) = Apms () + Ao (¢ = 71 (D) + Brstoms (1), ey
st(t) = UmsTms (t)a
ALy = =BpoKpy = —BLK, K= (x w2 x2).  (26)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

2. Novel Control Schemes

© System Description & Assumptions;

© Robust Stability Conditions;

© Control Scheme 1 - Bilateral State Feedback Control Scheme;
[B. Zhang et al., CCDC, 2011] ;

© Control Scheme 2 - Force-Reflecting Control Scheme;

© Control Scheme 3 - Force-Reflecting Proxy Control Scheme
[B. Zhang et al., ETFA, 2011] ;

© Results and Analysis;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L CONTROL SCHEMES

I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Force-Reflecting Proxy Control Scheme :

Slave

Controller
- Network
8,()/ 8, 8, Hm(r)“Fh(t)_‘ Proxy | F.(1) A0
l ‘ ‘ M:;ler C li
('r‘ puer:;:r Master {_‘ ¥ Slave Env.
I il I f
(1) e = z
A0 F,0 Fm 6.0/ 6,1y B(1) 80/ 6,1

© From master to slave : 9m(t)/9m£t)/ﬁh (t), the position tracking;
© From slave to master : Fy,,(t) = F.(t — 12(t)), the force tracking;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Slave Controller Description :

G, (t=r,(t)| |8, (r=n()

Proxy of Master
E)
8 (t-,(1) = L
A ) .
0,(t-n(r) T C/ 8,(1)/6,(1)
Et-1,(t) F,(t-1,(1))

©'P:
ip(t) = (Am — Bm K" )zp(t) — BmFy(t)

. (27)
+ By (Fe(t = #1(t) + Fu(t — 11 (1)),
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Slave Controller Description :

t;m(‘r—rl(f)) 7, (1-71(1)

Proxy of Master
E,1)
8, (t-7,(1) s L
" S - .
8, (t-i(r)) i C) “ 8,(t)/6,(1)
o
E -] Fylt-1(1)

©L= (L1 Lo Lg) — 0,(t) — O(t) :

Oy (t—71(t))
F,(t)=1L O (t—71(£)) . (27)
O (t—F1(£)) =0 (t—T1 (1))
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Slave Controller Description :

,(t=r,(0)] 16,71

Proxy of Master

E(1)
6.(t-1,(1) A E
6,(r-(0) i j@ﬂ P
K
]

Fe(r‘»‘ Fh(t—q(r))

O K= (K1 Ky Kg) of the controller C' == 04(t) — 0,(¢) :

( 0, (t) )
F (t) =-K 6p(t) . (28)

05(t)—0p ()
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Master-Proxy Synchronization :

N Network %
8,(1)/6,(1) 6,()/6,(0 F,(0) Proxy 16, ()6, (#)
l ‘ ‘ M;;ler
o, | | s
Tt o
F®  F, (0 ro

Emp(t) = A pTimp(t) + Al Ty (t — T1(2)) + BunpWimp (1),
Zmp(t) = CrapTmp(t).
Op(t) . ~ N
_ ; _ e (t—71(t)) (t—71(%))
s (ep<ff’:‘e?n<t>)’ wmp®) = (FORRE™),

Zmp (1) = (00O =0m®) .

(29)

(30)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Master-Proxy Synchronization :

N Network %
8,(1)/6,(1) 6,()/6,(0 F,(0) Proxy 16, ()6, (#)
l ‘ ‘ M;;ler
S | | v
| il o
F®  F, (0 ro

0 Ap—Bm K 0 0 Bm O L
Amp = 0 Am—BmKg* 0], Bmp = ( 0 Bm) - (Bmp Bmp),

1 ~1 0 0 o
Cmp = (001),
~BymLi —BmLs —BumL:
1 ml m L2 mbs\ 1
Amp_( 8 8 0 )— BmpL



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Proxy-Slave Synchronization :

~ Network
a8,(t)/8,(t) F(1) 2| Proxy Hp(t): Hp(f)

M:sfter rcz;l

= Slave Env.
%: ®)

a0 6,0/, By 6.6/ 640

E(  E()

8

Tps t) = ApsTps (t) + Bpswps (t),

(32)
zps(t) = Cpsps(t),
05 (t)
Tps(t) = ( 6p(t) ) . zps(t) = (95(,5)79;7(15)) )
0s(t)—0p(t) (33)
wps (1) = ( Fe(t) ) .
pe Fe(t — 71(t)) + Fp(t — 11(t)) — Fp(t)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Proxy-Slave Synchronization :

Network R
a,(t)/ 8, (t)/ F (1) Proxy |6, (1)/ 6,(1) FA(D) E5)
of
Master l l ‘
o Slave Env.

k4 I f

0

A 8,1/ 8,(n)/ Efry B0/ E(1)
Bs 0
— _ 1
= (5§ ) = (2. = (o0).
As—BsK§—BsK1 —BsKo —BsKg
Aps = ( 0 Am —BmKg* 0 )
1 -1 0 (34)
As—BsK§ 0 0 —BsKj] —BsKg —BsK3
= 0 Am—BmK{§* 0 +( 0 0 0 )
1 —1 0 0 0 0
0 1
= (Ap, — By K).
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L coNTROL SCHEMES
I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Control Scheme 3 - Global Performance Analysis :

Tpps(t) = A?npsmeS (t) + Aqlnpszmps (t = 71(t)) + BrpsWmps (t),

Zmps(t) = mpswmps(t),
(35)
és(t)
Op(t) Fe(t) 0
. - . 2 (t)=0p (t)
Tmps(t) = O (1) » wmps () = (Fe(f**l(ﬂHFh(f**l (t))> » zmps(t) = (93(1)—9:1(15)) ’
0s(t)—0p(t) Fm (t)+Fp, (t) P
Op () —0m (t)
(36)
As—BsK§—BsKi —BsKo 0 —BsK3 0
0 0 Am—Bm K" 0 0 0
Amps = 0 0 Am—BmKJ* 0 0]>
1 -1 0 0o o
0 1 -1 0o 0
0 0 Bs 0 0
1 [0-BmLi —BmLy0-BmLs [ 0 Bm 0 /00010
UETS I S i e S RS & i A R G T )
0 0 0 0 0 0 0 0
(37)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L CONTROL SCHEMES

I—Control Scheme 3 - Force-Reflecting Proxy Control Scheme

Conclusions :

© Control Scheme 1 - Bilateral state feedback control scheme;
© Control Scheme 2 - Force-reflecting control scheme;
© Control Scheme 3 - Force-reflecting proxy control scheme;

Control Schema % Position Tracking Force Tracking
Constant ~ Time-varying

1 v v v

2 v v v v

3 v v v v

© Force estimation/measure : 2 & 3;
© Better performance, but additional computation load : 3;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Results and Analysis

2. Novel Control Schemes

© System Description & Assumptions;
© Robust Stability Conditions;
© Control Scheme 1 - Bilateral State Feedback Control Scheme [B.
Zhang et al., CCDC, 2011];
[B. Zhang et al., CCDC, 2011] ;
© Control Scheme 2 - Force-Reflecting Control Scheme;
© Control Scheme 3 - Force-Reflecting Proxy Control Scheme
[B. Zhang et al., ETFA, 2011] ;
©® Results and Analysis;



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Results and Analysis

Simulation Conditions :

©® Maximum amplitude of time-varying delays : 0.2s;

© Master, proxy and slave models : 1/s, 1/s and 2/s; Poles : [—100.0].
K° =100, K? =50;

©
Ky =(-01870  -00368  65.0846),
o (38)
K> = (04419 00813  —153.8704), 7o = 00123,
©
L= (—1.4566 0.1420 282.482) . L. =0.0081,
(39)

Kz(f29.9635 —3.6393 618.536), VK. =0.0075.

Global stability of the system is verified with ~, .. = 0.0062;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Results and Analysis

Abrupt Tracking Motion

Position (m)

I
o \
I, (1) = 10N | I, (1) — ON
sl 1
3 P i
jour o il
4 <
ﬁu/ -
- $ —Master
# Save
s
s <5 0 s i s

Bilateral State Feedback

100 |

I
g (@)= LON 77 (#) = ON
1

Pesion m)
g
N\,

Waster|

il P —Siave

b 55 0

Passivity from [Y. Ye et al.,
CDC, 2009]

‘Simulation Time (s)

14

s

e !

” |
W (F) = u:v;\'llr“h(r)f ON
@l

| / —Master| |

—-Siave

s a5 i0 s i
Saration Tere (5)

Force-Reflecting Proxy

its 2 s

I
Fu(D = 10N | I5, () —= ON
>
-
L B

£
i 2
i -

— Master
---Slave

s T s 3 s
‘Seouaton Tme €)

LKF from [C.-C. Hua et al.,
IEEE Trans. Robot., 2010]
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Abrupt Tracking Motion :

u;p : 108
—_ 106¢ | 106; ‘
E , o ! :
o E®=10N | E()=0N F(O=10N| E)=0N
c gi& Eﬂl 3
_Q ! 1
ﬁ iu 7 iut
8 L i 4 I
0% e [— 0% faster
0s2. ,fl 4 02
o8 ,/' + + ; J o8 : y
5 10 s it 1 5, 35 1o 5 i 125
=== 'Sjmulation Time (s) =™
Force-Reflecting Force-Reflecting Proxy
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Results and Analysis

Wall Contact Motion :
© Hard wall : the stiffness K. = 30kN/m, the position z = 1.0m;
® QOur aims :

1. When the slave robot reaches the wall, the master robot can stop as
quickly as possible;

2. When the slave robot returns after hitting the wall (F.(t) = 0), the
system must restore the position tracking between the master and
the slave;

3. When the slave contacts the wall, the force tracking from the slave
to the master can be assured ;



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES
I—Results and Analysis

Wall Contact Motion

L Master] .
—Skve Slave

Pasition (m)

= ,

L ’ [l T— ' = " - m—— - -
S Bilateral State Feedback Force- Reflectlng Proxy
3
o

[—vaster]

s —Wiaster] |

Siave

e Slmulatlon Tlme (s) ——
Passivity from [Y. Ye et al., LKF from [C.-C. Hua et al.,
CDC, 2009] IEEE Trans. Robot., 201 0]



Wall Contact Motion :

Position (m)

5

=== Simulation Time fs) T et T 0T
Force-Reflecting Force-Reflecting Proxy
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Wall Contact Motion :

L~

g 7

~ b i

| o

Oz f

==

% b

o

Q_ 25+ . .
- =)
3 : ‘ : 4
5 } % % % X p

i gm T
Simulation Time (s)
© Force response in wall contact motion (Fy, (t); Fe(t)).
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L coNTROL SCHEMES

L Results and Analysis

Wall Contact Motion under Large Delays hy = 1.0s :

Position (m)
/
//
//
L7

g 3 Fl @ 5 E] ] E R}
Singaton Tre 5 SeunToes

Simulation Time (s)
Bilateral State

Force-Reflecting LKF from [C.-C. Hua
Feedback

Proxy et al., IEEE Trans.
Robot., 2010]
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L ROBUSTNESS
L Discrete-Time Approach

3. Robustness Aspects

© Discrete-Time System [g. zhang et al., TDS, 2012] :
» Discrete-Time Approach;
» Slave Controller Design;
» Results and Analysis;
© Linear Parameter-Varying System (LPV) :
» Polytopic-type uncertainties [B. zhang et al., TDS, 2012]
» Norm-bounded uncertainties [8. zhang et al., ROCOND, 2012] ;

» Results and Analysis;
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Discrete-Time System :

z(k+1) =1 Aix(k — (k) + Bw(k), (40)
z(k) = Cz(k)
Delay-Free Case :
{ a(k+ 1) = Agz(k) + Buw(k), (1)
z(k) = Cx(k).
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
L Discrete-Time Approach

Robust Stability Condition :

© Discrete LKF, y(k) = x(k + 1) — (k) :

k-1 k—1
V(z(k)) = 2(k)" Px(k) + x(i)? Sy (i) + x(i)" Sx(i)
i=k—ho i=k—h1
—1 q —h1—1 k-1
+ h Z Z ()" Ry(j) Z(hQ —h1) Z Z y()T Raiy(l).
i=—hy j=k+i i=1 j=—ho l=k+j
(42)
© Heo control : J(w) = 524 [2(k) T 2(k) — v2w(k)Tw(k)] < 0
@ AV(z(k)) = V(z(k + 1)) — V(z(k)) :
AV (x(k)) + 2(k)T 2(k) — y*w(k)Tw(k) < 0. (43)

© LMI condition is feasible (see manuscript) ;

® Rate-independent asymptotically stable and Ho performance J(w) < O for time-varying delays ; (k) €
[h1,ho], ho > h1 20,i=1,2,...,q;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L ROBUSTNESS
L Discrete-Time Approach

3. Robustness Aspects

© Discrete-Time System [g. zhang et al., TDS, 2012] :
» Discrete-Time Approach;
» Slave Controller Design;
» Results and Analysis;
© Linear Parameter-Varying System (LPV) :
» Polytopic-type uncertainties [B. zhang et al., TDS, 2012]
» Norm-bounded uncertainties [8. zhang et al., ROCOND, 2012] ;

» Results and Analysis;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
L Discrete-Time Approach

System Description :

Slave

Controller
8,110, 8, ()6, ()1 B, k) Powy | B E®)

4]
I | | * Master | L&) 1] |
GF; i’:‘;gr Master Network w0 Slave Env.
71 A | B |

F(k)  F(k) IF: (k) 6.(k)16,(k)/ F.(k) 6.(k)/6,(k)

(20)  @m(k+1) = (Ama = Bnak ) wm (k) + Bina(Fn (k) + Fi (),

(39 @5k +1) = (Asa = BuaK)ws (k) + Bsd( s(k) + Fe(k)),
(35)  @p(k+1) = (Ama = BuaKp,a)7p(k) — BmaFp(k)
)

+ Bia(Eu(k — 71(k)) + By (k — 71(k))).
(44)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
L Discrete-Time Approach

Slave Controller Design - Master-Proxy Synchronization :
© Lg= (Ldl L2 LdS) :

0, (k71 (K))
Fp(k) = La O (k=71 (k) : (45)
ep(k*"ﬁl(k))fem(k*’rl(k))
@)
xmp(k + 1) = A?npdxmp(k) + A}npdxmp(k -7 (k))
(Egnp) +Bmpdwmp(k3)7 (46)
Zmp (k) = Crnpa®mp(k),
A}npd = Ld;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L ROBUSTNESS

L Discrete-Time Approach

Slave Controller Design - Proxy-Slave Synchronization :
© Ki= (Ko Kio Ki)

6.(k)

Fs(k):_Kd< 0, () ) (47)

05 (k) =0, (k)

Tps(k +1) = Apsavps(k) + Br Fs(k) + Bpsawps(k),

2ps (k) = Cpsatps(k), (48)
3

xps(k +1) = (Apsd — BKKd)xps(k) + Bpsd'wps(k),

zps (k) = Cpsazps(k). (49)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
L Discrete-Time Approach

Slave Controller Design - Global Performance Analysis :

(zd ){ @(k+ 1) :Ampsgz(kHBﬁpdes(k)—Bﬁq,,,dep(kHBmpsdw(k),
mps z(k) = C™MP g (k),

Fy(k) = _Rdx(k) =- (K(il Kaz 0 Kgs 0) x(k),

Fp(k) = Edl'(k' — Tl(k')) = (0 Lai La2 0 Ld.’}) :L’(k —T1 (k)),

Bsa BO
K _ 0 L _ md
Bmpsd 0 ’ Bmpsd 0 )
0 0
0 0
5 e(k+1) = Afa(k) + Afa(k = 71.(K) + Bmpsaw(k),
( mps) z(k) — Cmdex(k),
d _ K % d _ L T
AO - Ampsd - Bmpded' Al - _Bmpded'

(50)

(51)
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels

L ROBUSTNESS
L Discrete-Time Approach

3. Robustness Aspects

© Discrete-Time System [g. zhang et al., TDS, 2012] :
» Discrete-Time Approach;
» Slave Controller Design;
» Results and Analysis;
© Linear Parameter-Varying System (LPV) :
» Polytopic-type uncertainties [B. zhang et al., TDS, 2012]
» Norm-bounded uncertainties [8. zhang et al., ROCOND, 2012] ;

» Results and Analysis;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
L Discrete-Time Approach

Simulation Conditions :
® T =0.001s, hy = 1, ha =100 (in continuous-time domain,
h1 =0.001s, ha =0.1s);

©
Lo= (46815 —5.1390  540.7828), ki, = 0.0051,
K= (273 =121 10961), 4 =29568x 1071, (53)

79 = 0.0327.
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Abrupt Tracking Motion :

Position (m)
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Abrupt Tracking Motion :

Position (m)
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Abrupt Tracking Motion :

S

‘F% : 2:10’

3 1
2
}/ 7 2 ; 8 7 1
1 : 05 :
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| SmistnTne®) Gimulation Time (s) ~ SmeerT™®
Continuous-Time Discrete-Time
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Wall Contact Motion :

E
5
§
R . AP e Sewm SR s S S S —
e Simulation Time (s) —
Continuous-Time Discrete-Time
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Wall Contact Motion :

15110
10¢
}/zf(r) 5
0 |
% 5 w0 6w x » % 5w 6w B W
SmiatenTme(S) - Gimulation Time (g) ~ SmiaTmel
Discrete-Time

Continuous-Time
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
l—Hoo Robust Teleoperation under Time-Varying Model Uncertainties - Polytopic-Type Uncertainties

3. Robustness Aspects

© Discrete-Time System 8. zhang et al., TDS, 2012] :
» Discrete-Time Approach;
» Slave Controller Design;
» Results and Analysis;
® Linear Parameter-Varying System (LPV) :
» Polytopic-type uncertainties [B. zhang et al., TDS, 2012] ;
» Norm-bounded uncertainties [8. zhang et al., ROCOND, 2012] ;

» Results and Analysis;
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
I—HOo Robust Teleoperation under Time-Varying Model Uncertainties - Polytopic-Type Uncertainties

System Description :

(Bm)am (t) = (Am(pm (1)) — Bm(ﬁm(t))Kgy)xm(t) + Bm (pm () (Fm (t) + Fp (1)),
(Bs)@s(t) = (As(ps(t)) — BS(PS(t))K?)JCS(t) + Bs(ps () (Fs(t) + Fe(t)),
(Zp)ip(t) = (Am(pp(t)) — Bm (pp() Ky, )@p () + B (pp () (Fe(t — 71(£)) + Fp(t — 71(8)) — Fp(®)),

[Am (pm (£)), Bm (pm (¥))] = Z Pmj (D) [Amj, Bmjls  [As(ps(t)), Bs N = Z Psj(t)[Asj, Bsjl,

[Am (pp (), Bm (pp(t))] = Z Ppi (D [Amj, Bmjl:

(54)

“4,0,0) "

ml
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
l—H(x, Robust Teleoperation under Time-Varying Model Uncertainties - Polytopic-Type Uncertainties

Controller Design - Problem 1 :
K" & K : robust stability w.r.t polytopic-type uncertainties;

Controller Design - Problem 2 :
L & K : stability & position/force tracking w.r.t time-varying
delays & polytopic-type uncertainties;

RObUSt Sta b| | |ty Theorem [E. Fridman, IMA Journal of Mathematical Control and

Information, 2006] .

1=1,2,...,q, and a positive scalar v > 0;
© N LMI conditions are feasible (see manuscript);

J(w) < 0 for time-varying delays 7;(t) € [h1,ho], i =1,2,...,q;

©P>07R>OVS>OvSa>OvRai>OvP2¥P3rY1vYér

© Rate-independent asymptotically stable with H., performance
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
l—Hoo Robust Teleoperation under Time-Varying Model Uncertainties - Polytopic-Type Uncertainties

Problem 2 Slave Controller Design
© Master-proxy synchronization :

{ Tmp(t) = A?,Lp(l’m p(t))Tmp(t) + A},Lp(/’mp(t))wmp(t = 71(t)) + Bmp (pmp (t)) wmp (1),
Zmp (t) = CmpTmp(t),
(55)
KS) & K? == A?f}]}(/)n“LP(t)) ; A'}n,p(p'np(t)) = L’
© Proxy-slave synchronization :
Eps(t) = Aps(pps(t))zps(t) + Bps(pps(t))wps(t), (56)
Zps(t) = Cps"x/'ps(t)7
Aps(pps(t)) = K,
© Global performance analysis with K & K, L & K :
Gmps(®) = A% (pmps (D) Tmps () + AL (Pmps (D)mps (¢ — 71 ()
+Bm,ps(ﬂmps(t))wmps(t)a (57)
Zmps(t) = CmpsTmps(l).
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New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS

l—Hoo Robust Teleoperation under Time-Varying Model Uncertainties - Polytopic-Type Uncertainties
Remark - Nonlinear Systems :

(Bm) M (8m)0m (£) + Crm (B, 0m)0m (£) + gm (Om) = Fp, () + Frm (1),
(Ep) Mm(ep)ép(t) + Cm(ep»ép)ép(t) + gm(9p) = FE(t —71(t) + ﬁh(t —71(t) — Fp(t)v
(Zs) MS(QS)éS(t)+Cs(03,95)95(t)+gs(95):Fe(t)+FS(t),

(58)

4

(im) em(t) = Am(Om, em)em(t) + Bm (0m ) (Fr(t) + Fm(t) — gm(0m)),
(Ep) p(t) = Am(0p, 6p)0p(t) + B (6p)(Fe(t — #1(t)) + Fp(t — T1(2)) — Fp(t) — gm (6p)),
(Es) és(t) = As(0s, és)és(t) + Bs(0s)(Fe(t) + Fs(t) — gs(0s)),

(59)
A (s 6m) = =M (0m)Cm (B, 6m), B (6im) = M  (0m),
Am (0, bp) = =M (0p)Cm (8p, 6p),  Bm (6p) = M. (6;), (60)
Ag(05,05) = —M; 1 (0:)Cs(0s,65), Bs(8s) = MJ ' (0s).
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3. Robustness Aspects

© Discrete-Time System 8. zhang et al., TDS, 2012] :
» Discrete-Time Approach;
» Slave Controller Design;
» Results and Analysis;
® Linear Parameter-Varying System (LPV) :
» Polytopic-type uncertainties [B. zhang et al., TDS, 2012]
» Norm-bounded uncertainties [s. zhang et al., ROCOND, 2012] ;

» Results and Analysis;
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System Description :

(Bm) @m®) = (Am + AAp () — (Bm + ABum (8)) K )am (1)
+ (B + ABpm (£) (Fm (t) + Fi, (1),
(Bs) @s(t) = ((As + AA5(D) — (Bs + ABs(£))K2)zs(t)
+ (Ba + ABa () (Fs(t) + Fe(t)), (61)
(Zp) @p(t) = (Am + AAp(1) — (Bm + ABp(1) K0, )ap(t)
— (Bm + ABp (1)) Fp(t)
+ (B + ABp (1)) (Fe(t — #1(8)) + Fy(t — 71.(1)),

i={m,s,p}: AA() = G,AMD;, AB(t) = HiAME;, ABWTAW <L (62)

A4,(1)
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System Description :

(Sm) Em(t) = (Am + AAm(t) = (Bm + ABm (£) Kb, )zm (t)
+ (B + ABm (£) (Fm () + Fy (1)),
(2s) #a(t) = ((As + AA(8) — (Bs + ABs(£) K)za ()
+ (Ba + ABa () (Fs(t) + Fe(t)), (63)

(Sp) @p(t) = (Am + AAR() — (Bm + ABp(1) K\, )ap(t)
— (Bm + ABp () Fp(t)
+ (B + ABp (1)) (Fe(t — #1.(£)) + Fr(t — 71(1))),

i={m,s,p}: AA() = G,AMD;, AB(t) = HAME;, AMWTAWM <L (64)

Slave Controller Design Solution :

Transformation from norm-bounded uncertain system to linear
time-delay system;
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Problem 2 Slave Controller Design - Master-Proxy
Synchronization :

Emp(t) = (AY,, + AAY (D))@mp(t) + (A, + AAL () @mp (¢ — T1(1))
+(Bmp + ABmp(t))wmp (1), (65)
z2mp(t) = CmpTmp(t),

K) & K) =AY+ AAY (1);

mp

4

ep(t) = (AAp(t) — ABp()K0,)0p (1) + ABp(t)(Fe(t — #1(1) + Fy (t — m1())),

@m (1) = (AAm (t) — ABm () Ko, )0m (£) + ABm (8)(Fm (t) + Fi, (1)), (66)
pp(t) = =ABp(t)Lamp(t — T1(t)).
Emp(t) = ALy Emp(t) + ALy zmp(t = T1(0) + Bip@mp (1), (67)
2mp(t) = Cmp@mp (D),
— o BmFe(t—71 () +Bm Fy (t—71 (8))+op (£)+1p (£) 5 _ (1 0)
w(t) = ( Bun Frn ()4 B Fpy () 4+ (1) ) » Bmp = (85 ’ )
1 .
Amp — L;
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Slave Controller Design - Proxy-Slave Synchronization :

ipS(t) = (Aps + AAPS<t))zPS(t) + (B;DS + ABpS(t))WPS(t)» (69)
2ps(t) = Cpszps(l),
Aps + AA(t) = K
@s(t) = (DA () — ABs (1) K2)04(t) + AB, (1) Fe (1), -
70
ps(t) = —=ABL (1) Kz ps(t).
ips(t) = Apstps(t) + Bpstps(t),
{ woe() = Cpazpa(t) i
~ _ BsFe(t)+ws (t)+mus(t) ~ (10
wps (t) = (Bmﬁea—ﬁ<t>>+Bmﬁh<t7n<t>>meFp<t)+@p<t>+up<t>) » Bra= (85) ’
(72)

Aps = K;
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Slave Controller Design - Global Performance Analysis :

jmps(t) = (Agnps + AAgn,ps(t))zm;US(t) + (Ain,ps + AAin,ps (t))szS(t —71(t))
+(B’mps + ABmpS (t))wmps (t), (73)
Zmps(t) = CmpsTmps(l).

4

Emps(t) = A% @mps(t) + Al s Tmps(t — T1() + Bmps@mps(t),
zmps(t) = Cm,psxmps(t)a
) . (75)

. BsFe(t)+0s (1) _ 59
Wmps (1) = <BmFe(tf+1<t))+Bth<t7n (t))wp(t)) » Bmps =100
Bom Fmn (8)+Bm Fp, (1) +@m (1) 58

coroo

81 /102



New Control Schemes for Bilateral Teleoperation under Asymmetric Communication Channels
L ROBUSTNESS
l—H(x, Robust Teleoperation under Time-Varying Model Uncertainties - Norm-Bounded Model Uncertainties

3. Robustness Aspects

© Discrete-Time System 8. zhang et al., TDS, 2012] :
» Discrete-Time Approach;
» Slave Controller Design;
» Results and Analysis;
® Linear Parameter-Varying System (LPV) :
» Polytopic-type uncertainties [B. zhang et al., TDS, 2012]
» Norm-bounded uncertainties [8. zhang et al., ROCOND, 2012] ;

» Results and Analysis;
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Simulation Conditions :

®
polytopic — type : Am(pm(t)) = As(ps(t)) =0,
1
Bm(pm(t)) = Bs(ps(t)) = —, p(t) € [0.5,1],
p(t) (76)
norm — bounded — type : Ay, = Ag =0, G; =D; =0,
Bm =Bs =15, H; =05, E;=1, i={m,p,s}.
®
polytopic — type : KO = 2.6585, K° = 2.6585, -
77
norm — bounded — type : KO =9.5117, K° =3.3812.
®
polytopic — type: L = ( 1.3218 —1.3219 6.3602) s 'le;lin = 0.4436,
P K
K = (20.4799 —21.2537 575.2051) N TYmin = 0.01647
g —
vE, in = 0.4595, (78)
norm — bounded — type: L = ( 1.6218 —1.6264 29.5012) s 'yf;”-n = 0.05,
K = (164993 —12.0059 4344988) N ’Yﬁin = 0.0072,
v in = 0.0376.
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Abrupt Tracking Motion

Position (m)
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Wall Contact Motion :

ham | ™\

Position (m)

T ey T S?mulation Timé (si el
Polytopic-Type Norm-Bounded-Type
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4. Experimentations

© Experimental Test-Bench;
® Force Estimation;
© Results and Analysis ;
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Experimental Test-Bench :

I 1Communication: [
I e Position/Angular Position Vo
¥ I e Velocity/Angular Velocity [
L 1
|

I

I 1s Foree/Torque

I ie Time
B oo s e s i S ans - phons i Sk I
[} I
' I
B EE———, i
: 1 1 !
|
@ ‘ :
e il .

Master, Phantom Premium 1.0A :

O, (t) = _Om(®) + ﬁum(t), (79)

Tm Tm

Tm = 0.448s, K, = 0.0176s/kg;
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Experimental Test-Bench :

I 1s Foree/Torque

H o S ‘

I iCommunication: (I ¥
I e Position/Angular Position Vo x
-z I e Velocity/Angular Velocity U1 =
L4 1 I
U
I

e D I RS
<SS e Co
T : “ Networks with Time Delays : : kv
Slave, Mitsubishi Robot + CRIO card :
. 0,(t) K, S
0s(t) = ———= + —wus(t) — Fssign(6s(t)), (80)

Ts Ts

7, = 0.328, Ky = 1.855/kg, Fy = 0.30m/s?;
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Experimental Test-Bench :

.....

is Position/Angular Position i
is Velocity/Angular Velocity J
1
1
i

i Foree/Torque

I —

S 9

! Intermediate PC
1
| Networks with Time Delays |

Master

Networks : UDP;
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4. Experimentations

© Experimental Test-Bench;
® Force Estimation;
© Results and Analysis ;
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Force Estimation [},(t) :
©

Em(t) = (A — B K2)2m () + B (Fp(t) + Fiu()). (81)

m

® F’SnJrl)(t) = 0 for some n :

éh(t) = Ah{:‘h(t) + Bth(t), (82)
Ea (1) Am =B Koy B 0 - 0 By
ety =| O |, 4= By=| .
h - . ) h — ) h — :
83

O yn®) = @m(®) = Cren(d) :
En(t) = Apén(t) + BrFm(t) + Lu(yn(t) — Gn(t)). (84)
© ep(t) = en(t) — x(t) :
én(t) = (Ap — LpCh)en(t). (85) 01 /100



Force Estimation Fj(t) :

Force (N)

Simulation Time (s)

® n = 1, the eigenvalues of Luenberger observer as [—11, —10, —9];
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4. Experimentations

© Experimental Test-Bench;
® Force Estimation;
© Results and Analysis;
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Abrupt Tracking Motion
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Wall Contact Motion

Positon (m)

R T & e 3 Teois  aeos 3 e0es
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Wall Contact Motion under Constant F},(t)

anulation Time (nes

F (1) = —20N > c272 | 15, (F)

Bilateral State

—AON = cm

Posttion (m)

w777 I F, ,,(r) — —AON =

A HFime ey

Slmulatlon Time (s)

Feedback

Proxy
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5. Conclusions & Perspectives
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L Conclusions

Conclusions :
© 3 novel control schemes (3 > 2 > 1) :

1. Bilateral state feedback control scheme (Position/Velocity-Position/Velocity) ;
2. Force-reflecting control scheme (Position/Velocity-Force) ;

3. Force-reflecting proxy control scheme (Position/Velocity /Force-Force);

© Formal proofs :
1. Stability (LKF);
2. Performance (H o control);
3. Time-varying (large) delays;
4. Uncertainties (polytopic or norm bounded) ;

5. Continuous or discrete time;

© LMI design of the controllers;
© Simulations and experimentations :

1. Abrupt tracking motion;

2. Wall contact motion;
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Perspectives :

F, (1) x,, (1) E(0) x,(t)
| | i | J |
] e
Human Master Slave
Operator Master Controller Network Controller Slave Env.
r— r—
N I
X, () E,®) x, (1) F ()

© Nonlinear systems e.g. master :

M(0)8(t) +C(6,0)8(t) + 9(8) = Fu(t) + F(t). (86)

© One master/multiple slaves teleoperation system ;
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Perspectives :

F, (1) x,, (1) E(0) x,(t)
| | i | J |
! ]
Human Master Slave
Operator Master Controller Network Controller Slave Env.
f-—| f-—|
| I
X, () E,®) x, (1) F ()

© Delay-scheduled state-feedback controller design :

K(r(t)) = Ko+ K17(t) + Ko () + -+ Kpr"(t) = Y Kir'(#).

(87)
© Switch control strategy between the passivity-based approach and the

approach proposed in this thesis;
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Perspectives :

F;](t)
r Observer »

F, (1) x,, (1) E(0) x,(t)
| | i | J |
] [

Human Master Slave
Operator Master Controller Network Controller Slave Env.
r— r—
N I -
x,, () F,(0) x, (1) E(0)
= Observer
F,(1)

© Global stability analysis with perturbation observers;
© Dynamics of the human operator and the environment;;
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Thank you for your attention! ®
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