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NCS: to buff, or not to buff?

Networks such as Internet or Wireless 802.11 present great advantages for
flexible and low-cost networking. However, they are not as reliable as CANSs,
and integrating them in control applications, while preserving some
performance, constitutes an interesting challenge.

Using delay models allows for catching many of the effects introduced by the
presence of unreliable networks in the control loops. Several theoretical
techniques allow for analyzing the resulting systems. Some of them need the
delay to be constant, which can be obtained by using waiting strategies
involving buffers. Some other tolerate fast varying delays.

Without entering into many technical details, we'll try to draw a panel of some
techniques, in particular the ones we developed at LAGIS.

It will be some story about network effects, sampling and lost packets,
time /event -driven solutions, remote observers and bilateral teleoperation...
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Verbe

buff /baf/ Temps Forme
1. Polir, poncer, meuler, buffler. L. to buff
Infinitif bAf
2. (Jeux vidéo) Rendre un personnage plus fort. /ont/
Présent simple, | buffs
Antonymes 3% pers. sing. /bafs/
Nom commun
buff /bat/ Singulier Pluriel
1. Cuir brut obtenu de |la peau du buffle ou d’'un animal buff buffs
similaire. /bAf/ | /bafs/
Nom commun Ision a la couleur de la
du chamois)
buffer /bAfs(1)/ Singulier| Pluriel | cuir, utilisé pour polir. || est formé d’'une sorte
1. (Transport) Tampon, pare-chocs. 1€ (autrefois constituée par des disques de
' e de laguelle on appligue a chaud une colle
2. (Chemin de fer) (Royaume-Uni) Heurtoir (train buffer | buffers
buffer stop). /onfa(n)/ | /bafa(l)

3. (Informatique) Mémoire tampon, tampon (data

buffer). ._

= Buffer overrun is a common cause of bugs.

4. (Informatique) Tampon d'affichage (display buffer).
3. (Chimie) Solution stabilisant le pH d’'un liquide.

z/

http://fr.wiktionary.org/wiki/buff
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Tele surgery: the Lindbergh operation, 07/09/2001
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« The only restriction to the development of long-distance tele-surgery as to do, still today, with its
cost. For tele-surgery, you must use a transcontinental ATM line, that you have to book during 6
monthes, at the price of about 1 million dollars. »  Prof. J. Marescaux, Le Monde, January 6, 2010
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Other Remote Monitoring

examples...

Bilateral Teleoperation

Avoiding electrical cablln

Robot collaboration

Movies: see
http://chercheurs.lille.inria.fr/~jrichard/manips.htm
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and an example from everyday life...

TO BE OR NOT TO BE,

THAT IS THE QUESTION: WHETHER
‘TIS NOBLER IN THE MIND TO
SUFFER THE SLINGS AND ARROWS
OF OUTRAGEOUS FORTUNE. OR TO
TAKE ARMS AGAINST A SEA OF
TROUBLES, AND BY OPPOSING,
END THEM? TO DIE: TO SLEEP; NO
MORE; AND BY A SLEEP
TO SAY WE END

Natural loop of audio-phonatory control



and an example from everyday life...

Networked loop of audio-phonatory ctrl



Some surveys...

Control methodologies in Networked Control Systems
Y. Tipsuwan, M.Y. Chow, Control Eng. Practice 11, 1099-111, 2003

Networked Control System: a brief survey
T.C. Yang, IEE Proc. Control Theory Appl., 153 (4), 2006

Control over Wireless Networks
K.H. Johansson, 25th Benelux Meeting on S&C, The Netherland, 2006

A survey of recent results in Networked Control Systems

J.P. Hespanha, P. Naghshtabrizi, Y. Xu, Proc. of the IEEE, 95 (1), 2007

Trends in Networked Control Systems
S. Zampieri, 17th IFAC World Congress, Seoul, 2008

A switched system approach to exponential stabilization through com. network
A.Kruszewski, WJ.Jiang, E.Fridman, J.P.Richard, A. Toguyeni, IEEE CST, 20 (4) 2012
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Single-loop NCS

O.0: Packet
_ _ Tipsuwan 2003
NCS 1n the direct structure.

Femote ]
L Actator | Plant | Sensor
controller

Femote system

O.0O: Packet

Fig. 2. NCS in the hierarchical structure. Tipsuwan 2003

What about multi-loop?



Multiple-loop NCS according to [Yang 2006]:

Fhysical Plant

[— e

Sctuator 1 - |.-5.-|;1.ual.r_u m | Sensor 1 I I SEMEar n |
; I

| Fig. 2 is a block diagram, representing a general frame-
work for the study of networks and control. An NCS,

Processes Pwhich is the main topic of this paper, can be considered
as having |two subsystems|interacting with each other
through networked commumication channels. Here, 1t 1s

Fig. 1  Typical NCS setup and information flows Yang 2006

Subsystem 1
u

<

Matworked Commumcation

Channal
(delay and possible
data loss)

.

v

Subsystem 2

Yang 2006

Fig. 2 General framework for networks and control




Multiple-loop NCS according to [Hespanha 2007]:

| TP EWTEAEE Plarlt |

L 1' Aciuators Rensors | | Actuators
[Dec |

T

Metwork
i
L) L

Controller | | Controller

Fig. 1. General NCS architecture. Hespanha 2007

It is also often common to consider a single feedback
loop as in Fig. 2. Although considerably simpler than the

system shown in Fig. 1,|this architecture still captures

many important characteristics of NCSslsuch as bandwidth
limitations, variable communication delays, and packet
dropouts.

Mebwork

Comntroller

Fig. 2. single-loop NC5. Hespanha 2007




Single-loop NCS.

. the talk will be limited to this case, too.

1 - Controller actuating \ 2 - Plant
channel -
= Network
L— Measurement
<
@ K channel/ @




Single-loop NCS

1 - Controller actuati’ng I 2 - Plant
channel -
= Network
e — Measurement

@ < k channel/ @

Types of networks:

v'dedicated (controlNet, DeviceNet) : frequent transmission of small packets - guaranteed time but

v'Ethernet, wifi : rare transmission of bigger packets - no guarantee for delay but



Effects of the network on the closed-loop control

Issue

Translation in
control terms

Concerned

Not
concerned

limited bandwidth

guantification,
limited quantity of

info per second
(Shannon, maximum bit rate)

limited energy
resource systems

(UAVs, WSN, p-sensors
or p-actuators, aerosp...)

packet-transmiss.
type Inter/Ethernet,

Bluetooth...

1 bit or 300 = idem
ATM=384, Ethernet>368,
Bluetooth>499

sampling, coding,

variable delay

UDP-like protocols

scheduling variable delays, packet dedicated and
transmissic;n estimated if there is a transmission unshared netw.
asynchronisrﬁ model, or time-stamps systems (ControINet, DeviceNet)
asynchronous : TCP-like protocols
) wireless, but I less:
packet losses sampllng, (but generally useless:

time wasting for outdated
info)

out-of-sync clocks

delays (at least)

internet

’b% xontrol-dedicated

I‘jﬁe'[W. (CAN bus...)




In such a framework, we have the equation:

communication + packet loss + sampling = 1 delay

:Iela'.-I =
—_— — Dalay

o _\x___ﬂ-ff -j[ iy }
i Time L Temia

Communication delay : ’-’,-C{IJ' @mm packet |@ Gﬂmpling delay :

Delay ,

Total time-delay of NCS :
Beon(t) and gpe(t)

:I'ime
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«o |EE— Sampling via Delay / 2
AN 7
Processus . / dcjam::',
B == éporté
Continu = Convertisseur (] nonrinori(aire)
o N/A

Fridman, Seuret, Richard - Automatica 2004

Sampled and hold
signal

Continuous sig:nal' : :
Sampled signals (depicted for a constant period)

Delayed signal
with variable h(t)

(h(t))



« [E— Sampling via Delay / 3
o | T | e,
,;(:,,,,‘(,‘) N/A
Aperiodic sampling
/
24 AID ;
R ——>
Converter
Continuous - / Rem(_)te_
e T = (or non prioritary)
Process e AC t Computing
—r onverter <
dnT(y|  T4OH
I

communication network
(or task scheduling,
packet loss...)

l

Integration, z-transform, everything'’s ok, etc.

u(t) = ugq(ty) = g(x(tg)), |ty 7= kT




« E— Sampling via Delay / 4

AN 7
Processus L/ Calcul

B N S déporté
Continu e Convertisseur (ou non prioritaire)
N/A

Another statement of the same problem...

« influence of the maximum sampling period A
« application of Fridman’s criterion h(t)@l

See also refined results in:

“A refined input delay approach to sampled-data control”. E. FRIDMAN, Automatica 2010
“A novel stability analysis of linear systems under asynchronous sampl”. A. SEURET, Automatica 2011
“SOS for sampled-data systems®A. SEURET, M. PEETS, IFAC’11, Milano, Italy, 2011



Sampling via Delay / 4
Note :
approaching aperiodic sampling via switched systems

PhD L. Hetel 2007 + IEEE TAC 2006 (Daafouz, lung)
intra-sampling: Taylor trunc. of the exponential terms (cont. delay) - polytopes, LMI
nb of packet losses - discrete delay

augmented model - switched system (event-based model)

i1 = Alp; 1 + Bl pi)u;.

wlk+1)= Alk)x(k) + B{k)u(k)

. . PP M o P i Ms -
o M (1 g . 1T T(#: PR . A (pi) = € ol E Bf._ Pil = MedsN.
A(k) = Mimn—t) B(k) = Mri1—th=2) g . Jo

Jo wo(t) = Kao(t;) = K.(tia,).

Zi4l = {“I (pi)+ B(p:) RF.;E.:-_ ) ]'




Sampling via Delay / 4
Note :

approaching aperiodic sampling via switched systems

|:> Unification of both approaches input delay / switched :

"Discrete and intersample analysis of systems with aperiodic sampling"
L. HETEL, A. KRUSZEWSKI, W. PERRUQUETTI, J.P. RICHARD
IEEE TAC 56 (7), p.1696 - 1701, 2011

i(t) = A.x(t) + B.Kx(ty,), YVt € [ty, thi]

A(t = ti)x(te)

6
= | + / fffs:‘s"qcr_'l-.‘ié‘ (_L’ + Br]\)
JO

i) ={y : y=A@)r.feT) ST enser

3 quasi-quadratic Lyapunov function

Vie) = oTLye, Ly R* — R™™,
2 = 0 asympt. stable [Kamnd i< k¥

COY\S“UC“\IG L [x] — ’f’ﬁ:] =L laz]: vV i 0.a I ]



Sampling via Delay / 5

Note :
State-Dependent Sampling

|:> Next sampling instant depends on state x, = Self-triggering

"A state-dependent sampling for linear state feedback” ® Complexity is off-line
C. FITER, L. HETEL, W. PERRUQUETTI, J.P. RICHARD = LRF technique
Automatica 48 (8), p.1860-1867, 2012

i(t) = Acx(t) + B.Kx(ty), Vt € [ty tpa] |t =t + 7(2(tr))

. L 15 Ly
x(t) = ( ) x(t) — ( ) Ka(ty), @
—15 1 1

K = (_5.33 9.33) . v, statespace
/I\ 04r- Tq_l l‘."“-‘. ) angle e
~ L [5:{] \\\\ ‘l"‘.‘ o / 3 ///
(&) 0.35 y - p=0.01 “ \ y | /
& o3 f=9 B=0.02 - s o
o "+ =0.148 | p=0.20 - q R
o 025 7T = U | | "
' 158s| | =0.80 | :
CCD; 0ok Tinar = 0.158s| | B | 2 ;
Py | |
—_ , | R
o 015 . . q d
% 0.1 ~ k_ . \K - 1
9D o5t *\\
c>é 0 : L II'J ! ! ! IU !
-3 -2 -1 0 ; . :
= 8 (rad) ang|e 6 (rad) 5

Max next sampling computed off-line (B-stab.) - less often than with periodic sampling




... let’s sum up until now:

transmission time + access time + packet loss + sampling...

= 2 variable delays

known / unknown ?
can be estimated by Plant

(time stamps
+ packet nb)

[ |
1 - Controller __[ el ey & ]__> 2 - Plant
— Network N%;%
[%\ 4 r . L ‘
(1) L variable delay A, (L)

\/’
can be estimated

by Controller (time stamps + packet nb) Hyp: Clock Synchro NTP, GPS
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A crude example

Theory (when neglecting the network effetc)

position Y
State Feedb. (K)
with = >
Observer (L) ”

lsor=[1 o]xo

xX(f)= x(1)+ u(t),
0 —10 0.024

controller poles = -1 and -15

observer poles -2 and -20

) K= [ 750 —30@} L:[ 12 ]

—80




A crude example

Experimental results (with network)

LTI model with order 2
state feedback gain (K)
and observer gain (L) R
computed by pole assignement yobserver
| without paying attention to the net
(here, Internet over 40km)

y.dis

yref

1 ~
yobserver

-2

0 1 | 0
x(t)+
0 —-10 0.024

[ 1 0 ]&:(r}.

Controller poles = -1 and -15
Observer poles = -2 and -20

— Kz{—?SO —300] L:[ 12

V yremote

—80
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A crude example

Interpretation on a simplified model

drive
targetangle  gap voltage u measured angle x

=0 E=0- .";W
+ > q - >

speed z(t) = ku(t),

feedback :
2(t) = ku(t) = —kx(t)

() + ka(t) = 0
O D=




A crude example

measured angle x

target angle

o0 O,
ctrl.channel. - S
> delay~h/2 | @

transmitted control
e(t-h/2)

remote feedback:

u(t) = ke(t — h/2) = —kx(t — h)

meas.channel

transmitted angle :B(t-h/Q) N de|ay~ h/2

2(t) + kx(t — h) = O

= =



A crude example

Exercise... for my students, don’t worry ;-)

x(t) = —x(t —1)
ClLt=0 :2(t=0)=1 77

te[-1,0]: z(t) =1 (C.I.) =

te[0,1]: =x=(t)=1-—1,

tef1,2]: a(®)=3-t+%,0

etc.




z(t) +x(t) =0

z(t) +x(t—1)=0

p(t) +z(t—5) =07

t(t)+z(t—1.6)=0




A crude example

... and mind the variable delays!

z(t) = —ax(t) — bx(t — h(t))

1 """"
) .
N >
(T=1) |.
variable : asymptot. stable iff € yellow zone :
B |
(A+Qe T -Hl<1 #azo 1 stable h(t)<1 - unstable h=cte<1

1-bT<1 if a=0
|

unstable h(t)<1 - stable h=cte<1
constant : Vh € [0,1] iff € grey zone



A crude example

(digression...)

j(t) +y(t) — sy(t—h) =0

A known delay may also have a stabilizing effect

Here, derivative effect:  y(t — h) = y(t) — hy(t)



Few words about Lyapunov method for TDS

V(z(t)) = z%(t) >0
V(z(t)) = -2 az?(t) < O0... etc.

FDE :
z(t) = —ax(t) — bx(t — h)

V(z(t)) = 22(t) («usual » quadratic)
—Ccross terms——

V(z(t)) = =2 [az?(t) + bz()z(t — h)

=» need of specific adaptations:
1) functions of Lyapunov-Razumikhin (not here)

2) functionals of Lyapunov-Krasovskii




Lyapunov for TDS

lllustration of the LKF approach

(Lyapunov-Krasovskii functionals)

2(t) = —ax(t) — bx(t — h)

0
[ x?(t 4+ s)ds| (quad + integral)
—h

V(zt) = —2z(t)[ax(t) + bz(t — h)]
Fbl22(t) — 22(t — )]
< —2(a—[bDx?(t) ... V() <0 if bl <a

Remarks on the conservatism:

1) here, a « pessimistic » condition since it is i.0.d. - independent of the delay h ...

2) linked with the majoration of the crossed terms, here :  —[z(t) + z(t — h)]2 <0
= —2bx(t)x(t — h) < bx2(t) + bx(t — h)?



Lyapunov for TDS

More general...

The system model
x(t) = Ax(t) + Aux(t — 7(t)). (2)

with the initial condition :

X vector + variable delay
x(to + 0) = 6(8), X(to+0) = d(8), 0€[—h0, (3)

where 7(t) € [hy, ], by =

Lyapunov functionals
V(t. ‘%’r Xe) = X (t)P\c(t) = ir by T(s)Sx(s)ds

rt

+hy I ’Hh' s)Rx(s)dsdt/ (4)
+L_f:_ T(s)S, w(a)ds + (hy — hy) l_hl [ xT(s)R,x(s)dsdf

where P > 0 and R, R,. 5. 5,

Wenjuan Jiang Metworked control systems 30 June 2000 15 /41
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to buff, or not buff?

1'st solution = act « as if » constant

v" [Niemeyer & Slotine 98][Huang & Lewis 03][Azorin et al. 03][Fattouh & Sename 03] etc.

2"d solution = force the delay to constant

<

= therefore, maximizeit: 0 < h;(t) < hmaz = h;(t) = hmax

= thanks to a buffer = time-driven

= then, apply classical techniques:
v'prediction (Smith) [Lelevé & Fraisse 01]

v'error egn. obeying a retarded model [Estrada, Marquez, Moog 07]

v'etc.

4th solution = keep the variable delay...

v [Witrant eta. 07] [Seuret&Richard 08] = event-drive

[Jiang eta. 09] [KruszewskKietal.11, 12]

Network delay: variable, asymetric >

3'd solution
(intermed.)
only one
buffer

[Seuret 06]
/ [Jiang et.al 08]

hil

buffer
control process

buffer



4.1. Control with predictive model of the network

PhD E. Witrant 2005 + IEEE TAC 2007 (witrant, Canudas, Georges, Alamir)
with a model of the network and without packet loss (predictible delay)

state predictor with variable delays (implicit equation)
controler of FSA type Ax(t) + Bu(t — 7(t))
variable prediction horizon

— KA [:c (t)

proven robustness (via small gain)
Application to the T inverted pendulum

Ax(t) + Bu(t — 7(t)).

C'z(t)

f (2(f) u {I;lﬂ ) () = =n State Predictor State Predictor
JA=AE Balb )l =Y Controller Controller

(= (t), ualt)

Time-delay on the actuator (a) and measurement (b) signals.




[ 0 1 0 0 i [ 0 i Chapitre 5. Application et Expérimentation © Wltrant 2005
. —18.785 0O  14.820 0 7.520
(t) = T+ 1 ns
0 0 0 1 0 i}
56924 0O —15181 0 —8.824 T 0

& | T 4m
o PC contrdle temps-réel
o T
rPC Target
. . A Svstéme électromécanigue
Retard induit par le réseau
033 T T T T T T T T T
025 | 7
0.0z k- b
05 : PC développement Windows™
o b
- | Fic. 5.6 — Banc d'essai expérimental.
:J 1 1 1 1 1 1 1 1 1
0 5 10 15 20 28 an a8 40 45 &0
temps (s)
Prédicteur a horizon variable Prédicteur a horizon fixe Stratégie de tampon

0.04 T T T T T T 0.04 T T T T T T 0.04 T T T T T T T

5 10 15 20 25 30 35 0 5 10 15 20 25 a0 35 0 5 10 15 20 25 30 35 40




4.2. Control with buffers (two-way)

PhD H.J. Estrada-Garcia 2008 (+Moog, Marquez-Martinez)

Aim: synchronization of a Slave
pendulum (Nantes) on a Master one

(Ensenada).
y'®f supposed t.b. known from both sides.

\ Strategy:
e 1) buffers at 300ms = ¢

”-}l . é}.”-

2) control s.t. M/S error obeys:

(France) ECPS0E MasMTES, FRANCE. ECPEOE ENsEMaDns, MeExwoU E(MeXICO)

Sinchronisation avec retard IRCCyMN - CICESE

L=3
Il
18
=
=i
=
=3
-

Ampibude jrad)

simulated pendulum, real network real pendulum, real network



4.3. Commande avec tampon aller seul

PhD A. Seuret 2006 (+Dambrine, Richard)

. Master -\\ -\
GPSINTP GPSINTP
Zero- | U - Implementation
Set value |+ Controller —Holder C;) card -\
i Gain X g "}:‘;%
< T _ \ N
Observer |, ’ HZ;LOer_ SerEme P

- ot - /

B(t) = A2(t) + Buft =077 " known » Limited computation power
—L{y(t <0o(t)) —u(t —0a(fy)),  thxto

o f g I A ' buffer

y(t) = Caft). T

{ 2(t) = Ax(t) + Bu(t —61(t)),
y(t) = Cux(t).

* receives & applies control
* sends measured output

+ defines the target

* receives Slave’s output

* observes Slave’s state

» computes & sends control

known
thx to
time-stamps




These W. Jiang 09 + Springer 08 (+Kruszewski, Toguyeni, Richard)

Passage a l'expérimental + adaptation a la QdS disponible

< Slave > Slave
Master Internet PC Bluetooth  Miabot

!mwsnuw

\
|

| . i I :I t 1
ol [ T|| |L_ |T| ,,||
IR H. '. | ','I 1 11 {|YY]

] I:£|| |I||||'f_|1||||1r *||I IT,F__,
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../../../../../mes%20documents/Mes%20sites%20Web/video/miabots-ball_syner.wmv

One week of RTT...

RTT (40km)

Mean = 82 ms
Maxi = 857 ms
Mini 1 ms

.\ .
&=
-
o

an)

J
L 1)

-

E—‘

| S

ae

Tirrer (un)

Lille-Lens (40 km) — Source: WJ. Jiang 2008




- RTT (1640km) |
.. Maxi =415 ms -
Mini = 70 ms

RTT (ms)

R |

50 | | i | N
Mercredi 14/10/09 Jeudi 15/10/09 1 Vendredi 16/10/09 Samedi 17/10/03 1 Dimanche 18/10/03 Lundi 19/10/09 1Mardi 20110/09

Tunis-Lille (1640 km) — Source: S. Belhaj, ENSIT 2009

Other RTT (approx. values): unshared CAN 2m: 200usec bluetooth 2m: 40ms
internet 40km: 300ms internet 1640km: 300ms

orbital stations: 0.4-7s underwater 1.7km: >2sec



One week of RTT...

L R e ——]

The achievable exponential rate depends on h, ,
which motivates some adaptation w.r.t. QoS...

h,, = 0.05s5]c = 8.74 | h,, = 0.55/a = 0.96 |

Link max delay < provable performance



Model of the switching system

Two switching modes are considered : the big time-delay and the
small time-delay.

1) X(6) = AX(1) + Xthtal (Feon(D) BEIX(t = Ocen())
(1 — X[h.h2 ('r)con(t ) BK,x ( Con(r)).

)
2) e(t)= Ae(t) = Xim.h(0 obs(f))ilfe( Oobs(1)) (9)
—(1—x [h1,h2] ( obS(r))) 2Ci ( — Oobs(t)).
\ R — {0,1} is defined by :

1. if s [hy. h
X[hl.hzl(S) = { L. ho)

0. otherwise.
General switched system

(10)

Note : we assume Y (dcon(t)) = (0

AX( )+\[h1 hz]( )Alx( ( ))+(1_»\[h1,h2](

The LKF :

V(t, Xe %) = x T ( )Px fr s X (8)iX(5) s (12)

+ Z;?:{)(hf—l—l — h;) . —h;+1 __ng s)Rix(s)dsd#,

where hp =0, P > 0 and R;. S; = 0.

Wenjuan Jiang MNetworked control systems 30 June 2000 25 /41



=X 10rrlls- | - | |
1o P_h ll ||{||| i | || ”t || L) llh \‘Ir | \ i i'll : _

SJMLN'—JN AT i A

obal .| | | LA L I A L
%é)'ba?/ | I'-’a'J'. ‘-: / 11 ¢ il ||.'! || ||, i ” | | p M A || |”|| || .'."Ill |‘|| o '_Iﬂ
ot 1f| l“d X l‘ullfl | l “' " | \ :I“ “" L||'|'| 'I“: I|I |\| I"'l‘vlll [F

|
|

1
|
A
tat ol : a
>tates i Note the predictor effect
0ol i (compensatesithe netword delay) |
| |
a=0 : 0n=3 a=1 : o=3
—0_ 4 : : -
@ mnnnnnns ;: < ::: >
| |
chatter ' | ! ! ! ' ! ! ! L
+ ObS.|C 5 10 15 20 25 30 35 40 45

time{s)



4.3. Buffer-free control (event-driven)

A. Seuret - JPR 2008 (theory) + W. Jiang, A. Kruszewski et al. (experim.+switches)
cf. IEEET. CST 2011

su
.*

Ad(t) + Bu(t <0y (1)F i(t) = Az(t) + Bu(t <5, (1)),
—L(y(t — da(t)) ot — da(t))), y(t) = Cx(t). o
i (t),




Results from the event-driven mode

Wenjuan Jiang

PP o ol o e

Poation (m)

LE

[E

L4

L]
B2
fir-
e o

|-

l (without buffer)

e }

LE-

LE

L 1 1 1 1 L 1
y 11 14 # 18 W iE 4-: & i Ly
Tire (5

Event-driven vs. time-driven mode.

L]
O

T =
Lh_r, fﬁ;_%, ?T__'\F, éﬁ;

(with buffer)
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Natural continuation: teleoperation (LKF+H,, )

1) Basic scheme: position tracking - @ (no force target)

Network

Operator Master Environmt

o

PhD Bo Zhang (2012 ) (+ Kruszewski, Richard)



LKF for teleoperation (cont’d)

2) Improved scheme: force and position tracking (haptic rendering)
(ETFA 2011)

Réseau

* Proxy synchronized on Master Proxy « emulates » Master
« Slave synchronized on Proxy without delay

* Reduction of the delay effect
« Accurate haptic rendering



LKF for teleoperation (cont’d)

2) Improved scheme: force and position tracking (haptic rendering)
(ETFA 2011)

—. * Reduction of the delay effect
« Accurate haptic rendering



LKF for teleoperation (cont’d)

Combining LKF with H_,

J(w) = /;x:{ng(r) —22w(t)Tw(t))dt < 0
To ensure J(w) < 0, we consider the condition,

V(t,x(t),%(t)) + 2(t) " 2(t) — Y*w(t) " w(t) < 0
We choose a Lyapunov-Krasovskii Functional candidate,

V(t.x(t),x(t)) = x(t) T Px(t)

+ 1 T
+ / x(s5) T Sox(s)ds + / x(s) T Sx(s)ds
Jr—F}

—h> Ft—hy

¥ ot
/ / x(s) T Rx(s)dsd#
J—hy S0

—h]_ il 3
:' / / x(s) T Ryix(s)dsdd

J—hy Jrt+0




— , _ LKF for teleoperation (cor)t’d)
Tracking in abrupt changing motion :

| |

“E(i)=10N E({)=OV B 0)=10V Ff)=0V

|
R(f)= xo!vi (=0
|

i —
e —

/
1 / = i

i / : J g / el
/ LAGIS ETFA11 / LAGIS CCDC'11 - Passivity

—\=F T / — sy i —=g
-s / me ) = 4

@ Left Figure : new proxy control scheme.

@ Middle Figure : new control scheme (B. Zhang, A. Kruszewski, J.-P.
Richard, CCDC, 2011).

@ Right Figure : passivity theorem (Y. Ye, Y.-J. Pan and Y. Gupta,
CDC, 2009).

ETFA'2011 06/09/2011 06/09/2011




LKF for teleoperation (cont’d)
Tracking in wall contact motion :

LAGIS ETFA11 . : LAGIS CCDC'11 Passivity

it Tre iy

The hard wall : the stiffness Ko = 30kN /m, the position x = 1.0m.

Left Figure : new proxy control scheme.

Middle Figure : new control scheme (B. Zhang, A. Kruszewski, J.-P. Richard, CCDC, 2011).
Right Figure : passivity theorem (Y. Ye, Y.-J. Pan and Y. Gupta, CDC, 2009).

ETFA'2011 06/09/2011 06/09/2011



LKF for teleoperation (cont’d)

the proxy structure allows for reducing the lag

-
o

and gives a good
force rendering...

—~
- -
o
Q
8
w

8

—Master
Slave

Simuation Time (s)




LKF for teleoperation (cont’d)

Intermediate conclusion on bilateral teleoperation

« Classical solution = passivity, without performance

« Alternative LFK + Hinf, various possible structures:

— position/Position (CCDC 2011) = position tracking OK

— force/Position (ETFA 2011) = position +haptic rendering

— LMI conditions = stability + performance y

— under variable delays (estimated by means of time stamps+NTP)

— and still buffer-free...

G10)



LKF for teleoperation (cont’d)

An other work on bilateral teleoperation

"Network-based haptic systems with time-delay"
B. LIACU 2012 (NICULESCU, ANDRIOT, COLLEDANI, BOUCHER, DUMUR)

=

Supélec

UNIVERSITE

Aim: improve the end user perception. P PR ez

Smith predictor with distance feedback, uses the information from the
virtual environment so to have a better predictor model in wall contact.

Experiments with simulated constant delays 50-80ms.

Xh{f:‘_ Haptic ‘r'-h Haptic
Human |Interface | Confroller

Operator . E{Master} n—(PD contml}

xKI"I] /

Fes(t) Fi(t
| irtual D Virtual

: | Controller

El

Estimator; iﬁ.,[r)_(PD confrol){*

Smith Predictor

Virtual [~ Virtual [——{ _Viriual

: : Confroller
Reality Object |« (PD control)

sAeep Buisseoold pue uONEIIUNLWIWON




Overview

Motivations and examples

Modelling

Sampling and delay

A very basic example

Control : to buff, or not to buff? A selection of results

Conclusions



Conclusion-Summary

Quite general problems formulated thx to delay/switch models

= design in the presence of variable delays

Control with a network model |witrant 05] predictor with variable delay

General case (without network model) :

v
v
v
v

with 2 buffers [Estrada 08] retarded error equation
with 1 buffer [Seuret 06] state feedback + observ./predict.
+ adapt. to QOS  [iang-Kruszewski-R-T 08]

with O buffer [S-R 08, Jiang-K-R-T 09]

Bilateral teleoperation with performance (alternative to passivity)

v

with O buffer [Zhang-K-R 11] state feedback + obs + H_,



Other healthy readings: ‘i?f’

"A switched system approach to exponential stabilization through communication network"

A. KRUSZEWSKI, W.J. JIANG, E. FRIDMAN, J.P. RICHARD, A. TOGUYENI

IEEE TCST, 20 (4), pp. 887-900, 2012

"A novel control design for delayed teleoperation based on delay-scheduled Lyapunov-Krasovskii functionals®
A. KRUSZEWSKI, B. ZHANG, J.P. RICHARD

Int. J. Control, accepted May 2013, to appear.

"Control design for teleoperation over unreliable networks: A predictor-based approach”
A. KRUSZEWSKI, B. ZHANG, J.P. RICHARD
Springer, in Delay Systems: From Theory to Numerics and Appl., Edt. Vyhlidal, Lafay, Sipahi,, 2013

"Remote Stabilization via Communication Networks with a Distributed Control Law"
E. WITRANT, C. CANUDAS DE WIT, D. GEORGES, M. ALAMIR
IEEE TAC, vol. 52, pp. 1480-1485, 2007

"Master-Slave synchronization for two inverted pendulums with communication time-delay*
H J. ESTRADA-GARCIA, L.A. MARQUEZ-MARTINEZ, C.H. MOOG

Springer LNCIS vol.388, 2009, Chap. Part V, pp. 403-414.

"Control of a remote system over network including delays and packet dropout"

A. SEURET, J.P. RICHARD

IFAC'08, 17th IFAC World Congress, Seoul, South Korea, July 2008

“A refined input delay approach to sampled-data control”
E. FRIDMAN, Automatica, 48 (2), 2010

“‘SOS for sampled-data systems*
A. SEURET, M. PEETS, IFAC’11, Milano, Italy, 2011

“A novel stability analysis of linear systems under asynchronous samplings”.
A. SEURET, Automatica 48 (1), pp. 177-182, 2011



... ongoing at on in this area

Scheduling issues: aperiodic sampling for nonlinear systems LZS
(PhD Hassan Omran Feb. 2014 > hybrid/dissipativity)

"Stability of bilinear sampled-data systems with an emulation of static state feedback"
H. OMRAN, L. HETEL, J.P. RICHARD, F. LAMNABHI-LAGARRIGUE
CDC'12, 51st Conf. on Decision & Control, Hawaii, USA, 2012

"On the stability of input-affine nonlinear systems with sampled-data control”
H. OMRAN, L. HETEL, J.P. RICHARD, F. LAMNABHI-LAGARRIGUE
ECC'13, 12th European Control Conf., Zurich, Switzerland, 2013

Keep on developping experimental platforms

— NCS@LAGIS (various benchtests with Wifi — Zigbee — LAN — CAN — wired)

— EquipEx FUN Future Internet of Things (WSRN) 22



http://fit-equipex.fr/

