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Abstract: AnH. approach to robust control of bilateral teleoperation systems under

communication time-delay is considered. First stability conditions in both cases of

constant and time-varying delays are given. Then, the problem of controller design that
robustly stabilizes the system w.r.t environment uncertainties (and for any delay) is
formulated as afd. problem. When delay independent stability cannot be achieved, a

way to determine the maximal allowed time-delay is provided. Simulation results point

out the interest of the proposed methodolagyFAC Copyright 2005
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1. INTRODUCTION frequency sweeping test is used to derive conditions
on PI-type controller such that the global system is

This paper deals with bilateral teleoperation systemsasymptotically stable. However, the study cannot be
trough communication network, i.e. when the force directly generalized for other types of controller. Au-
sensed at the environment is reflected back to thethors have also proposed in (Fattouh and Sename,
master side to provide a good fidelity to the opera- 2003) a finite spectrum controller for bilateral tele-
tor. However the incurred communication time delay operation systems. However, the time-delay must be
may destabilize a bilaterally controlled teleoperator known and robustness is difficult to analyze.
(Anderson and Spong, 1989). As briefly described In this work, anH., approach is proposed. In this
below, many control schemes have been proposed tdramework, Leunggt al. (1995) have usegi-analysis
overcome the instability due to the communication and synthesis to design robust controllers for bilat-
time delay issue. eral teleoperation systems. However, the time delay
Passivity theory has been largely used to ensure thds treated as a disturbance on the system and not as
stability of time-delay teleoperation systems (Chopra a system parameter. As well, in (Fattouh and Sename,
et al, 2003). In this approach, wave variable transfor- 2003), the authors have designed Hg impedance
mations are used to ensure passivity of the communi-controller and provided a stability analysis w.r.t the
cation link, which allows to get passivity of the whole time-delay, but considering it as an uncertainty which
system. However, as pointed by Tanner and Niemeyerleads to a conservative result.
(2004) non- idealities can violate passivity. Moreover In this paper, the tracking behavior of a teleoperation
cautious digital implementations are necessary as passystem is controlled in the presence of environment
sivity may be lost if no specific mechanism is done to and communication time-delay uncertainties. To our
handle missing packets (Beresteskl., 2004). knowledge this problem has not been tackled before.
In (Niculescuet al, 2002; Taoutaowet al, 2003), First a necessary and sufficient condition to ensure the



stability of the nominal system for any constant com- impedanceh; > 0 andh, > 0 be time delays of com-
munication time-delay is derived and a sufficient cri- munication forward and backward channels respec-
teria for stability w.r.t time-varying delay is then pro- tively, andC be the second slave controller. With these
vided. TheH., framework allows us to design a con- notations, Fig. 1 can be redrawn as shown in Fig. 2.
troller that ensures robust stability w.r.t environment

impedance uncertainties and for all constant delays. 17
When such a solution cannot be obtained, a graphical_# - c S e ez -
Nyquist-type procedure (in the presence of environ- ~ T ®_’
ment uncertainties) is provided to determine the maxi-

mal delay uncertainty (added to a known constant one)
that preserves the stability of the teleoperation system. Master | Communication | Second sla¥e | siave | Environment
The outline is as follows. A general representation of
teleoperation systems is given in section 2, followed

by a stability analysis of the nominal system in section Fig. 2. Considered control structure

3. The robustness of the bilateral teleoperation system

is studied in Section 4. Section 5 presents simulation Definition 1. Consider the bilateral teleoperation sys-

results that support the theoretical work and conclu- tem of Fig. 2. This system is said to Beymptotically
sion is drawn in section 6. stableif:

(1) The transfer function frotm to Xs is asymptot-
ically stable with unitary gain.
(2) The transfer function fronfy, to Xn, is asymp-

) ) totically stable either for any time-delay or for a
A bilateral teleoperation system can be represented bounded time-varying delay.

as in Fig. 1 whereF, is the force applied by human
operator . is the contact force with the environment
andXn, Xs are the position of master and slave manip-
ulators respectively.

X, X,
Human Master Communication Slave
. n Environment|
operator manipulator network manipulator
Fy F,

Fig. 1. Bilateral teleoperation system.

2. SYSTEM REPRESENTATION

3.1 Analysis of Condition 1 in Definition 1

The control scheme for the systefm,/Xs is shown in
Fig. 3 wherew(s) is a weighting function reflecting
the desired tracking performance.

The operator commands a position forward to the
environment through the master, the communication
channel and the slave. Likewise, the force sensed at the
environment is transmitted back to the human operator
thrqugh these blogks. Notice that, since the.teleopera—Fig_ 3. Master— Slave positions system.
tor is controlled bilaterally, the arrows in Fig. 1 can _
be reversed. In this case the operator commands forceNoting Py = ﬁ, the sensitivity and complementary
forward to the environment and position is sent back sensitivity functions are given by
to the master.
Generally, three controllers are designed for this sys- _ 1 X CP;
tem: two local controllers for master and slave manip- S=r—rig =g = (1)

. ) ; 14+CPRs Xm 14CRs
ulators in order to achieve desired master and slave _ o _
compliances and second slave controller such that, inUsing an ad hoc choice of the weighting function
steady state, the slave positigis equal to the master Wi, the condition 1 can be expressed as the following
position X, and the global system is asymptotically He pr.oblem: find a controlle€ that ensures internal
stable. Here, both local controllers are assumed tostability and
be already designed and integrated in the master and
slave transfer functions. Only the design and robust- [WASs[[oo < 1 )
ness of the second slave controller is thus tackled.

3.2 Analysis of Condition 2 in Definition 1
3. STABILITY ANALYSIS
From block diagrams 2 and 3, the transfer function
In view of previous section, |, andP; be the stable  from F, to X, can be described in the block diagram
transfer functions of master and slave manipulators of Fig. 4 whereh = h; + h,. Hence,
including the local controllersZe be the environment



Fig. 4. Operator force~ Master position system.
Xn Pm

T 1P Tzes ®)
Fn 14 PnTsZee
Case of constant time-dela@ur objective now is to
provide a condition that ensures asymptotically stabil-

ity for any time delayh. Let us first recall the following
result (Niculescu, 2001).

Tm::

Lemma 2.Let P(s) and Q(s) be two polynomials
in complex variables satisfying Q(s) is stable, and
deg,[P(s)] < deg[Q(s)].

Then, the polynomiaD (s) + P (s) €' is stable for all

T > 0if and only if
Q(jw)| > [P(jw)|,Ywe O 4

In view of above lemma, the following proposition is
obtained.

Proposition 3. Consider the closed-loop system of

Fig. 4. Let
S =g W9 pyg O

Assume thatP,, and Ts are stable and such that
deg(NmNsZe) < deg(DmDs), then the transfer func-
tion Ty, given in (3) is asymptotically stable for any
time delayh if and only if

[WoTy||e < 1, whereWs = PnZe

(6)

Proof: The transfer functionly, given in (3) can be
rewritten as follows

Tm NmDs

~ DmDs + NimNsZeeSh

()

4. ROBUST DESIGN AND ANALYSIS

In this section, robustness w.r.t environment and com-
munication time-delay uncertainties is analyzed. We
assume here that the environment impedaficbe-
longs to some admissible s&t and that the time-
delay is constant and defined las- hy + T wherehg

is known and constant , artdrepresents the unknown
delay uncertainty.

Our aim is to find conditions sT andT, are robustly
stable for allZe € = in both following cases: first for
all positive delayh, and otherwise for a maximal delay
uncertaintyrmax (added to a constant othg).

First, according to Fig. 3ls is only subject to environ-
ment uncertainties (not delay one). The environment
impedance is assumed to belong to asetff multi-
plicative input uncertainties, defined as:

= ={Ze=22(1+WeA)} (10)

whereA is the uncertainty matrix s|fA||. < 1, andWe
the uncertainty weight. Now, define the following set
of transfer functions:

IfSs:{|555ze6£}

The set= is said to be admissible, B (for nominal
impedance&Z?) andP; have the same unstable poles.

11)

Proposition 5. Consider the system of Fig. 3 with the
family of transfer functions (11) and is admissible.
Assume that the system is internally stable for nominal
impedanceZ. (which is ensured by (2)), then the
system is internally stable for all, € = if

Wiy Tslleo < 1

whereWy is a weighting transfer function satisfying

(12)

P (jw)

PO (jw)

i >
Wiy (jw)| > max

—1‘, Ywe O (13)

Due to the assumptions, the two conditions of Lemma andP? = P for nominal impedancze.

2 are satisfied. Therefore, using Lemma 2, system (3)

is asymptotically stable for all time deldnif and only
if

IDmDs (jw)| > [NmNsZe (jw)|,Vw € O
which is equivalent to condition (6).

(8)
A

Case of time-varying time-delayHere, the result of
Kao and Lincoln (2004) is used to give a stability test

when time-varying bounded delay is considered. The

following proposition states this result.

Proposition 4. (Kao and Lincoln, 2004) Consider the
closed-loop system in Fig 4 wheleis time-varying.
The system is stable for any time-varying delay
h(t) < Smaxif
‘ NmNsZe
DmDs+ NmNsZe

Ve [0,0]  (9)

’<5maxw

proof: Using (13), the family of transfer functions (11)
can be written as follows:

Po=F0 (1+WuA) (14)

where P9 = Ps for nominal impedanceé, and A is
a variable stable transfer function satisfyijy||.. <
1. From (14) and robust control theory (Zhat
al., 1996), the robust stability condition fd w.r.t
multiplicative input uncertainties is given by (12)A

4.1 Robust design w.r.t environment uncertainties
In view of (2), (6) and (12), the following theorem

is the main result to ensure nominal performance and
robust stability.



Theorem 6.Consider the system of Fig. 2 with the Step 1: Draw the Nyquist plot of the nominal system
family of transfer functions (11) angd is admissible. Wo.

Define the uncertainty weight as: Step 2: Define the uncertainty circles agp € 0:
We (1] = max{ W (). maxve o) . Vw0 (9 7 (@) =€ Mo(j), Mb(jo) [ We(jw) ], (19)

and plot the "blurred” Nyquist plot.

ep 3: Define Q the set ofw s.t. Z(w) intersects

%[0, 1] and compute the minimum angdé w) from

the intersections to the negative real axis. Then:
6(w)

= min—~ 20
Tmax weIQ © (20)

The teleoperation system is robustly asymptotically
stable for any time-delay according to Definition 1 if St
there exists a controll€ that ensures internal stability
of Ts and

Wi S
W4 TS

<1 (16)
Remark 8.Note here that, findin@ that also solves
which can be solved as a mixed sensitivity problem.  the robust stability condition (12) is not necessary as
proof: If (16) is satisfied, ther|WiSs|» < 1 which the previous Proposition ensures its robust stability
means that nominal performance is achieved. Further-w.r.t environment and delay uncertainties.
more we have

[Wiu Tslle <1 and|[[WoTs|le <1, VZe€ = 5. ILLUSTRATIVE EXAMPLE
Therefore, using Propositions 3 and 5, we can con- Consider the fO”OWing dynamiCS of the master and the
clude thatTs and T, are asymptotically stable for all ~ Slave manipulators
Z. € = and for all constant delaly.

(21)

MmVm = Fn =+ Um
M3VS == _Fe+ US

4.2 Robustness analysis w.r.t environment and delay

uncertainties where vy, and vs are the angular velocities for the
master and the slave respectivaly, and us are the

In this section we consider the case where the delay in-"éSPective motor torques), and Ms are the respec-

S L . tive inertias,F, is the operator torque anig is the
dependent stability condition (6) cannot be achieved. environment torque.

We assume that a controllerhas been designed for  |n order to stabilize the above system, Anderson and
Ts to achieve nominal performance (2) (and if possible Spong (1989) have proposed the following PI control

robust stability (12)). law

The environment uncertainties are considered of the ‘

form (10) and the delay is st = hg + 7, wheret { Un = mevmfBs,l(vmfvs)fKS/(vmfvs)dt
represents the uncertain part of the delay. (22)
Now, as the delay uncertainties only aff@g{ a robust Us = —ByVs—drFe+ By (Vin—Vo) + KS,/("“1 ~Vs)dt

§tabi|ity analysis is_ performed to determine th_e max-  here Mm = 0.4kg, Ms = 1kg Bn = 3N/m, Bg, =
imal delay ungertalntymaxfchat_preser_ves stability of 0.2N/m, Ze = 1, a = 0.5 and Ks and By, are the
the _teleoperat|on sch_eme in Fig 2'4_’ in the presence Ofparameter of the PI controller which must be chosen
environment uncertainties. A graphical method, basedSuch that the closed-loop system is stable.

onthe Nyquist plot, and due to Tsypkinand Fu (1993), |1 the nresence of communication time defay: 0,

is here considered. .
Nicul I. (2002) have ensured that féts =
Fqllowing the method in (Tsypkin and Fu, 1993), we 5 gﬁ\gsg:i 2.8? tohoe )clo"icl,e?j-|eooS;;J g;js:erit ifsstable
will note: for all h > 0. However, when the admittance of the
W, = PyyTsZee M andWp = PmTSde*s*b a7 environment changes @, = 2, the system becomes
unstable. In this case, choosikg= 12andBs = 2.8,

Then: the closed-loop system is proved to be stable for all
W =Wo(1+Weld)e s (18) h < 0.3027sec.
The procedure to determine the maximal allowed de- Based on the above discussion, the master and slave
lay uncertainty is given below. transfer functions with local controllers are given by
1 1

Proposition 7. (Tsypkin and Fu, 1993) Let us consid- P
ered the teleoperation scheme of Fig 4. Assume tha
environment uncertainties of the fore as well as
delay uncertainty are considerdd=£ hy + 7). Then,

the maximal allowed delaynax that preserves robust
stability (in the presence of environment uncertainties)
can be determined by the following procedure:

~ 04913545 21025728 &
LI'he impedance of the environment is modelled as
Ze = BeS+ Ke, Where0 < Be < 2 and0 < Ke < 4 (the
nominal value iZe = s+ 2), which includes the free
motion case (without contact).

The nominal communication time-delay is chosen as
hp = 1.5sec



5 . 1 RObUSt deSIg n Stability test for ime-varying delay up to a maximal one

The H,, problem to be solved is (16). First the track-
ing weightW, is chosen as Wi (s) = Slhif,;rb"e"b with /1/(6‘"“@
£=10"% Mg=1andwb=0.3.

Then the weight,, representing the robust stability 1210587 201

constraint (see (15)), is chosen as represented in Fig 5. \

Evolution of the uncertainty weight W4 w

] y o 10
Output multiplicative Frequency (radisec)
uncertainties on Psbar

due to uncertainties on Z,

Singular Values (d8)

Uncertainty weight W,

Fig. 7. Stability test w.r.t time-varying delays

all delays s.th = hg + Tmax Wheretmax is the delay
] uncertainty. In Fig 8 the Nyquist plot of the nominal
o bearionz, | modelW is plotted as well as the uncertainty circles
(w.r.t environment uncertainties) with the "stability”
circle %[0, 1].

10 10" 10 10* 10° 10’ Nyquist plot w.r.t environment uncertainties on Z_

Frequency

Fig. 5. Uncertainty weighi\,

Solving theH., problem (16) leads to a controller solu-
tion C (of order 5) where the solved mixed sensitivity
problem is represented in Fig 6.

Sensitivity S=17TS

Weight W,

Sy/

10
Frequency (radisec)

ist

T, with weights

-15 L L L I I
-1 -0.5 0 05 1 15 2

Environment induced _ Stabilty criterion 1P Z.|
uncertainty weight 1/jW,|

Fig. 8. "Blurred” Nyquist plot ofW;

Using the method described in Proposition 7, the max-
imal delay uncertainty that ensures robust stability
(w.r.t environment uncertainties) is given by:

Fig. 6. Sensitivity function&; andTs with weights
Tmax= 7.34sec

which proves that the teleoperation scheme will re-
main stable for all delays up to= 8.84sec

Appling the result in Proposiion 4, it is shown tha NOUCE that,n this case, the previous stabily criterion
the teleoperation scheme in Fig 4 remains stable forall. ying Y 9IVEEmax = L. G

. . is much more conservative.
- 0< <0. . . . .
itlaneigv?rymg delay 5.0 < h(t) < 0.23sec, as shown Let us notice that, applying the previous Proposition 7

with a nominal delay equal t@secleads to a max-
_ _ ~imal delay uncertainty that preserves stability equal
5.3 Robustness analysis w.r.t time-delay uncertaintiestg r,,,, = 1.60sec which proves that this methods is

quite independent of the prespecified nominal delay
Here we consider the case where the delay indepenyg|ye.

dent stability condition (6) is not satisfied, e.g. when

the environment impedance chosenZas= Bes+ Ke 5.4 Simulation tests

with 0 < Be < 6 and0 < K¢ < 10. A controllerC has

been designed fofs to achieve nominal performance Here, simulations in time-domain are provided. The
(2). However the solution of thH,, problem leadsto  environment is s¥e = Bes+ Ke Where0 < Be < 2and
[WoTs||e0 = 1.99 (for Ze = ZI'®), 0 < K¢ < 4, and the communication time-delay is here
Now, using the procedure described in Proposition 7, time-varying and s.0.9 <h < 2.1. A step disturbance

it will be shown that the system is robustly stable for of magnitude 0.2 is applied at tinte= 60sec that

5.2 Stability analysis w.r.t time-varying delay



represents an increase of the external force (i.e of thebeen obtained using a Nyquist graphical method. The

contact at the environment). next step is to deal with control design that ensures

Fig. 9, 10 and 11 show that the slave position pur- robust performance w.r.t both environment and com-

suits the master position for variable communication munication delay uncertainties.

time delay and nul, nominal and maximal environ-
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