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ABSTRACT

A control schemefor linear dynamically similar bilateral
teleoperatednanipulatorsystemwhich ensureghat the closed
loop systemis enegetically passie is proposed Enegetic pas-
sivity implies that the teleoperatednanipulatorsystemis safe
to interactwith, andthat the coupling betweenthe systemand
ary strictly passve ervironmentis stable. The control objective
is for the two manipulatorsin the systemto behae in unison
underthe influenceof both the operatorandthe work erviron-
ment, while maintainingenegetic passvity. The dynamicsof
the systemin unisonandits responsédo the operatorandwork
ervironmentcan be specifiedas kinematicand power scalings.
To maintainenegetic passvity with feedbackand feedforward
actions theproposecontrolmakesuseof two fictitious internal
enegy storagesTheresultis thatwhentheinternalstateof the
storageslementsaresuitablyinitialized, the teleoperatednanip-
ulator systemachiezesasymptoticlocking evenin the presence
of external (bounded)orcing from the operatorandwork envi-
ronment.

1 INTRODUCTION

A bilateral teleoperatednanipulatorsysteminteractswith
both the work environmentandthe humanoperator To be suc-
cessful,the motionsof the slave and mastermanipulatoramust
mimic eachotherin amannereterminedy the kinematicscal-
ing. Thus,their motionsmustbe coordinated.The coordination
controlfor abilateralteleoperatomustbedesignedotto inhibit
the effect of the work environmentand operators forceson the
movementof the overall systento obtainkinesthetiacouplingin
anaturalmanner

Since a teleoperatednanipulatorsimultaneouslyinteracts
with two ervironments(the humanoperatoy and the work en-
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vironment),ana-priori requiremenmustbethata broadclassof
environmentswith which the systeminteractsdo not destabilize
the system.lt is particularlyimportantwhenthe teleoperatois
requiredto provide force or power amplification/ attenuationIf
the systemis renderedhassve with respecto a supplyfunction
relatedto the mechanicalpower input, the interactionstability
with any strictly passve work environmentandhumanoperator
canbe guaranteedising the familiar passvity theorem[1], i.e.
theinterconnectiorbetweena passve anda strictly passve sys-
temis necessarilystable.

Our control philosoply for bilateralteleoperators thatthe
teleoperatedystemshouldpresentitself asa passve mechanical
toolto boththehumanoperatomandto thework environment.We
refer to the tool asthe locked mechanicakystemsinceit is the
systemthat one getswhenthe masterrobot andthe slave robot
areperfectlycoordinatedlocked).

In [2], a passve controlmethodologyusingkinematic(po-
sition and velocity) feedbackonly, was proposedfor linear,
dynamicallysimilar bilateralteleoperatednanipulatorsystems.
The developmentof the control law makesuseof the desirable
propertythata pair of n— DOF dynamicallysimilar masterand
slave manipulatorgtotal 2n-DOF)canbedecomposedyoth dy-
namically and enepetically, into two n—DOF mechanicakys-
tems. The decomposedystemsepresenthe coordinationand
thegrossmotionaspectsespectiely. Comparingwith otherap-
proached3, 4], the main contrikution of this control law is in
thatit controlsthe two aspectsof teleoperatiorseparatelyand
achievespassvity of thewhole systemby passifyingthe decom-
posedsystemdndividually. The passvity of this control law is
alsobasedntime domainanalysisextensibleto generahonlin-
ear cases. This control law, which is basedon the passie ve-
locity field control (PVFC)techniqud5, 6, 7], hasthefollowing
features:1) It enablegheteleoperatoto be coordinatedcaccord-
ing to a prescribedinear kinematicscaling; 2) It provides for
bilateralpower amplification/ attenuation3) It ensureghatthe
closedloop systemis enegetically passve; 4) The dynamicsof



the locked systemin responsdo the operatorandthe erviron-
mentforcesis asprescribed.

Unfortunatelythecontrolschemen [2] suffersfrom thefact
that the coordinationperformancedegradesin the presenceof
unmatchedperatorandervironmentforcing. In this paper we
remedythis dravback.Forcesensorareusedio measurehehu-
manoperatorandthe work ernvironmentforces,andthenafeed-
forward actionis designedto compensatdor ary mismatched
operator environmentforce. Thechallengeof feedforwardcom-
pensatioris thatit candestry the passvity propertyof the sys-
tem. This difficulty is overcomeby the useof fictitious enegy
storages.The kinematicfeedbackportion of the controllerhas
alsobeenredesignedo achieve abettercorvemgencerate.

The paperis organizedasfollows. In section2, the control
problemis formulated. In section3, we review resultsfrom [2]
thatfor lineardynamicallysimilarteleoperatedhanipulatorsthe
systemdynamicscanbedecomposedhto two parts. Thecontrol
of thegrossmotion (locked system)is discussedh sectiord and
thecoordinationcontrolis discussedh sections. For thecoordi-
nationcontrol, novel passie feedbackstabilizationand passive
external force compensatiorschemesare utilized. Experiment
resultsarepresentedn Section6. Section7 containssomecon-
cludingremarks.

2 PROBLEM FORMULATION
2.1 PLANT

Considera linear teleoperatednanipulatorsystemconsist-
ing of two n—degree of freedommanipulatorswith dynamics
givenby:

MGy = T1+Fy, M2 =T2+F> (1)
whereT1,To € O" arethe control forces,F1,F, € O arethe
environmentforcesthatthe masterandslave systemsencounter
andM 1 andM» € O™" aretheinertiamatricesfor the manipu-
lators.

Leta € O™" bethedesiredbijective linearkinematicscal-
ing sothatideally, we wouldlike

aqga(t) = gz(t)

sothatthe systemachievesthe perfectcoordination(locking).

As in [8], we assumehatthe slave andmastemanipulators
aredynamically similar with respect to a in thesensehatthere
existsascalar{ > 0, s.t.

ZM1:C(TM20(.

Any oneDOF linearmechanicabystem suchasthe experiment
setupin Figurel, satisfieghis property

Figure 1. Teleoperator with Two Single-DOF Planar Manipulators in
MIML. The master manipulator is equipped with force sensor to measure
human force.

2.2 PASSIVITY WITH POWER SCALING

To ensurethat both the humanand the work environment
caninteractwith theteleoperatednanipulatoiin stablefashions,
we requirethatthetwo portteleoperatosystembe enegetically
passve. In addition,we are alsointerestedn the teleoperator
systemproviding power scalingp. An appropriatedefinition of
thesupplyrateis:

(81,012, F1,F2) = pF1 a1+ F3 012 )
whichis thesumof thepower exertedby theforceF, andp times
of the power exertedby the force F;. We requirethatthe closed
loop controlledteleoperatedsystembe passie with respectto
thissupplyrate,i.e.

/Otsp(m(T),QZ(T), F1(1), F2(1))dt > —¢? 3)

for somec € [0 which would dependon the initial conditionat
t = 0. Noticethatsincep > 0, if the two port systemis ener
getically passve with respecto the supplyratein (2), it is also
enegetically passve asoneport systemgi.e. whenoneof the
portsis openwith F» = 0 or F; = 0) in theusualsense:

whenF, =0

t
/ Flgadt > —c2;

/ Fl > Qodt > — whenF, = 0.

The supplyratedefinedin (2) which incorporategpower scaling
inspiresthe following definition of scaledkinetic enegy for the



teleoperatednanipulatorsystem:

.. . . 1. .
Kp(Q1,02) = SQIM 101+ 5Q£M2Q2 > 0. (4)

Theobjectve of thiswork is to designthe controlactionT
andT; sothattheteleoperatosystemis coordinatedthe gross
motionmimics somedesireddynamicsandatthe sametime the
enegeticpassvity propertytowardsthe humanoperatorandthe
environmentis presered.

3 SHAPE AND LOCKED SYSTEM DECOMPOSITION

In this section,we decompos¢he dynamicsof theteleoper
atorsysteminto two systemsoncernedvith the coordinationof
thetwo manipulatorandthegrossmotionof thesystemyrespec-
tively. It turnsoutthatfor lineardynamicallysimilarteleoperated
manipulatorsthetwo resultingsystemscanbeindividually con-
trolled, andaslong asthe individual controlleris enegetically
passve, the combinedteleoperatosystemis also enegetically
passie.

We begin by defining

Ezﬁ[aql—qﬂ

to bethe coordinationerror Now considerthe constantcoordi-
natetransformatiorof the velocity space(i.e. tangentundle)to
getbothdynamicalandenepgeticdecomposition:

Vi\_ _C (fa ')(ql)
(E)_p+1(a| —1)\az)" ®)
S

Notice that when the teleoperatotis perfectly coordinated;.e.
ag1 = @2, thenV| = g2 = aqgy. Similarly, considerthe compat-
ible transformatiorof theforces:

-6 @) o

Under thesetransformationsthe dynamicsof the teleoperator
system(1) block diagonalizesnto:

: +
MLV =T +Fe, M= EPv, @)

¢

and

MgE = Te + Fe, Me = PEtPly,  (g)

ZZ

We mayconsidel(8) asan-DOF mechanicasystemwith config-
urationcoordinate&, inertiaMg, controlinput Tg anderviron-
mentforceFg; and(7) asaseparate— DOF mechanicasystem
with velocity V|, inertiaM |, control T andenvironmentforce
FL. We shallreferto (8) asthe shapesystemsinceit determines
therelative configuration/coordination)of thetwo manipulators.
Similarly, (7) will bereferredto asthelockedsystensinceit de-
terminesV |, whichis the averagevelocity (grossmotion) of the
two manipulators.

The surprisingaspectof the coordinatetransformation(5)
is thatthe scaledkinetic enegy of 2n-DOF teleoperatosystem
in Eq.(4) canbe written asa sumof the kinetic enegiesof the
shapeandof thelockedsystems.:

.. 1 1. .
Kp(QlaCIZ) = EVIMLVL‘F EETMEE. (9)

Thefollowing propositionis theconsequencef thisobsenation.

Proposition 1 If the locked systemn (7) and the shapesystem
in (8) are individually controlled using T, and Tg respectively
sud that each systemis individually passive:i.e. 3 c,,Cs S.t.
V F,Fg, andVvt > 0,

t t .
/O FTVidt > &, /0 FLEdT > —c2, (10)

then, the teleopeator system(1) is passivewith respectto the
supplyrate sy (41,02, F1,F2) in (2) (i.e. (3) is satisfied).

Proof: Noticethat
Sp(G1, G2, F1, F2) = FL VL +FLE

wheres(q1,dy, F1,F2) is thescaledsupplyratedefinedin (2), Thus,we
have

d .. .
aKp(QLC}z) =5(G1,02,F1,F2)

which givesriseto the passvity inequalityin (3) onintegration.
|

Thus,the control of the 2n—DOF system(1) reducedo the
independentontrolof thetwo n-DOF lockedandshapesystems,
(7)-(8), while maintainingtheir individual passvity properties.
The objective for the shapesystemis to regulate(E, E) at (0,0);
while the objective for thelocked systemis to mimic thedesired
targetlocked systendynamicgjivenasbelow.



4 LOCKED SYSTEM CONTROL

As mentioneckarlier our controlphilosoply is thatthetele-
operatedsystemshouldappearo be a n—DOF passive mechan-
ical tool with which both the work ervironmentand the hu-
man operatorcommonlyinteract. The mechanicatool, which
is achieredwhenthe masterandslave robotsareperfectlycoor
dinatedis referredto asthelocked system.

Supposethat the two manipulatorsin the systemare per
fectly coordinatedwe cantake the coordinateof thelocked sys-
tem,q. € O"to beeitherq or g,. If wetakethecoordinateo be
qL = g2, wewouldliketheresultinglocked system(expressedn
the units and dimensionof robot 2) to behae accordingto the
targetlocked systendynamicsasgivenby:

MG +Co(aL,au)gL = pa~TF1+F2 (11)

wherep > 0 is the desiredpower scalingto amplify / attenuate
the operators force andpower, andM |, asdefinedin (7), is the
apparentnertiathatappeargo the ervironmentof robot2. The
n x n skew symmetricmatrix

Cu(aL,yaL) = —Cu(aL,yau) " = yCuL(ac,aL),

specifiesthe unforceddynamicsof the target locked systemby
formally defininga connection[9] of thetargetsystem.For ex-
ample,the geodesicof the connectioncanbe usedto prescribe
the preferreddirection of travel for the target system. The re-
quirementhatCy (g, ¢.) shouldbeskew symmetrids to ensure
thatthetargetlocked systemis a passve systemwith respecto
a supplyratethat respectghe desiredpower scaling. For path
guidanceapplicationsCy (q.,q.) maybedesignedisingpassie
velocity field control techniqueasappliedto contourfollowing
problemd6].

Notice from (6) that F. = pa~"F1 4+ F, which is exactly
thesecondermontheRHSof (11), thetagetsystemdynamics.
Moreover, when(E, E) = (0,0), thenV | = agi = §2. Therefore,
if we definethelocked configurationof thetwo manipulatorgin
therobot2 unitsanddimensions}o be

__ S p
qL = +p [ZGCI1+C12]

thena possiblecontrolfor thelocked systemis:
TL=—-CrL(qL, VL)V, (12)

which duplicateghe targetlocked systemdynamics(11). In ad-
dition, if indeedE(t) — 0, thenthe dynamicsof robot 2 also
corvergesto (11).

Since Ci(02,02) is skew-symmetric, by considering
VI (t)MLVL(t) to be a storagefunction candidatethe locked
system(7) underthe control (12) caneasilybe shavn to be pas-
sivein thesenseof (10).

5 SHAPE SYSTEM CONTROL

Theshapesystemcontrol shouldmale the masterandslave
manipulatorgo be perfectlycoordinatedvith eachother Recall
thatthe shapesystemdynamicsaregivenby:

MEgE = Te +Fe 8

whereTg is the control torqueand Fg is the transformeddis-
turbanceforces from the humanoperatorand the work ervi-
ronment. We wish to designa control law for Tg so that the
shapesystemdynamicsis passve with respecto the supplyrate
se(Fg,E) = FEE, andalsothatthe coordinatiorerrorE — 0.

The controllerstructurebelon ensureghat passiity is en-
forced. First, we augmenthe systemwith two fictitious enegy
storagesvhich areto beimplementedwithin the controller One
is associateavith the potentialenegy in afictitious springwith
apositive definitespringconstan € 0" ". Theotheris associ-
atedwith thekinetic enegy of afictitious flywheelwith dynam-
ics

MiXs = T¢

whereM; > 0 andx; € St aretheinertiaandthe configuration
of theflywheelrespectiely. Theaugmentedystenbecomes:

Mg 0O O E Te+Fe
0 KO E|= KE
0O OM X5 Tt

andthetotal enegy of theaugmentedystenis givenas:

—

. 1. .1 1. .
KE(E,E,xf)zéETMEE+§ETKE+§fo%. (13)

Considerthe controllaw of theform:
E
Te| —Stp(t) =K —Usp(t) E
Te| | UL) 0 0O :
E
E

o) | 00V L] )



wherep(x¢, E, E) is a switchingfunctionto turn on/off thefeed-

forwardaction,S¢p(t) andU+p(t) arepositive semi-definitgpos-

itive matricesto give dampingeffect in feedbackcontrol, and

St (t) = —SI; (t) andUj (t) areresponsibldor generatindeed-

forward cancellationof mismatchedhuman and ervironment

basedn force measuremeniThesematricesaredefinedbelow.
If Sip(t) andU+p(t) aredefineds.t.

Sfb(t)E + Ufb(t)Xf = BE,

thena constantdampingeffect is achievzed in feedbackwhere
B € O"™"is astrictly positive definitedampingmatrix. Onepos-
sibility is to define:

Utp(t) = g(X ())BE(t), Su(t) = (1—g(Xs(t)):(t))B (15)

where
% |x¢| > fo
g(Xr) = { sign(xs) 0 [X¢| < fo (16)
i Xt| =0

and fo > O is athresholdon the flywheel speedk; to ensurethat
Usp(t) is bounded.

Using only the feedbackaction cannotensurethat E — 0
in the presenceof mismatchedoperator/ environment force
Fe. If Fg is completelycanceledthenthe dampingeffect will
causeE — 0 exponentially so we assumehat the teleoperator
is equippedwith force sensorsothatFg canbe computedrom
(6) and canceledout with a feedforward action. However, an
ordinaryfeedforwardactioncanleadto destrging the passvity.

To achieve passivefeedforwad, the matricesSs¢(t) and
Us¢(t) aredesignedsothat,

(IJSIT(S) —Ug (t)> ()E) = p(x¢,E,E) (){,:TEEE> (17)

whereSs¢(t) € O™" is a skew symmetricmatrix to ensurethat
thefeedforward actionpreseresthe passvity, and p(xs, E, E) is
aswitchingfunction:

1 if (x,E,E)eC
0 otherwise

p(%t, E,E) ={

whereC c {(xf,E,E) € 0?1} asin Figure3, is aninvariant
region having some’good” corvergencepropertiesvith feedfor
ward action. The region C will be determinedater. Typically

(x¢,E,E) would belongto C if |x;| is sufficiently large,and/ or
theerror (E, E) aresuficiently small. This preventsthe feedfor
ward portion of the controllaw (14) from becomingunbounded.
When (x1,E,E) is indeedin C, thenthe feedforward actionis
activatedandthe ervironment/ operatorforce Fg is exactly can-
celedout.

With both the feedbackand feedforward control (14), the
coordinationerror (shapesystem)dynamicg(8) become:

Mg 0 O E —Sip(t) =K =Usp(t) E
0 KO E|= K 0 0 E
0 O Ms Xt Ufb(t)T 0 0 Xf_
_ —Sff(t) 0 —Uff(t) E Fe
+p(xt,E,E) 0 0 0 E|l+]0 (18)
UIf (t) o 0 Xt 0 |

This controllerdoesindeedpresere passvity of the shapesys-
tem even whenit usesboth feedbackand feedforward control
(14) because,

d o —Stp—Str =K —Usp—Usr\ [E
aKE(t):FE-E+(ET ET %) K 0 0 E
ul,+Uj; o 0 Xt
=FL-E—E"SE < s(Fg,E)

wherekg (E(t), E(t), ¢ (t)) denoteshetotal enegy functionde-
finedin (13) evaluatedattimet. Utilizing thefactthatkg(t) > O,
the passvity propertyof the shapesystemunderthecontrol (14)
is obtainedon integration.

We now analyzethe shapesystemcontrol presentedbove,
anddeterminegheinvariantregion C.

Proposition 2 Without feedforwad cancellation the shapesys-
tem variables E(t) and E(t) are ultimately bounded with
boundedervironment operator force Fg. Moreover, the enegy
in thefictitiousflywheel, M2 is non-deceasing

Proof: Underthefeedbackcontrolalone,
MgE+BE +KE = Fg (19)

whereM, K, andB arepositive definite. The ultimate boundednessf
E andE areestablishedisingthefactthatthelinearsystemis exponen-
tially stable.

To seethat the kinetic enegy of the flywheel is non-decreasing,
obsene from the shapesystemdynamicswith the controllaw that

d (1 . o iTor
0t {éfoﬂ = Xt g(x¢)ETBE > 0.
u
Unlike regulardamping thedampingeffectin thecontroller
is atleastpartially implementedusinga flywheel. The extent of
this dependn the currentvaluexs. Thus,insteadof a damper
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Figure 2. Energy flow with or without feedforward cancellation in the
augmented shape system. With feedforward cancellation, energy flows
between the environments and the fictitious flywheel without affecting the
real shape system. Without feedforward cancellation, energy flows only
into the fictitious flywheel to increase flywheel energy monotonically so
that the system enters into the invariant region C.

simply dissipatingthe enegy to the environment,theenegy de-
velopedin the damperis storedin the flywheel. The storedfly-
wheelenegy will be usedto provide the feedforward cancella-
tion of the mismatchedoperator/ ervironmentforce Fg with-
out violating enepetic passvity. Enegy flow in the augmented
shapesystemwith or without feedforward cancellationis illus-
tratedin Figure2.

Remark 5.1 We computethe ultimateboundusinga Lyapunw
function. For the exponentiallystablesystem(19), we can de-
fine positivedefinematricesP € 022" andQ € 022", anda
Lyapuna function,

1 : E
V(t) = é(ET ET)P<E) (20)
sothatfor somey > 0 and{ > 0,

V(t) = —(ET 'EUQ(E) +(ET ET)P( 0 )FE

|n><n

< —yV(t)+VE()|Fel] (21)

wheiey is the exponentialcorvergencerate (which maybe esti-

matedfromy > %[% > 0, whete g[-] andc]-] denotetheminimum
and maximumsingular valuesof their argumentsespectively).
From(21), the ultimateboundfor the Lyapuna functionis found

to be

2
\7 = [%Fmax] (22)

whee [|[Fe(t)|| < Fnax Therefore, if V%(O) < %/Fma)0 then
V%(t) < %Fmax for all t > 0. Otherwise for anyv%(o), andfor

anye > 0, thereexistsT > 0, sothatV/ < %Fmaers wheneer
t>T.

Definefirst asubreion ¢ ¢ ¢ ¢ 0?1 in Figure3 to be:

L 5 1
= BBV < [Dmig -y, @

where V(t) is the Lyapunw function (20) and fo > 0 is the
thresholdn (16).

Proposition 3 Let (Xf,E,E) € (h att =ty, thenwe canensue
that (x¢,E,E) € (1 Vt >ty with thefeedforwad cancellationi.e.
p(Xs,E,E) =1in (14).

Proof: Supposéor amomentthat (x¢, E,E) € (1 andp(X,E,E) =1
att = tq, thenthe shapesystemdynamicss givenby:

MgE+BE+KE=0

becausehefeedfornardterm(17)is ableto exactly cancelout Fg. Us-
ing the samelyapunw functionin Remarks.1,

_1 : E 211012
V() = é(ET ET)P(E> > &% E|
for somed > 0, sothat

V(t)=(ET 'EUQ(E) < yV(b).

Continuingwith the suppositionthat p(x¢, E, E) = 1 and considerthe
enepy storedin theflywheel,we have
L \2
E Ms (Xf)
dt 2
o T . . R 1
=Xrg(Xr)ETBE+FLE > —|[Fe| |[E[ > - rgaXVz (t)

=Tixs = U}-b-E).(f + FEE

Therefore py integratingthe above relation,we canensurehat

[N

€7 N5 (E) V0! < g [ GMeb 2 - 1),

VYt > tg, sinceV (t) < e 1v(0).
u

Define f1 to bethethresholdfor theflywheelenepgy s.t.:

yd [1 2
2

Imirz— 3| =vipe=t
2Fmax Mf[fl fo]:| V +£ yFmax"rE

wheree > 0is asmallnumber Therationalefor thedefinitionof
f1 is thatthe boundaryof (i intersectswith the ultimate bound



Kf(f0) Kf(f1) Kf
Figure 3. V(t) versus K¢ (X5 (t)) = le)'(% where V(t) is the Lya-
punov function in (20), K¢ (Xt ) is the kinetic energy in the flywheel. Also
shown are 4 sample paths of (K¢ (X¢(t)),/V(t)). In Paths 1 and 2,
V(t) = 0, and in Path 3, V(t) becomes ultimately bounded by V. In
Path 4,V (t) — Obut it is not guaranteed.

in Remarks.1whenxs = f1. Theregions_, (i, andtherelation-
shipsto thethresholdf;, andtheultimatebounadV areillustrated
in Figure3.

We arenow readyto definetheinvariantregion C, whichis
usedto define(17), to be

C:= aU{(xt,E,E)|xs > f1}. (24)

Theorem 1 Considerthe shapesystem(8) underthe controller
structuie, the dampingeffectsgiven by (15),(16), and feedfor
ward effectsprovidedby (17) with the switching region C given
in (24).

1. Theclosedloop shapesystenis passivewith respecto the
supplyratesg (Fg,E) = FLE;

2. Supposehat ||Fg(t)|| < Fmax vt > 0. For anyinitial condi-
tion (x¢(0),E(0),E(0)), theLyapunw functionV (t) in (20)
will beultimatelyboundedyV in (22).

3. Supposegain that ||Fg(t)|| < Fnaxfor all t > 0. Thenthe
region C definedn (24)is invariant.

4. If furthermoe, (x¢(0),E(0),E(0)) € C, then E(t) — O,
E(t) — 0, andx;(t) > fo Vt > 0.

5. If x¢(0) #0andV (t) A 0, thenE(0) — O.

Proof:

1. Passvity hasalsoalreadybeendemonstratedsingthetotal enegy
Ke(t) in (13) asstoragefunctioncandidate.

2. Notice that the feedforward action either cancelsor leaves alone
the ervironment/ operatorforce Fg. Thusthe effective boundon
Fe doesnot increaseover the casewhen only dampingeffect is
used.ThusProposition2 andRemark5.1 apply

3. Propositionin 3 shavsthatthesubreion ¢ is invariant.If theini-
tial statebelongsto ¢ but doesnotbelongto (i, thenl) x; (t) > 1

forallt > 0; 2) eventually V(t) < V +¢. Thelstresultis dueto the
factthatthe flywheel enegy is non-decreasingvhenthe feedfor
wardtermis not used(Prop. 2). The 2ndresultis dueto ultimate
boundednessBecausef theway that f; is defined the statemust
eventuallyenter(; andremainsthere.

4. Since eventually the state enters (1, Fg is canceledout,
E(t),E(t) — O exponentially The definition of ¢; ensuresthat
Xt (t) will notbedepletedbelaw f;.

5. If V(t) 4 0, thenthe statemustnothave enteredC. FromProposi-
tion 2, this meanghatV (t) would be ultimately boundedandthe
enepy in the flywheel would be non-decreasingSincethe state
doesnotenter(, xs is boundedby f1 andsox;(t) mustcorverge.
ThisimpliesthatE — 0.

u

Roughlyspeakingtheshapesystencontrolpresenteébove
consistof spring/ dampertermfor stabilization,anda feedfor
ward termto cancelout the effect of Fg. Theinnovation of the
controllerlies in thatfactthatit makesuseof the enepgy stored
in thefictitious flywheelto ensurghatcontrolsystemis eneget-
ically passve.

In Theoreml, we canonly shawv thatE — 0 if the system
stateenterstheregion C. Otherwise E would only be ultimately
bounded.In reality, however, the stateis likely to eventuallyto
enterC or E — 0 andE — 0 if the shapesystemis constantly
beingexcitedby time varying mismatchecarvironment/ human
force Fg(t). Thereasons thatif Fg(t) excitesthe systemper
petually it is notlikely thatE — 0 which by Theoreml item 5
is anecessityfor E 4 0 or E A 0. Thus,anoperatorcanshale
up theteleoperatofirst in orderto causethe stateto enter¢ be-
fore using the teleoperatoffor manipulation. Hereafter if the
measuremertdf Fg is accuratethenC will beinvariant,andthe
teleoperatowill behae exactly like alockedsystem.

6 EXPERIMENTAL RESULTS

Experimentsare performedon the teleoperatedsystemas
shavn in Figure 1. The mastermanipulatoris equippedwith a
force sensomndexcited by humanandanexternalernvironment.
Both kinematicandpower scalingsaresetto be 1 for simplicity.
With differentpower scaling,the humanoperatorfeelsdifferent
inertia of the tool representedby the locked system. We con-
sidertwo setsof initial conditions:1) zeroflywheel enegy and
coordinationerror(from origin in Figure4); 2) outsideof thein-
variantregion C with nonzerdflywheelenegy andcoordination
error. Thetrajectoriegepresentingnepgy flow and C areshavn
in Figure4 andtheactualangle(position)trajectoriesareshovn
in Figure5 for thetwo initial conditionsrespectiely.

With the first initial condition, the humanoperatorshould
excite the systemto generatesufiicient enegy so that the sys-
tementersnto C, andfeedforward cancellationis activated.Be-
fore the systementersinto C, thefeedbackpartis usedalone,so
the coordinationperformances poor (with error around5 deg)
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Figure 4. Trajectories for two sets of initial conditions traced out in the

V(t) - flywheel energy diagram and the invariant region C. See figure
3 for interpretation. Result of the first initial condition is enlarged and
shown separately. Note the ripples after entering C with the first condition
due to real implementation.

dueto mismatchedperator/emironmentforce. Whenthe sys-
tem getsenoughenegy from humanoperator the feedforward
cancellationis turn on andnearperfectcoordination(with error
lessthan0.5 deg) is achieved.

Thesecondnitial conditionhasnonzeranitial flywheelen-
ergy andcoordinationerror. The systemstartsoutsideof C, but
it enterdnto theinvariantregion C quickly (after0.2second and
achievestheneamerfectcoordinatiomafterthat. This quicklock-
ing is mainly causedy theenegy flow via thefictitiousdamping
asin Figure2.

The bandwidthof the feedforward cancellationdegradesin
real implementation.Theripplesin C in Figure4 with the fist
initial conditionshaws the effectsof noise discretizatiorandac-
tuator limitation. The ultimate boundis too large to be shavn
in Figure 4. This large ultimate bound, which representghe
guaranteedoordinationperformancef feedbackcontrolalone,
highlightstheimportanceof feedforward cancellation.

7 CONCLUSIONS

A passie controlapproachasbeenproposedor lineardy-
namicallysimilar teleoperatosystems.The controllaw coordi-
natesthe two robotsin the systemand ensureghat the closed
loop systemis enepetically passve. The controllaw makesuse
of fictitious enepgy storagedo generatédothfeedbackandfeed-
forward control baseduponboth kinematicandforce measure-
ments. By the useof feedforward compensationthe teleoper
atedsystembecomegerfectlycoordinateddespitethe presence
of mismatchin ervironment/ operatorforce. Experimentaim-
plementatiorvalidatesthe proposedcontrol scheme.Although

Figure 5.
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Real angle trajectories of master and slave manipulators with

two initial conditions. Note that the system achieves locking after getting
energy from environments (human operator) in the first initial condition.

theideaof decompositiorinto shapeandlocked systemdoesnot
apply to genericnonlinearteleoperatosystemsthe main con-
ceptof passve feedbackandfeedforward control shouldbe ap-
plicable.
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