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Abstract. In this paper a trilateral Multi-Master-Single-Slave-f&yma with con-
trol authority allocation between two human operators ippsed. The authority
coefficient permits to slide the dominant role between theraiprs. They can
simultaneously execute a task in a collaborative way or iageamight hapti-
cally only observe the task, while an expert is in full cohtfithe master devices
are connected with each other and the slave robot peer tonjigeut a central
processing unit in a equitable way. The system design isrgkiethat it al-
lows delayed communication and different coupling catieslbetween masters
and slave, which can be located far from each other. The Tioradin Passivity
Control Approach guarantees passivity of the network inpgresence of com-
munication delays. The methods presented are sustainédsimiulations and
experiments using different authority coefficients.

1 INTRODUCTION

Bilateral Teleoperation, where a human operator controdsreote robotic manipulator
through a master device originates in the 1940’s. The huilmareby gained access to
distant evironments or to environments behind a barrieg, thhe human body in mini-
mally invasive surgery. That can also be performed over thsignces as demonstrated
in 2002 with the ZEUS robotic system [1]. Even though the afieg surgeon was in
New York, while the patient was in Strassbourg, there walsasiurgeon located with
the patient in case of an emergency. In the future the loagkesun could also be inte-
grated into the teleoperation system with a local mastesaenenhancing the bilateral
system to a trilateral system. Analogous to surgery, piateapplications for trilateral
systems can be found in deep see or in space, where a spesiali® ground can assist
an astronout operating a robot outside a space station.

A trilateral system could either be used in a collaboratiag where a local professional
gets temporary support by a distanced specialist or asrartgegystem where a trainee
learns from a mentor ([2-5]). In the beginning of such a frajrthe trainee can observe
the mentor’s action haptically without influence on the slagbot. Corresponding to
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the increase of experience the authority should be shateabe the human operators
(see Fig. 1) providing the trainee with progressively higtentrol. This procedure is
in this paper solved by the variation of an authority factor.

full mentor shared
authority authority

—> 1Trainee, | Mentor | === | Trainee

......

. 4,

Fig. 1. Trilateral teleoperation including authority allocatiand time delay

In [2] a system with authority allocation and a unilateralbntrolled slave is proposed.
Visual feedback of the slave’s position was provided ancetdelay in the operators’
haptic channel was considered. This system was enhancepeerdo-peer system in
[3] with threee equally privileged peers (slave and mastgiaes) in a four channel con-
trol architecture (4CH). However the effect of time delaysweeglected here. In bilat-
eral systems the time delay as the general challenge in eetoatrol has been tackled
with several energy based techniques i.e. the Time DomaisiRgy Control Approach
(TDPA, [6-8]), Raisbeck’s passivity criterion [9] and thawe variables technique [10]
which is closely related to the scattering formulation [BdsidedH.,-control [2], wave
variables [4] have been utilised in multi-agent-systemsandle the effects of time de-
lay. Llewellyn’s absolute stability criterion which is egsonservative than Raisbeck’s
passivity criterion can not be extended to a trilateralayst~urthermore those two ap-
proaches require models of the system’s complex mechateeaes. The first trilateral
peer-to-peer system respecting time delay is presentéisimvork whereby the TDPA
is applied because of its two major advantages, i.e. theideradion of the ideal case
assuming the time delay to be zefday = 0) in the design process and the ability to
handle non-linearities and unmodeled effects [12].

The focus in this paper is placed (a) on the mechanism talmistr the authority, (b)
on how to guarantee passivity in case one or more of the agemtemotely located
from the others and (c) how this structure can be generalineskction 2.1, the signal
flow architecture will be discussed with focus on the autlyomilocation (AA). The
network representation and the principles of analogy dreduced in section 2.2. The
activity analysis of the authority allocation is providedsection 3. Based on this the
peer-to-peer TDPA is designed and the passivity proof aptished. Experiments are
presented in section 4. Conclusions and future researtbeviliscussed in section 5.

2 SYSTEM DESCRIPTION

2.1 SIGNAL FLOW DIAGRAM

Figure 2 shows the signal flow diagram of the proposed pepets telepresence sys-
tem. In the depicted position force architecture (PF) vigfaw) and force F) signals



are exchanged between the haptic deviddaser;, Master,) and the robot fave)
through the communication channels represented by tinay démentg"iS. The PI-
controllers PI-Ctrl, virtual damper and spring) are corresponding to the PHteathre
located on the slave’s side of the communication channespérctively for the opera-
tors’ channel on the trainee’s side). The factBys andftr, corresponding to mentor
and trainee respectively, determine the allocation of @itthbetween the operators
through scaling of the delayed forces from the Pl-contrell&hose forces correspond
to the influence of an agent on the addressed device. Therelaip between the two
authority variableg@rr andfue is given by:

Brr=1-Bue with Brge € {0...1} 1)

indicating that a reduction of the mentor’s authofBye leads to a correlated increase
of the trainee’s authorityrr. ReducingBue from 1 to O progressively assigns con-
sequently higher influence on the system to the trainee. hitrast to [3] the slave’s
feedback signalsH2, Fi3) remain unaffected byye rr since the slave’s position
(represented by the feedbacked force) as the main conceufdsidlways be presented
correctly to the master devices.

2.2 NETWORK MODELLING

In this chapter the signal flow of the telepresence systembeitransferred into net-
work representation. This electrical modeling providegsal useful tools which have
been developed for circuit analysis. Concerning the enkeaggd stability analysis the
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Fig. 2. Signal flow diagram of trilateral PF architecture with auttyoallocation Grr, Buve) and
time delay i)



power conjugation of the network port signals presents tammdvantage of this rep-
resentation. Because of the analogy between the potefiaiaés() and voltage and the
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Fig. 3. General electrical analogous network representationefritateral system, control unit
CU, communication channel CC

flows velocity {/) and current the signal flow subsystems can be replaced byl
network ports. The TDPA utilises passivity observers (P@iciv compute the energies
at the ports of a network subsystem in order to analyse the system’sigdbighaviour:

t
§ (1) = [ R(Ddr.
0
whereR (t) is the power computed as:

R(t) =vi(t)R(t).

As depicted in Fig. 4 is the velocity flowing through a poracross which the forcg

is applied. The following convention regarding the signthefport signals is assumed:
If the integrated dual produd;(t) of a current entering the network and a positive
voltage defined at the first terminal of the port w.r.t. theosetone, is positive, the
network is passive. Else, if it is negative, it is active. Theeans that energy flowing
into the network results in positive energy. Regarding ige sf the powerR (t), the
direction of flow can be computed as:

R(t), if R(t) >0
R.innp(t) = { ((),) :f p,Etg 20 @)
0, ifR{t)>0
Rounp(t) = { —R(t), :f P.Et; 20. ®)



The powerR jn np(t) flows into a regareded network subsystem at port the side of
the network subsystefP. Whereas? o np(t) stands for the power flowing out of a
network subsystem at porton the side oNP. NP are here the network subsystems
terminating the 3-port such th&tP can be M” for Mentor, "T” for Trainee or 'S’

for Slave. The energ¥;(t) and the powelR (t) are positive defined and monotone
(see eq. (2) and (3)). The passivity controllers (PC) dasighe amount of energy
undesirably generated in an observed network. The sulmsysteninated by the devices
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Fig. 4. 1-port network with port, velocityv; and forcer;

Master;, Magter, and theSave robot can be identified as a 3-Port (see Fig. 3), which
can be split up in a modular way into three communication oelnetworks (CC)
and three control unit networks (CU). The CUs include théhauity allocation (eq.
(1)), force distribution and the PI-controllef$Zp;; (s) = Kp/s+ Ky). Depending on the
control architecture, different control unit and commuatien channel blocks can be
inserted. In Fig. 5, the CC for a position force (PF) architeeis depicted examplifying
the communication between mentor and trainee. The forcesinagsion over the PF
communication channel to the mentor can be represented @ltage source whereas
the velocity transmission to the trainee corresponds toreentisource [14]. For the
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Fig. 5. Network representation of communication channel CC for ieRitecture

study case, i.e. the PF architecture, the network blocKkssfrtentor and trainee control
units are illustrated in Fig. 6. The controllers are repnése by an impedancéy; .

2.3 AUTHORITY ALLOCATION

The next element which needs to be represented in the elccheme is the authority
allocation (AA) governed by the coefficiensgr andBue, as defined in (1). Since the
velocities of each device (masters and slave) are not sbaléte authority coefficient
(v3 = vs, v7 = vg) the AA can be modeled as a dependent force source (see B)y. 7(
whose value is given by:

For =Fs—F3= (1 Bra)Fs. (4)



The forceFg; corresponds to the force which is substracted fRgrthrough the scaling
of the AA.

+ + |+ + + + +
Fo1) Fp2
R Fs | Fs Fo |l Zmys  F7 Fg Fo
_ M _ _ A _
— Viz. Vo1 a
T
Fi2 F1
(a) Mentor’s side (b) Trainee’s side

Fig. 6. Network representation of control unit CU for PF architeetu
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Fig. 7. Authority allocation analogy foAA;

24 FORCEDISTRIBUTION

The force distribution can be understood by checking theréannection of the CU'’s.
Taking for instance the trainee side (see Fig. 6(b)) the pattached to the device
master, is the result of a series interconnection of port 8 of the atithallocationAA,
and port 21 next to the CC between trainee and slave.

Thus, the resulting force is given by the sum of each intaneated network. For the
case ofmagtery, Fig. 6(a), the sum is given by = F3+ F12. To verify that the interfaces
between the blocks surrounding the force distribution lbkatisfy the port requirement,
it has to be shown that the in- and outflowing velocities ahgaart are identical. This
requirement is fulfilled as can be seen by looking at Fig8= v3 = vio.

3 PASSIVE TRILATERAL CONTROL

To examine the influence of the CU on the TDPA design the enaebgviour of force
distribution and authority allocation has to be studied.
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Fig.8. The mentor’s electrical circuit in the PF architecture

3.1 ENERGY ANALYSISOF SUBSYSTEMS

As easily can be analysed in Fig. 8 the force distribution issaless element, since
it is designed as a series connection containing no netwerkents. It follows from
the definition of the authority allocation (4) that e&f; (see Fig. 7(b)) purely injects
or dissipates energy depending on the direction of energy Ad; affects in trainee
direction the powePs i, m and in mentor direction the powekin 1 (Vs = V3):

Ps.out, (1) = Pinm(t) + Paa,m
I:lx’,,out,M (t) = F>5,in,T (t) + PAAl,T'
WherePaa, np(t) is the positive defined power flowing towards trainBé (= M) and

mentor NP = T) respectively. The corresponding energdgsp (the energy is injected
by network subsystem S from the direction#?) can be computed as:

Ana i (t) / 22 (1)dT with 5)

P ( ) o { —(P3,|n,M( )— PS,out,T(t))a if F)3,in,M (t) - PS,out,T(t) <0
AALM 0, if Psinm(t) —Psou,1(t) >0

The powerP,i‘th’M(t) accounts in contrast tBaa, m(t) only power generated b,
(for the case of the authority aIIocaU% (t) equalsPap, m(1)). The positive defined
absolut energy dissipatidhAAl’M( ) of a subsystem can be evaluated analogously:

(6)

d|s

DAAL AA1 M dT W|th (7)
PdIS ( ) { F)3,|n,M( ) - F)5,0ut,T (t), ?f F)3,in,M (t) - I:)5,out,T (t) >0 (8)
A M 0, if Psinm (t) —Psout,T (t) <0
The powerP,&’,'AS w(t) accounts analogously RﬁA t) only power dissipated bgA;.

AA; shows active behaviour in direction of the tralnee sinceathport 5 outflowing
power is always higher than the at port 3 inflowing one. Thgsaa, m(t), Daa, 7 (t)
and alscAaa, T(t) andAaa, m(t) are always zero. In contrast energy is e.gAgy in
direction of the mentor and b&A; in direction of the traineel{aa, m(t), Daa, 7 (1))
partly dissipated. The activated energy must not be ditsijday the TDPA to serve the
functionality of the authority allocation.



3.2 PLACEMENT OF PASSIVITY OBSERVERS AND CONTROLLERS

For the proposed peer-to-peer system three passivity vlrsgtO) and passivity con-
troller (PC, [6]) placements have been studied. Each oftptecements focuses mainly
the passivation of the communication channels. The hagdfithe 3-port as a black-
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Fig. 9. PO/PC system and control units for PF architecture

box surrounded by POs and PCs corresponding to the TDPAdtatr2-Port in the
bilateral system is not possible, since the generated astpdied energy in the system
has to be differentiated by its direction of flow [7].

Channel-PO/PC: One possible placement corresponds to the standardrbil&@/PC
system which encloses only the communication channel. Thtlsee channel-PO/PC
placement one PO/PC system is applied on each of the threénQks trilateral sys-
tem. In contrast to the approach proposed in the followirg placement can also be
implemented using the wave variables technique.

Track-PO/PC: As already suggested in [13] a bilateral network (trackyaunded by
the PO/PC system can include an I-controller (the integralmonent acts on the posi-



tion) besides the CC. In the track-PO/PC placement of tteddral system the authority
allocation is added to the TDPA controlled track in additiothe communication chan-
nel and the corresponding controllers (tragk;, CC, Pl). Thus at each port of the 3-Port
one impedance PC is sufficient to dissipate the energy gexadrathe two tracks in di-
rection to the corresponding device. In Fig. 9 the PO/PCesygbr the track-PO/PC is
depicted. The POs enclose each authority allocation, Rirglber and communication
channel. This is the most general approach since it can biedor all types of control
architectures. In this approach the activity of the AAs nhesbbserved and allowed by
the PC. Stability is guaranteed e.g. by the Routh-Hurwiteiion under neglection of
the time delay. Furthermore the dissipation of the tracksgstems have to be taken
into account since they would obscure the activity of othiisystems. Besides the au-
thority allocation each Pl-controllgrand especially its proportional part as a damper
dissipates the ener@®; np(t) which is calculated analogously to (8). In contrast to the
channel-POPC this activity is dissipated by the PCs whiatilddo a more conservative
but also more robust system. On the other hand the track®@&ables the conjoint
passivation of two tracks leading to one 3-Port terminatidrus not the whole energy
generated by an active CC in one track has to be dissipatduelgotresponding PC if
the CC of the other track is dissipating energy at the same tim

3.3 PASSIVITY PROOF

In this section the mentor’s track-PO/PC system will be exachrepresentativel{?Og
andPO15 observe the positive energy flowing into the tradR®; observes withPOg
the energy injection oA, and with POg the disspation oPl3 in the direction of
the mentor. This holds foPO;3, PO14 and PO;s, AAz andPls in the same way. The
dissipation ofAA; is observed byPOs and PO3. PO3 and PO;, measure the energy
exiting to the mentor. The requirement for passivity of a antp

EE(0) = [ Fa(t(n) + Rt (o) +
+ Fn(T)vm(7)dT + E(0) > 0.

(9)

implies that the amount of energy flowing into the system ghhbr than the one of the
outflowing. The energf (0) which is stored in the system &t 0 has to be respected.
To prove that the mentor’s track-PO/PC passivates the cariwation channels, the
energyEZ"M () and the energfZ " (t) have to be regarde@Z"" (t) is the energy
exiting the tracks at port | (see 9(a))aster; in a passive system. In a active system
the energ;E(fgs’M (t) exits at Port | after dissipation of energy (generated bytrifieks)
through the PC. The passivity of the tracks is secured if ttegy compassed by the
PC functionalityeZ-" (t) is smaller tharE2"™™ (t):

EZ"M(t) —EAM(t) > 0. (10)

obs

The delay-free ener@f""v' which guarantees the passivity of the tracks is given by:

EZ"M(t) = EginT (t) + Aan,T(t) — Daa, 7(t) — Dpi 7 (t)+
+ E17ins(t) +Aang 7 (t) — Dpig s(t) — E2.0ut,m(t).



The in section 3.1 presented calculation of energy germeratid dissipation serves the
observation of the absolute by a subsystem generated gpatiss energy respectively.
If instead of the in- and outflowing power flows the in- and awtfihg energies are
regarded (as in the follwoing for the communication chaptte? overall energy be-
haviour is measured. These differing calculation make ffergince for theAA; since
these network ports have a constant behaviour in each idineatt flow. In contrast for
the Pl-controllers an absolute activity calculation (ggowers) is necessary since they
are at different instants highly dissipating and genegeginergy. Regarding the overall
energy behaviour would lead to an energy storage in the P@yBEm. The PC would
then react firstly on track activity when the storage is digsgked which would result in
instability.

The energ;E(fgs’M (t) (observing the activity o€Cy, CCy4, Pl3 andPlIs) is given by:

Ech (1) = EginT(t—T2) + Aaa, 7(t — T2) — Daa, 7(t) — Dpig 7(t — To)+
+Exzins(t = To) +Aaag (1= Ta) — Dig s(t = Ta) — Ezoum(t).

The PO/PC system designed by tE@rS’M (t) leads to the dissipation of the communi-
cation channels’ and the Pl-controllers’ activiti&s; np(t). To fuffill (10) in terms of
passivity the following inequality must hold:

Since the in- and outflowing energiBg, Equ, activitiesAaa and the dissipation®aa
andDp, are defined to be purely increasing, never decrea&iig - E(t — T,/3)) in-

equality (10) and thus the passivity can be proven. The @/rfeﬁi’g which has to be
dissipated by the mentor®C in the time stefls results in
Ezzﬁ,ﬁ’s“s" (t) = Egin1(t — T2) + Aaa, 7(t — T2) — Daa, 7(t) — Dpiy, 7(t — T2)+
+E17ins(t — T3) + Aang 7 (t — T3) — Dpig s(t — T3) — E20utm (1)

—EZMt—Ts)
The energ)Egit;’sM (t —Ts) is taken into account which has been dissipated by the mentor

PC until the current time stefis. The passivity proof and PO/PC design of trainee and
slave PC is analogous.

4 EXPERIMENTS

In this section experiments analysing the system’s perdioica in dependence of time
delay and authority allocation will be presented. In théofwing the track-PO/PC has
been applied in combination with a position force architeet(PF) on rotatory 1DoF
haptic devices (by SensoDrive) which were connected to a @stem. This hard-
ware was chosen for the masters and the slave likewise. Eoexperiments every
communication channel has been restrained by one uniqeedéatay. The PF control
architecture has been implemented on Matlab/Simulink. @lmg the model by Real-
Time Workshop supported appropriately real-time perfarcgaon a QNX machine.



The system has been tuned to go unstable With 10ms (unique Pl parameters: damp-
ing Bp = 0.06%1, stiffnessKp = 3.500).

In the first experiment (see figure 10(a), 10(c)) the mentetthea full authority Bve =
1). The mentor guides the slave against a wall (timBs 8 5s) marginally penetrat-
ing it. The position plot shows that the slave follows the toerery well. The trainee
though resists the movement. During this resistance tlirees PC dissipates a high
amount of energyHpc). The effect of the authority allocation can be recognizeki
ing at plotF >q (see 10(a))Fig2g is the force sent to the slave from the trainee side.
This force is completely canceled by the ABrg = 0) whereas the mentor’s force
Fis2g is entirely received by the slave. The passivity proof isoaeglished in 10(c)
where it can be seen thEt,; is always smaller tha;,.With Byg = 0.75 the trainee
is assigned a little control in the second experiment asdheesk > confirm (10(b)).
The position following can be analysed in phases of consisteerator movement and
is satisfactory despite the delay of 50ms. The positionrdiagin figure 10(b) shows

N

) T 1= - - Mentor ot pimin
= = - = Traineg SeT
§ 1 é 0.5 — Save
) [
g, E ,
0 2 4 6 8 10 0 2 4 6 8 10
0 T O =memem= e o oo - Ll
572 . B m0.2p e T
i \ & -0af %
-6 B AL E A [ S S SR Tr -
0 U s Clbelbelbelt S06f T T e
0 2 4 6 8 10 0 2 4 6 8 10
0.5 -t
= }‘r‘\\:'.,‘ € 02 " L
\Za oF~ _'f_~":f_"_"_'“_( ______ S N \Za (0] S A LN 1rsﬁi' Nomiesws ;';IPI
& whyrmmTEet S ool T .
w [in d "v’|l
-05 i i i ‘ ;
0 2 4 6 8 10 0 2 4 6 8 10
time(s) time(s)
(a) Performancefiue = 1, Ti = 50ms) (b) Performancefiyg = 0.75, Ty = 50ms)
& 0.04 =~ Ein P § RPN 1
=0.02F I <0.01 i 1
ur m ur /
o) —— o
i i i i 0 47 i i i
0 2 4 6 8 10 0 2 4 6 8 10
time(s) time(s)
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Fig. 10. Performance and Passivity Proof of the track-PO/PC systéttmchannel delay of 50ms
and varying authority allocation in a PF-architecture

that the slave does not stick as much to the mentor as in thefipgriment since it is

also influenced by the triainee’s movement. The passivitpplot (see 10(d)) shows
that the mentor’s PC dissipates too much energy in phasesaoifivergence of the three
device.

In figure 11(a) a shared authority situation is displayeck $lave is now exactly posi-



tioned in the middle of the two operators. The operatorsspityg controllers dissipate
about the same amount of energy.
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Fig. 11. Performance and Passivity Proof of the track-PO/PC systétimyvarying channel delay
and authority allocation in a PF-architecture

In the last experiment the delay was chosen to 200ms per caioation channel. The
position following of the devices is still satisfactory és&1(b)). E.g. from second eight
to nine the operators have the same intention and thus the pasition. The slave’s
position is delayed by approximately 0.2s as expected fdagathe experiments con-
jointly (see 10(a)-11(d)) one can recognize that the amotidissipated energyEec)
increases with the delay since the channel’s activity risesthermore it can be seen
that the PC of the guiding operator (mentor fisg > Brr and vice versa) dissipates
less energy than the one of the trained operator.

5 CONCLUSIONSAND FUTURE RESEARCH

The TDPA has been applied to a trilateral system in a genexic ®hoosing the ad-
equate communication channel and control unit moduls rdiffecontrol architectures
can be implemented in the peer-to-peer system. The expetsrakowed good results
for roundtrip delays up to 200ms. The authority allocatigstem has been optimized
resulting in satisfying position following of the three peeThe PF and the PP control



architecture (which has not been presented in this paperlezady modeled. Those
control architectures concentrate on the training of ttajées. Presenting the force
sensed by the slave device will in the future improve the gption of the slave’s en-
vironment. Therefore another control unit and communicathannel set for the 4Ch
architecture will be developed. The energy behaviour ofitiv@duced authority al-
location and the PI controller was analysed and respectélakirPO/PC design. The
track-PO/PC controlling two tracks conjointly leads to thest robust approach com-
pared to the straight forward appliance of the bilaterainciede PO/PC. Nevertheless
the track-PO/PC conservativity depends strongly on thécehaf PI-controller param-
eters. The applied passivity controllers with impedancesality generate high-frequent
forces. For that reason a technique introducing a virtuassaring system [8] has al-
ready been integrated. This proceeding will in future wdykscompared to the usage
of admittance PCs [6].
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