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Abstract— Despite the substantial progression of autonomous controller guarantees stability of the overall system a& th
driving systems, their application is often limited e.g. due cost of reduced quality of haptic feedback [5], [6]. In order

to safety margins which can be caused by uncertainties in 4 compensate for delay effects to some extent, model-
the environment reconstruction. Then, via teleoperation as a

fallback solution, a human-in-the-loop can be introduced as the med'ateq teleoperation (MMT) has been prOPOSEd [_7]’ where
main decision maker. However, high delay in the communication @ local virtual model of the slave robot and/or its environine
channel distorts the performance of direct force feedback can provide instantaneous force feedback to the operator’s
teleoperation for example in space or disaster scenarios. On commands. The remote slave is controlled by the delayed
the other hand, model-mediated teleoperation can provide user inputs and the virtual model on the master side is
instantaneous and even predictive force feedback to the usdmt . .
the performance is limited due to state mismatches, incomplete updated by the states anq ,the sensor information of t.he
models, model errors and the mode“ng Cha”enges of Comp|ex remote slave robot. The fictitious local force feedback is
wheel-ground contacts. Therefore, in this paper we introduce mostly calculated from repulsive potential fields or stffs

the concept of extended model-mediated teleoperation with a models [8]-[11]. Also, a model-based prediction can be
car like interface for mobile robots by fusing local fictitious integrated to prevent unsafe maneuvers [4], [12]. There are
and remote force feedback, which can be measured, computed ' : .
or fictitious. We provide a method to guarantee stability of the pros and cons to.both, delayed force feedback teleoperation
extended model-mediated teleoperation (involving time delay, @nd MMT. The prior has the force feedback from the remote
multilateral coupling, fictitious force feedback and permanent environment delayed, thus introducing low transparenay du
updates of the local model) based on the passivity theorem. The to control techniques, however, the remote haptic feedisack

benefits of the approach are highlighted by human-in-the-loop 36 accurate and refers to the exact state. Similarly, MMT
experiments with a wheeled mobile robotl ndex Terms— model- '

mediated teleoperation, time delay, force feedback fusion, TDPA might have errors in the local model ,a”‘?' ‘?'epe”d Qn the
delayed state of the remote slave resulting in incorrectibap

cues, especially when they are predictive, but the benefit is
l. INTRODUCTION that the local fictitious force is displayed instantaneypusl
The deployment site of mobile robots is often unstruc- Also, the delayed haptic feedback can contain informa-
tured or narrow due to obstacles. Typical tasks under theien that is often not considered in models, such as the
circumstances are the cleaning of nuclear plants, clearimgound friction causing wheel slip or little obstacles that
of mines or the inspection of underwater structures. In suckere not recognized by the sensors but hinder the wheel
scenarios, a complete autonomous task execution is often mootion. The predictive fictitious force feedback appliedehe
feasible. This is due to the fact that e.g. the scene anaidysisis based on the concept of [4] that does not consider slopes
rough terrain might be incomplete as a result of occlusiond the robot environment. In such setups, haptic feedback
or the safety margins may hinder the autonomous systetalculated from the IMU of the remote slave can support
in passing through narrow canyon-like structures. Thus, the operator’'s perception of the robot dynamics. Regarding
human operator with an input device (master) has to b&ich possible additional haptic cues, a fusion of local and
considered in the control loop in order to teleoperate theemote force feedback seems highly reasonable. The remote
remote robot (slave) in demanding situations that requir®rce feedback can be measured, computed or fictitious, Stil
expert knowledge. Literature even proposes teleoperation permanent remote force feedback may disturb the operator’s
road vehicles in urban areas [1]-[4]. perception, such that e.g. computed force feedback from a
In teleoperation, generally the computed controller forcevelocity controller that is gravely affected by the robatiitia
an interaction force measured by force sensors or a fictitiois not recommended.
force calculated from modeled environments at the slave This paper introduces the concept of extended MMT
side is fed back to the operator to raise his/her feelingshich is based on the recent developments in multilateral
of immersion. However, there is a trade-off between pecontrol as the methodology for passivity-based multikter
formance and stability for large time delays, whereby thésleoperation (MPMT, [13]). That allows the coupling of
1 Michael Panzirsch, Harsimran Singh, Martin Stelzer, Marfin m”'.t'ple agents that Ca.m .be th‘? operator Wlth.the master
Schuster and Christian Oftt are with the Institute for Ramotand d€ViCe, the slave robot in its environment or artificial agen
Mechatronics, German Aerospace Center, Oberpfaffenho@ermany such as modeled robots in a virtual reality. So far, mukilak
m chael . panzi r sch@l r. de . ersigaontrol has been applied for the coupling of stationary
Michael Panzirsch and Manuel Ferre are with the Universidal . . .
Politecnica de Madrid, Centre for Automation and Robotics (CARMJP robots and in swarm robotics [14]_[17]' Here, the field of
CSIC, Madrid, Spain multilateral control applications is extended to the fusad
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systematically analyzed. The elements of a control loop can
Fig. 2. Network Representation of Fcomp Teleoperation Architecture pa presented as n-port subsystems with n ports at which flow
(velocity) and effort (force) variables can be measured as
o . _depicted in Fig. 2. The human and the master are represented
two principle branches of research concepts in teleoperati asAgent A1 and the slave and the environmentgnt A2
The proposed method is reasonable up to at least GOO%%pectively. Applying the TDPA to thE F,,.,,, architecture
round trip-delays (compare telemanipulation experiment Qni0g0us to [20], the control loop can be split up into two
[18]) or even more in the teleoperation of mobile-robotSp,ts The motion demand of the operator is represented by
The challenge in the proposed extended model-mediatgeh fiow sources,, in the circuit of Agent A2 and the effort
teleoperation scheme is the stability proof considering thy,icer,,; introduces the feedback force into the circuit of
dual coupling to the local robot model and the real remotggent Al. The Time Delay Power Networks (TDPN, [20])
robot, the interaction with the virtual reality and the mbderepresenting the communication channels assure the power
updates. . _ ~ consistency of the network ports. The delay as an active

This paper is structur.ed'as foIIow;: .SECIIOH Il eXD|aln%omponem generates energy which can lead to instability.
the functionality and limitations of existing approach&s. This excessive energy can be calculated through the port
Section lll, the considered technical setup is introducegignms in the network representation. The passivity con-
Section IV describes the multilateral coupling and prosideygiers (PC'1, PC'2) dissipate that excessive energy through
the respective stability proofs. Experiments are preseime  \ariable damping. The reader is referred to [20] and [2] fo
Section V and Section VI summerizes the results. more details on the TDPA and TDPN functionality. Note that
the TDPA methodology also allows the feedback of measured
[22] or fictitious forces.

This section presents the principles of the two basic tele- 7o assure stability, the passivity controllgtC'1 varies
operation schemes involving delayed and model-mediatefe force feedback, which is, furthermore, delayed by the
force feedback. The respective control loops and stabidi@a communication channel. Thus, the operator does not receive
methods are presented and the limitations are discussed. perfect haptic cues on the slave’s interaction with its -envi
A. Delayed Force Feedback :ﬁgrcgrot(.:i:)r;vt(z?. other direction of energy floW(C?2 varies

Fig. 1 presents a position-computed force architecture m _

(PFomp) in which the controller force is fed back to the B- Model-Mediated Teleoperation

master device through the communication chaniig] {%). In [7], MMT has been proposed for setups with large
The scalingsa! and B! are the variable damping gains roundtrip-delays. As depicted in the signal flow diagram of
injected by passivity controllers (PC) which are introdiice Fig. 3, the operator receives force feedba@gkirom a virtual

by the Time Domain Passivity Approach (TDPA, [6]) toreality. The model of this virtual environmen¥V ) and
assure the passivity of the communication channel. Thee state of the robot?¢’ within it are updated from the
human operator and the environmeRin) act with a force remote side. The functionality of dampind (later PCYy )

Fj, /. on master and slave device respectively. that assures the passivity of the interaction with the is

Several approaches to guarantee stability despite tindescribed later.
delay, such as the wave variables method [5] or the TDPA, The network representation of this setup (see Fig. 4) shows
are based on the passivity theorem. Via the so-called nktwathat the effort or forcd”s is generated from the model in the
representation [19], the energy behavior of a system can b&r. The TDPN2 subsystem in the slave side circuit rep-

II. PROBLEM DEFINITION



resents the delayed communication. The stability respgcti depicted in Fig. 7. The sum of forces calculated by the left
the interaction with thé/ E' has to be assured additionally. (violet) and right (orange) set of polygons results in a éorc
In [8], the fictitious force of a virtual potential field was that acts against the longitudinal driving command.
fed back to the operator. The system stability was proven The LRU generates the danger map with respect to its
via the Lyapunov approach. However the feedback loop wasrizontal plane without consideration of its own slope.
neglected. An environment model provided a repelling forcélso, the operator’s stereo camera feedback may not provide
feedback in [9], but no stability proof was presented. Alsosufficient information on the slope. Therefore, additional
the predictive approach of [4] was proposed without stabili haptic feedback should be provided to the operator to displa
proof. The authors of [23] applied fictitious force feedbackthe inclination of the rover. The WMR controller force
but it was mentioned that no physically valid networkor the measured wheel torques contain information on the
representation could be found such that no stability proahobility and slope but also on the WMR’s inertia such that
could be presented. The Routh-Hurwitz criterion [24] arel ththe resulting feedback force may be disturbing. Since the
Llewellyn approach [25] are not applicable here since theglope measurement through stereo vision is not accurate, th
are not compatible with passivity-controlled communicati slope can not be well modeled locally in sufficient quality
channels. A method to guarantee passivity of the fictitiouand thus has to be calculated on the remote side. Here, a
force feedback interaction is introduced in Section V. feedback generated from tlid/ U’s gravity vector is applied

In the model-mediated setup, the operator receives hapt@ complement the local model-based feedback.
feedback instantaneously on his current commands to the
slave and may e.g. recognize the effect of his motion demand V. THE PROPOSEDMULTILATERAL CONTROL

earlier than in case of delayed feedback. Still, the model in APPROACH
the VE is affected by errors and the state feedback of the Fig g presents the signal flow diagram of the proposed
robot is delayed. method applied to rate-controlled WMRs. The control loop

N1, TECHNICAL SETUP fuses the delayed feedback forAZ%12 of the IMU and the

) ] local model-based feedback foré&’ ;. Since the longitudi-

A variety of extended model-mediated control schemegg| poF of the WMR is rate controlled, the 2-DoF motion
with position or rate control, different coupling signaisda  command is scaled by! ando? which are denoted by the
model types is feasible. In order to determine the requirele superscript and #. In rate-control teleoperation, the
functionalities in a specific setup, this section introducepnysical interface of the master in the network represimtat
the focused scenario and the respectively required caiplif violated since a master position is translated into are@si
signals as well as the generation of fictitious force feelbacyg|ocity. That means that though the human operator is not

The considered scenario is the teleoperation of a ratgying the master device, a power (resulting from desired
controlled wheeled mobile robot (WMR) that is teleoperatege|ocity and force feedback) is sent to the slave robot. To
at high communication delay (KU Band) in the Kontur-preserve passivity, the r-passivity concept of [28] is @bl
2 setup [26]. The DLR force-feedback joystick (see FigThys, instead of the deflectidiy, of the master input device,
5) serves as the haptic interface to control the DLR lighfhe control variabler,, is sent to the remote plant and the
weight rover unit (LRU, Fig. 6). In order to access the threg,c5| £, The control variabler,, = T8, + Ad,, with
horizontal DoFs of the WMR, here, a car-like interface withpe giagonal matrix\ := diag[\;, \o] € Rrxn > 0 where
curvature and longitudinal velocity command is preferred t)\j > () can be designed to command the longitudinal velocity
a combination of lateral and longitudinal velocity command (,. ) of a WMR andl := diag[y1, 2] € R¥" > 0, where
which allows no rotation without interruptions when using a,, c {1,0} can be set to zero if the correspo_nding DoF is
2-DoF interface. o not rate controlled as the lateral curvature command in this

In case of curvature commands, potential fields can not bgyper. To preserve passivity, the rate control DoFs of afine
applied to generate fictitious force feedback in an intaitiv master device (constant mass matik and no Coriolis and

manner. Therefore, in the proposed’, a predictive method  centrifugal effects) require a local spring damper sysfefi
similar to [4] is applied that considers a curvature polygon

set as depicted in Fig. 7. Note that no model of the slave is MS$,, + Bé,, + K6, = Frg + F), (1)
implemented such that the slave dynamics are not considered , i ) )
locally, but the delayed actual pose of the LRU is considereffit damping B and stifinessK’, the human interaction
in the local E map. The polygons are employed to selec{o¢® £» and the slave’s force feedbadkyp. If the two
values from a local danger map, which is computed b oFs_of the master device pan be regarded as two se_pz_irate 1-
classifying the traversability of the terrain surroundiig DOF linear systemsNf = diag[my,m]), to grant passivity
LRU based on the depth data acquired through its pan/tﬁ’teSplte rate control, the pargmeters for both DoFs=(1,
stereo camera system [27]. The value of the fictitious forc®) N€€d to be chosen according to

is determined from the height values of the obstacles that b > N1 )
overlap with the polygons. The fictitious force feedback is T

calculated such that the left set of polygons (violet) pau  with b; > 0. Thus, the control loop of Fig. 8 involves one
a force pushing the joystick to the right and vice versa decal (P11) and one remote controllei’(2). The scalings
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Fig. 8. Signal Flow Diagram of an Extended Model-Mediatetedperation Architecture for Rate Control with Passivitgrrol

oI and B! represent the passivity controllers’ damping. o o o Ty
and 3! assure the passivity of the communication channel. o o : 6
In the position controlled DoF (curvature in the lateral Human }h MasterlF.. F;B %F”’(EF;B
DoF), the passivity controlle®C2 (5!) can introduce a | 5 o N AR
position drift in r‘jes that can be compensated [29] to some 1 1 on :
extent. Here, we propose to consider the drift on the slave POU | =TT 5
side in the local inputr{<;, to the VE. To match the T
local commanded curvaturé), , to r25, the velocityv 2, Fron IZpn;
dissipated by?C'2 needs to be consideredﬂﬁi,z. Therefore, o ______ |
a local curvature command to theF r{< , results from the Rate Control Agent P

sum of ¥ , and the delayed integral af,C2, over time: _ , o o
? ) Fig. 9. Agent Preserving Passivity in Teleoperation wittteR@ontrol

k
B a(k) = rih o (k) + > vgiSla(i = To). ®)
i=0

A. Network Representation of the Proposed Extended Model-  goyrcefy; that represents the force feedback to the master
Mediated Approach device. Note choosing; = 1 andy; = 0, the RSA can

Fig. 9 introduces the network representation of fxete  be turned into a position control agent for the lateral DoF.
Control Agent (RCA) Al subsystem. The”I1 subsys- The overall network representation of the extended MMT
tem with resistor and capacitor represents the local spriragchitecture for WMRs is depicted in Fig. 10. To fuse the
damper system. The power control unit (PCU, [13]) fuseforce feedback, another PCU module has been introduced.
the forces or power respectively which is exchanged with thBue to the longitudinal rate-control architecture, a REA
master device. Since,, is an artificial signal, a dependentis considered and the scaling subsystesisand o2 are
flow source is necessary to define a physically valid poihtegrated. The circuit aflgent Al is terminated by a virtual
representing the user input in direction to the slave anenvironmentV E and the /MU on the right side. In the
the virtual environments. The flow source introduces energyetwork representation, the position update of equation (3
resulting from the desired rate signals afids. The control can be integrated in th& £ subsystem since th& F is
loop to the master device is closed via the dependent effdreated by the control approach as a black box.
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B. Sability Discussion angledw g and the longitudinal WMR velocity is set by
. : _ ) the controllerP12 which can be designed as a passive spring-
Accor_dmg to [1.9]’ the interconnection of passive n'port?jamper system. Thus, taking into account the generally
results in a passive and thus;-stable system. Therefore, accepted assumption that the operator and the environment
in the following, the passivity of the submodules has to bﬁehave passive in their interaction, the subsystdmsit A2

proven: The RCA_Al subsystem is designed in a PASSV&nd P12 do not disturb the passivity condition of the overall
manner as described above. The valugs, have to be svstem

determined via the r-passivity approach in order to achiev o o
a passive master subsystem according to (2). 3ating The passivity controllePCy 5 (') assures the passivity

Subsystemgl/2 have an intrinsically passive behavior Sincé)f the interaction with the virtual environment despite ralbod
the velocityr;/* as well as the force feedbadk™/? at Updates and discretization. In contrast to the computexefor

m2/ml

the scaling subsystems’ ports are affected by the scaling. Tfeedback in the control of a stationary robotic manipulator
active behavior of théime delay is considered via the TDPN fictitious forces calculated e.g. from a potential field of
and controlled by the TDPAKC1,PC?2). The passivity of 0obstacles in a modeled environment have no physical relatio
power control units has been proven in [13]. to the control fo_rces of the slav_e’s actuator. That means,

In order to guarantee overall stability, the passivity offough the mobile robot is moving e.g. in a planar area
the slave and environment subsystems, the model upd&gAUiring low traction and steering torques, the poterfiexd

via the delayed state feedbaak and the passivity of of a close object_, such as a hill may produce a repelling
the interaction with the virtual environments remain to bd0'ce- Therefore, it has to be assured that the power exehang
analyzed. resulting fromF' ; andr?#, is passive.

The WMR controller sets the desired curvaturer yaw- The PC acts as a variable damper that reduces the fictitious
rate ¢) respectively via the wheel steering angig n;r  forces in case more energy exits at the single port of the
depending on the current longitudinal velocity. Considgri virtual environment than has been introduced in advance. A
the dynamic equations of the bicycle model in terms o$imilar method for passive model update has been introduced
sideslip angle and yaw-rate, the authors of [30] have shown [10], but that concept is limited to the update of stiffses
that the mapdy arr — 4 is strictly passive. The steering modeled in a local virtual environment. In contrast, the-pro



posed approach is applicable to a large variety of feedbackThen, the energy storagey (k) needs to be updated
generation types. since the poweP 2L (k) left the VE

The proposed generation of a fictitious force can result _ LOR LOR
in a non-passive interaction witholtC'. At zero velocity, Evp(k) _EVEI(?IZL_ )+ (};1% (k) + Py (k)
the lateral motion of the master device may lead to an — P (k) — Pyt (k)T

overlap of the polygon area and obstacles in the map. Th‘hrough the dissipation of impedance tygeCy g, the
resulting force feedback is approximately passive sinee thyassivity of the interaction with thé’E and the model
environment acts as a spring. Still, the discretizationhef t ypdate can be assured. Note that the usage of a PC allows a
map, the delay in the force calculation as well as the mod@kxible design of the fictitious force feedback. For example
update may introduce energy into the system. Here, thge fictitious forces can be smoothened by filters inside
model update is realized through the reloading of the dangg{e V£ one-port network without violation of passivity.
map. o . Here, the summation of” , and v%¢_, of equation (3)

Since the longitudinal velocity and the yaw-rate are coug considered in thé/E subsystem without violating the
pled, the DoFs can be considered together in the passivi§gssivity condition since th®Cy ; assures the passivity of
analysis. The fictitious force in the longitudinal DoF isthe vV B subsystem.
always acting against the velocity command such that the |n contrast to thel’ E force feedback, the forcé
power flow is unidirectional and an energy storage can bg not affected by discretization or model updates. Since,
calculated for the VE subsystems. The power output of the addition, the energy exchange with tfhé/U subsystem
VE has to be limited by a passivity controll&Cy i if more s passive, noPC is required for that one-port network.
energy than available is extracted from the energy storag&zonsidering the car-like interface with longitudinal veity

For example, the energy storagé, (k) of the VE , and curvaturex, the passivity of thefl MU subsystem
subsystem of Fig. 10 at time stépcan be calculated as js not obvious. But, analyzing the decoupled interface of

(10)

follows: v, and yaw-ratey) (¢ = kv,), it is clear that no energy
Eyg(k)=Evge(k—1)+ 4 can be introduced by thé MU subsystem that has the
(PL2R(k) + PL2E(K))T, ) energetic behavior of a potential energy storage. Even, the

. o LoR ) initial potential energy which appears if the WMR starts on
W|th sampling '[_lméFs a_nd the pqwe_Pi . flowing from left 5 high place is accounted in the passivity criterion.
to right (L2R) in the first (longitudinal; = 1) and second  The experiment Exp1 serves the validation of the passivity
(lateral,i = 2) DoF control of the virtual environment and its fictitious force
—r# (k)Fri(k) i r? (B)Fpi(k) <0, feedback. As can be seen in Fig. 11, a random motion is
' e # - commanded to the WMR at 800ms roundtrip-delay with pure
0 it vl (k)Fyi(k) > 0. ) . L
’ ' 5 local feedback. Especially in the beginning=£ [0s, 10s]),
®) energy is dissipated by’Cv e (Fpc,1/2) since the virtual
If the sum of desired output powét’*?L (k) = PE2L4 Pfi2L environment including the model update behaves active.

PER () =

in right to left direction R®2L), with Afterward ¢ > 10s), the V E force Ff is not varied by the
. PC. The energy ploErp shows that the passivity controller
# , # ,
PR2L(E) = rmi(K)Era(k) !f Tg,i(k)Ffﬂ(k) =0 assures the passivity of the fictitious force feedback sinee
0 it v, (k) Fyi(k) <0 energy is never negative.
(6)

V. EXPERIMENTS

. PC
violates the storagéy ;(k), the powerP; ;""*(k) has 0 hg following experiments have been performed with the

be dissipated by’Cyy in the ith DoF: DLR LRU and the DLR Force-Feedback Joystick (see Fig. 5
R2L H H H
Pk & (k} Jif Bve(k) - pR2L(} and Fig. 12). The control software has been implemented in
Pyeve (k) { al )ngL(") .f By(k) N PRQL(k) Matlab/Simulink with a simulated constant delay in a UDP
R (k) communication. The scalings, ; and o, ; were set to 4,

with the powerP; that has to be dissipated overall such that the maximum deflection of 20 degrees was mapped
. _ pR2L to 1.4m/s longitudinal velocity. Whereas the scaling -
Fa(k) = Bvp(k)/Ts = PP (K). ™ ando » were chosen as 1.5, such that maximally a curvature
P(fT?VE has to be dissipated by an impedance type PC iof approximately0.5/m could be commanded. Since the
both DoFs. An impedance type PC dissipates energy byjaystick's moment of inertia equal@.0003% andy; = 1,

variation of the fictitious output forcé’: A1 = 10, a damping ofb; = 0.07% and a stiffness of
5o II o ki = 0.12% were chosen.
Fyi(k) = Fri(k) + oy (k) (k) ®) In experiment Exp2, a longitudinal motion is commanded
with to the WMR which is standing on an inclined surface in front
prVE (k) of an obstacle as depicted in Fig. 12. Especially, whenmgivi
(k) = W. (9) downwards, thed MU feedback and the fictitious feedback
T.m,i

might act in opposing directions. Here, the force scalings
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Delay

AR ==y | not show any oscillations which promises a good operating
u performance despite a roundtrip-delay of 400ms. Therefore

the setup can be applied even with a high delay KU-Forward
link with geostationary satellites. Here, we present a pobo
concept in a simplified environment. In case of higher slopes
which are within the maneuverability range of the WMR, the
IMU scaling can be adjusted without violating the passivity
condition.

In experiment EXp3+2 = 0, Ao = 1, by = ky = 0,
Fig. 14) a combined longitudinal and lateral motion was
performed at 800ms roundtrip-delay. The LRU is driving
down a slope and enters a canyon-like structure (compare
Fig. 12). The curvatures!’ andr{<; , are equal, thanks
to the functionality of equation (3). Therefore, the local
VE provides reasonable force feedback in the lateral DoF.
Especially in free motion, thd MU feedback is clearly
perceived by the operator. The force plots in Fig. 14 show
that, as desired, the obstacles are displayed with higher
%riority to the operator. Again, the passivity controlléré’l

Fig. 12. LRU Scenario with Grid Map and Polygon

were designed such thatax(Fy,)/maz(Fiyu.) = 2.
Therefore, the fictitious force feedbad%c’l outweighs the
IMU feedback Frar,1 significantly when coming close
to the obstacle. In addition, a nonlinear, obstacle digan

dependent force weight in th&’fs force generation CanUandPCQ do not seriously disturb the velocity and curvature

be (_:onS|dered. Also, a top view visualization of the LR commands-Ze* and the force feedback'y. The positive
motion and the polygons in the danger map support thg

. . . ... energy plots of the communication channel TDPN2 prove
operator’s awareness of impeding obstacles. The fICtItIOl{ﬁe passivity despite time delay
force feedbackFy,; and the/MU feedbackFyy 1 have '
different signs such that the perception of the obstacle V1. CONCLUSION
throughF ; is constrainedt(= [0s, 30s]). It can be analyzed  In this paper, a concept for extended model-mediated
from Fig. 13 that the operator is pushed away from thé&leoperation of mobile robots incorporating local and aén
obstacle and that thé MU feedback pushes the operatorforce feedback was introduced. Due to the modularity of the
down the slope during standstilt (= 0s). The velocity network representation, the proposed concepts can bedppli
commandr{¢* as well as the force feedbadk-; are not to a variety of fictitious forces and combined with other
heavily affected by the passivity controllefa”'1 and PC2  control architectures involving position or rate controlda
respectively such that the current velocity of the slaye computed or measured force feedback architectures. Also,
is close to the commanded valug€?’. The energies in the the wave variables approach can be used instead of the
passivity controlled TDPN1 and TDPN2 are purely positiveT DPA.
which proofs the passivity of the communication channels. The passivity of the proposed setup was guaranteed via the
The velocity and force signals closing the control loop da@DPA and the r-passivity approach for rate-control teleope
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ation. Furthermore, a new method to guarantee passivity Bf!
fictitious force feedback and permanent model updates has
been proposed and validated. [21]

Experiments showed that stability of the new extended
model-mediated teleoperation scheme could be guarantges
and the fused local and remote force feedback promise a
performance increase. 23]

In future work, the setup should be tested in position
control telemanipulation applications.
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