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Abstract—The increasing application of WMR (Wheeled
Mobile Robots) in many fields has brought new challenges on its
control and teleoperation, two of which are induced by contact
slippage phenomenon between wheel and terrain as well as time
delays in the master-slave communication channel. In the WMR
bilateral tele-driving system, in this paper, the linear velocity of
the slave mobile robot follows the position command from the
haptic master robot while the slippage-induced velocity error is
fed back as a haptic force felt by the human operator. To cope
with the slippage-induced non-passivity and constant time delays,
this paper proposes three methods to design the WMR bilateral
teleoperation system’s controller. An experiment system is set up
with Phantom Premium 1.5A haptic device as the master robot
and a simulation platform of WMR as the slave robot.
Experiments with the proposed methods demonstrate that they
can result in a stable WMR bilateral tele-driving system under
wheel’s slippage and constant time-delays.

Index Terms—kinematic control, longitudinal slippage, teleoperation,

time delay, wheeled mobile robots.

I. INTRODUCTION

N recent years, the increasing interest in wheeled mobile

robots (WMR)-based planetary exploration has attracted
much attention to the contact slippage phenomenon between
wheel and terrain, which can induce a linear velocity difference
for the base of the WMR comparing with its desired input
commands [1-5]. The existing slippage has brought new
challenges for the WMR haptic bilateral teleoperation, which is
rarely treated by researchers. In this paper, we will research the
WMR bilateral teleoperation with a constant time-delay and
wheel’s existing slippage. It’s known that the time delay
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existing in communication channel can not only degrade the
operator’s performance, but also destabilize the tele-robotic
systems as the communication channel is non-passive even
in the presence of small time delays [6, 7]. Especially, in the
field of space exploration [8-10], the bilateral teleoperation
control with time delays has been widely applied [11, 12].
Many control algorithms have been proposed in order to
compensate for the time delay’s influence in a teleoperation
system by the researchers [13-16], most of which are developed
from the perspective of passivity. Based on the passivity theory,
Anderson and Spong [14] proposed scattering schemes, and
Neimeyer and Slotine proposed the wave transformation
algorithms for the two-port network [15, 16].

In terms of WMR’s bilateral teleoperation, two
kinematics-related challenges exist compared with the
teleoperation of the other kinds of robots [17]: one is the
mismatched workspace (the master’s workspace is always
restricted while the slave WMR’s is relatively unlimited)
[18-20]; another challenge is caused by non-holonomic
constraints that limit the directions of WMR permissible
motions [21]. Generally, the above are studied with the ideal
assumption of wheel’s pure rolling (no slippage); although
many works have been done in terms of WMR tele-driving, its
teleoperation on a slippery terrain with slippage is rarely
involved. In this paper, the workspace mismatch, surface
slippage and the constant time delay will be tackled
simultaneously in the WMR bilateral teleoperation system.
Since we consider a two-wheeled mobile robot that travels
linearly without any rotation, non-holonomic constraints are
not applied in this paper, which has been discussed in the
previous research [22].

In our previous research [22, 23], we have shown that
wheel-terrain interaction induced by the slippage can be
modeled as environment termination (ET) of the slave WMR in
a bilateral tele-driving system. Interestingly, we revealed that
the slippage fluctuations can potentially induce the ET to
present a non-passive behavior, which can destabilize the
WMR teleoperation system. To overcome the communication
delay, wave transformations are utilized. Different stability
analyses are then conducted for the closed-loop teleoperation
system.

The rest of this paper is organized as follows: In Sec. Il, the
WMR’s kinematic model in case of a slippage, which acts as
the slave robot, is presented, and a one-DOF (Degree of
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Freedom) joint robot is introduced as the master robot. In Sec.
I11, three methods are proposed to design the WMR bilateral
tele-driving system in the presence of ET’s non-passivity and
constant time delays. In Sec. IV, experiments of the proposed
methods are done to validate the closed-loop tele-driving

system’s stability and performance under a constant time-delay.

Sec. V gives the concluding remarks and future work.

Il. TELE-DRIVING OF AWMR WITH SLIPPAGE

A. WMR’s Kinematic Model with Slippage

In this paper, a two-wheel actuated mobile robot is
researched as Fig. 1(a) shows. Two back wheels are driven

respectively by two motors and the front wheel is free of motion.

It is assumed that the WMR has no rotation and, therefore,
WMR’s non-holonomic constraints are not considered here.
While the WMR is moving on a soft/soil terrain, due to the
limited friction forces and possible opposing external forces,
the wheel’s linear velocity v is no longer equal to the wheel’s
angular velocity « times the wheel’s radius r. Instead,
longitudinal slippage S appears at the surface between the
wheel and the terrain [5]:

5 {(ra)—v)/v (w#0)

0 (w=0) " )

Here, it means that the WMR is stuck and uncontrollable in
practice if v=0 and w70, which is not considered in this paper.
Therefore, this paper mainly deals with the cases with a
continuous fluctuating slippage as the upper equation in (1)
shows.

(a) A two-wheeled WMR.

Vg VeErr

(b) Simplified WMR’s kinematic model with slippage.
Fig. 1. WMR’s kinematic model and control with slippage.

As a result, the traditional embedded motor’s angular
velocity controller cannot present good tracking performance
for the WMR’s velocity under wheel’s slippage influence. In
[22], an embedded angular acceleration-level controller for the
motors is proposed and presented as shown in Fig. 1(b), which
works to compensating for the difference (vg,) of the command
velocity (vq) and the actual velocity (v) for the WMR. Here, a

unity transfer function from @, to @ is assumed in kinematics.

The WMR kinematic model in the presence of slippage is given
as (2), which connects the wheel’s angular acceleration and the
WMR’s linear acceleration. By differentiating
Sv=rw-v obtained from (1) as [22] did, we can obtain

r a‘)—l(sws;v) =V. )
r
slippage model

Note that S and S are both time-varying functions.

In Fig. 1(b), a4 is a desired linear acceleration for the WMR
decided by the linear velocity error, which is then transferred to
the motor’s angular acceleration-level controller. The detailed
explanation can be referred in the reference [22].

B. Slave Robot’s Model

From the definition of the wheel’s slippage in (1), the
slippage looks only to be influenced by the WMR’s states
including the WMR’s linear velocity and wheel’s angular
velocity. In practice, the generated slippage magnitude on a soft
terrain is not decided by these states, but mostly by the
WNMR/terrain interaction’s characteristics. With the WMR in
Part A acting as a slave robot of a bilateral teleoperation system,
the wheel/terrain interaction decided by the terrain-dependent
slippage can be modeled as the “environment termination” (ET)
with which the slave robot interacts.

Defining the slave WMR’s linear velocity v, the control
input us = a4 and the environment interaction force J, by means
of (2), the kinematic model of the slave WMR under a slippage
case can be given as

V, =U; =0, , 3)

where g, (t) =S (t)v, (t)+S(t)v,(t)

Here, we only care about the case of re>v in (1),
corresponding to S >0, which means that the slippage causes a
reduction on the WMR’s linear velocity. It is also assumed that
the slippage’s changing rate is limited with S, <S <, where
S, and S, are practically decided by the wheel’s states and the
WMR/terrain contact characteristics.

Equation (3) provides a simplified model of the WMR with
slippage as a slave robot interacting with a soft terrain. In (3),
the environment interaction J, is assumed to be an equivalent
external force applied on the WMR, and represents a
generalization of the terrain-dependent slippage-induced force.
Our previous research [22] has given the following property to
determine the degree of the activity of the ET sub-system in (3).

Property 1 The environment termination in (3), when S is
negative, is input non-passive (INP) with a shortage of
passivity (SOP) of —0.5S, .

Proof: With the input vy(t) and the output J(t), the ET

sub-system in (3) satisfies the following inequality for all vs(t)
and T>0:

[ 8. (t)v, (t)dt = [ v, (£)(S (1), () + S (), (t)
1

:v(T)_v(o)+§j;s'(t)vs(t)vs(t)dt )

Z,
el 2.,

> —V(0)+%S’L (v, (v (b,

SOP
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where V(t)=%S(t)v§(t)20 since it is assumed that

S(t)> 0. Equation (4) shows that the ET is an INP system with
aworst SOP of —0.5S, [32,34], when S is negative.

C. Master Robot’s Model

In this paper, a one-DOF robot is considered as the master
robot, whose dynamics can be described as

Mmqm+qum =z-m—i_z-h’ (5)

where, M, and B, are the robot’s mass and damping coefficient,
gm IS the joint position of the robot, 7, and 7, are the torques
respectively acted by the motor and the human operator.

In the traditional non-mobile robot bilateral teleoperation
systems, the velocities and/or positions of the master robot and
the slave robot are always synchronized. As the above analysis,
due to the WMR’s unlimited workspace, while tele-driving a
WMR, the DOF’s mapping between the master’s position g,
and the slave’s velocity vy is more appropriate. Following the
works [17, 22], a new variable r, =14, +q, (0<A<1)is
used instead of g, as a velocity command; then, the problem
will require coordinating r,, and v; (the scaling factor is setas 1).
Obviously, when 1 and/or ¢, is small enough, an approximate
mapping of position-velocity (g, ~ v, ) can be achieved.

In order to map ry, and v, the motor’s controller z, in (5) is
designed as z,, =7, +7, , which consists of a local controller

7, and a term 7, that will be discussed in Sec. 1. Following
the previous work in [22], the local controller is designed as

*

7, =—B,q, in this paper, so that the master robot’s dynamic

m

model (5) becomes as (6) with ry, as system state

M F =T +7,, (6)

m

m -

_ M
where M =M _ /4, and B, = /1”‘ -B

As [17, 22, 31] presented, the human operator has the ability
to adjust his/her impedance to guarantee the human
termination’s passivity when it is augmented with the above
introduced position/velocity mapping. In practice, the human
operator can automatically regulate the relaxation degree of the
arm’s joints and muscle based on the tasks, so that the arm’s
impedance cannot generate unexpected energy but only
dissipate the energy. This is what happens every time a human
interacts with a robot through touch — the human does not take
any action to destabilize the robot. The human keeps the system
stable by modulating his/her hand impedance, which is related
to the excess of passivity of the hand.

I1l. MAIN RESULTS

The WMR’s bilateral tele-driving system under a constant
time-delay can be modeled as Fig. 2(a). MCU encompasses the
master and its controller. SCU consists of the slave and its
controller. HT is the human termination, ET is the environment
termination, and CC is the communication channel. The signals
in Fig. 2(a) will be defined later. In order to design a stabilizing

controller for this teleoperation system, the potentially
non-passive  ET and the time delay existing in the
communication channel need to be taken into account. Below,
three different approaches to stabilization and stability analysis
are presented.

By the above-described passivity analysis of the ET in (4),
the WMR bilateral tele-driving system with an active ET can be
described as in Fig. 2(b). The “WMR Tele-driving System”
block encompasses the MSU, the SCU, and the CC. Outside the
dashed box reside the human impedance augmented with the
position-to-velocity mapping, which is assumed passive, as
well as the passive component of the environment termination.
The part of the ET’s impedance inside the dashed box is active,

since the ET may show an SOP of ¢, based on (4) (¢, = —0.58'L )
which is included and designed in the teleoperation system’s

model.
_ I'm 'm Vsd | Vs |
HT MCU cC SCU ET

N < fmd

(a) Scheme of WMR’s bilateral teleoperation under constant time-delay.

Teleoperator

WMR
Tele-driving
System

(b) WMR’s tele-driving system with passivity compensation.
Fig. 2. WMR’s tele-driving system with constant time-delay.

In this paper, for the proposed bilateral tele-driving system
with the master robot (6) and the slave robot (3), its impedance
matrix of the two-port network inside the dashed box in Fig. 2(b)
can be modeled as

Th _ Z11 Z12 I 7
5_'9 - ZZl Zzz =V ’ ()

where &, =6, +&,V, .
A. Method I: Llewellyn’s criterion without compensation for

the communication time delay

The two PD-like controllers for the master and the slave
robots in Fig. 3(a) are designed as

U (t) =G, (rm (t_Tl)_Vs (t))_ K,V (t)

P-Controller D-Controller (8)
D-Controller

P-Controller

7, =—-—C, (I’m (t—Tl _Tz)_vs (t_TZ ))_ Kn T (t)

m

The above control laws are inspired by damping-injection
control used for delay compensation in nonlinear teleoperation
system [25] but have the following difference. The P term
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involves the difference between the master and slave positions
as it needs to be driven to zero. The D term is meant to dissipate
energy typically involves the robot’s velocity. In the WMR
bilateral tele-driving system, the coordination is desired to
happen between ry, and v.. Thus, the P term in (8) is designed
based on this coordination. Also, the D term in the slave
controller involves the slave robot’s velocity, but that in the
master controller involves ry,.

For the two-port network of the teleoperator shown in Fig.
3(a), its impedance matrix can be written as

T | M, s+Ce ™ 1K,
J, ce™

e

C e*Tzs rm
" -9
s+C +K,—¢&, || Vs

In order to maintain the bilateral tele-driving system’s
stability, according to Lemma 1(see Appendix), the following
conditions should be met:

Re(z,)=K, +C,cos(T,o+T,w)>0
Re(z,)=K,+C,—¢,20

2Re(Z,,)(Re(Z,,) — &, )~ Re(Z,,Z,,) — 21,2, -
=2(C, cos(Tw+T,0)+K, )(C,+K —&,)-
C.C, cos(T,w+T,w)-C,C, >0

s—m —

(10)

By simplifying (10), the following conditions are obtained:
K, =C,
K, =g,
C, C, >0

11)

From the stability conditions (10), non-zero communication
time delays (T; and T,) directly affects the stability condition
and makes it more restrictive. Therefore, we then propose the
second method described below to try to eliminate the time
delay’s influence on the absolute stability conditions by using
wave transformations.

B. Method II: Llewellyn’s criterion + wave transformation

In a teleoperation system, the time delay existing in the
communication channel is a source of non-passivity in the
system, which can cause instability. To compensate for it, the
wave transformation has been widely used in the bilateral
teleoperation literature. Through presenting a modification or
extension to the communication channel using wave
variables, from the perspective of passivity, wave
transformation creates robustness to arbitrary time delays
[11]. Here, the wave transformation is employed to eliminate
the non-passivity caused by the time delay in the
communication channel (Fig. 3(b)) and then Lemma 1 is used
to guarantee the stability of the overall system.

As [16] presents, the wave transformations for the two sides
of the communication channel are implemented as

Um(t):%( 4 (6)+br, (1)) o

V.(0)= 5 (1.0 +bv (1)

{us<t)=um<t—m .

Va()=V(t-T.)

Combining (12) and (13), we can get the inputs and outputs
of the two-port network representing the communication
channel including the wave transformation as

fa(t)= EUmt—th ,rmtzw
(1)= 2 (U, (0 -V, (1) ()LHJV%t “
(0= (U0 -V, (1) () = L

Combining (13) and (14), it is easy to prove that the two-port
network representing the communication channel (with an
initial energy of zero) is passive:

E()=[(f0 (2)1(2) - £,(0)Vs (7)) d2

:%_[;(U;Um—VmTVm—USTUS+VSTVS)dr . (15)

_ %( L utudee | 'JZVJVSdT) >0
We can also obtain (16) by combining (12), (13) and (14):
foa (1) = £ (t=To) +b (1 (t) =V (t-T5))
Vi (0 =5, (=T 4 (Fag(=T) = £,(1)

where the feedback force from the slave robot is the force
caused by the difference between the desired velocity and

actual velocity, f,(t)=C, (v, (t)-V,(t)). The controllers
for the master and slave robots are designed as

{us (t) =G (Vsd (t)_vs (t))_ KV (t) _
7y (1) == T (1) = Kyt (1)

With the wave transformation, the communication channel is
passive as shown in (15). Then, we employ Lemma 1 below to
design the whole bilateral teleoperation system. Combining (16)
and (17), the impedance matrix of the teleoperation system in
Fig. 3(b) can be written as

T M, s+K,+Z,, Z.. r
= ., (18)
) VA Mss+K,—¢, +Z || -V,

e sm

(16)

(17)

where

C,e ™ ™* 1h+C, —be (P 2C.e ™
me = ' ms = !
st st
2C 7" C, (1+ e_(T1+TZ)S)
ZSm = : 1 Ss = 1
YA YA

sd sd

C. 1. T+ C
st =1-""mg (T1+T)s +e (Ty+T,)s +=m
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According to Lemma 1, to maintain the absolute stability of
(18), the following conditions should be met:
2b’C,,

Re(Z.) = (b®+C,7)+(b*=C,)cos((T,+T,) @) K20

b°C, (1+cos((T,+T,)w))
(b*+C,7)+(b*~C,2)cos((T,+T,) )

Re(Z,)= +K,-£,20; (19)

2 Re(zn) Re(Z,,) -Re(Z,Z,,) _‘212221‘
8C. C b‘cosz(w]
2 >0.

[(b2 +C,7)+(b*~C,?)eos((T, +T2)a))T B

=2Re(Z,,)Re(Z,,) -

By simplification of the above conditions, the absolute
stability conditions for (18) are

K,=>0
K, =g,
C, C, >0

(20)

A comparison between the conditions (11) and (20) shows
that the wave transformation eliminates the influence of the
time delay on the absolute stability conditions. In the first two
conditions in (20), the denominator is always positive for any
value of T, and T, and the same is true for the numerator of the
second condition. This means that employing wave
transformations have alleviated the adverse influence of time
delay on the stability.

C. Method Ill: Passivity analysis + wave transformation

Method Il can give an absolute stability condition, but lots of
computation is introduced to the impedance matrix (18) due to
the presence of the wave transformations. A more direct but
more conservative method is to guarantee the passivity of each
of the HT, MCU, CC, SCU and ET such that the end-to-end
WMR’s bilateral tele-driving system will be passive and
therefore stable. Equation (15) proved that the communication
channel with the wave transformation is passive. The
controllers for the master and slave robots as designed in (17)
for Method Il are again used here. In order to guarantee the
passivity of the MCU and SCU, the controller parameters are
designed via the following process.

1) MCU and HT

HT is assumed to be passive [31] in this paper. The MCU can
be simplified as a one-port network in Fig. 3(c).

The input-output relationship for this one-port network is

Ty + fog = Zucu T (21)
where Z,,., =M, s+K, .

To make this network passive, we need to design the
controller of the master robot so that

Re(Zyey )= K, >0. (22)

2) SCU and Modified ET

As the analysis in Sec. 11, the ET is potentially non-passive,
and we have decomposed the ET into a passive part and an
active part. Since we have included the potential active part of

the ET into the SCU to design the related controllers, the
modified ET shown in Fig. 3(d) is passive, which is easy to
prove based on (4) because &, corresponds to the worst case of
the ET. The SCU can be described as a two-port network shown
inside the left dashed box in Fig. 3(d). The modified ET can be
described as the one-port network shown inside the right
dashed box in Fig. 3(d).

Then, the transfer function of the SCU two-port network can
be described as

S
-V
3 m “l=Zeo| | (23)
Vg s+K,-¢, 1 s+C,+K,—¢, || f, f
C

To make this two-port network passive, by Lemma 2 (see
Appendix), we need to design Zscy to be positive real.
Therefore, by Definition 1 (see Appendix), (23) should meet
the following conditions:

(1) Poles of all elements of Zscy(s) are in Re[s] <0, requiring

Re(poles) = -(K, -¢,)<0. (24)

(2) For all real ® for which jo is not a pole of any element of
Zscy(s), the matrix Zy, (jo)+Z, (—jo) is positive
semi-definite for all R . We have

Zsey (jw)"'stcu (7](0) =

(c, c,
2K, -2 Ja)[c——ll—(Ks—ge)[C +1j
(Ks—g(,l)2+a)2 (Ks—é‘e)z-#a)2

. (C C (C +K. -¢ )(K —g) w?
— —s _1|—-(K - s 41 s s e s e -
Jw[cm J (K, g")[c +j 2 +2C

C

m m m

L (Ks_ge)z+w2 (Ks_ge)2+w2 i
which is positive semi-definite if its leading principal minors
are all non-negative:

1*-order principal minor:

2(K,-¢&,)=0; (25)
2"order principal minor:
2
[4(KS *Ee) _[CS_IJ sz+
o Cn
(26)

C

m

[“CdKS_E&XKS_Ee)Z—<Ks—se>2[§5*J]ZO.

By solving the conditions (24)-(26), the following conditions
are obtained:

K, >¢,
C,,C,>0 . 7)
2
4(Ks—ge)2 &_1
Cm Cm

Table 1 gives the comparison of the above three methods.
From this table, it can be seen that Method | needs the
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teleoperator’s controller to compensate for the time-delay’s
non-passivity, and the stability conditions are conservative
owing to the time-delay. With the wave transformation to
compensate for the time-delay, comparing Methods Il and 1iI,

we found that Method Il is less conservative but involves
lengthier calculations. Method 111 is more direct and easier but
results in conservative stability conditions.

HT MCU CcC ! SCU ¢ ET
(a) Bilateral tele-driving control of WMR with controllers (16).
b b 1 U Us ! Vsd
Vb P Ty I
|
|
|
CcC | \ 4
| | Cn
|
|
V, V. f
\/% m -I—2 4 S I S
Wave Transformation cc Wave Transformation:

(b) WMR’s bilateral tele-driving scheme with wave transformation.

SCU Modified ET
(c) Network of MCU and HT. (d) Network of SCU and ET.
Fig. 3. Controller design of WMR tele-driving system with time-delay.
TABLE 1 Comparison of these three methods.
Method Comp?nsatlon for_tl_me Compensatlon_ fpr ET’s Teleoperfitlon stability Comple_xny Stability condition
delay’s non-passivity non-passivity analysis approach of design

| By controller design
1l By wave transformations
11 By wave transformations

Including it into the teleoperator
Including it into the teleoperator
Including it into the teleoperator

Llewellyn’s criterion Less Conservative
Llewellyn’s criterion More Less conservative
Passivity guarantee Less Conservative

IV. CASE STUDIES

In the following experimental cases, the bilateral tele-driving
of a virtual WMR on a soft terrain with slippage is considered
under constant communication time-delay. Overwhelming
literatures show that the wheel’s slippage is influenced mainly
by soil’s mechanical parameters (e.g., friction angle) [26] and
the terrain’s geometric parameters (e.g., slope angle). In this
section, a virtual terrain that can give rise to a certain shortage

of passivity is created as the environment termination, and a
series of semi-physical experiments is done to validate the
proposed methods of the WMR bilateral tele-driving under
longitudinal slippage and constant time-delay.

A. Experimental Setup

To validate the theoretical findings in this paper, following
experiments are done with a Phantom Premium 1.5A haptic
device (as the master robot) and ROSTDyn (as the slave robot).



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

1) Master Robot and Human Operator

In our WMR’s tele-driving experimental system (Fig. 4(a)),
the master robot is a Phantom Premium 1.5A haptic device
(Geomagic Inc., Wilmington, MA, USA) (Fig. 4(b)), and the
slave robot (WMR) is a WMR’s dynamic simulation platform
specially for a soft terrain named ROSTDyn which was
developed by the authors [27], and the communication channel
between the master site and the slave site is implemented by
using a local area network (LAN). As the WMR only travels
straightly, the first joint g; of the Phantom is used as the
commands and the other two joints are locked by a high gain
position controller (g,=q5=0). Based on the works in [28], the
Phantom’s inertia is My,=0.0035kg-m?. In (6), A=0.1 and
B.,=-0.035kg-m?.s™.

In the following experiments, based on (6), the torque acting
on the Phantom from the human operator can be estimated as

7, =M,r, -7, . (28)
Human Environ-
Operator -ment

Master Slave
Robot Robot
PRLEI LLER LN S
Human praniom cc ROSTDyn Modified
Terminati + with/without + Environment
ermination | fma WT fs | Controller | vs | Termination
% Controller

(a) Experimental scheme of WMR bilateral tele-driving system.

(b) The master Phantom 1.5A robot.
Fig. 4. Experiment platform setup of WMR bilateral tele-driving system.

2) Slave Robot and Environment

In our experimental system, ROSTDyn is used as the slave
robot, which is developed based on Vortex software (CMLabs,
Montreal, Canada) and the wheel-terrain interaction model on
the soft terrains. ROSTDyn can realize a real-time simulation
with good fidelity [27]. In this simulation platform, the wheel’s
slippage fidelity has been validated by experiments, so it can be
used for simulating a slave WMR with slippage. The
terramechanics model between the wheel and the terrain used in
ROSTDyn is given as:

Fy =rbo, A+ rbr, B=AX + BY
Fop = bz, A—rbo, B=AY - BX ,
Mg =r?b(8, - 6,)z,,/2=rCY

(29)

cosé, —cosd, cosd, —cosh

where A= + '
6, -6, 6,-6,
ing. —sino in@. —siné.
_sinG, —sind, , sinfy —sin L= (6,-0,)12;
6, -6, 6 -0,

X =rboy,,; Y=rbr,;

r, = E(c+o,tang) ; o, = K" (cosd, —cosg)";
E =1-exp{-r[(6,-6,,)—(1-s)(sing, —sing, )]/ K};
Ke=K./b+K,; N=ny+ns.

In (29), Fyis the normal force, Fpp is the drawbar pull force,
and Mg, is the moment generated by the interaction between the
wheel and the terrain, s is the wheel’s slippage and ¢ is the
internal friction angle, which is decided by the terrain’s
characteristics in practice. The other parameters are defined in
[27]. Different from the kinematic model (3) of the WMR, this
model describes a dynamic interaction between the wheel and
the terrain, which models the interaction force/torque
influenced by the slippage.

The terrain has a slope with an angle of 15°, and its size is
10m (x)x10m (y). The most sensitive parameter ¢ in (29) to the
wheel’s slippage [29] is set as a position-varying function. The
following parameters can induce the terrain physically become
harder as the WMR moves forward:

1.35 (8.1< x <10)
¢=406+0.15(x-3.1) (3.1<x<81). (30)
0.6 (0<x<3.1)

Here, x is the WMR’s position. While climbing a sloped
terrain, the bigger the ¢ is, the smaller the slippage is, so that a

negative S appears while S is positive, which can then make
the ET potentially non-passive. In addition, as (3) shows, the
output force of the environment termination is varying due to
the fact that the slippage varies and the WMR'’s states change.

In addition, the time delay is implemented by using a
software buffer. The forward time delay is set at 2s and the
backward time delay is set at 3s. For the wave transformation,
the parameter b in Fig. 3(b) is set at 1 considering the tasks of
the slave robot and the environment. In the experiments, the
energy of the environment termination is calculated based on its
input vs and output Je.

B. Experiments with Method |

To validate Method I, the controller parameters are set to be
Case l: C, =15, C, =10, K, =3, K, =0.0 (violating (11));
Case ll: C,, =10, C, =10, K, =10.5, K, =1.0 (meeting (11)).

The experimental results are shown in Fig. 5 (Case I) and Fig.
6 (Case Il). The position-velocity plots of the experiments in
Case | (Fig. 5(a)) (such a scenario may be encountered in an
unknown terrain) show that the teleoperation system with Case
| is unstable (fast fluctuations), which is to be expected since
Case | violates the stability conditions (11). As Fig. 5(c) shows,
the ET is non-passive due to the slippage shown in Fig. 5(b). In
Case |, the CC’s non-passivity can also cause the system’s
instability, which was predicted in Sec. Ill. Obviously, in this
case, the operator cannot maintain the position-velocity
coordination well, and fully loses the control to the slave WMR
instead of feeling a fluctuating feedback force (Fig. 5(d)).

With Case Il (such a scenario will be encountered in a known
terrain, and the slippage can be tested or estimated), the ET’s
non-passivity has been fully compensated for (Fig. 6(c)). In
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Case 11, the controller parameters satisfy (11), resulting in a
stable system (Fig. 6(a)). Note that it was reasonable to set K
(and &) at 1.0 based on Fig. 6(b) and the calculation of

g, =-0.5S, . The position-velocity coordination is tracked

with each other well (Fig. 6(a)), which means that the human

operator can control the slave’s velocity by the commands at a

desired level. Note that the force tracking performance (Fig.

6(d)) is undermined by the D-term, which was used to ensure

stability despite time delays.

From the above results, we can obtained:

(1) The communication time-delay will induce the system’s
instability, which can be effectively compensated for by the
designed D controller.

(2) The ET’s non-passivity is also one unstable factor for the
system, which can be eliminated by its SOP.

(3) The conditions given by Method | are conservative and

transparency is poor due to the conservative D-term.
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Fig. 6. Experiment results with Case II.

C. Experiments with Method Il and Method 111

In the experiments of the WMR bilateral tele-driving with
wave transformation to validate the stability conditions
obtained by Method Il and 111, a set of the controller parameters
are designed:

Case I: C, =10, C, =10, K, =0.0 (violating the stability
conditions of Method Il or Method I11);

Case II: C, =10, C, =10, K, =1.0 (meeting the stability
conditions of Method Il and Method 111);

Case IlI: C, =10, C, =15, K, =1.0 (meeting the stability
conditions of Method I, but not for Method I11).

Note that the stability conditions of Method Il are given by
(20) while those for Method 111 are given by (27).

The experiment results are shown in Fig. 7-9. The
position-velocity plots of the experiments in Case | (Fig. 7(a))
(such a scenario may be encountered in an unknown terrain
while time-delay is known) show that the teleoperation system
with Case | is unstable, since Case | violates the stability
conditions of Method Il and Ill. As Fig. 7(c) shows, the ET is
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non-passive due to the slippage profile of Fig. 7(b). As a result,
the position-velocity coordination is not tracked well and the
operator cannot tele-drive the slave WMR on a desired level
while he/she feels a fluctuating feedback force (Fig. 7(d)).
With Case Il (such a scenario may be encountered in a
known terrain while passivity and Llewellyn’s criterion are
considered at the same time), the termination’s non-passivity is
fully compensated for by the modified ET (Fig. 8(c)), and the
controller parameters are within the stability conditions of
Methods Il and 111, which results in a stable tele-driving system
(Fig. 8(a) shows the results for both Methods Il and I11; note
that these are two different stability analysis methods for the
same control laws (17)). Note that it was reasonable to set K
(and &) at 1.0 based on Fig. 8(b) and the calculation of

g, =-0.5S_ . The slave’s velocity tracks with the master’s

position well (Fig. 8(a)), which means that the human operator
can tele-drive the slave’s velocity under the proposed scheme.
The force tracking performance is also good as Fig. 8(d) shows.
With Case Il (such a scenario may be encountered in a
known terrain while only Llewellyn’s criterion is considered),
the experiment results (Fig. 9) are similar with the Case Il. This
shows that Method Il is more conservative than Method II.
Note that the controllers chosen in Case Il met the stability
conditions of Method Il but not those for Method I11.
From the above results, the following conclusions are
obtained:
(1) The wave transformation is effective to compensate for the
time-delay.
(2) The conditions given by Method I1l are more conservative
than that obtained from Method II.
(3) The force transparency is improved comparing with
Method I, which means the human operator can feel the
environment correctly (7, = ¢, ), while it is limited by the

D-term for the stability in Method I.

Besides of the above experiments, some sets of different
controller parameters and different slippage parameters were
also studied to validate the proposed controllers. In all
experiments, it was found that under the proposed stability
conditions, the WMR tele-driving system is stable while the
performance may not always be ideal. Therefore, it is necessary
to optimize the controller parameters for an ideal velocity
tracking performance and force feedback transparency.

In summary, from the experiment results, it is seen that the
proposed methods in this paper can be used to design a stable
bilateral teleoperation system with non-passive terminals and a
constant time delay. With the proposed controllers, as the
experimental results show, the slave WMR can track the
master commands well, and the experienced WMR’s
velocity loss associated with a traditional velocity controller
caused by the wheel’s slippage is effectively compensated
for with the presented acceleration-level controller of the
motor, as well the system’s stability is guaranteed. However,
since in this paper, the communication channel’s
non-passivity/instability is compensated for by a D-term
controller or wave transformation as well as the ET’s, the
system’s transparency will become not so ideal. On a

measureable system, the time-domain passivity controller [33]
may be a better choice, which will be researched in the future.
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V. CONCLUSION

Three methods for haptic tele-driving control of a WMR with
constant time delays and non-passive environment termination
are proposed in this paper. In WMR tele-driving, we show that
the WMR/terrain slippage may induce ET non-passivity. In
such a tele-driving system, the WMR’s (linear) velocity follows
the master robot’s position, and the force feedback felt by the
human operator is related to the difference between the
commanded velocity and the actual velocity of the WMR. We
propose three methods to design the WMR’s tele-driving
system with the ET’s non-passivity as well as the constant time
delay thorough Llewellyn’s criterion and a passivity-based
criterion with and without the wave transformation. Another
consideration in this work is that the WMR controller is a
kinematic controller, which is the case for most of the available
mobile robots. Lastly, the proposed methods are validated by a
series of experiments.

In the future, considering a more practical tele-driving task,
the influence of the WMR’s rotation and the communication
time-varying delays on its tele-driving will be researched.
Additionally, although the position-velocity coordination is
more effective to tele-drive a WMR, the position-position
coordination should also be considered for a more precise task
with challenging issues of non-holonomic constraint and wheel

slippage.

APPENDIX

Lemma 1 (Llewellyn’s criterion [24]) The two-port network (7)

is absolutely stable (i.e., the overall system is

bounded-input/bounded output stable assuming the passivity of

both terminations) if and only if

(1) Z11(s) and Zx(s) have no poles in the right half plane;

(2) Any poles of Z3;(s) and Z,,(s) on the imaginary axis are
simple with real and positive residues;

(3) Fors=jw and all real values of w:

Re(Z,,) >0

Re(Z,,) =0

2 Re(zu) Re(zzz) - Re(212ZZl) - |lezzl| 20
Lemma 2 [30] The LTI minimum realizatioh
X=Ax+Bu

y =Cx+ Du

with G(s)=C(sl -A)'B+D is

(1) passive if G(s) is positive real;

(2) strictly passive if G(s) is strictly positive real.

Definition 1 [30] An nxn proper rational transfer function
matrix G(s) is said to be positive real if

(1) poles of all elements of G(s) are in Re[s]<0;

(2) for all real w for which jw is not a pole of any element of
G(s) , the matrix G(jw)+G'(-jw) is positive
semi-definite, and

(3) any pure imaginary pole of je of any element of G(s) is
a simple pole and the residue matrix SILr}ww(s— jo)G(s) is

positive semi-definite Hermitian.
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