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Abstract—With the increasing applications of wheeled
mobile robots (WMR) in various fields, some new
challenges have arisen on designing its teleoperation
system. One of such challenges is caused by wheel's
slippage. This paper proposes a new approach for haptic
tele-driving of a WMR coupled with slippage. In this
teleoperation system, the WMR’s linear velocity and
angular velocity respectively follow the master haptic
interface’s positions. The proposed teleoperation
controller also includes an acceleration-level control law
for the WMR so that the WMR’s linear and angular velocity
loss induced by the slippage can be compensated for.
Information caused by wheel’s slippage in the environment
termination (ET) is displayed to the human operator
through haptic (force) feedback. After designing a local
controller to compensate for the ET’s nonpassivity caused
by the slippage, the system’s stability is shown via its
passivity and it is also shown that the force felt by the
human operator is approximately equal to the output force
of the ET. Experiments of the proposed controller
demonstrate that the modified ET is passive and the
controller can result in stable bilateral teleoperation with a
satisfactory tracking performance.

Index Terms—Slippage, Telerobotics and Teleoperation,
Wheeled Mobile Robots.

I. INTRODUCTION

HEN a wheeled mobile robot (WMR) is traveling on a
slippery surface (e.g., soft sand), the ideal assumption of
pure rolling [1-2], which is most considered by
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researchers, is not held any more, which will introduce new
issues for its control. With the increasing interest in planetary
(e.g., lunar) or other soft-terrain explorations by WMR,
researchers have started to pay more attention to the wheel’s
slippage phenomenon, which induces the wheel’s velocity loss
compared with a desired input velocity signal [3-5]. With the
introduction of slippage, the WMR’s kinematic and dynamic
models are affected [5], creating new challenges for its control.
To compensate for the influence of the wheel’s slippage on
WMR’s velocity, a few controllers for path-planning and
tracking have been proposed in [4-5].

Tele-driving of a WMR is a natural requirement while using
it in outer exploration, where appropriately providing haptic
feedback can enhance the task performance [6]. For most
bilateral teleoperation systems of a WMR, two
kinematics-related issues exist, which are not often experienced
while tele-driving of non-mobile robots [7]: 1) the workspace
of the master robot is limited but that of the slave WMR is often
not or much bigger, and 2) the WMR is under non-holonomic
constraints as the directions of permissible motions are
constrained (recently, WMRs with new configurations have
been developed that can move in any directions but they are not
in the scope of this paper). Owing to WMR’s unlimited
workspace, the coordination between master’s position and
slave’s velocity is commonly considered [7-11]. Additionally,
in order to tele-drive the WMR in the Cartesian coordinates
with the non-holonomic constraints, a semi-autonomous
control strategy is proposed in [11] by employing idempotent
and generalized pseudo-inverse matrices to augment operator
control with some level of assistance/autonomy. Generally,
these researches are based on the ideal assumption of pure
rolling (zero slippage). However, in applications of field WMR
on loose soil, disaster exploration and scientific expedition
always require tele-driving the WMR, where slippage will
create new challenges. In this paper, we will consider the
problem of workspace mismatch and surface slippage at the
same time for a two-wheeled actuated mobile robot with the
non-holonomic constraints.

Therefore, while there exists work on WMR teleoperation,
the wheel’s slippage is rarely considered. Typically, the
WMR'’s embedded controller is at the kinematic level and for
wheel angular velocity control (the controller ensures tracking
a desired angular velocity for the wheel) rather than at the
dynamic level and for wheel torque control. Using the
kinematic controller for a WMR with the wheel’s slippage will
inevitably result in errors between the desired and actual
linear/angular velocities for the WMR. To compensate for the
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WMR’s linear/angular velocity error caused by the slippage, an
acceleration-level controller for the wheel is utilized, which
will be described later.

In the context of teleoperation of a WMR coupled with
slippage, the linear/angular velocity loss induced by the
wheel’s slippage can be modeled as the environment
termination (ET) for the slave (WMR) robot. Interestingly, as
we will see later, slippage fluctuations may cause this ET to
exhibit a non-passive behavior, complicating the teleoperation
control of the WMR. In our previous research [12-13], we have
proposed some methods to address the WMR’s bilateral
teleoperation issues with longitudinal slippage (WMR’s
rotation is not considered). However, while the WMR’s
rotation is considered simultaneously under the non-holonomic
constraint, the WMR’s kinematic model will be coupled with
the wheel’s slippage. Therefore, this paper proposes a new
method for haptic teleoperation control of a WMR coupled with
wheel’s slippage.

Compared with [7], this paper proposes a new teleoperation
scheme that can address the wheel’s slippage using a kinematic
controller, while [7] presents a teleoperation system based on
the ideal assumption of pure rolling using a dynamic controller.
Evidently, [7] will not be satisfactory under slippage because it
is not designed to account for it in terms of ensuring stability.

The rest of this paper is organized as follows: In Sec. II, the
WMR’s kinematic model coupled with the wheel’s slippage is
presented. In Sec. III, the extent of ET’s non-passivity induced
by the wheel’s slippage is found, and in order to implement a
position-velocity coordination, the master robot is modified
with a local controller. In Sec. IV, a stabilizing controller for
WMR bilateral teleoperation is designed while a controller is
designed to compensate for the shortage of passivity (SOP) at
the ET. In Sec. V, experiments of the proposed controller are
done to demonstrate the system’s stability and transparency.
Sec. VI presents the concluding remarks and future work.

II. WMR’S KINEMATIC MODEL COUPLED WITH SLIPPAGE

In this paper, a two-wheeled differential mobile robot is
researched as Fig. 1 shows. The two back wheels are driving
wheels and the front wheel is free. Thus, the WMR can travel
and rotate under non-holonomic constraints. In Fig. 1, it is
assumed that the wheel’s actual linear velocities are v; (left)
and v, (right), the wheel’s angular velocities are w, (left) and w,
(right). It is assumed that the wheel’s desired linear velocities
are viq (left) and vy4 (right); in the presence of slippage, these
will be different from v, and v,. It is also assumed that the
WMR’s linear velocity is v and its angular velocity is o while
the center point P of the WMR has coordinates (xp, yp, 0p); the
wheel’s radius is r and the WMR’s width is 25.

For such a WMR, the following non-holonomic constraint
and kinematic equation hold [2]:
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Fig.1. Kinematic scheme of a WMR.
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Fig. 2. WMR velocity-based control scheme.

In the ideal case of pure rolling for the WMR’s wheels (no
slippage), the WMR is always controlled at an angular velocity
level as Fig. 2 shows. It is mostly assumed that, in Fig. 2, the
transfer function from w4 (or wyq) to @, (or w,) is ideally unity.
Therefore, the WMR’s kinematic model incorporating each
wheel’s angular velocity controller can be expressed as

MR M L 1o S

where v; and w, are the controller inputs;

1
2 2
E(q)=] 7 |
" 2

However, when the WMR is traveling on a soft terrain (e.g.,
loose soil), due to the limited drawbar pull force generated by
the terrain and the possible opposing external forces such as
those coming from hitting an obstacle, each wheel’s linear
velocity will not simply be equal to the wheel’s angular
velocity times the wheel’s radius. Slippage s for left wheel and

slippage § for right wheel can be respectively defined as [5]

ro, — v,
§ =——
v
|
w , 4)
r Y
_ ) 2
s, =
V)

As (4) shows, the slippage causes a loss of the wheel’s linear
velocity. However, only with the slippage, this WMR still
cannot violate the non-holonomic constraint (1), implying that
the WMR’s lateral velocity is still zero. Thus, for the WMR’s
linear velocity and angular velocity in the presence of slippage,
the following equation still holds:

el
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Fig. 3. WMR acceleration-based control scheme coupled with slippage.
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Fig. 4. Simplification of WMR acceleration-based control scheme.

Therefore, in the case of slippage, the WMR’s velocity-level
controller will be modified by a velocity feedback as the dashed
line shown in Fig. 2.

Under the assumption that the transfer function of the
WMR’s velocity-level controller is unity (e.g., w4 = @), we
can obtain 7w, = vi4 (the same holds for the right wheel as well).
Then, let’s define the slippage-induced loss on the wheel’s
actual linear velocity compared to its desired value as

0, =Vviy— W
{ . (6)

0, =Vyy— V¥,

Substituting (6) into (5), we can obtain the influence of the
wheel’s slippage on the WMR’s linear velocity and rotation
velocity as

{;}{ZJ}E(”{Q' )

From (7), we can see that under the influence of the wheel’s
slippage, the tracking performance of the WMR’s linear
velocity and angular velocity will degrade compared to that in
the pure-rolling case, if the WMR’s velocity-level controller is
used. Therefore, in order to have a good velocity-tracking
performance in the presence of slippage, it is necessary to use
an acceleration-level controller based on the difference
between the WMR’s actual linear velocity/angular velocity and
the desired linear velocity/angular velocity as Fig. 3 shows.
Similarly, the transfer function from @, (or @,,)to @, (or

@, ) can also be assumed to be unity here. Thus, Fig. 3 can be

SV =Ta =W

simplified as Fig. 4. Through deriving {
SV, = 1@, =V,

obtained from (4), we can get:

~
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, _7(51"1 +5v,) | =v
o _
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~

R .
W, —;(szv2 + szvz) =V,

Here, it is noted that the wheel’s slippage s, and s, are both
time-varying functions.

Under the coupling of the WMR’s translation (linear motion)
and rotation, the WMR’s kinematics at the acceleration-level
can be modeled as

_Z)}:E(Q)BJ+E((])R:_:E(q){f}j. ©)

Substituting (8) into (9), we can obtain:

7}“@{?‘”“‘“ o {“’ }—01, (10)

@ Vag = (8, +5,7,) @,

where, we define the loss of the WMR’s linear acceleration and
angular acceleration caused by wheel’s slippage as J, where

% v
[ ]7] "
where,
b
(51 +Sz) E(Sz _Sl)
Ma=] 1 .
z—b(Sz 1) E(Sl +S2)
(s,+8,) =(5,-5)
MeZ = 1
%(jz -5) =(5,+5,)
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Ill.  MASTER/SLAVE ROBOT MODEL INAWMR’S
TELEOPERATION SYSTEM

A. Slave robot model

In this section, we will consider the model (10) of a WMR
coupled with slippage, which acts as the slave robot of a
teleoperation system. We are interested in modeling the
terrain-dependent slippage as the “environment” with which
the slave robot of a teleoperation system interacts. Defining the

. T . . .
@,,] and the environment interaction

control input u, =[v,,

force as J., the kinematic model of the slave robot can be found
based on (10) and (11) as

(12)

where v, and w, are the slave WMR’s linear velocity and
angular velocity.

From the definition of the slippage in (4), it looks to be only
related with the wheel’s linear velocity and its angular velocity.
However, the slippage actually is not decided by the WMR’s
states, but by the wheel/terrain interaction characteristics.
Therefore, J, in (12) can be seen as the contribution of the
external environment (terrain) to deciding the WMR’s linear
acceleration and angular acceleration while the WMR is
travelling on a slippery surface.

In this paper, we consider the case of r@, > v, and rw, >v,,

that is s,,s, >0 corresponding to the case where the wheel

slippage causes a reduction in the linear velocity of each wheel
of the WMR compared to the pure rolling case. We here assume
that the change rate of slippage is constrained by s, <3, <3,

and §,, <, <S$,,, where $,, s,,, §, and s,, are decided
by the WMR’s states and the contacting terrain’s properties.
Equation (12) provides a straightforward and useful model of
the WMR as the slave robot of a teleoperation system in
interaction with a slippage-dependent environment. The
following properties are proposed to determine the passivity or
non-passivity of the environment involved in (12).
Property 1 Matrix M, in (11) is a positive-definite matrix, if
5,8, >0.
Proof: For this matrix M., its leading principle minors meet the
following inequalities:

(1) 1*-order principal minor: %(s] +s,)>0, since s,,s, >0;
(2) 2™-order principal minor: %[(51 +5, )2 _(32 -, )2} >0,

since |s1 +sz| >|s2 —sl|.

Therefore, the matrix M, is positive-definite [17]. End.
Property 2 The environment system (11), when s, and/or s,
is negative, is potentially non-passive.

Proof: With the input [v; w,] and the output J.(¢), the

environment system (11) satisfies the following inequality for
all 7>0:

[[Tn (1) o, ()]s, (e
ko (7) =k, (0)+ Hv (1) (t)][M[ Ddtm)

ZL'!

>k, (o)+§f§[vs<r>

where &k (t)= —[v

v (1t
t)|m, () >0, since the
o, (1)
matrix M, is positive-definite (Property 1).
However, the matrix M,, in (11) is potentially negative
definite (as shown later) if 5, and/or s, is negative, meaning

that the component Z,, in (13) is potentially non-passive [14].
Therefore, when s, and/or §, is negative, owing to the

potentially negative definite Z,,, the environment termination
(11) is potentially non-passive (active), which can potentially
destabilize the WMR bilateral teleoperation system. End.

B. Master robot model

In order to tele-drive the WMR’s linear velocity and angular
velocity respectively, a two-DOF (degree of freedom) robot is
used as the master robot in this paper. Its dynamic model can be
written as

Mme + Cn1Xn1 (14)

where M, (2x2) and C,, (2%2) are the robot’s mass matrix and
Coriolis/centrifugal matrix, X,, (2x1) is the joint position vector,
7,, (2x1) and 7;, (2x1) are the forces/torques applied by the robot
actuators and the operator at the robot joints.

The master robot’s dynamic model (14) has the following
properties [15]:

(1) M,, is a positive-definite matrix;

=T, +Th,

Q) M n —2C,,1s a skew-symmetric matrix.
Theoretically, the master robot (14) meets the following
inequality for VT >0,
T . T . o .
jo X, (z,+7,)dt = jo X, (M, X, +C,X,)dt

=k, (T)=k,, (0) =k, (0),

where, £, (¢) =%XmMme >0,

(15)

since M,, is a positive

definite matrix. Therefore, the master robot system is
passive while a velocity-velocity (master-slave) mapping is
used.

In general non-mobile robot teleoperation applications, the
velocities (and positions) of the master and slave robots are
synchronized. However, owing to the unlimited workspace of
the WMR, in this paper, the master robot’s DOFs and the slave
robot’s DOFs are mapped as the following: the WMR’s linear
velocity should follow the master robot’s 1* joint position (1%
DOF) so that (X,,, v,) track one another, and the WMR’s
angular velocity should follow the master robot’s 2™ joint
position (2" DOF) so that (X,,,, w,) track one another.
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However, when the above position-velocity mapping is
considered, we can find that the energy generated by the master
robot system,

T T
.[OXm(rm +rh)dt =.[0

is no longer passive (this is unlike (15)). Inspired by [7], a
new variable 7, = 1X, + X, where 0<A<1 is employed to

X, (M,%, +C, %, Mt ,

be used instead of X, in the impedance matrix; in this way, the
problem will become one of coordinating r,, (which is a 2x1
vector) and [v,, w,]". When A and/or X, are small enough, an

,
~[v.o])
is achieved between the master robot and the slave WMR.

The above change of variable also necessitates defining a
new control signal. Therefore, the controller z, in (14) is

designed as z, =7, +7, consisting of a local controller 7,

approximate coordination of position-velocity ( X,

and 7, that will be designed in Sec. IV. In terms of the new
variable r,, and with the local controllerz;, =-B, X, - B, X, ,
the master robot’s dynamic model (14) can be rewritten as

Mme+(Cm+Bmv)Xm+Bmem :z_-m+z-h' (16)

by the
following property, the modified master system (16) can be
guaranteed to be passive with the new variable , = 1X, + X, .
=M,/2
the dynamic system (16) with the local

Then, through designing the local controller z ,

Property 3 Given a coefficient 4 for r,, when B,
and B, =C, /4,
controller (7, ) meets the following passivity criterion: for all
rpand T2>0,

[[r, (7, +2,)de =k, (T)~k, (0)2 -k, (0),
where, k, (1) is a positive-definite function.

Proof': Based on the master robot’s dynamic model (16), we
can obtain the system’s energy with the new variable r,, as

[[n(z,+7,)de=[ 1, (M, %, +(C,+B,) X, +B,,X,)di

—I( ¢

m (/1)'(”x +Xm))dt +
T M,
IO (rm (BI)IV - ﬂ(

A
= kdl

ZX +X )+

jX:71+rn1(Bl)zp_ij Jdt ’
A

)+ ( ij e[ [ mp_imjxmdt

Zna Zi3

ex,f 22

is a positive-definite matrix.

Therefore, to guarantee the master robot’s passivity, the local
controller parameter B,,, and B,,, should be designed to make
B, =M,/A and B, =C,/A.In this case, we can obtain

[, (7, +7,)de = —k, (0) =k, (0). (17)

In conclusion, for a given coefficient A of the dynamic
parameter r,, if the local controller parameters B, and B,,

where kdl(t) 1 M M +X,, )20, since M,
2

meet that B, =M,/A and B, =C, /1,

master robot is passive with the new variable r,,. Specially, if
two one-DOF robots are combined to work as the master robot,
which are common in the tele-driving of WMR (one maps the
WMR’s translation, and the other maps the WMR’s rotation),
since C,, is 0 in this case, B,,, is not necessary any more. End.
In addition, the human operator model should also be written
in terms of the new variable r,. However, as [7] and our
previous research [12] presented, we assume the human
operator can adjust his/her impedance to ensure the passivity of
his/her impedance when augmented with the position/velocity
transformation. This assumption is often seen in an
overwhelming majority of the teleoperation literature [16].

the augmented

IV. DESIGN OF WMR BILATERAL TELEOPERATION SYSTEM

According to the above analysis, the WMR’s bilateral
teleoperation system can be designed as Fig. 5 shows. In Fig. 5,
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. In this system, the communication time delay is not
considered. Time delay can be dealt with using many
approaches — see [15] for a survey. We are focusing on the
special problems in the WMR bilateral teleoperation system
caused by the WMR and the wheel’s slippage in this paper.

T
T'm I'm Vsd N [v& w.c]

HT MCU (€ SCU ET

7]
T Ymad [vsv (Us] 5 .

N < < <

Fig. 5. Scheme of WMR’s bilateral teleoperation.

In the proposed teleoperation system, the slippage-dependent
interaction is dynamically generated between the WMR and the
environment (terrain); here, this interaction is modeled by an
equivalent force. The proposed force feedback is meant to
provide feedback about slippage to the human operator so that
the human operator can better drive the mobile robot in
unknown environments.

A. Compensation for ET’s non-passivity

As (13) shows, the ET is potentially non-passive to some
extent, and becomes a destabilizing factor in the WMR bilateral
teleoperation system. Therefore, in this section, we will first
design an additional controller in order to compensate for the
ET’s non-passivity. Based on (13), we can obtain the potential
non-passive component of the ET as Z,,.

For the matrix M., in Z,,, it has different properties while the

values of §;, and §,, are changing.

Similar with Property 1, when both §,, and s,, are
positive, the ET is strictly passive. However, when s, and/or
§,, is negative, the matrix M,, is potentially negative-definite,

in which case Z,, becomes a potentially non-passive component.
Therefore, based on the proposed non-passivity compensation
methods in our previous research [12], the following local
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controller is proposed to compensate for the ET’s non-passivity

as Fig. 6 shows:
|:vx i| ) g€|:vx i|, (18)
a).\' a).\'

where ¢, is the compensation matrix and can be designed by the
following process.

1,. . b, . .
_ _Z(SIL +5,,) _Z(Su ~5,)
Usop =

1. . 1,. .
_E(SZL_SM) _Z(Su*‘su)

N
>

A 4
Zartee || Za

WMR Bilateral
Teleoperator

Fm

Fig. 6. Compensation for the ET’s non-passivity.

After applying (18) to compensate for the ET’s non-passivity,
the potential non-passive component Z,, is modified as

z =] (o

where, M, =M, +¢,.

(19)

Property 4 The matrix M, in (19) is positive semi-definite,
when §,, and s,, are negative.

Proof: For the matrix M
the following inequalities:
(1) 1*-order principal minor:

r,. . ..
E(S]—S1L+S2—S2L)ZO,

its leading principle minor meets

e2?

since §, —§,, >0 and s, —s,, 20;
(2) 2™%-order principal minor:

L. . . . v 1, . L2
—(8§, =8, +8, =8, ) ——(5, =8, =5, +5,) =0,
4 4

since |§, =8, +8, =8, | 2 [$, =8, =8 +5,,|-

Therefore, the matrix M, is positive semi-definite. End.

As a result, with (18), Z,, is positive semi-definite for any

input [v,, ,]’, and this component in the ET is passive.
Therefore, the whole modified ET is passive, combining
Property 2 and Property 4.

In general cases, when S, and/or §,, are negative, it makes
sense to assume §,, =S$,, = —&g,p» sSince the WMR’s left wheel

and right wheel run on the same terrain with a similar states.
Therefore, the compensation matrix in (18) can be written as

—€ 0
2 SOP 20)
¢ 1

0 E Esop

With (18) to compensate for the ET’s non-passivity at the
slave site, the slave robot’s model (12) is modified as

v, —
|:-A :|:uA'_(Z/TSOP+§e):uS_5e’ (21)

@

s

where &, is the modified environment termination after the
compensation for the ET’s non-passivity, which is passive.

B. Design of WMR bilateral teleoperation system

After the compensation for the ET’s non-passivity with (18),
this section will design the WMR teleoperation system’s
controllers to guarantee its stability and transparency. As
mentioned above, the coordination between the master robot
and the slave robot is to happen between the pairs (7,1, v;) and
also between the pairs (7,2, ;).

Aiming at the coordination of (7,,, vy), the controllers for the
master robot and the slave robot are respectively designed as

{szl = _kv (rml (t)_ vs (t))
] (22)
vy ==k, (v, (1)~ 1. (1))
Similarly for (7,,, @), the controllers are designed as
{FmZ = _kw (rmZ (t)_ a)s (t))
(23)
Dy = _kw (a)s (t)_ T2 (t))

In (25) and (26), k, and k,, are both positive.
Theorem 1 Consider the WMR bilateral teleoperation system
consisting of the slave robot (21) with the local controller (18),
and the master robot (16) with the local controller

(z, =-B, X, B, X,), which meets the modified passivity
(17). Also consider the teleoperation controllers (22) and (23).

1) The closed loop teleoperator is passive, in the sense that 3 a
finite d s.t. VT >0,

IOT [(rhlrml + Ty, )= (é):lvs +0,0, )J dt>—d*.

2) The human operator is assumed to be passive and the
modified slippage-induced environment system (19) is proved
to be passive, that is: 3 finite d;and d, s.t. VT >0,

IOT(Thlrml + 70, )dt < d12 > J‘OT_(SIVS +é_‘2a)s )dt < dz2 .

Then, 7,1, Fm, Vs and w, are all bounded V¢ >0; as a result,
(Pm1-vs) and (r,,2-wy) are also bounded Vz>0.
3) Suppose that

(Xml (t)’Xml (t)’XmZ (t)’XmZ ([),Vc (t)’a)V (t)) - 0
(that is the master robot and the slave robot are stable at a
certain state). Then, 7, —>k‘,(Xm] —v(t))—)—éi] , which

(24)

implies the human operator can perceive the interaction force
between the slave robot and the environment. Similarly, for the

(7,0-0,) pair, we also have 7,, >k, (X,, -, (1)) > -3,

Proof: 1) Based on the controllers (22) and (23) of the WMR
bilateral teleoperation system, we can obtain

= 2
z-mlrml +U1VS = _kv (rml - VA\') SZO (25)
z-mZVmZ +u2a)x :_km (rmz _a)\) S 0
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Based on these two properties, combining the passivity
analysis for the master robot (17) and the slave robot, we can
obtain:

JOT[(Thlrml + Th2rm2) (§elvs +0,,0, )]dt

T
:L (Thlrml + Tty T Tl + Tonal, M)dt

ml"ml

+IT (0, =6, + w0, - 5,0, ) dt (26)

—I [ (Tt v, ) +(T,070 ,)]dt

>k, (T) =k, (0)+k, (T) =k, (0)
>k, (0)—k, (0)=-d>,
where £k, (f) and ky(?) are the energy functions for the master

robot and the slave robot, all of which are nonnegative as the
above analysis shows:

1, M 1 Vv,
k ()= t)=—|v. . >0.
=3 e 20030, o]
2) Based on (26), combining the given human operator’s
passivity and the given environment’s passivity (24), we can
obtain

, tu,o

k,(T)=k, (0)+k (T)-k, (0)<d’ +d;. 27
That is
%r; MTr +5[vs a)]{;} <dl+d} +k,(0)+k (0). (28)

Therefore, 7,1, ¥m2, Vs and w, are all bounded V¢ >0. As a result,
(r1-vy) and (r,p-wy) are also bounded.

3) Since (X, (1), X, (£), X, (1), X, ()., (). 0,(t)) > 0,
combining their respective controllers, and in the case of

B,, =C, /A, the slave robot’s model and the master robot’s

model are degenerated as

7, kv(Xml -V, (Z))

é_'el k, (V.\v (t)—Xml)

5&'2 km(a)\(t)_sz)

That is, Ty ok, (X, v, (1)) > -3, and
7,, > k,(X,,—o,(t))>—6,, , which implies the human

operator can perceive the interaction force between the slave
robot and the environment, and the proposed WMR bilateral
teleoperation system has a good transparency. End.

V. CASE STUDIES

In the case studies below, we consider the tele-driving of a
WMR in an environment with soft terrain. Many literatures
show that the wheel’s slippage varies with the wheel/terrain
contact characteristics (e.g., friction angle) [18-19] and the
terrain’s parameters (e.g., slope angle). Therefore, while these
parameters vary with the terrain, the slippage is possible to
decrease, which makes the environment be non-passive.
However, limited by implementation issues concerning
recreating specific terrain characteristics that give rise to

certain shortage of passivity of the environment system, we
perform semi-physical experiments to validate the proposed
WMR bilateral teleoperation system with wheel’s slippage.

A. Experimental setup

To validate the proposed methods, an experimental system is
implemented using a Phantom Premium 1.5A haptic device
(master robot) and ROSTDyn (slave robot).

1) Master robot and human operator

In our WMR’s bilateral teleoperation system (Fig. 7), the
master robot is a Phantom Premium 1.5A haptic device
(Geomagic Inc., Wilmington, MA, USA), and the slave robot
(WMR) is a simulation platform named ROSTDyn which was
developed by the authors [19], and the communication between
the master robot and the slave robot is implemented using the
local area network (LAN). Considering only two degrees of
freedom motion, the first joint ¢, and the second joint ¢, of the
Phantom is used and the third joint is locked by a high gain
position controller (¢;=0). Based on the research results from
[20], the Phantom’s inertia matrix is founded as M, and the
Coriolis matrix is found as C,. In (16), A=0.1 and B,,, and B,,,
are designed to meet B, =M, /A and B, =C, /4.

Human
Operator

Environment
Termination

Master Robot Slave Robot
m I'm Im [va,]”
& N > in+
Augmented |° Phantom 7| Communic Y ROSTDyn+ Y T—el-l;:::_]
Human Premium+ - ation oo Controller 5 varying
Operator Ti | Controller |(>“*! | Channel |*3™° —
» ¢ ¢ Parameter

(a) Scheme of WMR bilateral teleoperation system.

03
T

(b) The master Phantom 1.5A robot.
Fig. 7. Experimental platform of WMR bilateral teleoperation system.

In the experiments, based on (16), the torques applied on the
master robot by the human operator are estimated as

t,=M,X, +(C, +B,,)X, +B,,X, -7, (30)

2) Slave robot and environment

In the experimental system, ROSTDyn is used as the slave
robot, which is developed based on Vortex software (CMLabs,
Montreal, Canada) and the simplified terramechanics model
especially for soft terrains (e.g., wheel’s sinkage and slippage).
ROSTDyn can realize a real-time simulation with good fidelity
[19]. The following equation is the terramechanics model
between the wheel and terrain in ROSTDyn:

Fy =rbo,A+rbr,B=AX + BY
Fop =rbr, A—rbo, B=AY — BX ,
My =r°b(6, — 6,)r,, 2=rCY

G
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where A = cos 6, —cos b, n cosf, —cosf E, = rbilvjdt , E = Irﬁ_eza)jdz , and the whole energy
O =0 6,=6, generated by the actual environment system is E = E, + E,, .
sind, —sin@, sinf, —sinf,

B="—" - '" L, C=(6,-6,)/2; 08

em - 92 91 - gm 0.6
X =rbo,,; Y=rbr,; 1, = E(c+0,tanp) ; 204

B
o, =K " (cosd, —cos§)" ;K = K, [b+K,; N=n,+ns; I
E =1-exp{-r[(6, -6,)—(1-s)(sin6, —sinb,)]/ K} .
: : 0.05 20 40 60 80

In (31), Fyis the normal force, Fpp is the drawbar pull force, My - Time (s)
is the moment generated by the interaction between the wheel (a) Terrain/WMR slippage.
and the terrain, s is the wheel’s slippage and ¢ is the internal (8) for the left wheel, S, for the right wheel)

friction angle. The other parameters are defined in [19]. This 0.06
model mainly connects the WMR’s dynamics and wheel’s
sinkage and slippage. For the normal force Fy, its magnitude is
mostly decided by the wheel’s sinkage. The softer the terrain is
(corresponding to the parameter K;), the bigger the sinkage is.
Similarly, if the load in the moving direction increases, the

Energy (J)
o <o
(=2 [=)
=) 98]

<
(=1
oy

required drawbar pull force will increase and, as a result, the 0.065 20 40 60 80
wheel’s slippage increases. Time (s)

From [21], it is known that the wheel’s slippage is influenced (b) Energy generated by ET.
by many parameters. In the following experiments, the most Fig. 8. Experimental results with Case L.
sensitive parameter () to the slippage (in practice, ¢ is varying
since soil’s properties are often different at different positions), 0.09
is considered and set as a terrain-varying function. 0.06}

The used terrain has a slope with an angle of 15°, and its size £
is 10m (x)x10m (). The following model on the soil’s internal 3 003
friction angle makes the terrain become harder as the WMR ~0.00 i —— -
travels forward, while it is same at the y axis: Y . . !

-0.0% 20 . 10 &0
0.55 (0<x<3.1) Time (s)
0= 055+015()C—31) (31 <x< 81) (32) 08 (a) Position—ve]ocity coordination.
1.3 (x>8.1) ool .

Here, x is the WMR position along the X axis. In the case of é“ o4k \\
climbing a sloped terrain, the bigger the ¢ is, the smaller the = \‘\\
slippage is. 02r NS

In the following experiments, the master robot provides 7, 0.0 : :
which acts as a reference value for the slave WMR’s v, or w;,. o0 20 Time (s) 60
Owing to the time-varying slippage, the actual slave WMR’s (b) Terrain/WMR slippage.
velocity v, or w, may be different from its desired value and a 4
velocity-error is caused, which is fed back to the master robot - g
as a force. If r,, is bigger than v, or w;, a backward force will be > 3r .
felt by the human operator that pushes back on the master robot. %ok
If 7, is smaller than v, or wy, a forward force will be felt by the 2

s8]

human operator that pulls the master robot forward. Therefore, Ir
in the proposed teleoperation system, force feedback guides the 0 ; I et
human operator to give a more effective command. 0 20 fime ©) 60
B. Experimental results (c) Energy generated by ET.

In the experiments involving WMR bilateral teleoperation 0.06
coupled with the wheel’s slippage, the teleoperator parameters =003
in (22) and (23), and the compensation parameter of the ET’s Z 0.00
non-passivity in (18) are set to be: g
CaselI: k, =8k, =8,¢, =0; £-003
Case Il: k, =8;k, =8¢, = [0(')5 005}. 0% 20 Time ¥ 60

. R . d)F tracki fi d o).
The experimental results are shown in Fig. 8 (Case I) and Fig. (d) Force tracking performance (7 and )

9 (Case 1II). In the figures, the ET’s energy is calculated as Fig. 9. Experimental results with Case II.
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From the experimental results of Fig. 8 and Fig. 9, we can
obtain the following conclusions:
1) Under the given terrain parameters (terrain-varying ¢), the
WMR/terrain environment is a non-passive system (Fig. 8 (b))
owing to the time-decreasing slippage (Fig. 8 (a)).
2) Since the ET (including E, and E,) is non-passive, without
the non-passivity compensation, the WMR bilateral
teleoperation system is potentially unstable (Case I).
3) By utilizing the proposed non-passivity compensation
controller (18), which is decided by the slippage curve (Fig. 9

05 0
(b)) and it makes sense that it is equal to ¢, :{ 0 0 5},

based on the analysis in Sec. IV. The modified ET becomes
strictly passive (Fig. 9 (c)) and presents a damping
characteristic to some extent.

4) With the modified passive ET, the teleoperation system is
stable (Fig. 9 (a)), and the human operator feels like interacting
with a damping (Fig. 9 (d)), which is caused by the conservative
compensation controller (18).

5) The system’s force tracking performance is good. From the
results, we can see that the human force is almost equal to the
actual environment output force (Fig. 9 (d)), as the theory
predicts in (29).

C. Experiments with a real WMR

As Fig. 10 shows, a real two-wheeled differential WMR is
used as the slave mobile robot, a Novint Falcon haptic interface
is used as the master robot, a motion capture system (Motive:
Body, NaturalPoint Inc., Corvallis, USA) is tracking the WMR
through tracking markers attached to the WMR, and the
communication is done by a LAN. In the following
experiments, the WMR is moving on a loose soil within a flat
terrain.

Motion Capture
System

Markers LAN

Slave WMR
System

Master Robot
System

Fig. 10. Experimental system with a real WMR.

First, an experiment using a traditional velocity controller for
the WMR is done (i.e., the master robot’s position is directly
sent to the WMR and as wheel motor’s desired velocity value),
which obvisouly cannot maintain a good velocity trakcing
performance, as shown in Fig. 11, due to the existing slippage
between the wheels and terrain. On a soft terrain, to obtain a
good velocity tracking performance, the proposed teleoperation
scheme in this paper can be utilized. Under the proposed
teleoperation scheme, an experiment with a big slippage
reduction is done, which intends to show how the big
fluctuations of the slippage destabilizes the teleoperation

system. In this case, the controller parameters are set as
k, =5;k, =5;¢, =0. The results are shown in Fig. 12. In this

experiment, an obstacle is used to create a big initial slippage.
After 21 seconds, the obstacle is removed, so that a big
reduction in slippage happens. From the results, we can see that
the WMR’s velocity increases quickly while the slippage is
decreasing, and to some extent the operator is incapable of
controlling the WMR. The operator will feel like being driven
by the slave WMR.

In the third experiment, the controller parameters are set as

02 0 } -

. The results are shown in Fig. 13.
0 02

We can see that, the designed teleoperation system is stable, the

velocity tracking performance is improved greatly, and the

force transparency is also good.

By using the proposed method, the operator can estimate the
WMR’s states (linear velocity v, and angular velocity w,) well,
since the unknown velocity loss induced by the slippage (Fig.
11) is compensated for. Therefore, the operator feels like
interacting with unknown environment in Fig. 11, while the
operator can feel the environment termination correctly through
the haptic interface with the proposed method as Fig. 13 shows.

k, =5k, =5;¢, ={

Velocity (cm/s)

10 15 20 25
Time (s)
Fig. 11. Experimental results with traditional velocity controller (v; and w, are
the desired velocities, v, and w, are the real velocities, and the haptic feedback is
the difference between them).

E
NS
2
g
o
>
o] 1 1 1 1 1
0 5 10 15 20 25
Time (s)
(a) Position-velocity coordination.
T = Oy T
i = e
Z
5
S
o8
) 1 1 1 1

1
0 5 10 15 20 25
Time (s)

(b) Force tracking performance (z; and J).

Fig. 12. Experimental results with a big fluctuation slippage.
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Velocity (cm/s)

Time (s)

(a) Position-velocity coordination.

Time (s)

(b) Force tracking performance (z; and J.).

Fig. 13. Experimental results with proposed controller in this paper.

In conclusion, the good position-velocity tracking and force
tracking performance show that the proposed WMR bilateral
teleoperation system in this paper is stable and has a good
transparency while the WMR is subject to the wheel’s slippage.

VI. CONCLUSION

A new method for haptic tele-driving of a WMR coupled
with the wheel’s slippage is proposed in this paper. In this
teleoperation system, the mobile robot’s linear velocity and
angular velocity respectively follow the master haptic
interface’s positions. We propose a teleoperation controller
including an acceleration-level control law for the mobile robot
such that the WMR’s linear and angular velocity loss caused by
wheel’s slippage is compensated for. Another contribution of
the paper lies in showing the non-passivity of the teleoperation
system’s environment termination coupled with the wheel’s
slippage. This paper then provides a stability analysis of the
teleoperation system through decomposing the non-passive ET
into a passive component and an active component. After
designing a controller to compensate for the environment
termination’s  non-passivity,  stabilizing  teleoperation
controllers can then be designed via guaranteeing its passivity
as shown in the paper. Experiments of the proposed controllers
demonstrate the validity of the theoretical findings. In the
future, the WMR’s longitudinal sliding and lateral sliding can
be considered in the stability analysis and control design, as
well as the communication time-delay.
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