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ABSTRACT The wheeled mobile robot (WMR) is widely employed in many industrial fields, and more new
control difficulties appear when the WMR works on soft terrains (e.g., Lunar exploration), one of which is
induced by wheel slippage. In this paper, a new approach for the haptic teleoperation of a differential WMR
coupling with wheel slippage on soft terrains is proposed. In the proposed teleoperator, the linear/angular
velocities of the slave WMR are directly mapped with the master robot’s positions. The command-tracking
errors and the non-passivity at the slave WMR site induced by the wheel slippage are compensated by the
proposed feedforward controllers for each wheel based on the online estimated slippage. The stability of the
teleoperation system is guaranteed by the passivity theory while the environment termination is proved to be
passive with the proposed feedforward controllers. The experiments validate that the proposed teleoperator
is stable while the command-tracking performance of the slaveWMR is obviously improved on soft terrains.

INDEX TERMS Mobile robots, control engineering, wheel slippage, soft terrains.

I. INTRODUCTION
Recently, the wheeled mobile robot (WMR) has been
widely used in many new fields, especially on the planetary
(Lunar/Mars) exploration [1] and field disaster detection.
However, during the process of conducting scientific tasks
by the WMR on soft terrains (e.g., dessert terrain, plane-
tary terrain), the traditional ideal assumption of wheel pure
rolling [2] can be destroyed occasionally, that brings new dif-
ficulties for its control. Thus, the wheel slippage phenomenon
on soft terrains has started to attract more attention, which
can induce a linear velocity loss of wheels comparing with
its input commands [3]–[7]. To describe the wheel-terrain
interaction on soft terrains, experiments have been done
comprehensively and the relationship between the interaction
forces and the wheel slippage has been revealed in [3]–[5].
Some new trajectory tracking controllers to address the wheel
slippage are proposed for the WMR on soft terrains with the
help of the terramechanic model between wheels and terrain
in [6], [7].

The associate editor coordinating the review of this manuscript and
approving it for publication was Nasim Ullah.

Teleoperation is a natural consequence while the WMR
conducts tasks in outer space or hazardous environments,
and appropriately providing haptic feedback is an effective
way to enhance teleoperation performance [8]. For the WMR
teleoperation system, two kinematic difficulties exist [9]: one
is the unlimited workspace (the master robot always owns a
workspace with a constant range); the other one is caused
by non-holonomic constraints that resist the wheel’s lateral
motion. To address theworkspacemismatch, the coordination
between the position of the master robot and the velocity
of the slave WMR are widely employed in [9]–[11]. Under
such a kind of coordination, the non-passivity induced by this
modification can be compensated for by a new variable and an
additional local damping in [9]. In [12], the authors proposed
the time-domain passivity control to compensate for the non-
passivity of the WMR bilateral teleoperation system with
different kinds of haptic force feedback. For the teleoperation
issues induced by the non-holonomic constraints, the authors
in [13] proposed a semi-autonomous strategy by using the
task-space weighting matrix. Generally, most of these works
are based on the ideal assumption of wheel pure-rolling on
hard terrains.
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Although many works have been done on WMR teleop-
eration in order to deal with the above challenges as well
as time-delays [14], tele-driving it on soft terrains with the
wheel slippage is still rarely involved. For a traditional dif-
ferential WMR, the embedded controller of the wheel motor
always is a velocity-level controller or a torque-level con-
troller. Kinematically, the wheel slippage is always described
as the relationship of the wheel’s linear velocity and its
angular velocity. As a result, for the embedded velocity-level
controller, the traditional teleoperation will inevitably induce
obvious command-tracking errors due to the wheel slippage
if it directly receives commands as the desired velocities.
In addition, the wheel slippage is mostly related with the
mechanic parameters of the wheel-terrain interaction [5], thus
the driving forces generated by the wheel-terrain interaction
have close relationship with the wheel slippage.

In our previous research [19] for the WMR kinematic
bilateral teleoperation, the velocity-level controller built-in
the wheel motor is modified as an acceleration-level one in
order to improve the command-tracking performance. The
stability of the system is guaranteed by a SOP (shortage
of passivity) controller to compensate for the non-passivity
induced by the wheel slippage. In this paper, the traditional
velocity-level controller of the wheel motor is still used but
not the modified acceleration-level controller, and the wheel-
terrain interaction is seen as an external action in a slave
WMR sub-system, then the slippage information is online
observed to design a feedforward controller for eliminating
the negative influence of the wheel slippage on the command-
tracking performance and the stability of the teleoperation
system.

The contribution of this paper lies in that the negative influ-
ence of the wheel slippage on the kinematic teleoperation
of a differential WMR with a traditional built-in velocity-
level controller is revealed, including the poor command-
tracking performance and the potential instability, which is
then compensated for by the proposed slippage-depended
feedforward controller while the slippage of each wheel is
online estimated by the motor encoders and the location
sensors for the WMR’s motion.

The rest of this paper is organized as follows: in Sec. II,
the kinematic model of a differential WMR is presented, and
the negative influence of the wheel slippage on the WMR
teleoperation is revealed; in Sec. III, through the passivity the-
ory, stabilizing controllers for theWMR teleoperation system
is presented while a local feedforward controller is proposed
to compensate for the wheel slippage; in Sec. IV, experiments
with the proposed controllers are done to validate the stability
and the performance of the proposed teleoperator. Sec. V
presents the concluding remarks and future work.

II. PROBLEMS
In this paper, a two-wheeled differential mobile robot with
an embedded velocity-level controller for each wheel is
researched as a slave robot in a WMR bilateral teleoperation
system as Fig. 1 shows. Here, the wheel’s real linear velocities

FIGURE 1. Structure diagram of a slave WMR.

FIGURE 2. Kinematic control of a slave WMR.

are vi (i = 1, 2), the wheel’s angular velocities are ωi. It is
defined that the wheel’s desired linear velocities are vid . It is
also defined that the linear velocity and the angular velocity
of the slave WMR are vs and ωs, and the desired ones are vsd
and ωsd ; in addition, the wheel’s radius is r and the width
between the left wheel and the right wheel is 2b.
For the above WMR, its traditional kinematic model on

hard terrains under the ideal assumption of pure rolling can
be described as[

vs
ωs

]
=

[
vsd
ωsd

]
= E

[
v1
v2

]
, (1)

where E =

[
1/
2

1/
2

1/
2b −

1/
2b

]
.

On hard terrains, the WMR always tracks the commands
well owing to the wheel pure rolling, implying that (1) holds
at any time. In this case, for the traditional kinematic tele-
operation of WMR, the commands from the master site can
be directly used as the desired velocities for the slave WMR,
which is then achieved by the built-in motor controllers as
Fig. 2 shows. However, on soft terrains, since the driving
forces generated by the wheel-terrain interaction are limited
with the mechanic properties of soil, the phenomenon of
wheel pure rolling is destroyed, and then the phenomenon of
wheel slippage appears. Here, we use (2) to describe the level
of wheel slippage.

si =
rωi − vi

vi
(i = 1 ∼ 2) . (2)

As Fig. 2 shows, the wheel slippage can induce obvious
differences between the desired linear velocities and its actual
motion for each wheel. As a result, the motion (vs, ωs) of the
slaveWMRmay deviate from its commands (vsd ,ωsd ) on soft
terrains comparing with hard terrains. Under the ideal case
for the motor controller, the transfer function can be seen as
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unity (e.g., ωid = ωi), that also means rωi = vid . Therefore,
to describe the relationship between the wheel slippage and
the linear/angular velocity of the slave WMR, the kinematic
model (1) for this WMR can be modified as (3) combining
with Fig. 2. [

vs
ωs

]
= us − E

[
δ1
δ2

]
︸ ︷︷ ︸

δe

. (3)

where us is the control input and us =[vsd , ωsd ], δ1 and δ2 are
the velocity differences of each wheel induced by the wheel

slippage, and

{
δ1 = v1d − v1 = s1v1
δ2 = v2d − v2 = s2v2

.

Here, the motion difference of the slave WMR induced by
the wheel-terrain interaction can be seen as the output (δe)
of the environment termination (ET) at the slave site as (3)
shows. Based on the passivity theory [12], this ET presents to
be potentially non-passive as Property 1.
Property 1:The ET sub-system in (3), whenwheel slippage

is negative, is potentially non-passive.
Proof: With the input [vs ωs] and the output δe, the ET

sub-system satisfies the inequality for all [vs ωs] and T ≥ 0:∫ T

0

[
vs ωs

]
E
[
δ1
δ2

]
dt

=

∫ T

0

[
v1 v2

]
E
′

E
([

s1 0
0 s2

] [
v1
v2

])
dt

=

∫ T

0

[
v1 v2

] (
E
′

E
[
s1 0
0 s2

])
︸ ︷︷ ︸

W

[
v1
v2

]
dt

≤ 0 (if s1, s2 < 0) , (4)

where W =


(
1
4 +

1
4b2

)
s1
(
1
4 −

1
4b2

)
s2(

1
4 −

1
4b2

)
s1
(
1
4 +

1
4b2

)
s2

 .
1) For the hard terrains, the wheel-terrain contact is always

pure rolling (no slip), which means s1, s2 = 0. Therefore,
as (1) shows, with the built-in velocity-level controller for
each wheel motor, the slave WMR can be teleoperated by
a direct velocity-level command with good tracking perfor-
mance while the environment termination is passive (W is
equal to 0).

2) When the wheel is slipping on the soft terrains
(s1, s2 > 0) (e.g., running on an uphill terrain), the ET is
still passive sinceW is positive definitely, but the command-
tracking performance of the slave WMR becomes poor as (3)
shows while above velocity-level commands are used.

3) When the wheel is sliding on the soft terrains (s1,
s2 < 0) (e.g., running on a downhill terrain), the WMR will
not only generate big command-tracking errors for the linear
velocity (vs) and the angular velocity (ωs) of the slave WMR,
but also be potentially unstable since the ET is non-passive
due to the negative W . �

As a result, from the perspective of stability and command-
tracking performance, the negative influence of the wheel

slippage must be compensated for in a WMR teleoperation
system no matter the wheel slippage is positive or negative.

To address the above problems, in our previous
research [19], we have proposed a conservative method,
which is based on a modified acceleration-level controller for
the wheel actuators and the wheel slippage is seen as an exter-
nal environment termination. In this method, the command-
tracking errors induced by the wheel slippage are eliminated
by a PD controller, and the non-passivity are compensated for
by a local conservative controller related with the shortage
of passivity of the environment termination. In this paper,
a method for the teleoperation of such a WMR on soft
terrains by using the wheel slippage information to design a
feedforward controller is proposed. By this way, the wheel’s
rotation speed is not only decided by the commands for the
motion of the slave WMR’s base, but also take the wheel
slippage into account. Therefore, this method is more robust
when the wheel slippage is fluctuating.

III. MAIN RESULTS
In this paper, we are focusing on the specialized control issues
induced by the WMR kinematic properties and the wheel
slippage, so that the time delay is not taken into account. For
the robot teleoperation system, the control issues induced by
the time delay can be addressed by many methods [16]–[18].

A. MASTER ROBOT
To tele-drive the linear/angular velocity respectively of the
slave WMR, two one-DOF (degree of freedom) joint robots
are used, both of which are modeled as

MmiẌmi = τmi + τhi (i = 1, 2) (5)

whereMmi is the ith robot’s mass, Xmi is the joint position, τmi
and τhi are the torques generated by the joint motors and the
human operator at the joint coordinate system.

In order to eliminate the potential unstable factors owing
to the mismatch of the workspace between the master and the
slave, we also introduce the new dynamic variable (0 < λ <

1) as [19] has done. Thus, for the master robot, its controller
is designed as τmi = τmi+τ ∗mi, where is the teleoperation con-
troller, and τ ∗mi is the local controller as τ

∗
mi = BviẊmi+BpiXmi.

Thus, coordination between the master and the slave becomes
(rm1, vs) and (rm2, ωs). When λand/or Ẋmi is enough small,
an equal coordination of position-velocity (e.g., Xm1 ≈ vs)
can be achieved between master robots and slave WMR.
With the variable rmi, the model of the master robot can be
rewritten as

M̄miṙmi = τ̄mi + τhi (6)

where gM̄mi = Mmi
/
λg is the equivalent mass, Bvi = Mmi

/
λ,

and Bpi = 0. Therefore, the master robot after modification
is obviously passive since M̄mi is positive.
As [20] presented, the human operator is able to regulate

the impedance parameters of his/her arm in order to make
the human termination be definitely passive when the master-
slave mapping is modified by the above coordination.
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FIGURE 3. Control of slave WMR. (TC: Teleoperation controller and FFC:
Feedforward controller).

B. SLIPPAGE COMPENSATION FOR SLAVE WMR
In order to compensate for the above negative influence
induced by the wheel slippage, this part proposes a local
feedforward controller for each wheel to compensate for
the command-tracking errors and the ET’s non-passivity as
Fig. 3 shows.

In practice, the wheel slippage can be precisely estimated
by the wheel linear velocity and the wheel angular velocity
as Fig. 3 shows, and the wheel’s linear velocity is calculated
based on the transformation matrix E and the motion of
the WMR, which can be observed by the GPS. Massive
works [5], [21] have shown that the driving forces generated
by the wheel-terrain interaction is mainly decided by the
wheel slippage (si) but not the wheel linear velocity (vi).
Therefore, to compensate for the negative influence of the
wheel slippage, the slippage information of each wheel can
be used to design a feedforward controller.

Here, the inputs of each wheel motor after the slippage
feedforward compensation are

ωid =
1
r

 vid︸︷︷︸
TC

+ ŝivid︸︷︷︸
FFC

 (7)

where ωid is the wheel i’s desired angular velocity; vid is
the wheel i’s desired linear velocity decided by (1) and the
following teleoperation controller; ŝi is the wheel i’s slippage,
which is estimated by (2).

In practice, experimental results shows that the fluctua-
tion of wheel slippage will induce an increasing difference
between the wheel angular velocity and the wheel linear
velocity in a short time, since the responding speed of the
wheel linear velocity for the increases or decreases of the
commands is slower than that of the angular velocity of
the wheel motors owing to the higher mass/inertia of the
WMR and soft wheel-terrain interaction. As a result, in our
system, the frequency of the online slippage estimation is set
as 10 HZ.

By using the above FFC (7), the kinematic model (3) of
the slave WMR coupling with the wheel slippage can be
modified as[

vs
ωs

]
= E

[
v1d + ŝ1v1d
v2d + ŝ2v2d

]
− E

[
δ1
δ2

]
=

[
vsd
ωsd

]
− E

([
δ1
δ2

]
−

[
ŝ1v1d
ŝ2v2d

])
︸ ︷︷ ︸

δ̂e

. (8)

While the slippage of each wheel is estimated precisely
by the above method and completely compensated for by the
FFC (7) implying (ŝi→ si), the ET can be modified as

δ̂e =

[
δ̂ev

δ̂eω

]
= E

([
δ1
δ2

]
−

[
ŝ1v1d
ŝ2v2d

])
FFC
−→ 0. (9)

Therefore, most of the active energy (4) at the ET can also
be eliminated by the proposed FFC.

By (9), the command-tracking errors are also eliminated
mostly as [

vs
ωs

]
δ̂e→0
−→

[
vsd
ωsd

]
(10)

In conclusion, the kinematic model (8) of the slave WMR
with the FFC on soft terrains has a similar form with the
kinematic model (1) of the WMR on hard terrains.

C. BILATERAL TELEOPERATION CONTROLLER FOR WMR
This part presents a new WMR bilateral teleoperation con-
troller, with the help of a slippage compensation controller
proposed in the above Part. Here, the dynamic model of the
master haptic device is given by (6) and the kinematic model
of the slave WMR is given by (8). In addition, the DOFs of
the master robot and the degrees of mobility of the slave robot
are mapped as the pairs (rm1, vs) and the pairs (rm2, ωs).
Aiming at the coordination of (rm1, vs), since a velocity-

level controller is assumed to be built in the wheel motors,
the controllers for the master robot and the slave WMR are
designed as {

usv = rm1 (t)
τ̄m1 = −Kv (rm1 (t)− vs (t))

(11)

Similarly for (rm2, ωs), the controllers are designed as{
usω = rm2 (t)
τ̄m2 = −Kω (rm2 (t)− ωs (t)) .

(12)

In (11) and (12), usv and usω are the inputs (vsd , ωsd ) of
the slave WMR in (8), and Kv andKω are both positive. The
commands from the master robot can be achieved with a
high-precision and high-frequency built-in controller for each
wheel motor.
Theorem 1: Consider the teleoperation system consisting

of the slave WMR (8) with the proposed FFC (7), and the
master robot (6). Also consider the teleoperation controllers
(11) and (12).

1) The closed loop teleoperator is passive, in the sense that
∃ a finite d s.t. ∀T ≥ 0,∫ T

0

[
(τh1rm1 + τh2rm2)−

(
δ̂evvs + δ̂eωωs

)]
dt ≥ −d2.

2) The human operator is assumed to be passive and the
modified ET (9) with the FFC (7) is also passive, that is:
∃ finite d1 and d2 s.t. ∀T ≥ 0,∫ T

0
(τh1rm1+τh2rm2)dt≤d21 ,

∫ T

0
−(δ̂evvs+δ̂eωωs)dt≤d22 .

(13)
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Then, rm1 and rm2 are all bounded ∀t ≥ 0; as a result, with the
proposed FFC,vs, ωs,(rm1-vs) and (rm2-ωs) are also bounded
∀t ≥ 0.

3) Suppose that(
Ẍm1 (t) , Ẋm1 (t) , Ẍm2 (t) , Ẋm2 (t) , v̇s (t) , ω̇s (t)

)
→ 0.

Then, τh1 → Kv (Xm1 (t)− vs (t)) → Kvδ̂ev, implying that
the human operator can well perceive the output forces of the
ET in (8). Similarly, for the (rm2, ωs) pair, we also have τh2→
Kω (Xm2 (t)− ωs (t))→ Kω δ̂eω.

Proof: 1) Based on the proposed controllers (11)
and (12), we can obtain{

τ̄m1rm1 + usvvs = −Kvr2m1 + (Kv + 1) rm1vs
τ̄m2rm2 + usωωs = −Kωr2m2 + (Kω + 1) rm2ωs

(14)

Based on (14), combining the passivity of the master robot
and the slave robot, we can obtain:∫ T

0

[
(τh1rm1 + τh2rm2)−

(
δ̂evvs + δ̂eωωs

)]
dt

=

∫ T

0
(τh1rm1 + τh2rm2 + τ̄m1rm1 + τ̄m2rm2) dt

+

∫ T

0

(
usvvs − δ̂evvs + usωωs − δ̂eωωs

)
dt

−

∫ T

0
[(τ̄m1rm1 + usvvs)+ (τ̄m2rm2 + usωωs)] dt

≥ km1 (T )− km1 (0)+ km2 (T )− km2 (0)

+

∫ T

0
(Kvrm1 − vs) (rm1 − vs) dt︸ ︷︷ ︸

E1

+

∫ T

0
(Kωrm2 − ωs) (rm2 − ωs) dt︸ ︷︷ ︸

E2

≥ −km1 (0)− km2 (0) = −d2, (15)

where km1(T ) and km2(T ) are the energy function of the
master robot, which is non-negative as the above analysis
shows:

kmi (T ) =
1
2
Mm

λ
r2mi ≥ 0 (i = 1, 2) .

Ideally, if the wheel slippage can be precisely estimated
and completely compensated for, which means vs → rm1,
ωs → rm2, E1 and E2 in (15) are approximately equal to 0.
In practice, while there exist big estimation errors for the
wheel slippage limited by the sensor’s properties, to guar-
antee (15) holds at any time, we can decrease the effect of
the slippage compensation in (7) implying that the modified
ET in (8) is like a positive damping. Thus, |rm1| ≥ |vs| and
|rm2| ≥ |ωs|. In this case, Kv and Kω should meet, so that
E1 > 0 and E2 > 0 can be guaranteed at any time. However,
in this case, the command-tracking performance of the slave
WMR will become poor by this method.

2) Based on (15), combining the passivity of the human
termination and the passivity of the ET as (13), we can obtain

km1 (T )− km1 (0)+ km2 (T )− km2 (0) ≤ d21 + d
2
2 . (16)

That is
1
2
Mm

λ
r2m1 +

1
2
Mm

λ
r2m2 ≤ d

2
1 + d

2
2 + km1 (0)+ km2 (0) .

(17)

Therefore, rm1, rm2 are all bounded ∀t ≥ 0. For the slave
WMR, the command-tracking performance can be guaran-
teed by the proposed FFC (7). Thus, vs and ωs are also
bounded, and (rm1-vs) and (rm2-ωs) are bounded.
3) If

(
Ẍm1 (t) , Ẋm1 (t) , Ẍm2 (t) , Ẋm2 (t) , v̇s (t) , ω̇s (t)

)
→

0, combining the controllers of the master robot and the slave
WMR, the slave robot’s kinematic model (8) and the master
robot’s dynamic model (6) are degenerated as

τh1
τh2

δ̂ev

δ̂eω

→

Kv (Xm1 (t)− vs (t))
Kω (Xm2 (t)− ωs (t))
Xm1 (t)− vs (t)
Xm2 (t)− ωs (t)

 (18)

That is, τh1 → Kv (Xm1 (t)− vs (t)) → Kvδ̂ev and τh2 →
Kω (Xm2 (t)− ωs (t)) → Kω δ̂eω, implying that the human
operator can well perceive the interaction force between the
slave robot and the environment with the proposed FFC (7),
and the proposed teleoperator has good transparency for the
force tracking. �

IV. CASE STUDIES
To validate the teleoperator proposed in Sec. III for theWMR
teleoperation with local slippage compensation, an experi-
mental system with a simulation platform of WMR which
can recreate specific terrain characteristics is implemented
in this section. A series of comparative experiments with a
real WMR are also done to further validate the proposed
approach.

A. EXPERIMENTAL SETUP
A Geomagic Touch haptic device (Geomagic Inc., Wilming-
ton, MA, USA) is used as the master robot in the WMR
bilateral teleoperation system, and the slave robot (WMR) is
implemented in a simulation system of theWMR -ROSTDyn
developed by the authors [21] in Fig. 4, and the communi-
cation channel between the master site and the slave site is
implemented by using the local area network (LAN). Since
the slave WMR only has two degrees of mobility, the first
joint q1 and the second joint q2 of the master robot are acti-
vated in this teleoperation system, but the third joint is locked
at the zero position by a high gain controller (q3 = 0), which
can be approximatiely seen as 2 one-DOF master robots.
In (6), λ = 0.1 andBvi are designed to meet Bvi = Mmi

/
λ.

The simulation platform (ROSTDyn) for the slave WMR
is developed based on Vortex software (CMLabs, Montreal,
Canada) and the wheel-terrain terramechanics model espe-
cially for soft terrains, which takes wheel sinkage and wheel
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FIGURE 4. Setup of WMR teleoperation experimental system.

slippage into account. ROSTDyn is validated that it can
implement a real-time and high-fidelity simulation [21]. The
slave WMR runs on a soft terrain with a slope of 15◦, and
the terrain’s size is 10m (x) × 10 m (y). In the experiments,
the WMR moves down the slope, so that the wheel slip-
page is negative. As the above analysis, there exists obvious
command-tracking errors and the system is potentially unsta-
ble due to the non-passivity of the environment termination
induced by the negative wheel slippage.

In the experimental process, the torques acted on themaster
robots by the human operator are calculated by (6) as

τhi = M̄miṙmi − τ̄mi. (19)

B. EXPERIMENTAL RESULTS
In the following experiments for the WMR bilateral teleoper-
ation on the given soft terrains, two groups of comparative
experiments are done while one is done with a traditional
teleoperation controller without any slippage compensation
(the results are shown in Fig. 5) and the other is with the
proposed controllers (the results are shown in Fig. 6). In order
to well perceive the feedback force induced by the command-
tracking errors for the human operator, the parameters of
the proposed teleoperator in (11) and (12) are set to be:
Kv = 4;Kω = 4. The slave WMR is teleoperated to move
on the given soft terrains with above parameters, and the
experimental results are shown in Fig. 5∼ Fig. 7. By the
results, the following issues are concluded.

1) On the given soft terrains/environment conditions,
the environment termination without slippage compensation
is a non-passive system (EII in Fig. 7) owing to the negative
wheel slippage (sliding on soft terrains) (Fig. 5 (c)).

2) Since the ET is non-passive, without the slippage com-
pensation, the teleoperation system is potentially unstable.
The active energy generated by the ET induces the actual
velocities (vs, ωs) deviate from the commands (rm1, rm2) as
Fig. 5 (a) shows, and the operator feels a big push force
(0s ∼6s) as Fig. 5 (b) shows. As a result, the operator is hard
to maintain (vs, ωs) at the desired value. However, while the
wheel slippage is near to 0 (this is induced by the moving
direction of the WMR), the ET’s active forces (Fig. 5 (b))
become smaller (9s ∼12s), so that the performance also
become better.

FIGURE 5. Experimental results without slippage compensation.

3) By employing the proposed controller (7), the active ET
is modified to be passive (EI in Fig. 7) and the excess of
passivity is also small that means the active energy is slow
and near to 0, so that the teleoperation performance is well at
any time as Fig. 6 shows.

4) With the passive ET, the teleoperation system is stable
(Fig. 6 (a)) with good command-tracking performance, and
the force felt by operator is well tracking (about 4 times as
(18) predicts) with the command-tracking errors of the slave
WMR (Fig. 6 (b)) but is smaller (about 1/10) than the ones
in Fig. 5 (b). This also implies that the modified ET in (8) is
near to 0 by using the slippage compensation method with the
proposed FFC (7).

Comparing with the previous work [19], it can be seen that
the proposed method owns better performance as the negative
influence of the wheel slippage can be ideally compensated
for by the proposed feedforward controller while the wheel
slippage is online estimated precisely.

In conclusion, the proposed teleoperation controller can
effectively decrease the command tracking errors and the

VOLUME 7, 2019 110987



W. Li et al.: Kinematic Teleoperation of WMR With Slippage Compensation on Soft Terrains

FIGURE 6. Experimental results with slippage compensation.

unstable factors induced by the wheel slippage on soft
terrains.

C. EXPERIMENTS WITH A REAL WMR
As Fig. 8 shows, a real two-wheeled differential robot
with lugs developed for the special scenery of soft terrains
(e.g., desert, Lunar surface) is employed as the slave mobile
robot. The slave WMR consists two driving wheels with
encircled lugs and one free wheel without lugs. The width
between the left wheel and the right wheel is 0.5m, the radius
of wheels is 0.15m, and the height of lugs is 0.01m.

FIGURE 7. Comparison of energy generated by ET. (EI is the results with
compensation; EII is the results without compensation).

FIGURE 8. A differential WMR with lugs.

FIGURE 9. Experimental system with a real WMR.

A Geomagic Touch haptic device is also employed as the
master robot in the following experiments as Fig. 9 shows.
A motion capture system (Motive: Body, NaturalPoint Inc.,
Corvallis, USA), consisting of four cameras at the corners of
the test field is employed to track the slave WMR with the
help of markers attached on the top cover, and the communi-
cation between the master site and the slave site is connected
by the LAN. The size of the test field is about 5m ×7 m with
a layer of soft soil, and its thickness is about 5cm ∼10cm.

In the proposed WMR bilateral teleoperation system with
the slippage compensation, the commands from the master
robot are transferred to the actuators as Fig. 10 shows. Based
on the states (vs, ωs) of the slave WMR online obtained
by the motion capture system, the linear velocity (v1, v2)
of each wheel can be calculated by (1) while the non-
holonomic constraints are not destroyed. Further, the angular
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FIGURE 10. Local controllers for the slave SWMR.

velocity (ω1, ω2) of each driving wheel can be obtained by
the encoders. Then, based on the linear velocities (v1, v2)
and the angular velocities (ω1, ω2) of two driving wheels,
their slippage can be separately online estimated based on the
definition for the wheel slippage (2). In addition, the desired
linear velocity (v1d , v2d ) of each wheel is decided based
on the desired velocities (vsd , ωsd ) of the WMR from the
operator’s commands and the WMR kinematic model (1).
With the online estimated wheel slippage, the desired angular
velocity (ω1d ,ω2d ) for each driving wheel is calculated by the
proposed slippage compensation controller (7).

In order to validate the proposed teleoperator in this paper,
a comparison is done between the teleoperator without com-
mand compensation and the proposed controller with slip-
page compensation. In the first experiment, the WMR is
teleoperated with the direct commands from the operator, and
the parameters of the proposed teleoperator in (11) and (12)
are set to be Kv = 4,Kω = 4. In the second experiment,
the slippage compensation is employed, and the parameters
of the teleoperator are set to be Kv = 1,Kω = 1. The
experimental results are shown separately in Fig. 11 and
Fig. 12. Then, we obtain the following conclusions:

1) On the soft terrains, the WMR generates obvious
command-tracking errors comparing with the cases of hard
terrains due to the phenomenon of wheel slippage as Fig. 11
(a) and (b) shows. In this experiment, the wheel rotation speed
as shown in Fig. 11 (d) is directly transformed from the com-
mands and theWMRkinematicmodel (1) regardless of wheel
slippage. The results imply that the WMR on soft terrains
cannot be teleoperated by the methods for hard terrains.

2) In the experiment, we also notice that the wheel slip-
page is easy to fluctuate (as Fig. 11 (c) shows) with the
external disturbance (e.g., the accumulated soil on the wheel)
and the lug switch when the WMR is moving. As a result,
the command tracking performance is much poor when the
WMR is teleoperated by the given teleoperators without any
slippage compensation. The resistance forces perceived

FIGURE 11. Experimental results without slippage compensation.

by the operator also like a slippage-depended damper as
Fig. 11 shows.

3) With the proposed teleoperator and the slippage com-
pensation, the WMR bilateral teleoperation system is stable
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FIGURE 12. Experimental results with slippage compensation.

as Fig. 12 (a) and (b) shows. The poor command-tracking
performance is greatly improved. It should be noticed that the
proposed methods in this paper doesn’t eliminate the wheel
slippage as Fig. 12 (e) shows, but regulate the wheel rotation

speed considering the wheel slippage as Fig. 12 (d) shows.
The existing errors may be caused by the slippage estimation
or the precision of the motion capture system in a low range.

4) The forces perceived by the operator well tracks the
command-tracking errors as Fig. 12 (c) shows. Since the
command-tracking errors are mostly eliminated, the forces
in Fig. 12 (c) is much smaller comparing with the results
in Fig. 11 (c). The experimental process validates that the
designed haptic force is beneficial for the human operator to
estimate the states and the wheel slippage.

In conclusion, the experimental results show that the pro-
posed teleoperation approach for the WMR on soft terrains
is stable and can eliminate most command-tracking errors by
using the wheel slippage information, which can be used for
the command compensation.

TABLE 1. Comparison of methods in [19] and this paper.

Comparing with the method in our previous research [19],
the controller in this paper is robust for the slippage fluctu-
ation since the slippage can be correctly compensated for as
Table 1 shows, and the wheel rotation speed is decided by the
wheel slippage and the teleoperator. However, the method in
this paper requires that the wheel slippage can be estimated
online while the one in [19] don’t require any online informa-
tion for the wheel slippage since a conservative compensation
is done by a SOP controller.

In practice, the following guidelines may be useful for
designing such a kind of WMR teleoperation system on
soft terrains: 1) the precision of the location system for the
WMR’s base should be enough high for wheel slippage esti-
mation, if not, a damping may be required for stability, but
this may also decrease the transparency of the teleoperation
system; 2) when there is strong fluctuation for wheel’s linear
velocity in a short time, the estimated slippage is not appro-
priate for the FFC; 3) the updating frequency of the slippage
estimation should be not too high, since the wheel dynamics
is ignored here; 4) the feedback forces can be the gains of
the WMR’s velocity when the command-tracking errors are
small by the proposed method.

V. CONCLUSION
Anew approach to tele-drive aWMR coupling with the wheel
slippage on soft terrains is proposed in this paper. In order
to eliminate the instability and the command-tracking errors
induced by the wheel slippage on the WMR bilateral tele-
operation system, we propose a WMR teleoperation con-
troller with local slippage compensation. In this system, the
linear/angular velocity of the slave WMR respectively track
the master robot’s positions. After guaranteeing the ET’s
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passivity with slippage compensation for each wheel, the sta-
bility of the proposed teleoperation controller is constrained
via the passivity theory. The experiments with the proposed
teleoperators validate the theoretical findings in this paper.
In the future, the WMR’s lateral sliding will be considered
to guarantee the command-tracking performance while the
lateral loads are big.
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