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Kinematic Bilateral Teleoperation of Wheeled Mobile Robots

Subject to Longitudinal Slippage

Weihua Li, Liang Ding, Haibo Gao and Mahdi Tavakoli, Member, IEEE

Abstract—With the widespread use of wheeled mobile robots (WMR) in various applications, new challenges have arisen
in terms of designing its control system. One of such challenges is caused by wheel slippage. This paper proposes a new
method for haptic teleoperation control of a WMR with longitudinal slippage (not including sliding). In this teleoperation
system, the mobile robot’s linear velocity follows the master haptic interface’s position. The proposed teleoperation
controller also includes an acceleration-level control law for the mobile robot such that the velocity loss caused by slippage
is compensated for. Information about the magnitude and timing of slippage is displayed to the human operator through
haptic (force) feedback. Despite the functional benefits of displaying slippage information as haptic feedback to the user,
there are system stability related concerns that have been addressed using the proposed controller. Experiments of the
proposed controller demonstrate that it results in stable bilateral teleoperation with a satisfactory tracking performance.

Index Terms—Wheeled mobile robot, teleoperation, kinematics, longitudinal slippage, absolute stability.

NOMENCLATURE
r Wheel’s radius
®, W4 Wheel’s angular velocity and desired angular velocity
o, o, Wheel’s angular acceleration and desired angular acceleration
a, dq Wheel’s linear acceleration and desired linear acceleration
v, Vg Wheel’s linear velocity and desired linear velocity
S Wheel’s slippage
0 Wheel’s velocity loss caused by slippage
e Shortage of passivity for environment termination
Th, Oc Human and environment interaction forces

I. INTRODUCTION

When a wheeled mobile robot (WMR) is traveling on a slippery surface, the ideal assumption of pure rolling is not
held any more, which will introduce problems for its control. With the increase in interest in planetary exploration or
disaster zone exploration by WMR, researchers have started to pay more attention to the slippage phenomenon,

which causes a velocity loss for the WMR relative to a desired input velocity signal [1-5]. With the introduction of
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the slippage, the WMR’s kinematic and dynamic models are affected, creating new challenges for control. To
compensate for the influence of the wheel’s slippage on WMR’s velocity, a few controllers for path-planning and
tracking are proposed in [2-4]. A new control algorithm is proposed in [S] where the forces between the WMR and
the terrain are modeled based on the value of slippage, but this slippage-dependent interaction force model is always
experimental and its fidelity is limited by the uncertainty in determining its parameters [1].

Over the past decades years, significant research has been done on teleoperation systems. For a bilateral
teleoperation system, the main goals are twofold: stability and transparency [6]. To meet them, many control
architectures have been adopted. To ensure the teleoperation system stability, the passivity-based approaches have
been widely developed and many methods have been proposed including scattering approach [7], wave variables [8],
damping-injection control [9], etc. By considering velocities and forces in a teleoperation system as currents and
voltages, the electromechanical system mediating between the human operator and the environment can be modeled
as a two port network [10]. The necessary and sufficient conditions for absolute stability (stability under all passive
terminations) of a two-port network are given by the Llewellyn's criterion [11], which is used in this paper.

Teleoperation of WMR is a natural requirement of using the robot in outer space, where appropriately
providing haptic feedback (bilateral teleoperation) can enhance task performance. For bilateral teleoperation of
WMR, there are two kinematics-related challenges not often experienced during teleoperation of non-mobile
robots [12]: 1) the workspace of the master robot is limited but that of the slave WMR is often not or is much
bigger, and 2) the wheeled mobile robot is under non-holonomic constraints so that the directions of permissible
motions are restricted. Owing to WMR’s unlimited workspace, the coordination of master’s position (g,) and
slave’s velocity (vy) is commonly considered [12-16]. Additionally, to teleoperate the WMR in the Cartesian
coordinates despite the non-holonomic constraints, a semi-autonomous control strategy is proposed in [10] 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), which is not held for slippery surfaces. We will consider the problem of workspace mismatch and
surface slippage at the same time for a two-wheeled actuated mobile robot that travels forward or backward but
does not rotate and, therefore, is free from 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
kinematic control for a WMR with longitudinal slippage will inevitably result in errors between the desired and
actual linear velocities for the WMR. To compensate for the velocity error caused by the slippage, we will use an
acceleration-level controller for the wheel, which will be described later. Considering applications such as disaster
zone exploration and motivated by understanding how the wheel’s slippage influences the WMR’s teleoperation, the
time delay in the master-slave communication channel is not taken into account in this paper.

Kinematically, slippage is defined as a function of the wheel’s angular velocity and the WMR’s linear velocity [5].
The magnitude of slippage is decided by the parameters of terrain (e.g., loose soil). In the context of teleoperation of
a WMR, slippage can be modeled as the environment termination (ET) for the slave (WMR) robot. Interestingly, as
we will see later, slippage fluctuations may cause the ET to exhibit non-passive behavior, complicating the
teleoperation control of the WMR. In [17], Jazayeri and Tavakoli considered the termination’s non-passivity and
modified the Llewellyn's absolute stability criterion through Mobius transformations. While [17] was focused on
stability analysis and did not directly address controller design, in this paper we model the ET as an input non-passive
system and propose compensation for its shortage of passivity, which is induced by the slippage. Also, in [17] the

model of the ET was LTI (linear time invariant) while in this paper the slippage model is time-varying.



The rest of this paper is organized as follows: In Sec. II, the WMR’s kinematic model with longitudinal slippage is
developed, and the extent of non-passivity induced by slippage is found. In Sec. III, a stabilizing controller for bilateral
teleoperation of the WMR is designed based on the modified Llewellyn’s Criterion for input non-passive (INP)
terminations with some level of shortage of passivity (SOP). In Sec. IV, experiments of the proposed controller are

done to demonstrate the system stability. Sec. V presents the concluding remarks and future work.
II. WMR’S KINEMATIC MODEL SUBJECT TO SLIPPAGE

In this paper, a two-wheel actuated mobile robot is considered as Fig. 1(a) shows. The two back wheels are
the driving wheels separately controlled by two motors and the front wheel is free of actuation and steering and
driven by the two back wheels. It is assumed that the WMR only travels forward or backward but does not
rotate and, therefore, is free from non-holonomic constraints.

For such a mobile robot, in the ideal case of pure rolling, its linear velocity v will be equal to its angular
velocity w multiplied by each wheel’s radius . From the control perspective, as seen in Fig. 1(b), an angular
velocity-level controller is embedded in the WMR. We will assume that, in Fig. 1(b), the transfer function from
g4 to w is unity. Therefore, the WMR’s kinematic model incorporating the angular velocity controller can be

expressed as
=, (1)
where v, =rao,.

When the WMR is traveling on a soft terrain (e.g., loose soil or sand), due to the limited friction force
generated by the terrain and possible opposing external forces such as that coming from hitting an obstacle, the
wheel’s linear velocity v will not be equal to the wheel’s angular velocity @ times the wheel’s radius 7. In fact,
the phenomenon of longitudinal slippage will occur on the contact surface between the wheel and the terrain.
Slippage S can be defined as [5]

Sz{(rco—v)/v (0 #0) 2
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The above relationship between the wheel’s linear velocity v and angular velocity w can be modeled by the
feedback loop in Fig. 1(b).

In the ideal case that the transfer function of the angular velocity-level controller is 1 (i.e., w4 = w), we have
ro =v, . In this case, (2) can be written as S = (v4 - v)/v. Let us define J as

O=v,— v, 3)

where & is the velocity loss caused by slippage. It is immediate based on (2) that 6 =Sv.

Evidently, with the influence of slippage, the embedded angular velocity controller cannot result in good
linear velocity tracking any more. Therefore, we consider using an embedded angular acceleration-level
controller that works based on the difference of the desired velocity and the actual velocity as shown in Fig. 1(c).
We will assume that the transfer function from @, to & is unity. While the angular acceleration-level
controller in Fig. 1(c) has a model quite similar to the angular velocity-level controller in Fig. 1(b), the WMR
model relating the wheel’s angular acceleration and the WMR’s linear acceleration is harder to obtain in the
presence of slippage. However, by differentiating Sv=ro—v obtained from (2) we can get

r cb—l(Sv'+Sv) =v. “4)

slippage model



It should be noted that S and S are both time-varying functions, thus necessitating the time-domain expression
of the model.

In Fig. 1(c), a, is a desired linear acceleration for the WMR determined based on the linear velocity error,
which is then passed to the angular acceleration-level controller embedded in the WMR. Since we have
assumed that, in Fig. 1(c), the transfer function from ®, to @ is unity, Fig. 1(c) can be simplified as Fig.

1(d).
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(c) WMR’s kinematic model with angular acceleration controller. (d) Simplified WMR’s kinematic model.

Figure I. WMR’s kinematic model and control.

III. TELEOPERATION OF A WMR

A. Slave Robot’s Model

In this section, we will consider the model of a WMR when it acts as the slave robot of a teleoperation system.
We are interested in modeling the terrain-dependent longitudinal slippage as the “environment” with which the
slave robot interacts. From (3) and the equation & = Sv, we can get

S(t)=S(t)v(t)+S(t)v(t). (5)

From the definition of the slippage (2), it appears to be a function of the WMR’s linear velocity and its wheel
angular velocity. However, the slippage actually is not decided by these, but by the WMR/terrain contact
characteristics. Therefore, &(¢)in (5) can be seen as the contribution of the external environment (terrain) to
deciding the WMR’s linear acceleration where there is longitudinal slippage.

In this paper, we consider the case of rw>v, that is §>0, corresponding to the case where the wheel
slippage causes a reduction in the linear velocity of the WMR — we do not consider the case of wheel sliding
that would result in the linear velocity being increased. We here assume that the rate of change of slippage is
constrained by S, <S<S, where S, and S, are actually decided by the WMR’s states and terrain’s

parameters.
Defining the control input u; = a, and the environment interaction force J,, the kinematic model of the slave
robot can be found based on (4) and (5) as

v.=u —96,, (6)

s s e



where &, (1) =S (t)v, (1)+S(1)v, (1)

The above equation provides a straightforward model of the WMR as the slave robot in interaction with an
environment. Please note that the environment interaction force J, provides a generalization of the
terrain-dependent slippage-induced force. The following property is proposed to determine the passivity or
non-passivity of the system described by (5).

Property 1 The LTV system (5), when S is negative, is input non-passive (INP) with a shortage of passivity

(SOP) of —0.55, .

Proof: With the input v (¢) and output &,(¢), the system (5) satisfies the following inequality for all v ()

and 7>0:

T
0

J.Orée(t)vs(z)dz: [ v (O)(S (), () + S (e)v, (1))t
1

(D)) ] SO (0

>V (0)+ = [ (1), (1)v, (1) d : (7)

1 . er
> _V(0)+5SLIfJ v, (t)v, (¢)dt
z,
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1 . . .
where V' (1)= ES (1)vZ(r)=0since S(7)=0. As shown above, the input-output passivity integral [18] has been

decomposed into two parts: an always passive part (Z,) and a potentially active part (Z,,). When Z, is

positive, this system will dissipate energy and cause an excess of passivity, so this system is strictly passive.
However, when Z, is negative, this system may accumulate energy and become INP with the largest

(worst-case) SOP of —0.5S, . In short, (7) shows the ET can be an INP system with a SOP of —0.5S, .

B. Master robot’s model

For a single-joint master robot, the dynamics can be written as
M, G, +B.gq, =1,+T,, (8)

where M,, and B,, are the robot’s mass and damping coefficients, gy, is the degree of freedom, 7, and 7, are the
forces/torques applied by the motor and human.

In general non-mobile robot teleoperation applications, the master and slave velocities (and positions) are
synchronized. However, owing to the unlimited workspace of the WMR, the coordination between the master’s
position ¢, and the slave’s velocity v, needs to be adopted here. Inspired by [12], a new variable 7, =g, +q,
where 0< A <1 is employed to be used instead of ¢, in the impedance matrix; in this way, the problem will
become of one coordinate of 7, and v,, When A and/or ¢, are small, an approximate coordination of

position-velocity ( g, = v, ) is achieved between the master robot and the slave mobile robot.



This change of variable also necessitates defining a new control signal. The controller 7, in (8) is designed as

7, =7, +7, consisting of a local controller 7, and 7, that will be designed in Sec. IV. In terms of the new

m

variable r, and with the local controller 7, =-B, ¢, -B,,q, , the master robot’s dynamic model (8) can be

rewritten as

A7[mi’m +§mrm =7, +1,, 9)

_ — M . .
where M, =M, /2, B, =B, and B, = /l”’ +AB,,—B, . Then, the master robot’s impedance model will
become:

=M:]\7{ s+l_? .

£(r,)

In addition, the human operator model should be written in terms of the new variable 7, as t, = Z,r, . However,

h'm

m

as [12] presented, we assume the human operator can adjust his’/her impedance to ensure the passivity of its
impedance when augmented with the position/velocity transformation. This assumption is seen in an overwhelming

majority of the teleoperation literature [12, 19].

IV. MAIN RESULTS
A. Bilateral Teleoperation of WMR

Following the above-described decomposition of the ET, the WMR teleoperation system can be modeled as in Fig.
2. Outside the dashed box reside the passive components of the human and environment terminations. That part of the
ET’s impedances that resides inside the dashed box may be passive or active. The ET may show a SOP as large as &,
(based on (7),¢, = —O.SS'L ). Therefore, the Llewellyn’s absolute stability criterion cannot be directly used for the

Teleoperation System block in Fig. 2 as not both of its terminations are passive.
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Figure 2. WMR’s teleoperation system after termination’s decomposition.

However, the Llewellyn’s criterion can be applied to the two-port network in the dashed box in Fig. 2 because both
of its terminations are passive as explained below. Recall that the environment impedance was split to an always
passive part (Z,) and a potentially active part (Z,,). The potential active component Z, of the ET can be
decomposed into the two parts shown in Fig. 2as Z,, =(Z,, +¢,)—¢, . Obviously, (Z,,+¢,) is passive because ¢,
is the worst-case SOP of the ET. As a result, the modified ET is always passive, and the active component (—¢, ) is
included in the teleoperation system’s model. For the teleoperation system with the master robot (9) and the slave

robot (6), the impedance matrix model for the two-port network in the dashed box in Fig. 2 is



Th — le ZlZ rm (10)
S, +&.v, 2y Zy ||l -v, .

Lemma 1 (Llewellyn’s criterion [11]) The two-port network (10) is absolutely stable (i.e., the overall system in Fig.
2 is bounded-input/bounded-output stable assuming the passivity of both terminations) if and only if

(1) Zy1(s) and Zx(s) have no poles in the right half plane;

(2) Any poles of Z,(s) and Zx(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 : (11
2Re(Z,)Re(Z,,)-Re(Z,,Z,)) _|ZI2Z21| 20

B. Teleoperation System Design

To achieve a stable teleoperation system with good performance, various teleoperation control architectures exist.
Four-channel (4CH) bilateral teleoperation of the WMR, as shown in Fig. 3(a), can represent the other structures
through the appreciate selection of C; to Cy [19].

In this paper, we consider two bilateral teleoperation control architectures: The direct force reflection (DFR) of the
environment force including the slippage-induced force (5), and the position error based (PEB) control where the
force feedback is proportional to the difference of the slave’s desired velocity and its actual velocity [19]. Lemma 1
will be employed to find the stability conditions in the presence of these two controllers.

1) PEB architecture
The PEB teleoperation scheme of WMR is shown in Fig. 3(b). The PEB control laws are

o (12)

Note that while u=u_ -9

e

and 7=7,+7, are applied to the slave and master, respectively, the controllers

outputs are u; and 7, . Then, the impedance matrix in (10) is found to be

" . (13)
C s+C +K —¢,

s

{Mms+§m+cm C

Using Lemma 1, the PEB controller should meet the following conditions for stability of the teleoperation system:

B, +C,>0
C +K,—¢,>0 . (14)
2(B,+C,)(C,+K,~¢,)-Re(C,C,)-|C,C,|20

The solution of (14) is

B >0 . (15)



2) DFR architecture
The DFR teleoperation architecture is shown in the block diagram of Fig. 3(c). The DFR controller is designed as

u,=C,(r, —v, )+ K,
i . (16)
7, =—0,
Then, the impedance matrix in (10) is found as
M s+B +C s+C +K —s,
Z — m m s s s e . (17)
C, s+C +K —¢,

In order to maintain the entire teleoperation system stable, according to Lemma 1, the following conditions should

be met:

B ,+C, >0

C, +K -¢,20

2(C,+B,)(C, +K, ~¢,)- ' o
Re(C,(C, +K, ~¢,))-|C.(C.+K, ~&,)+Caj>0

Simplification of (18) results in the following conditions

C. >0
B,>0 ) (19)
K >¢g, (C > 0)

Conditions (15) and (19) give the absolutely stability conditions for the WMR’s bilateral teleoperation system.
Note that in (15) and (19), the maximum SOP of the environment is used. This means that if the SOP value is less, we

may have stability even when (15) and (19) calculated for the worst-case SOP is violated. In addition, since the
non-passivity of the ET is compensated for by K at the slave robot, the parameters of C,, and Em are affected by the

chosen master robot.

control

(a) 4-channel teleoperation control of WMR.
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(c) DFR teleoperation control of WMR.

Figure 3. Bilateral teleoperation control of WMR.

V. CASE STUDIES

In the case studies below, we consider the teleoperation of a mobile robot in an environment with slippage.
The slippage varies with soil’s mechanical parameters (e.g., friction angle) [20] and the terrain’s parameters
(e.g., slope angle). Limited by implementation issues concerning recreating specific terrain characteristics that
give rise to certain shortage of passivity of the environment model, we perform semi-physical experiments to
validate the proposed PEB and DFR teleoperation of the WMR under longitudinal slippage.

A. Experimental setup

To validate the proposed methods, experiments are done using a Phantom Premium 1.5A haptic device
(master robot) and ROSTDyn (slave robot). The experimental system is detailed below.
(1) Master robot and human operator

As shown in Fig. 4(a), in our WMR’s bilateral teleoperation system, 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 simulation platform called ROSTDyn which has been developed by the authors [21], and the
communication between the master robot and the slave robot is implemented using local area network (LAN).
Considering just one degree of freedom (DOF) motion, the first joint ¢, of the Phantom is used and the other
two joints are locked by a high gain position controller (¢,=¢;=0). Based on the research results from [22], the
Phantom’s inertia is M,,=0.0035. In (9), A=0.1 and B;,=-0.035.
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(a) Scheme of WMR bilateral teleoperation system.

(b) The master Phantom 1.5A robot.

Figure 4. Experiment platform setup of WMR bilateral teleoperation system.
In the experiments, based on (9), the force applied on the master robot by human operator is estimated as
T, =M +Br -7, . (20)

(2) Slave robot and environment
As shown in Fig. 4(a), ROSTDyn is used as the slave robot and developed based on Vortex software
(CMLabs, Montreal, Canada) and the simplified terramechanics model. ROSTDyn can perform a real-time
simulation with a good fidelity [21]. In this paper, we use ROSTDyn to simulate a WMR moving on a soft
terrain, which causes slippage. The following is the terramechanics model between the wheel and terrain in
ROSTDyn:
Fy =rbo, A+rbr, B=AX + BY
Fpp =rbr,,A—rbo,B=4Y — BX , 21
My =r*b(0, - 0,)t,, 2=rCY

cost), —cosf, cosl, —cosO,

where 4= + ’
Hm_92 91—9,,,
p=S0u=sinG,  sinb, ~sinb o _ g _p,)/2;
Hm_92 91—9,,,

X =rbo,,; Y=rbr,;

7, = E(c+o,tang); o, :KS}"N(COSQM —cos0,)";

E=1-exp{~r{(6,-0,)—-(-s)(sin6 —sin6,)]/K}; K;=K_[b+K,; N=n,+ns.

In (21), Fyis the normal force, Fjppis the drawbar pull force, and My is the moment generated by the interaction
between the wheel and the terrain, s is the slippage of a wheel and ¢ is the internal friction angle. The other
parameters are defined in [20].

The terrain has a slope with an angle of 15°, and its size is 10m (x)*10m (y). Since we are focusing on
creating a nonpassive ET caused by the slippage, and the slippage model cannot be directly given, the most
sensitive parameter to the slippage [23], which is ¢ in (21), is considered and set as a terrain-varying function.
In practice, ¢ is decided by the soil’s characteristics. The following model makes the terrain become harder as
the WMR travels forward:

1.25 (6.1<x<10)
9=405+025(x-3.1) (3.1<x<6.1). (22)
0.5 (0<x<3.1)

Here, x is the WMR position along the moving direction. In the case of climbing a sloped terrain, the bigger



the ¢, the smaller the slippage, and this will cause a negative S while S is positive, which causes the ET’s
potential non-passivity. In practice, if we can obtain the mechanical characteristics of the terrain and the
terrain’s digital elevation model (DEM), the slippage can be roughly predicted by (21). However, a conservative
S is sometimes preferable for the WMR as its safety is superior to performance. Choosing too conservative a
value for min( S) can decrease the force tracking performance and the velocity tracking performance with the
designed control parameters. Before implementing the following experiments, the S range is decided via
through calculations implemented by the ROSTDyn simulation platform.

B. PEB Teleoperation Experiments

In the experiments involving WMR bilateral teleoperation with PEB architecture, to validate the proposed
methods based on (15), the parameters are set to be
Casel: C, =15 C, =8, K =0;

Casell: C, =15, C, =8, K, =0.38.

Case I ignores the ET’s shortage of passivity, but the controller’s parameters meet the Llewellyn’s criterion
while ¢,= 0. Case II also considers the ET’s shortage of passivity. The experimental results are shown in Fig. 5
(Case I) and Fig. 6 (Case II).

For the PEB architecture, the master robot provides 7,,, which acts as a reference value for to the slave robot’s
velocity. Owing to the time-varying slippage, the actual slave robot’s velocity vy may be different from this
commanded velocity and a velocity-error is caused, which is fed back to the master robot as a force. If 7,, is
bigger than v, a backward force will be felt by the human operator that pushes back on the master robot; if 7, is
smaller than vy, a forward force will be felt by the human operator that pulls the master robot forward. Therefore,
in PEB teleoperation, force feedback guides the human operator to give a more effective command to the slave
WMR.

The position-velocity plots of the experiments in Case I (Fig. 5(a)) show that the PEB system with
nonpassive ET is unstable. The ET’s non-passivity (Fig. 5(c)), which is caused by the WMR’s slippage (Fig.
5(b)), will inject energy to the slave robot and make the actual velocity v, increase. As a result, the

position-velocity coordination is not maintained and the human operator cannot control the slave WMR.

With Case II, on the other hand, the termination’s non-passivity is completely compensated for with the
modified ET (Fig. 6(c)), resulting in a stable system (Fig. 6(a)). Note that it was reasonable to set K, (and ¢,) at
0.8 based on Fig. 6(b) and calculation of &, =-0.5S,, in which the slope of the steepest decrease in the
slippage is used. The position-velocity coordination is maintained well (Fig. 6(a)), meaning that the human can
control the WMR’s velocity at a desired level. Also, it is easy for the human operator to feel the velocity error
influenced by the terrain/WMR slippage (Fig. 6(d)). Note that in PEB teleoperation, the ratio of human/master
contact force to the slave/environment contact force is equal to the ratio of the master controller gain to the

slave controller gain. Thus, in our experiments, the ratio of forces seen in Fig. 6(d) is resulted.
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Figure 6. Experimental results for PEB with Case II.

C. DFR Teleoperation Experiments

In the experiments involving WMR bilateral teleoperation with DFR architecture, to validate the proposed
methods based on (19), the teleoperator parameters are set to be:
Casel: C, =20, K =0;

Casell: C, =20, K, =0.38.

Case I ignores the ET’s shortage of passivity, but the controller’s parameters meet the Llewellyn’s criterion
while ¢,= 0. Case II also considers the ET’s shortage of passivity. The experimental results are shown in Fig. 7
(Case I) and Fig. 8 (Case II). Note that here the force feedback is the modified environment force (seeing Fig.
3(c)). The terrain parameters and ¢ are same as in the case of PEB.

In the DFR architecture, similar to PEB, the master robot provides 7,,, which acts as a reference value for the
slave robot’s velocity. Unlike PEB which fed back the velocity error as a force to the human operator, in DFR
the ET’s force 0, is fed back to the human operator, which can be seen as an acceleration error based on (4).
Physically speaking, if J, is positive, which means that the actual acceleration of the slave robot is smaller than
the commanded acceleration, a backward force will be felt by the human operator informing the user about this
deficiency in the WMR’s acceleration. If J, is negative, which means that the actual acceleration of the slave
robot is bigger than the commanded acceleration, a forward force will be felt by the human operator to signal an
excess in the WMR’s acceleration. In both the PEB and the DFR force feedback schemes, the human operator
receives useful feedback from the environment of the slave robot that should pave the ground for a more
effective command; one feedback is about velocity error and the other is about acceleration error.

The position-velocity plots of the experiments in Case I (Fig. 7(a)) show that the DFR system with
nonpassive ET is unstable. The ET’s non-passivity (Fig. 7(c)), which is caused by the WMR’s slippage (Fig.
7(b)), will inject energy to the slave robot and make the actual velocity v, oscillate. As a result, the



position-velocity coordination is not maintained and the human operator (Fig. 7(d)) cannot control the slave
WMR. In this experiment, owing to the big oscillation of the master robot’s position, the coordination between
gm and vy is poor as ¢, 1is big (Fig. 7(a)).

With Case II, on the other hand, the termination’s non-passivity is completely compensated for with the
modified ET (Fig. 8(c)), resulting in a stable system (Fig. 8(a)). Similarly, here it was reasonable to set K, (and
¢.) at 0.8 based on Fig. 8(b) and calculation of &, =—0.5S, . The position-velocity coordination is maintained
well (Fig. 8(a)), meaning that the human can control the WMR’s velocity at a desired level. Also, it is easy for
the human operator to feel the terrain/WMR interaction force (Fig. 8(d)).
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Figure 8. Experimental results for DFR with Case II.

In addition to these typical experiments, many different sets of controller parameters and terrain parameters
were also tested to optimize the velocity tracking performance and the force tracking performance. In all
experiments, the stability conditions were satisfied. It was found that under the stability conditions, the bigger
the K is, the worse the velocity tracking performance of the slave robot and the force tracking performance of
the human operator are. It was also found that increasing the C; value can increase the velocity tracking
performance of the slave robot to some extent while increasing C,, can increase the ratio of the force felt by the
human operator.

In summary, from the experimental results, it is concluded that the ET’s SOP may result in an unstable
system even if the controller parameters meet the Llewellyn’s criterion. The proposed method, which is a
variant of the Llewellyn’s criterion through decomposing the nonpassive ET and including the potentially active
component in the WMR’s teleoperation system, can effectively lead to a stable system.

VI. CONCLUSION

A new method for haptic teleoperation control of a WMR with longitudinal slippage is proposed in this paper. In
this teleoperation system, the mobile robot’s linear velocity follows the master haptic interface’s position. We
propose a teleoperation controller including an acceleration-level control law for the mobile robot such that the
velocity loss caused by slippage is compensated for. Another contribution of the paper lies in showing the
non-passivity of the teleoperation system’s environment termination caused by the WMR’s slippage. The paper then
provides a stability analysis of the teleoperation system through decomposing the non-passivity into a passive
component and an active component. Stabilizing teleoperation controllers can then be designed as shown in the paper.
Experiments of the proposed controllers demonstrate the validity of the theoretical findings. In the future, the WMR’s

rotation motion and teleoperation time delays will be considered in the stability analysis and control design.
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