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Abstract— This paper addresses the path following problem
of a wheeled mobile robot with rhombic like kinematics (two
drivable and steerable wheels) operating in cluttered environ-
ments. Four path following controllers are developed to steer
the kinematic model of a rhombic like vehicle (RLV) along
a desired path: three are based on feedback laws derived
at a kinematic level with geometrical inspiration; the fourth
is a nonlinear controller built upon a kinematic model of
the vehicle using Lyapunov functions. By fully exploiting the
kinematic capabilities of this type of vehicles, all the developed
controllers are capable of performing under two situations:
when both wheels follow the same path, or when each wheel
follows a different path. Simulated and experimental results
are presented in the paper to illustrate the performance of
the controllers. The main conclusions of these controllers are
summarized, leading to a possible application in the vehicles
that will operate in the remote handling missions of the
International Thermonuclear Experimental Reactor (ITER).

I. INTRODUCTION

From the wide variety of nonholonomic wheeled mobile
robots configurations available [1], rthombic like vehicles
(RLVs) as described in [2] and depicted in Fig. 1, have been
distinctly outside the spotlight of the scientific community.
RLVs distinguish themselves from the typical unicycle and
car like vehicles, by allowing to control the linear speed, v;,
and orientation, 6;, of each wheel ¢ € {Rear, Front}. In
fact, RLVs are a set of nonholonomic vehicles which enable
a decoupling between the vehicle’s orientation and velocity
vector, creating a controllable sideslip angle, 3 (Fig. 1).

Based on the enhanced maneuverability of a RLV, the work
initiated in [2] was strengthened in [3], [4], [5] and [6], where
the applicability of such a vehicle in the cluttered environ-
ments of ITER (International Thermonuclear Experimental
Reactor) was studied. One of the many operating scenarios
of ITER is the fusion reactor installed in the Tokamak
Building (TB), being a 2D/3D view of level B1 of this
building visible in Fig. 2. Remote Handling (RH) systems
will play an important role in the ITER project and one of
such systems is the Cask and Plug Remote Handling System
(CPRHS) depicted in Fig. 1: a mobile vehicle responsible for
RH operations of transportation of activated components and
equipment inside the TB. The CPRHS can reach dimensions
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Fig. 1. CPRHS constitution (left) and RLV variables and parameters (right).

Fig. 2. Typical operating scenario for the RLV: 1- RLV (3D and 2D), 2-
start and goal conditions, 3- 2D model of level B1 of TB, 4- optimized
trajectories for each port in level B1 of TB (example trajectory in red).

of 8.50m x 2.62m x 3.70m (length, width, height) and a
weight of 100T when fully loaded. In common, all the
CPRHS are RLVs (Fig. 1) and have to operate within a
narrow safety margin of 10 to 30 cm. In a RLV both wheels
can follow the same path, referred as Line Guidance (LG),
or each wheel can follow a different path, referred as Free
Roaming (FR) [6].

In [3], [4] and [5], a motion planning of the CPRHS in
ITER was performed. The trajectories (path and speed pro-
file) outputted from the aforementioned work are considered
to be the optimal motion solution in the scenarios of ITER.
It is the sole purpose of the current paper to study different
path following solutions for the CPRHS along the previously
optimized trajectories. Moreover, this paper focuses on path
following and not on trajectory tracking, since the objective
is to steer the CPRHS along the optimized trajectories, while
the vehicle’s speed tracks the desired speed profile embedded
in the trajectory. In contrast, trajectory tracking requires the
CPRHS to track a time-parameterized reference [7], [8].

To solve the path following problem for unicycles, in [9],
[10] are employed nonlinear control techniques, either in
the form of Lyapunov based methods or through feedback
linearization. Noticeable performance results and proof of
stability in relation to a feasible path are detailed. Simpler



and less accurate controllers can be obtained employing
geometric methods such as pure pursuit [11] or vector
pursuit [12]. Though, given the strict safety margins of
cluttered environments such as ITER, accuracy overcomes
simplicity. Concerning car like vehicles, [8] details a path
following controller based on feedback linearization meth-
ods, which exploit the chained form representation of the
kinematic model of a car like vehicle. Despite achieving
good performances, in order to guarantee stability, some
constraints must be made on the initial pose (position and
orientation) of the vehicle and in the path itself. For All-
Wheel-Steering vehicles, class to which RLVs belong to,
[13] explores the application of sliding mode controllers
to the path following problem, improving robustness to
uncertainties while compromising steering smoothness.

The only references to path following for RLVs are made
in [9], [14] at a kinematic level only. In [9] nonlinear control
methods are used to derive feedback control laws that enable
one wheel of the RLV to converge to a reference path,
whereas the other wheel determines the vehicle’s orientation
while following the path. In [14] the application of transverse
functions to the control of RLVs is studied, placing a
complementary constraint when the steering angles of both
wheels are equal to &= /2, which is contoured using practical
stabilization [14] via specific maneuvering embedded in the
control design.

As novelty, and motivated by the abovementioned consid-
erations, the authors propose four path following controllers
for RLVs, which can be divided in two groups: three are
categorized as geometrical controllers and are based on
feedback laws derived at a kinematic level with geometrical
inspiration; while the fourth is a nonlinear controller, built
upon a kinematic model of the vehicle using Lyapunov
functions. The geometrical controllers represent a good com-
promise between complexity vs. performance and enable a
first line of awareness to the control problem. In relation to
the nonlinear controller, two nonlinear feedback control laws
are derived, acting independently on the vehicle’s orientation
and sideslip angle, and thereby extracting the full capabilities
of a RLV. In striking contrast with the work done in [9],
the nonlinear controller proposed in this paper allows for a
RLV to follow a path formed by poses. Moreover, in relation
to [14] the constraint O, 0 # £+ /2 is lifted by considering
as control inputs vg,vp,0r and g, as opposed to [14]
where only 93, 9F and the longitudinal speed of vehicle,
v, are used.

The paper is organized as follows: Section II details the
kinematic model of a RLV and formulates the path following
control problem; Section III presents the four path following
controllers; Section IV lays out the results; and Section V
outlines the conclusions and directions for future work.

II. PROBLEM FORMULATION

The subject of this section comprises a mathematical
formulation of the kinematic model of the vehicle under
study and precise path following problem statement.

A. Vehicle Kinematic Modelling

The formulation of a kinematic model for a RLV estab-
lishes the mathematical equations which relate the temporal
variations of the vehicle pose, with the linear velocities
on the wheels (i.e. steering plus the wheel linear speed).
It consists on a pure geometrical study that is carried out
without considering vehicle dynamic properties such as mass,
inertia, slip or friction.

On this line, and referring to Fig. 1, consider the state
vector ¢ = [z, Y. O] as a representation of the vehicle pose
in the frame {I}, with (., y.) the coordinates of the center
of the vehicle and 6,,, the orientation of the vehicle. Also,
consider v as the vehicle’s total speed and [ the controllable
sideslip angle of the vehicle, both defined in {I} (Fig. 1). A
kinematic model for a RLV in {I}, that allows the simulation
of the vehicle motion directly through the desired total speed
v of the vehicle, instead of imposing an individual linear
speed for each wheel, was introduced in [15] as follows:
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is defined in the same way as in [15].

This modelling entails that the wheels of the vehicle roll
without slipping, a constraint inherent to the nonholonomy
of RLVs, and also considers a rigid body constraint, common
to this type of vehicles, as follows:

v cosp = vg cosOR. 4)

Moreover, the ability to control the sideslip angle 3, results
in the capability of the vehicle to move either with both
wheels following the same path (LG), or with each wheel
following a different path (FR) [6].

B. Error Coordinates

A path following controller should reduce to zero i) the
distance from the vehicle to the path and ii) the angle
between the current orientation of the vehicle and the desired
orientation at the path. This motivates the development of a
kinematic model for a RLV in a Serret-Frenet {F} frame
that moves along the path, as depicted in Fig. 3. This type
of approach can be found in [9] for wheeled mobile robots,
where {F} is attached to the path point closest to the vehicle.
This implies that the initial position error of the vehicle
in relation to the path, would have to be smaller than the
smallest radius of curvature present in the path. The current
work follows the approach taken in [10] for wheeled mobile
robots and in [17] for underwater vehicles, which starting
from the grounds established in [9], lifts the initial condition



Path described
Desired by the center
Pose of the vehicle

"..::ttiti‘il'é'd

—

Fig. 3.

RLV variables and {F} frame definitions.

constraint entirely, by attaching {F} to a virtual moving
target along the path. This introduces an extra degree of
freedom at the controller design stage.

Consider Fig. 3, where P is an arbitrary path point to
be followed and C' is the CoG of the vehicle. Associated
with P, consider the corresponding Serret-Frenet frame {F},
with the signed curvilinear abscissa of P along the path
denoted as s. One can either express C' as ¢ = (X,Y,0)
in a selected inertial reference frame {I} or as (s1,y1,0)
in {F}. Stated equivalently, C' can be given in (X,Y’) or
(s1,y1) coordinates. Furthermore, define 6. as the angle of
the tangent to the path at P, 6. = c.(s)$ with ¢.(s) the path
curvature as a function of s, and 6, as the desired orientation
of the vehicle at the path. Referring to the aforementioned
literature, one can obtain ($1,91) as

Te
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By replacing (1) in (5), the kinematic model of a RLV in

{F} is obtained as follows

$1=—5(1 — ce(8)yr) + vcosd
U1 = —ce(8)és1 +vsinf

0 =wm + B — co(s)s

where § = 6,, + 8 — 0. and w,,, = O,

This kinematic model, with s; not necessarily equal to
zero, plays an important role in the development of the
nonlinear controller presented in Section III-D.

C. Path Following

With the background given in the current section, and with
reference to Fig. 3, the path following problem under study
can be formulated as:

Consider the kinematic model for RLVs given by (1) and
(6). Given a LG or FR path to be followed parametrized
in terms of its length and a desired speed profile vy(t) >
Umin > 0 for the vehicle speed v, derive the feedback control
laws for the linear speeds vp,vr and orientations 0,0 of

the wheels, or alternatively 3 and w.,y,, so that s1, y, and 0
tend to zero.

In the current paper, the desired speed profile mentioned
above is embedded in the trajectory provided by the motion
planning described in [3] and [5]. Moreover, the formulation
of the control laws for 5 and w,, requires a transformation
[Wm, B,v] = [vF,vR,0F, OR], detailed in Section III, since,
ultimately, one must determine the linear speeds and orien-
tations of the wheels that drive the vehicle to the path.

ITII. PATH FOLLOWING CONTROL DESIGN

In what follows are unveiled the four path following
controllers developed for RLVs, which represents the major
novelty of this paper.

A. Alonzo Kelly modified controller

Two feedback control laws are here introduced by the
authors that solve the problem enunciated in Section II-C.
The Alonzo Kelly Modified (AKM) path following controller
draws its inspiration on the Inverse Kinematic Model (IKM)
for RLVs proposed by A. Kelly in [18]. The formulation of
the AKM controller herein presented is capable of both LG
and FR, requiring only as input from the motion planning
stage the path poses to be followed.

Referring to Fig. 1, the IKM described in [18] and pre-
sented here in (7), enables the transformation [w,, 8, v] —
[vF,vR,0F,0R]. To obtain the values of vp,vg,60F,0R,
while respecting the rigid body constraint (4) and, therefore,
guaranteeing that the wheels roll without slipping, one can
use the trigonometric relations ¢; = arctan &134) for the
wheels’ orientation, and v; = ,/vfz + vfy, for the wheels’
speed, with 7 € {R, F'}.

Vg cos 3 0

v sin M v
VRz cos 3 0 Wi
VRy sin —Mpg

Hence, this IKM enables the formulation of a path follow-
ing controller that only requires as input the desired pose of
the vehicle at the path, [P, P,,64], and upon the control
of f and w,,, outputs the values of vp,vg,0p,0r that
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definition.

Alonzo Kelly Modified controller representation and variables



enable the vehicle to converge and follow the desired path
(Fig. 4). Moreover, the kinematic singularity 0, 0p # +m/2
present in [14] is lifted entirely with the additional vg,vg
control inputs introduced here. As mentioned previously, v
is assumed to follow the desired speed profile embedded in
the trajectory as described in [3] and [5].

A control law for 3 is used to direct the vehicle’s ve-
locity towards the desired path point, as depicted in Fig. 4.
Referring to the IKM detailed in (7) and excluding, for the
moment, the effect of w,, in the velocity of each wheel, the
[ control law orientates the wheels in a manner that they
point towards the desired path point. Such an objective can
be embodied in the geometric law that follows:

P
[ = arctan (Pyg”) —0,,. 8)

where (P, P,) are the coordinates of the center of the path
pose being followed and (Cy,C,) the coordinates of the
center of the vehicle (Fig. 4). By replacing (8) in (7), the
wheels’ velocity and, therefore, the vehicle’s velocity is, at
all times, directed towards the desired path pose.

A control law for w,, is responsible for orientating the
vehicle with the desired orientation at the path. A function
that embodies this objective, can be formulated as follows:

(ad - em)kwm

Wm = T, (9)

with ¢,, the simulation step and k,,, a positive gain that tunes
the vehicle’s response rate to orientation variations.

Another degree of freedom inherent to the AKM controller
is the choice of the path point to follow. In the formulation
of (8) and (9) is chosen the closest path point P, this being
the orthogonal projection of the C on the path (Fig. 4).
Though, by introducing an offset on the path point to be
followed, referred in the literature as lookahead distance, the
performance of the controller can be significantly improved.
In fact, due to the impossibility of the vehicle’s wheels to
instantaneously change orientation or speed, the introduction
of a lookahead distance might guarantee that when the
vehicle actually reaches the path point "looked at”, the pose
becomes the desired one. Moreover, the lookahead distance
can be fixed or speed dependant, depending on whether there
is a varying speed profile, as it happens in the present case.

In brief, as tunable parameters the AKM controller has the
choice of the lookahead point P and the gain k,,, .

B. Stanley modified controller

The Stanley Method Modified (SMM) path following
controller, is an extension to RLVs of the path following
controller used by Stanford University’s autonomous car
entry in the DARPA Grand Challenge, named Stanley [19].
This controller is capable of both LG and FR, though, it
requires as inputs the path to be followed by both wheels, in
contrast with the other controllers here presented that only
require the path poses.

Considering the path following controller described in
[19], the SMM employs two nonlinear feedback functions
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Fig. 5. Stanley Method Modified controller representation and variables
definition.

of the cross-track errors er and eg, respectively, which are
a measure of the distance from the center of each wheel to
the nearest point on the respective wheel path, as shown in
Fig. 5. The SMM approach results in two control laws, one
for each wheel, responsible for converging er and ep to zero
and for which exponential convergence can be shown [19].

The feedback control laws for 6z and 6 can be written,
with reference to Fig. 5, as

Or = 0., + arctan (lm> , (10)
vp

Or = 0.,, + arctan (keR> , (11)
VR

where: 0, 0 are the required outputs; vg, vy are the desired
front and rear wheel speeds, respectively, embedded in the
trajectory as described in [3] and [5]; k£ is a gain param-
eter, chosen equally for both wheels to maintain vehicle
symmetry; er,er represent the cross-track errors for the
front and rear wheel, respectively; and 0.,., 0., describe the
orientation of the nearest path segment, measured relative
to the vehicle’s own orientation (see Fig. 5). The first term
of (10) and (11) simply keeps the wheel parallel to the
respective wheel path. When the cross-track error is non-
zero, the second term adjust the steering of each wheel in
(nonlinear) proportion to the cross-track error: the larger
this error, the stronger the steering response towards the
respective wheel path.

Against to what was mentioned for the AKM controller,
the formulation above for the SMM controller precludes the
introduction of a lookahead distance, as the reference path
point to be followed by each wheel must inevitably be the
orthogonal projections of the contact points of the wheels in
the respective wheel path.

In brief, the SMM controller has the gain k as its only
tunable parameter.

C. Arc Path Following controller

A geometric control method has been developed by the
authors, named Arc Path Following (APF) controller, capable
of both LG and FR. The key idea of APF is to exploit the
high degree of mobility of RLVs by computing a simple
but effective feedback control law based on geometric and
kinematic reasoning. Since the vehicle is free to define its



Desired Instantaneous Eenter of Rotation (ICRy)

“ Ry

Path described
by the center
of the vehicle

Desired Pose on
the Path

Fig. 6. Arc Path Following controller representation and variables defini-
tion.

Instantaneous Center of Rotation (ICR) in R?, it is in any
case possible (unless specific physical constraints exist) to
compute the generalized circular path that steers the vehicle
from the current pose to the desired one. Thereby this
strategy solves the problem enunciated in Section II-C. The
concept is captured in Fig. 6. A similar approach using
circular path manifolds in a more general framework has
been found in [20], whereas the use of clothoids is proposed
in [21].

The general solution to the desired ICR (ICR;) ex-
pressed in the mobile reference frame {M}, arises as

1 T,
3 (Tfr + tan("yﬂ/g))
(ICRd)M = 9

1 T,
2 (Ty + tan(9€/2))

where 6, = 6,,, — 0q and T' = [T,,, T, is the vector P — C
expressed in {M} (see Fig. 6).

The desired radius of curvature for the front (Rdp) and
rear (Rdg) wheels, expressed in {M}, are

(12)

(Rdp)y, = [Rdp, Rdp,)" = (F)y — (ICRg),, . (13)

(Rdg),; = [Rdr, Rdn,]" = (R)y — (ICR4)y,, (14)

with (F)y, = [ % 0] and (R),, = [~ o].
Thus the feedback control laws, one for each wheel, can
be written, using (12)-(14), as

Rd T .

0 = arctan (Rdl;j) - 551gn (dey) , (15)
Rd

0r = arctan (Rdii) — gsign (RdRy) . (16)

Expanding (15) and (16), the feedback control laws be-
come:

—Tytan(0./2) — T, n
(M —T,)tan(0./2) + T,

0F = arctan <

T . T,
+ 5sign (Ty + tan(98/2)> X))

—Tytan(6./2) — T,
(M + 1) tan(0. /2) + Ty) +

T . T,
+ §SIgn <Ty —+ W) . (18)

Equations (17) and (18) present singularities which can be
easily solved. They come from three singular cases:

fr = arctan (

1) both numerator and denomitator in the arctan func-
tions are zero;

2) 6. = 0 in the sign function, that is when the current
vehicle attitude is equal to the desired one.

3) T, =T, = 0 in the sign function, that is when the
current reference point is equal to the desired one.

Case 1) occurs when either the current position of the
forward or the rear wheel are coincident with the desired
ones. To solve this case it is sufficient to set, respectively,
ICRd = (F)M or ICRd = (R)M

Case 2) is solved by substituting (17)-(18) by their limit
as 6, — 0:

0r = 0r = arctan (Ty) . (19)
Tx

Case 3) occurs when the reference point of the current and
desired vehicle pose are coincident (C' = P). This is solved
by setting ICRy = (C) .

It has to be noticed that all the singularities described
above do not consist in discontinuities of the control laws.
They are degeneracy cases of the solutions expressed by (12)
and (17)-(18) due to special geometric configurations in the
problem definition. By the above considerations, the control
law is smooth for every possible vehicle pose.

Similarly to the AKM controller (Section III-A), the APF
controller formulation enables the introduction of a looka-
head distance, i.e. it is not mandatory that P is the orthogonal
projection of C on the path (Fig. 6). This represents an extra
degree of freedom in the controller that can be exploited to
achieve smoother and better path following performances.

In brief, the APF controller has the choice of the lookahead
point P as its only tunable parameter.

D. Nonlinear based controller

Two nonlinear feedback control laws have been developed
by the authors to steer the kinematic model (6), along a
desired path. The Nonlinear Control Based (NCB) path
following controller, has its grounds on the work done in
[9], [10] on path following control for kinematic models of
wheeled mobile robots and in [17], [22] on the same topic
but for autonomous underwater vehicles. In contrast to the
work described in [9], the usage of the virtual target principle
enables the formulation of the path following problem in a
non-singular manner, thus guaranteeing global convergence
to the path. Moreover, the NCB controller sets apart from the
kinematic controllers developed in [17], [22] by deliberately
controlling the rate of evolution of the vehicle’s sideslip
angle, B, separately from the vehicle’s angular speed, w,,.
This enables the vehicle to converge and follow a desired LG
or FR path, exploiting the full maneuverability of a RLV.



Referring to Fig 3, the objective of deriving a control law
for 5 can be embodied in the Lyapunov function candidate
(see [10] and [17])

2

under the assumptions (A.1) yvsindg(ys,v) < 0,y Vo,
(A.2) 63(0,v) = 0 and (A.3) lim;_, o v(t) # 0. Also, let the
desired approach angle function dg be defined by

1 1
Vi=(si+ui)+ 7 0 55(y1,v)%,  (0)

6s = —0 tanh (ks,y1v) , 2D

where 0 < 603 < m/2 and ks, is an arbitrary positive
gain. Notice how equation (21) satisfies the first and second
assumptions.

In the Lyapunov function V; adopted, the first term
% (s? +yi) captures the distance between the vehicle and
the path, which must be reduced to 0. In turn, this term also
precludes the introduction of a lookahead distance in the
NCB controller. The second term aims to shape the approach
angle 8 = 0 — (0, — 0.) of the velocity of the vehicle
to the path, as a function of the ’lateral’ distance y; and
speed v, by forcing it to follow a desired orientation profile
embedded in the function 6. The parameter  accounts only
for normalization purposes. Moreover, the first assumption
provides an adequate reference sign definition in order to
drive the vehicle to the path, i.e. turn the vehicle left when on
the right side of the path, and turn right in the other situation.
Assumption A.2 specifies that the desired approach angle
vanishes as y; goes to zero, thus imposing the condition that
the vehicle’s velocity must be tangent to the path when the
lateral distance y; is 0. Finally, the last assumption states
that the vehicle does not tend to a state of rest, case where
the controllability cannot be guaranteed.

Consider the following kinematic control laws for s, the
virtual moving target, and (3 as

$=wvcost + kgsq, (22)
. . . inf —sind
B=10p+cc(s)s — b — vylvw —kg(0 — ),
0 —dg
(23)
with kg and k; positive gains. This yields
. 0 —65)°
Vi= —kss% +y1vsindg — kgM <0, 24)

where the presence of the term y,vsindg in the previous
equation justifies A.1. Moreover, (24) depicts the importance
of the virtual target control law (22) on guaranteeing global
convergence to the path.

Therefore, the kinematic control laws (22)-(23) drive
s1,y1 and 6 asymptotically to zero, i.e. the vehicle converges
asymptotically to the path. The proof builds similarly to the
ones found in [9], [10] and [17].

The second objective of deriving a control law for w,, can
be embodied in the Lyapunov function candidate

1

Vo= 5= (O — b2 — b, (y1,v))°, (25)
Y

under the assumption (A.4) ¢, (0,v) = 0 and with &,
defined in a similar manner as in (21).

The Lyapunov function V5, adopted, captures the orien-
tation error between the current orientation of the vehicle
and the desired orientation at the path, which must be
reduced to zero. As in the case of the control law for g,
., aims to shape the approach angle 6,, — 04 of the
vehicle orientation in relation to the desired orientation at the
path, as a function of y; and v. The parameter + accounts
only for normalization purposes. Moreover, assumption A.4
guarantees that the vehicle’s orientation must be equal to the
desired orientation at the path when the lateral distance y;
is 0,ie.asy; —0=10,, — 0,.

By making the kinematic control law for w,, = 0O,
required for Lyapunov stability, as

Wm = Swm + éd - kwm (am - ed - 6wm)7 (26)
with k. a positive gain, Vs becomes
3 o'm - 0 - 6w 2
Vo= kL 10 )” 27)

v

Hence, control law (26) drives 6,, — 6; asymptotically to
zero, i.e. the vehicle’s orientation converges asymptotically
to the desired orientation at the path. Similarly, the proof is
alike to the ones found in [9], [10] and [17].

To determine the values of vg, vg, OF and Og, the IKM (7)
is used. The required value of w,, is obtained directly from
the control law (26), while 3 is obtained by integrating
the output of the control law (23). Similarly to the AKM
controller, v is provided by the trajectory.

In brief, the NCB controller has the following tunable
parameters: the normalization parameter v, the gains ks,
ks, kg, ks and k,, and the approach angles 63 and 0,,,, .

IV. RESULTS

This section illustrates the simulated and experimental
performance of the four path following controllers described
in Section III. The simulations were performed using the Tra-
jectory Evaluator and Simulator (TES) software developed
under the scope of previous grants of Remote Handling with
the domestic agency Fusion for Energy (F4E), as described
in [3], [4] and [5]. The vehicle simulated was the CPRHS,
while following a trajectory to port 16 in level B1 of TB of
ITER (Fig. 7-bottom left). The path includes both LG and
FR: from the lift exit (A in Fig. 7), along the corridor (B
in Fig. 7) and until the maneuver (C in Fig. 7) it is a LG
path, while the entrance to port 16 is realized under FR (D
in Fig. 7). A maneuver exists when the vehicle stops and
changes its motion direction, in order to achieve a specified
orientation, as illustrated in Fig. 7-bottom left. To deal with
maneuvers at the path following stage, the path is divided
n + 1 sub-paths, where n is the number of maneuvers. This
enables each controller of Section III to deal solely with one
sub-path at the time without discontinuities.

The path used in the simulations is a discrete path formed
by a set of consecutive poses, as depicted in Fig. 7-bottom
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Fig. 8. Heading error of the four path following controllers in a trajectory
to port 16 in level B1 of TB of ITER, focusing: A - lift exit in LG; and D -
port 16 entrance in FR. B denotes the straight corridor and C the maneuver
point.

left. This path was calculated using the motion planning
realized in [3], [4] and [5] on path optimization for RLVs.

A discrete first order model in the linear speed of the
wheels and a discrete second order model in the orientation
of the wheels, is used to simulate the typical behaviour of
wheel actuators.

In Fig. 7 is shown the cross-track error of the CPRHS
while following the chosen trajectory to port 16, with the
control cycle established at 50 Hz. Firstly, it must be noted
that all the path following controllers perform within a 6 mm
cross track error, which corresponds to 6% of the minimum
safety margin of 10 cm established for this scenario. Also,
the most critical areas, these being lift exit and port entrance,
are the ones were more error occurs. In these areas, the
peaks result from the discontinuities due to the linear path

interpolation performed. The cones and parables seen for
the NCB and SMM controllers, respectively, denote the
non-utilization of lookahead distance in a simulation which
includes actuators dynamics. In fact, and attending the small
scale of errors presented, it becomes impossible for these
controllers to further minimize the cross-track error without
including actuators dynamics in the formulation of the con-
trollers. The performances of all four controllers are very
satisfying, though the AKM and APF controllers achieve
the smallest Root-Mean-Square Deviation, mainly due to the
utilization of a lookahead distance. The same analysis can
be extended to the heading error results depicted in Fig. 8,
where, however, the differences between each controller are
more subtle, presenting more akin performances.

In Fig. 9 is depicted the experimental setup used. In order
to provide a common ground with the simulation results, the
walls of half of the level B1 of TB of ITER were replicated
at a 1:25 scale, with special focus to the surroundings of
ports 16 and 17. The vehicle used was a 1:25 scale model
of the CPRHS depicted in Fig. 1, built using LEGO®
MINDSTORMS®. To determine, in real time, the pose of
the vehicle in the scenario created, was used a webcamera,
tracking software and visual markers placed on top of the
prototype and in the scenario. The software used was a
branch of TES with communication protocols to acquire data
and command the vehicle. Similarly to the simulation, the
control cycle was set to 50 Hz. Notice that, the experimental
results are more reliable due to including uncertainties not
considered in the simulations.

The experimental results obtained are shown in Fig. 10,
for the four path following controllers, in a trajectory to port
16 (Fig. 10-top left). Similarly to the simulation, both the
cross-track error and the heading error register the highest
values at port 16 entrance (C in Fig. 10), after the maneuver
(B in Fig. 10). As expected, the errors are bigger than the
simulated ones for all the four controllers, due to the errors
inherent to the localization system used, communication lags
between the software and the vehicle and actuators dynamics.
Though, all the controllers perform within 25% of the 10 cm

Tracking
Software

Visual

Markers

Fig. 9. Experimental setup used for port 16 in level Bl of TB of ITER.
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Fig. 10.  Experimental cross-track error (top right) and heading error
(bottom left) of the four path following controllers while approaching and
entering port 16 in level B1 of TB of ITER. In the bottom left is shown
the path described by each controller in comparison to the desired path.

safety margin established for the scenario.

A supporting video for the current paper can be found
at [23], depicting the simulated and experimental perfor-
mance of the APF controller.

V. CONCLUSIONS

Four path following controllers for RLVs were developed,
implemented and tested, both in simulation and experimen-
tally. All the controllers perform within the strict safety
margin constraints established for the cluttered scenarios of
ITER and, overall, attain good results. The study of four
distinct controllers enables the conclusion that both the AKM
and APF controllers slightly stand out from the other two,
providing a good and smooth path following performance,
due to the inclusion of a lookahead distance which contours
the actuators dynamics issue. The SMM controller still
enables a good performance, while being very simple, and is
a good choice if the path of the wheels is available. The NCB
controller also achieves a good performance and amongst the
four controllers possesses the biggest room for improvement,
by enabling an extension to include vehicle and actuators
dynamics through backstepping techniques.

Moreover, a possible future route would pass by merging
the four path following controllers, with a supervisory con-
troller deciding, on each moment, which one to employ given
the situation at hand. Also, the inclusion of dynamic consid-
erations in the controllers formulations must be addressed
and experimental tests should be performed at a larger scale.
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