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Monitoring of robot path tracking:
Reconfiguration strategy design and experimental validation
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Abstract— This paper presents experimental validation in
real time of fault detection and isolation and fault tolerant con-
trol algorithms for healthy monitoring of an Omni-directional
platform, called Robotino@. The latter is composed of three
actuated subsystems. The purpose of using fault diagnosis al-
gorithms is to supervise the safe operating of the system, and to
study the system reconfigurability strategies in order to ensure
that the system remains able to follow a desired trajectory. For
such purpose, the fault detectability and isolability is based
on analytical redundancy relations. The latter are constraint
relations expressing the nominal system behavior and they are
written in terms of the measured system variables. Once a fault
is detected and the faulty actuated subsystem is determined,
the system reconfigurability algorithm analyses the redundancy
presented on the former and an appropriate control strategy is
applied.

I. INTRODUCTION

Several techniques have been developed to track a desired
trajectory by an autonomous robots. Among them ones which
are based on the dynamic and the kinematic models of the
system [1], [2]. The latter algorithm has been experimented
on real vehicles and it has shown its efficiency. However,
the occurrence of a fault on the system can cause the loss
of the path tracking. For that propose, a selection of the
tracking controllers should take into account the healthy state
of the system. Many advantages can be drawn out of the
health monitoring of path tracking of a mobile robot such
as: increase of safety, accomplish the required mission even
in a degraded mode ...etc. For those reasons, ensuring that a
mobile robot continues following a desired path even in the
presence of fault is essential.

In fact, the ability to keep a process system running
even when it is subject to faults is directly dependent on
the implemented fault tolerant control (FTC) strategy. The
latter is qualified by a passive strategy if the used control
techniques is considered robust in the sense that the closed
loop system is insensitive to a sub-set of possible faults
(usually only one fault is considered), [3]. An active FTC
one makes use of the fault information provided by fault
detection and isolation (FDI) algorithms to reconfigure the
system or accommodate the fault, [4]. Among FDI algorithm,
one can found those based on the historical data of the
process, which are referred to Data-based methods [5], [6],
and those based on the knowledge of the system model or
structure, which are referred to as Model-based methods
[7]1, [8], [9]. FDI and FTC strategies applied on mobile
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robot were the subject of a survey [10]. In [11], a FTC
strategy for a mobile robot in combination with a model-
based FDI algorithm was considered. The latter is a hybrid
automaton model which represents the robot’s components
state. [12] developed a fault diagnosis and a FTC procedure
applied to an over-actuated vehicle. Almost the presented
FTC strategies are based on the inverse kinematics model.

The present paper considers model-based fault diagnosis
based on Bond Graph (BG) approach to supervise the robot
dynamic. In fact, BG tool is devoted to represent graphically
the structure as well the dynamic of the system, it is the
interface between the physical system and its mathematical
model. More details about BG can be found in [13]. BG
model-based FDI is based on analytical redundancy relations
(ARRs) [9]. They are generated by exploiting the causal
and structural properties of the BG approach. The structure
of ARRs forms a fault signature matrix, from where fault
detectability and isolability is studied. BG was used also for
the design of FTC strategies in the presence of a fault [14].

The main interest of the proposed paper relies on a
real-time implementation of the control and fault diagnosis
algorithms that enable to keep a mobile robot operating even
under faulty conditions. In fact, based on the fault diagnosis
information, whether the robot is in normal operation or in
degraded mode, the reconfiguration strategy considers the
path tracking controller. In the degraded mode, the path
tracking controller is based on the inverse kinematic model
of the robot.

The other sections of the paper are organized as follows:
in section two, the robot description is developed. The
path tracking monitoring procedure is presented in the third
section. In the fourth section, the obtained experimental
results in real-time are given. The paper ends with general
synthesis and remarks.

II. SYSTEM DESCRPTION

Robotino@ (Fig.1) is a didactic robot built by Festo
company [15]. It is equipped with three omnidirectional
wheels, placed at 120° from one to another on a circular
frame. This allows it to move along three axes (Longitudinal,
lateral, yaw). The traction torque, computed by controllers
is furnished to each wheel through a DC-motor. Moreover,
the instrumentation architecture of Robotino@ is composed
of gyroscope measuring the yaw velocity, and by two other
sensors in each electromechanical subsystem providing the
current and motor position measurements. By using the latter
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Fig. 1. Image of Robotino@ and its actuation subsystem.

The technical specifications of Robotino@ are:
e Maximum velocity : 10 km/h,
e Dimensions :

— Diameter: 0.370 m

— Height incl. housing: 0.210 m

e Weight : 11 Kg.
A. Bond Graph Model of Robotino@

In this section, we present the BG model of Robotino@.
The former is given by Fig. 2 and it is composed of the
following dynamics:

1) Electromechanical systems dynamics in interaction
with the ground,

2) Longitudinal dynamics,

3) Lateral dynamics,

4) Yaw dynamics.

Each j electromechanical part, with j € [1,2,3] is divided
in three parts : a DC motor part, a gear part and a wheel part.
The DC motor part is a combination of an electrical part and
a mechanical dynamics. The electrical part is composed of an
electrical resistance R; and inductance L;, a voltage source
U; and electromotive force feedback EMF (with a constant
k¢j), which is linear to the angular velocity of the rotor. The
mechanical part is characterized by the rotor inertia J; , and
a viscous friction parameter f.;. The gear part is the link
between the DC motor part and the wheel part. It is modeled
on BG by a TF element with a reduction constant N;. The
wheel part in interaction with the ground represents the load
of the electromechanical system, characterized by its inertia
Jsj, and a viscous friction parameter f;;. The radius r; is
considered constant. In addition, in this work the longitudinal
contact efforts Fy; are considered constant representing a
punctual coulomb effort equal to 2N. It has been identified
experimentally by identifying the minimum input voltage
used to start the wheel motion on a homogeneous surface.
This is done under the assumption that the road is identical
and the robot moves at low speeds.

The measurement scheme of each electromechanical part
is represented by “Djf” elements representing the current
sensor (Df :i;) and the rotor velocity measurement (Df :
éej). We remark that the real system is equipped with a
position sensor. However, since the latter information is
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neither effort nor flux variable, the position sensor is replaced
by a velocity one on BG model. The latter measurement is
obtained by differentiating the position variable. The quality
of the position measurement is clean, and acquired with an
accurate encoder of 500 points/rotation, where the velocity
estimation through differentiation is allowed.

This BG model considers also the longitudinal, the lateral
and the yaw dynamics. Where N and Z are respectively
the distances from the Robotino@ CoG to the front and
the rear axles. L is the distance between the 1% and the
3" electromechanical sub-systems. The Robotino@ inertia
is represented by an I : m-element. The numerical parameters
of the mobile robot are identified experimentally and given
in Table. L

TABLE I
SPECIFICATION CHARACTERISTICS OF ROBOTINO @

R; |35 Q) J; | 0.0063  (Kg.m®)

L; | 0.0089 (H) fyj | 0.0004 (N.om.srad 1)

ke; | 0.055 (NmA™T) N, | 16 -

J.; | 0.0000795  (Kg.m?) ¥ 0.04 (m)

f.; | 0.0004 (Nmsrad Ty | N | 0.11 (m)

Z | 014 (m) L 0.21 (m)

III. PATH TRACKING MONITORING

The idea of this work is to use the robot to follow a desired
path in both healthy and faulty conditions. Therefore, in this
paper we have developed an FDI algorithm and combine it
with a reconfiguration strategy. The aim of the fault diagnosis
step is to verify the healthy behavior of electromechanical
systems. Once a fault is detected in an electromechanical
subsystem, this information is used by the FTC step. The
latter consists on re-generating the path tracking controller.
In this section we start by introducing the fault diagnosis
step. The general scheme of the FTC strategy adopted in
this work is given by Fig. 3.

A. Fault Detection and Isolation

The considered FDI algorithm in the presented paper is a
model-based one. It consists on comparing the behavior of
the physical system obtained from the measurement data and
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system. The difference between this information is a residual.
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latter information is used for fault detection and isolation.
The residuals are the evaluation of analytical redundancy
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In similar way, the ARR»3 is obtained, and it is given by
fs3 J3,d0,3 _ Far
ARRy3 = ko3i 6.5 — (/.
23 = ke3iz — (fe3+N3)e3 (e3+ ) 7 N
4)

relations (ARR). They are obtained from the BG model of
the system by using the methodology based on causality
inversion, introduced in [9]. It consists on dualisation of
the system measurements to sources of information, and
assigns a preferred derivative causality to the BG model of
the system. Then, the ARRs can automatically computed by
following the causal path to eliminate the unknown variables
[16].

For example, ARR; associated with the 3" electrome-
chanical subsystem of the BG model of the Fig. 2, is obtained
as following:

From the junction 1,~ of the 3" electromechanical sub-

system, the next constitutive equation is obtained:

Yei=0,i=1.4 0
h=h=f=fa=1i
where :
ey = U3
er = —Res.i3
. 2
e3 = *Lesﬁa @
€4 = *ke?aee%

Thus, ARR;3 is given by :

These ARRs can be obtained automatically by using a
dedicated software [17].

The structure of ARRs of the Eq.3 and Eq.4 forms a
fault signature matrix (FSM) where each entry of this matrix
(sij) holds Boolean values, and the signature vector of each
component fault (E;) is given by the row vector Vg;
[sl j852j - Sm j] where the values s;; are affected as follows:

S,’j:{

A fault on a component is detectable (D,) if at least one
residual is affected by it. It is isolable (1) if its associated
fault signature vector Vg; is unique, i.e, no other fault has
the same signature. Thus, the FSM deduced from the ARRs
of Eq.3 is given by the Table.Il.

1, if the component E; influences r;
0, otherwise

&)

B. Path tracking controller

Given a planar trajectory coordinates (x4,y;), the con-
troller aims to track the considered trajectory with accuracy.
The latter is ensured by tracking the lateral motion of
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TABLE I
FAULT SIGNATURE MATRIX (FSM)

Part Comp. Residuals struc. | D, | I
N C ri; r; — —
_ Se:U; 1 0 1 0
8 L; 1 0 1|0
= Rej 1 0 1 0
o | Df:i 1 1 1|0

kej 1 1 1 0
Df:0,; 1 1 1 0
5 fej 0 1 1 0
§ Jej 0 1 1 0
N; 0 1 1 0
— fsj 0 I I 0
3 Jsj 0 1 1 0
S r 0 1 1|0
F 0 1 1 0
Y
1" wheel
v, (1)
3" wheel
Trajectory
X
Fig. 4. Kinematic motion scheme of Robotino@

Robotino@. In the presented paper, the control strategy is
similar the one described in [1] and used in [18]. It is given
in Eq. (6) and its output is the desired steering angle §(¢):

6(t) = W, (t) +atan (m) (6)

Where, v, (¢) is the difference between the desired path
angle and the actual Robotino@ angle:

We(t):lVC(t)_l/ft(t)~ (N

The error e(t) is the transversal distance between the
Robotino’s CoG to the desired trajectory. v(¢) is Robotino@
velocity. The desired steering angle §(¢) is applied to 2™
electromechanical sub-system through a PI controller.

The longitudinal motion of Robotino@ is ensured by a PI
controller implemented on the 1* and 3™ electromechanical
sub-systems. The desired velocity is computed based on the
predictions of the desired angle of Robotino@ over a finite
window, and on its variations.

C. Fault tolerant control

FTC strategies can be either system reconfiguration or
fault accommodation depending on the fault information. In
this work, the adopted FTC strategy is a reconfiguration

strategy. This choice is made when the fault cannot be
estimated and its effect can be removed from the system.
In our system, the nominal controller used for path tracking
exploits the three free-fault wheels. The longitudinal motion
of Robotino@ is ensured by two traction wheels (1¥ and
3" wheels) and the lateral motion is tracked by using the
steering wheel (2¢ wheel). When a fault occurs on one of
the three wheels’ elements, the fault diagnosis step detects
and isolates the faulty component. If the fault is not isolable,
the faulty subsystem is identified.

Based on this information, the FTC step aims to reconsider
the path tracking controller strategy. It is performed by
transcending the faulty wheel and by adopting a second
control law. Based on the use of the inverse kinematic
model of Robotino@ by considering only the traction wheels,
the desired angular velocity of each wheel is obtained.
This allows to Robotino@ continues to follow the desired
path even in degraded mode (i.e, presence of fault). The
representation of the inverse kinematic model is given as
follows:

£ cos(m/6) & cos(m/6) 0,
—&sin(n/6) —&sin(n/6) { P }
R cos(m/6) — Bsin(n/6) —& cos(n/6)+ £ sin(7/6) 3

Thus, the considered fault scenario is the loss of one
wheel. In other word, if two wheels are being faulty, the
FTC strategy cannot be applied.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The aim of our experiments is to track a desired path
depicted in Fig. 5-(solid line) under either normal or faulty
situations.

25 . t
Desired path
= = = Path in normal case
Path in faulty case with no reconfiguration

-~ Path in faulty case with reconfiguration

0.4 0.6 08 1 12 1.4 16 1.8 2
X (m)

Fig. 5. Desired and tracked paths in the different scenarios.

The tracked path in the free-fault case is showed in Fig.
5-(dashed line), and the residuals of the steering sub-system
are presented in Fig. 6. As defined, the Robotino@ is able to
track with accuracy the desired path and the residuals remain
bounded between their robust thresholds.

The measured signals used to compute the residuals are
depicted in Fig. 7.
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Fig. 6. Residuals evolution (r; and r;) of the 3" electromechanical traction
wheel under nominal conditions.
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Fig. 7. Measured input and output signals of the 3™ electromechanical

sub-system under healthy conditions.

In the second scenario, the 3" wheel is stopped on traction
at around 8 seconds. Two experiments were conducted
with this scenario. The first experiment do not provides
any reconfiguration measure, while the second one exploits
the actuation redundancy presented in Robotino@ to keep
tracking the desired trajectory with reduced performance.

The residual evolution during operation of the experiment
when the wheel is stopped on traction and no reconfiguration
actions are performed is given in Fig. 8. As expected, only
the second residual (r,) crosses the thresholds. Nevertheless,
even if r; does not cross the thresholds, there is a variation
of its value. This can be justified by some modeling errors.

The tracked paths of both experiments are given in Fig. 5.
The path when no reconfiguration is performed is depicted in
dotted lines, while the tracked path with the reconfiguration
procedure is illustrated dash-dotted lines. It is clear from Fig.
5 that without reconfiguration actions, Robotino@ deviates
from its desired position. This occurs because Robotino@
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Fig. 8. Residuals evolution (r; and r) under faulty conditions with no
reconfiguration.

with the current control law is not able to turn after the fault
occurrence. On the other hand, if the reconfiguration strategy
is performed, Robotino@ is able to return to its desired
trajectory after a slight deviation. This deviation happens due
to the fault detection delay caused by the time that r, takes
to cross the robust thresholds. This delay is about 0.5 second
and it is depicted in Fig. 9 and 10.
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Fig. 9. Residuals evolution (r; and r;) under faulty conditions with
reconfiguration.

The measured signals used to compute the residuals are
depicted in Fig. 10.

It can be seen in Fig. 10, that after the reconfiguration
strategy is activated, the input voltage (Upz) and the measured
current (i3) become zero.

Moreover, once the reconfiguration strategy selects the
new control law, Robotino@ is then controlled in term of
steering with differentiation of wheel velocities. The desired
wheel velocities of both traction sub-systems are depicted in
Fig. 11.

The tracking error of all experiments is given in Fig.
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Fig. 10. Measured input and output signals of the 3" electromechanical
traction system under faulty conditions.
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Fig. 11. Desired wheel velocity of both traction subsystems.

12. The error is the smallest when operating under nominal
conditions. If the fault is not compensated, the error increases
over time (dotted line). When the reconfiguration is per-
formed the tracking error increases until the reconfiguration
strategy is activated and then the error decreases again.
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Fig. 12. Tracking error in the different scenarios.

V. CONCLUSIONS

In this work, we presented a fault tolerant control strategy
for healthy monitoring of robot path tracking. The experi-
mental results have demonstrated that when the robot is not
equipped with such procedure, the occurrence of a fault can
lead to a deviation of the robot desired path. To overcome this

problem, we integrated a fault diagnosis algorithm based on
analytical redundancy relations and a fault tolerant control
strategy based on inverse kinematic model of the robot.
The experimental results done in real-time have shown the
efficiency of the proposed strategy and the need of such
algorithms for a healthy path tracking.
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