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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], [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

information and the gyroscope, Robotino@ position (X ,Y )
in the plane is estimated by using the odometry technique.
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Fig. 2. BG model of Robotino@

the information issued from the mathematical model of the

system. The difference between this information is a residual.

In fault-free case, the residuals should approach zero or near

to it due to measurement, parameters, and model uncer-

tainties. Or in fault-case, the residuals are triggered. The

latter information is used for fault detection and isolation.

The residuals are the evaluation of analytical redundancy

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, ARR1 associated with the 3rd electrome-

chanical subsystem of the BG model of the Fig. 2, is obtained

as following:

From the junction 1
1

of the 3rd electromechanical sub-

system, the next constitutive equation is obtained:

∑ei = 0, i = 1..4
f1 = f2 = f3 = f4 = i3

(1)

where :














e1 =U3

e2 =−Re3.i3
e3 =−Le3

d
dt

i3
e4 =−ke3θ̇e3,

(2)

Thus, ARR13 is given by :

ARR13 =U3 −Le3
di3

dt
−Re3i3 − ke3θ̇e3 (3)

In similar way, the ARR23 is obtained, and it is given by

ARR23 = ke3i3 − ( fe3 +
fs3

N2
3

)θ̇e3 − (Je3 +
Js3

N2
3

)
dθ̇e3

dt
−

Fx3r

N3

(4)

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

(si j) holds Boolean values, and the signature vector of each

component fault (E j) is given by the row vector VE j
=

[

s1 j s2 j ...sm j

]

where the values si j are affected as follows:

si j =

{

1, if the component E j influences r j

0, otherwise
(5)

A fault on a component is detectable (Db) if at least one

residual is affected by it. It is isolable (Id) if its associated

fault signature vector VE j 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.II.

B. Path tracking controller

Given a planar trajectory coordinates (xd ,yd), 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 II

FAULT SIGNATURE MATRIX (FSM)

Part Comp. Residuals struc. Db Ib

- - r1 j r2 j − −

E
le

ct
ri

ca
l Se : U j 1 0 1 0

L j 1 0 1 0
Re j 1 0 1 0

D f : i j 1 1 1 0
ke j 1 1 1 0

M
ec

h
.

D f : θ̇e j 1 1 1 0
fe j 0 1 1 0
Je j 0 1 1 0
N j 0 1 1 0

W
h

ee
l fs j 0 1 1 0

Js j 0 1 1 0
r 0 1 1 0

Fx j 0 1 1 0
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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 δ (t):

δ (t) = ψe(t)+atan

(

k1e(t)

v(t)+ k2

)

(6)

Where, ψe(t) is the difference between the desired path

angle and the actual Robotino@ angle:

ψe(t) = ψc(t)−ψt(t). (7)

The error e(t) is the transversal distance between the

Robotino’s CoG to the desired trajectory. v(t) is Robotino@

velocity. The desired steering angle δ (t) is applied to 2nd

electromechanical sub-system through a PI controller.

The longitudinal motion of Robotino@ is ensured by a PI

controller implemented on the 1st and 3rd 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 (1st and

3rd wheels) and the lateral motion is tracked by using the

steering wheel (2nd 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:





Vx

Vy

ψ̇



= (8)





R
3

cos(π/6) R
3

cos(π/6)
−

R
3

sin(π/6) −
R
3

sin(π/6)
R
L

cos(π/6)− R
L

sin(π/6) −
R
L

cos(π/6)+ R
L

sin(π/6)





[

θ̇1

θ̇3

]

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.
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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 (r1 and r2) of the 3rd electromechanical traction
wheel under nominal conditions.
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Fig. 7. Measured input and output signals of the 3rd electromechanical
sub-system under healthy conditions.

In the second scenario, the 3rd 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 (r2) crosses the thresholds. Nevertheless,

even if r1 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@

0 2 4 6 8 10 12 14

-4

-2

0

2

4

6

Time (s)

r 1
 (

V
)

 

 

0 2 4 6 8 10 12 14

-0.4

-0.2

0

0.2

0.4

0.6

Time (s)

r 2
 (

N
.m

)

Residual Threshold -Threshold

Fig. 8. Residuals evolution (r1 and r2) 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 r2 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 (r1 and r2) 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 (U03) 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 3rd 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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