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• Redundancy is common approach to improve
reliability of critical systems such as aerospace,
chemical plants, nuclear plants, autonomous vehicles,
etc.

• Redundancy can be in terms of actuators, sensors,
and other critical components of a system.

• Due to redundancy, a system may reconfigure its
structure when required, in order to achieve its
intended function.
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• In this work, we focus only on mechatronic systems,
which are multi-domain in nature and posses some
intelligence using mechanical, electrical, electronics
and computer based control and supervision systems.

• For safe and reliable autonomous operations of such
systems, it is necessary to have some redundancy in
the system.

• A redundant mechatronic system can have multiple
configurations due to redundancy.
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• As discussed before that a redundant system can have
multiple configurations, and these configurations may
have different levels of performance. In case of a
faulty situation, the following issues may be raised:
• Which configuration should be used among all available

configurations?

• Whether the redundant system can still perform its
intended function using its other available configurations?

• If yes, then what will be the performance level of the
reconfigured system?
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• Based on the research issues discussed, the research
gap can be stated as follows: it is necessary to
evaluate the functional performance level of each
possible configuration of a redundant system.

• The interest of evaluating the functional performance
level is to suggest that which configuration of a
redundant system should be selected among all
available configurations of the system, when
subjected to an instantaneous fault.
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• A new indicator called functionability is proposed, which
evaluates the functional performance level of each possible
configuration of a redundant mechatronics system.

• Furthermore, it is combined with the model-based FDI in order
to develop a unified analysis called functionability analysis for
fault detectability, fault isolability, and system functionability.

• Finally, the proposed functionability analysis is applied to a
heavy redundant mobile robot considering its multiple steering
configurations.
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Structural Analysis of Mechatronic Systems

On-line Off-line

Fault Detectability 
and Isolability
(Basseville 2001…)

Fault Recoverability
(Loureiro et al. 2012…)

.

.

.

Controllability and 
Observability
(Zhou 2015…)

Reliability
(Guo 2018…)

Maintainability
(Pomares 2014…)

Availability
(Khvatskin 2014…)

.

.

.

Functionability
(The present work)

In this work, we propose
an off-line method to
evaluate the
performance levels of the
various configurations of
a redundant system, i.e.,
functionability.

The proposed system’s
functionability is
combined with the
existing model-based FDI
(Bouamama et al. 2003)
in order to have a unified
functionability analysis of
redundant mechatronic
systems.

Existing methods such as availability,
maintainability, recoverability, etc. do
not evaluate the performance levels of
various configurations of a redundant
system.
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namely fault accommodation and system reconfiguration. In the
fault accommodation strategy, the system operates with faulty
configuration by adjusting the controller parameters; whereas
in the reconfiguration strategy, the system is reconfigured to a
healthy configuration [10].

In context of redundant systems, such systems show
multiple configurations, and in case of a fault, it is interesting
to reconfigure a redundant system to a healthy configuration.
As discussed above, AFTC requires an FD procedure to be
performed on the system in order to detect and isolate a fault
in the system, which is termed as fault detection and isolation
(FDI). FDI methods include model-based and nonmodel-based;
modern FDI methods are model based. The model of a system
may be quantitative, qualitative, or statistical. Accordingly, there
are three different groups of model-based diagnosis, which are
described in [11]–[13]. Focusing on quantitative methods, they
check the consistency between the actual process and its model
using analytical redundancy relations (ARRs) [14]. But, how
these faults affect the system’s performance is an open question.
For example, if a fault is detected and isolated in the system
by applying an FDI method, whether the redundant system
can still perform its intended function using its other avail-
able configurations? If yes, then what will be the performance
level of the reconfigured system? In [4], fault recoverability
analysis is described through system’s reconfiguration, but the
level of performance of the reconfigured system has not been
quantified.

Based on the abovementioned literature review, the research
gap can be stated as follows: it is necessary to evaluate the
functional performance level of each possible configuration of a
redundant system. But, the existing methods such as availability,
maintainability, and recoverability (as defined earlier) do not
evaluate the performance levels of various configurations of
a redundant system. The interest of evaluating the functional
performance level is to suggest that which configuration of a
redundant system should be selected among all possible avail-
able configurations of a redundant system, when subjected to
an instantaneous fault. Therefore, in this article, a new indicator
called functionability is proposed, which evaluates the functional
performance level of each possible configuration of a redun-
dant mechatronic system. Furthermore, it is combined with the
model-based FDI in order to develop a unified analysis called
functionability analysis for fault detectability, fault isolability,
and system functionability. For an FDI procedure, a power-based
graphical modeling approach called bond graph (BG) is used,
because the theory of model-based FDI is well developed in
BG [15]. Moreover, BG is a suitable tool for modeling of
mechatronic systems [16], [17].

To position the contribution of this article with reference to
BG theory, a detailed literature survey is performed describing
developments in the field of BG theory. Fig. 1 shows a brief
presentation about the developments in BG theory. BG has
been used for modeling, control, and diagnosis of continuous
dynamical systems [18]–[26]. Discontinuity in BG has been
discussed in [27], and considering discrete and continuous na-
ture of dynamical systems, hybrid BG (HBG) was proposed in
[28]. Furthermore, HBG-based diagnosis is developed in [29].

Fig. 1. Literature review on developments of the BG theory [14],
[18]–[38].

Diagnostic HBG (DHBG) was proposed in [30] by solving the
issue of causality change in HBG, and global ARRs (GARRs)
are proposed for the hybrid dynamical systems [31]. Due to
the presence of the different modes in hybrid systems, their
mode tracking method was developed in [32]. HBG was further
developed for robust diagnosis [33], [34] and for multiple faults
[35]. In the present work, the BG model-based FD method is
integrated with the proposed functionability in order to have a
unified method for the functionability analysis.

The proposed functionability analysis is applied to the steer-
ing function of a heavy redundant mobile robot, where a
steering system represents a hybrid system with continuous
and discrete dynamics. A hybrid system changes between its
discrete modes, which makes its diagnosis complex. In [39],
BG-based fault detection, isolation, and estimation have been
performed for the hybrid steering system, but only one steering
configuration of vehicle was considered. In [40], the BG model
of the steering function has been developed considering three
steering configurations of the mobile robot, but no FD was
performed. In this article, we apply a unified BG tool for FD
and functionability analysis on the complex hybrid steering sys-
tem considering multiple steering configurations of the mobile
robot.

In the light of abovementioned literature review, the main
contributions of this article can be summarized as follows.

1) The first contribution with respect to existing solutions in
reliability engineering is to propose an offline method to
evaluate the functionability of different allowed configu-
rations of a redundant system.

2) The second contribution with respect to existing solutions
in model-based FDI is to combine the proposed function-
ability with the existing BG-based diagnosis in order to
have a unified method for the functionability analysis of
redundant mechatronic systems.

3) Furthermore, the functionability analysis is utilized for
the online reconfiguration of a faulty redundant system
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Com – mth component of the system;  
Sp – pth configuration of the system;
Fm,p – functionability of pth configuration corresponding to a faulty mth component
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Fig. 2. Generalized structure of a redundant system.

based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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Here, we define functionability as follows:
The functionability of a system’s configuration is the measure that how well the
configuration can perform with reference to the desired performance of the system, based
on the desired values of a set of criteria.

The structure of a redundant system can be reconfigured based on selecting 
the optimal configuration with maximum functionability, when subjected to 
a fault. The optimization problem can be stated as follows:
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based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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Fig. 2. Generalized structure of a redundant system.

based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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Fig. 3. Proposed methodology of functionability analysis.

configuration, i.e., Sp ! Sb and F1,p ! Fb1 . Hence, at any point
of time, Fb1···m is given by

Fb1,...,m = max(F1,...,m,1, F1,...,m,2, . . . , F1,...,m,p). (5)

From the abovementioned analysis, the structure of a redun-
dant system can be reconfigured based on selecting the optimal
configuration with maximum functionability, when subjected to
a fault. The optimization problem can be stated as follows:

max
Sp

F1,...,m,p =
k!

i=1

Ci,p(wi, di, ai,p, Sp) (6)

s.t.

0 < wi < 1. (6a)

For reconfiguration of a system, it is necessary to apply an FDI
method to detect and isolate a fault online. Since, the methodol-
ogy of FDI is well developed in BG [14], [15], we combine latter
with the proposed functionability in order to develop a unified
BG-based methodology for the analysis of redundant systems
as shown in Fig. 3. Prior to further development, we present a
brief introduction to BG and the BG-based FD.

BG is a power-based graphical BG(N,E) modeling approach
for multidomain systems [18]. Here, N is a set of nodes rep-
resenting physical components of the system and E is a set
of edges representing power exchange between nodes. The
power exchange between physical components of a system is
represented by multiplication of two unified variables, namely
effort (e) and flow (f). The edges E are called power bonds in
BG language, which carry power variables e and f.

For diagnosis of continuous systems, diagnostic BG (DBG)
[14] is used to derive ARRs. In case of diagnosis of a hybrid
system, a DHBG [30] can be developed to resolve the issue of
causality conflict due to modes change in an HBG. Furthermore,
global ARRs (GARRs) [31] can be derived from the DHBG. The
evaluation of ARRs/GARRs is performed online using input
and output measurements from the system, which generates
residuals. For more details about BG modeling and BG-based
diagnosis, reader may refer to [15] and [16].

The following steps are required for the complete analysis
(refer to Fig. 3).

1) In the first step, a DBG/DHBG is directly developed from
the physical redundant system.

2) ARRs/GARRs are derived from the DBG/DHBG.

TABLE I
DESCRIPTION OF THE PROPOSED FSMEX

3) An FSM [25] is generated based on the evaluation of
ARRs/GARRs.
These three steps represent BG-based fault detectability
and isolability analysis (or FD).

4) In the fourth step, the proposed functionability analysis
is performed on the redundant system offline.

5) Finally, functionability is combined with the FSM to
develop an extended FSM, say FSMex, which can further
be utilized for the system’s reconfiguration. The proposed
FSMex can simply be applied on the other existing forms
of FSMs including mode-dependent FSM [39], global
FSM [32], and global fault sensitivity signature matrix
[35].

In Table I, the proposed FSMex is presented, where the left
part of the matrix till column Ib represents the FSM for fault
detectability (Db) and isolability (Ib). If there are n number of
ARRs/GARRs of the system, then their evaluation will result
in n number of residuals (R1,...,n). A matrix element Bm,n

represents a binary number 0 or 1 corresponding to the mth
component and the nth residual, which are assigned as follows:

Bm,n

"
= 1, if Rn is sensitive to fault in Com
= 0, otherwise.

(7)

The detectabilityDb and isolability Ib can be defined as follows:
First, a faulty Com is detectable (i.e., Dbm = 1) if at least one
residual is sensitive to it; and second, a faulty Com is isolable
(i.e., Ibm = 1) only when it is detectable and its fault signature
is different from the fault signatures of other components.

The remaining right part of the matrix represents the proposed
functionability (Fb) analysis, where all parameters have same
meaning as described above. A matrix elementFm,p can be eval-
uated using (1)–(4), whereas optimal functionability (Fb1,...,m)
is evaluated in the last column using (5). The developed FSMex
enables to choose the optimal configuration of the faulty system
based on maximum the functionability.

Let us consider an example of a simple electrical system,
where two bulbs of different watts are supplied through parallel
wire connection. The intended function of the system is to
illuminate a room. This system represents a redundant system
because it can perform the intended function using its different
configurations, i.e., with one or two bulbs. Considering faults in
bulbs and wiring, then in case of a fault, the system may or may
not be able to perform its function, i.e., to illuminate the room.
The circuit diagram of the system is shown in Fig. 4. The first
bulb glows brighter with high resistance filament X1, whereas
the second bulb has low resistance filament X2.
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• The proposed analysis is applied to the steering system of a
heavy redundant mobile robot called Robutainer.
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Focusing on steering systems in Robutainer, due to redundant
actuations for steering (front and rear sides), three steering
configurations (p = 3) are possible:

i) steering of the front side only (S1),
ii) steering of the rear side only (S2), and
iii) steering of the both sides (S3).
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• The steering system of Robutainer is a mechatronic system with mechanical, electrical, 
and hydraulic components.

• In addition, it represents to a hybrid system combining continuous and discrete dynamics.
• Therefore, the steering system represents a complex system with possibility of different 

components faults.
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Fig. 9. DHBG of the steering system of Robutainer.

Step 2: Corresponding to sensors (i.e., signal sources) in the
system, ten GARRs (n = 10, R1,...,10) can be derived from the
DHBG in Fig. 9 [32]

GARR1(!̇m) :
Km

Rm
(U !Km!̇m)

! JM !̈m ! fM !̇m ! VPPP = 0 (9)

GARR2(PP ) : VP !̇m ! ṖP

CP
! PP

RLf
! (PP ! PVf)

RRf

! PP

RLr
! (PP ! PVr)

RRr
= 0 (10)

GARR3(PVf) :
(PP ! PVf)

RRf
! a1fPVf

RPTf

! a2f (PVf ! PAf)

RPAf
! a4f (PVf ! PBf)

RPBf
= 0 (11)

GARR4(PAf) :
a2f (PVf ! PAf)

RPAf
! a5fPAf

RATf

! "̇f
q1fN1fN2f

+
(PBf ! PAf)

RHf
! ṖAf

CAf
= 0 (12)

GARR5(PBf) :
a4f (PVf ! PBf)

RPBf
! a3fPBf

RBTf

! "̇f
q2fN1fN2f

! (PBf ! PAf)

RHf
! ṖBf

Cm
= 0 (13)

GARR6("̇f ) :
PAf

N1fN2fq1f
+

PBf

N1fN2fq2f

! fHf "̇f
N 2

1fN
2
2f

! fSf"̇f ! JSf"̈f = 0 (14)

GARR7(PVr) :
(PP ! PVr)

RRr
! a1rPVr

RPTr

! a2r(PVr ! PAr)

RPAr
! a4r(PVr ! PBr)

RPBr
= 0 (15)

GARR8(PAr) :
a2r(PVr ! PAr)

RPAr
! a5rPAr

RATr

! "̇r
q1rN1rN2r

+
(PBr ! PAr)

RHr
! ṖAr

CAr
= 0 (16)

GARR9(PBr) :
a4r(PVr ! PBr)

RPBr
! a3rPBr

RBTr

! "̇r
q2rN1rN2r

! (PBr ! PAr)

RHr
! ṖBr

CBr
= 0 (17)

GARR10("̇r) :
PAr

N1rN2rq1r
+

PBr

N1rN2rq2r

! fHr"̇r
N 2

1rN
2
2r

! fSr "̇r ! JSr "̈r = 0. (18)

For robust diagnosis, parametric uncertainties are considered
based on LFT-BG [25], [33]. From LFT-BG, uncertain part of the
GARR1 represents adaptive threshold th1 forming an envelope
for residual R1 (!th1 " R1 " th1)

th1 =

!!!!
K2

Mn

RMn
wKM2

!!!!+ |KMnwKM1 |!
!!KMnw1/RM

!!

+ |wJM |+ |wfM |+ |VPnwVP 2 | .
(19)

The suffix n denotes nominal value of a parameter. wKM2 ,
wKM1 , w1/RM

, wJM , wfM , and wVP 2 represent uncertainties
in respective parameters. In the same way, adaptive thresholds
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The following important criteria are considered for Robutainer:
i) maximum safety C1,p

ii) maximum mean velocity C2,p

iii) minimum energy consumption C3,p

Based on the above criteria, functionability of three
configurations is evaluated using experimental data of
Robutainer:
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Fig. 2. Generalized structure of a redundant system.

based on its optimal configuration with maximum func-
tionability at any instant of time.

4) Finally, the BG model is developed for the complex hybrid
steering system of a heavy redundant mobile robot and the
functionability analysis is applied considering its multiple
steering configurations.

The main advantage of the proposed analysis is that it enables
reconfiguration of a redundant system with possible maximum
performance; in addition, the performance level of the recon-
figured system can be quantified. The rest of this article is
organized as follows. Section II presents the proposed method-
ology of functionability analysis. In Section III, the proposed
methodology is applied to a heavy redundant mobile robot using
experimental data of different configurations. The cosimulation
results are presented in Section IV. Finally, Section V concludes
this article.

II. FUNCTIONABILITY ANALYSIS

A redundant system can continue to perform its intended task
irrespective of a fault in a component of the system by switching
to other allowed configurations. However, the functional perfor-
mance of the reconfigured system may be same or degraded. The
generalized structure of a redundant system is shown in Fig. 2.

In Fig. 2, three abstraction levels of the system’s structure are
presented. At the lowest level, there are m number of components
(Co1 to Com) of the system including the redundant compo-
nents. Components fault detectability and isolability analysis is
performed at this level. At the middle level, there are p number of
configurations (S1 to Sp) of the system, which are possible due
to redundancy. Each configuration at the middle level is a set of
some/all components at the lowest level based on the required
components for its function. For example, composition of Sp

can be given as follows:

Sp = {Co2,Co3, . . .,Com} . (1)

All system’s configurations have different levels of perfor-
mance due to different components in their compositions. There-
fore, at the middle level, each configuration is assigned with an
indicator of functionability (F1,...,m,1 to F1,...,m,p), where the
first subscript 1,...,m is corresponding to a faulty component
(Co1,..., or Com) and the second subscript is corresponding
to a configuration (S1 to Sp). Here, we define functionability

as follows. The functionability of a system’s configuration is
the measure that how well the configuration can perform with
reference to the desired performance of the system, based on
the desired values of a set of criteria. These criteria should be
selected based on the functional requirements of the system;
for example, in trajectory tracking of an autonomous vehicle,
one important criterion is minimizing tracking error because
a big error can cause safety risk. Thus, the desired value of
tracking error is fixed a priori and the tracking errors of all
the possible configurations of the vehicle are compared with
this desired values. Similarly, other important criteria can be
minimizing energy consumption, tracking time, etc. This criteria
selection vary from system to system and should be based on
safety, energy, and other specific functional requirements of a
system.

In Fig. 2, at the lowest level, if a component is faulty, then the
performance of some configurations at the middle level may be
degraded, which is quantified by functionability. Therefore, in
case of a faulty component, none/some/all configurations may
be available at any instant of time according to the effects of
a fault. Then, it is required to choose the best/optimal configu-
ration among all available configurations of the system, which
is represented by Sb at the highest level with functionability
Fb1,...,m . For example, if there is a faulty component (say Com)
in the system, then the functionability of a configuration (say
Sp) is given by

Fm,p

!
= 0, if Com ! Sp

"= 0, otherwise.
(2)

For functioning of a configuration, it is necessary that all the
components of that configuration must be healthy. Fm,p = 0
represents a failed Sp configuration because faulty component
Com belongs to Sp. When Fm,p "= 0, its exact value can be
calculated based on various important criteria for a system. If
there are k number of criteria for a system, then Fm,p can be
given by

Fm,p =
1
k

k"

i=1

Ci,p (3)

where Ci,p represents the performance of the ith criterion for
the pth configuration of the system, given by

Ci,p

#
= wiai,p

di
(for maximum criterion)

= widi
ai,p

(for minimum criterion).
(4)

The parameterswi and di represent weight and the desired set
value of the ith criterion, whereas ai,p represents actual value
of the criterion for the pth configuration. The value of wi ranges
between 0 to 1 depending upon the importance of a criterion.
Once functionability of each configuration at the middle level
is set offline, then, optimal/best configuration (Sb) can be cal-
culated online by choosing the configuration with maximum
functionability (Fb) among all available configurations due to
a fault at any instant of time. Consider a faulty component
Co1 in the system, despite this fault, if a configuration (say
Sp) has the maximum functionability (F1,p) among all other
available configurations, then it can be considered as the optimal
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Based on the dynamic model-based FDI method, an extended fault
signature matrix (FSMex) is developed.

FSMex enables to detect and isolate a component fault; in addition, it
suggests that which configuration should be select based on maximum
functionability.
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Based on the dynamic model-based
FDI method, an extended fault
signature matrix (FSMex) is
developed.

FSMex enables to detect and isolate a
component fault; in addition, it
suggests that which configuration
should be select based on maximum
functionability.

C1 C2 C3
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Reconfiguration algorithm based 
on the functionability analysis.
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• The proposed methodology is verified through real-time co-simulation of 
Robutainer. The following five scenarios are considered:
i) Scenario I: Constant Valves Mode and No Fault
ii) Scenario II: Constant Valves Mode and Fault in an Electric Motor
iii) Scenario III: Constant Valves Mode and Fault in a Front Distributor Valve
iv) Scenario IV: Changing Valves Mode and No Fault
v) Scenario V: Changing Valves Mode and Fault in a Rear Hydraulic Motor
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Scenario I: Constant Valves Mode and No Fault

Scenario II: Constant Valves Mode and Fault in an Electric Motor
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Scenario III: Constant Valves Mode and Fault in a Front Distributor Valve

Scenario IV: Changing Valves Mode and No Fault
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Scenario V: Changing Valves Mode and Fault in a Rear Hydraulic Motor
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• A method is proposed for the functionability analysis of redundant
mechatronic systems, which can switch to different configurations according
to a fault present in the system.

• Functionability analysis enables us to choose the best configuration of a
redundant system from the available configurations at any point of time.

• The proposed approach is applied to a heavy redundant mobile robot having
three steering configurations.

• The proposed algorithm evaluates the functionability of each configuration of
Robutainer and suggests that which configuration should be selected when
subjected to a component fault.

• The selected configuration is optimal based on the maximum value of
functionability, which quantifies the performance level of the reconfigured
system.
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Functionability Analysis of Redundant
Mechatronic Systems in Bond Graph Framework

Pushpendra Kumar , Ismail Bensekrane, Blaise Conrard, Armand Toguyeni , and Rochdi Merzouki

Abstract—A redundant system can continue to perform
its intended function in a faulty condition using its mul-
tiple configurations. However, the performance may be
degraded due to varying functional performance of each
configuration. Thus, redundancy improves the reliability
of a system. This article presents a method to analyze
the level of functional performance of a redundant system
with faults. In this article, a new indicator, called func-
tionability, is proposed for a class of redundant systems,
namely engineering mechatronic systems. The developed
method is integrated with the bond graph based theory of
fault diagnosis, in order to develop a methodology for the
functionability analysis of redundant systems. The devel-
oped methodology is applied on the steering function of
a heavy redundant mobile robot called Robutainer. Due to
redundancy, Robutainer shows multiple steering configu-
rations, namely front, rear, and dual. The approach is val-
idated through experiments and real-time cosimulation of
Robutainer for trajectory tracking in a port environment and
considering different components faults in its multidomain
hybrid steering system.

Index Terms—Bond graph (BG), fault diagnosis (FD),
functionability, hybrid systems, mobile robots, redundant
systems.

I. INTRODUCTION

R EDUNDANCY is common approach to improve relia-
bility of critical systems, such as aerospace, chemical

plants, nuclear plants, and autonomous vehicles [1], [2]. A
redundant system can have multiple configurations according to
the redundancy present in the system. The redundant system may
reconfigure its structure when required, based on the different
available configurations, in order to achieve its intended func-
tion. However, these configurations may have different levels of

Manuscript received March 19, 2019; revised September 11, 2019;
accepted October 29, 2019. Date of publication November 6, 2019; date
of current version December 31, 2019. This work was supported in
part by the European project InTraDE from INTERREG IVB North-West
Europe [41], in part by the national project VASCO from Programme
d’investissements d’avenir (PIA) France [43], and in part by the Euro-
pean Interreg project SPEED [44]. Recommended by Technical Editor
H. R. Karimi. (Corresponding author: Pushpendra Kumar.)

P. Kumar, I. Bensekrane, B. Conrard, and R. Merzouki are with
the Laboratory Centre de Recherche en Informatique, Signal et
Automatique de Lille (CRIStAL) UMR CNRS 9189, Polytech Lille,
University of Lille, 59655 Villeneuve d’Ascq, France (e-mail: jahan.
pushp@gmail.com; ismail.bensekrane@gmail.com; blaise.conrard@
polytech-lille.fr; rochdi.merzouki@polytech-lille.fr).

A. Toguyeni is with the Ecole Centrale de Lille, 59655 Villeneuve
d’Ascq, France (e-mail: armand.toguyeni@centralelille.fr).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMECH.2019.2951945

performance, and it is required to choose the best configuration
based on the performance level. Therefore, it is necessary to
quantify the functional performance level of each configuration
of a redundant system. In the present work, we focus only on
redundant mechatronic systems.

Structural analysis of mechatronic systems can be performed:
online during operational phase, such as fault detectability,
isolability, and recoverability; and offline during design phase,
such as system controllability, observability, reliability, main-
tainability, and availability. Fault detectability concerns the
activities to determine if the system dynamics has deviated
beyond an acceptable limit from its normal operation model.
If an unacceptable system behavior is detected then an alarm
is declared, then the objective of isolability is to locate one or
more faulty components in the system [3]. Fault recoverability
analysis consists of studying the conditions under which a
system is able to achieve its objectives, even when subjected
to a fault [4]. System controllability and observability concern
the activities to determine if there are sufficient input actuators
and output sensors in the system to control and measure all of
its states [5]. Reliability concerns with the ability of a system
to perform its intended functions under certain conditions for a
specified time [6], whereas maintainability concerns about the
activities to repair or replace faulty components of the system
[7]. Availability of a repairable system represents that it is
operational at any instant of time for a given set of conditions
[8].

According to IEC 61508 standard, functional safety is im-
portant for intelligent systems [9]. Redundancy (redundancy of
actuations, sensors, and/or subsystems) improves the functional
safety and reliability of such systems. Redundant mechatronic
systems require effective fault-tolerant (FT) systems design in
order to deal with various component faults including actuators,
sensors, and subsystem faults. An FT system is composed of
fault diagnosis (FD) and FT control (FTC) algorithms. An
FTC system can be categorized in two categories: passive FTC
(PFTC) system and active FTC (AFTC) system. A PFTC system
is based on the fixed structure robust controller and generally
used when a fault is predetermined during design phase and
not having severe effects; in this case, an FD procedure is
not necessary to perform because effects of simple faults are
neutralized by the robust controller. An AFTC system is based
on the controller redesign and used when a fault is unknown
and having severe effects. AFTC can dealt with wider range
of fault, but it requires to perform FD procedure on the system.
Focusing on AFTC, it can be achieved by two different strategies,
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Abstract: A redundant robot can complete a given task even in a faulty situation using its
alternative configurations. This paper presents a reconfiguration strategy for a redundant heavy
mobile robot called Robutainer. It is a four wheeled mobile robot, which is used to transport
40 feet container in port terminals. Robutainer has redundant steering actuations for the front
and rear sides, due to this redundancy, it shows four steering configurations namely, dual, front,
rear, and skid. Thus, Robutainer can reconfigure between its four steering configurations when
subjected to a fault in the steering system. But, it is necessary to detect and isolate a fault in the
steering system; subsequently, the robot can be reconfigured according to the available steering
configurations. The steering system of Robutainer is a complex multi-domain system with hybrid
dynamics. In this work, a graphical modeling approach Bond Graph (BG) is used to develop the
fault detection and isolation (FDI) model of the steering system considering its multi-domain
components including electric motor, pump, accumulator, hydraulic motor, and transmission;
moreover, discrete dynamics of distributor valves are included. Finally, a reconfiguration strategy
is developed in order to reconfigure the system according to di↵erent faults in the steering
system. The developed algorithm is verified through simulation in Matlab/Simulink with
di↵erent components faults.

Keywords: Mobile robot, Dynamics, Bond graph, FDI, Reconfiguration.

1. INTRODUCTION

Wheeled mobile robots (WMRs) have increasingly been
used in various ground maneuvering applications due to
their design simplicity compared to legged and articulated
robots. WMRs are mainly used in confined spaces such as
manufacturing units, warehouses, port terminals, etc., for
the purpose of transporting goods and people. Due to their
autonomous operations, safety becomes the major con-
cern. Therefore, it becomes necessary to detect and isolate
faults in a system and to perform required reconfiguration,
in order to avoid any accident. Generally, redundancy is
used to improve the reliability of such systems (Catelani
et al. (2017)).

The complex systems can have faults in their components
and it becomes necessary to detect and isolate these
faults (Cho et al. (2018)), so that required action can
be taken. Fault detection and isolation (FDI) methods
include model-based and non model-based; modern FDI
methods are model-based. The model of a system may
be quantitative, qualitative, or statistical. Focusing on
quantitative methods (Venkatasubramanian et al. (2003)),

they check the consistency between the actual process and
its model using Analytical Redundancy Relations (ARRs)
(Loureiro et al. (2012a)). In this work, Bond Graph (BG) is
used as a tool to develop the FDI model, because theory of
FDI is well developed in BG. Moreover, BG is a suitable
tool for modeling of multi-domain mechatronics systems
(Merzouki et al. (2012)).

BG has been used to develop FDI model of complex sys-
tems using diagnostic bond graph (DBG) (Kumar et al.
(2014)). Moreover, BG has been applied successfully for
diagnosis of hybrid systems having continuous and discrete
dynamics simultaneously, using diagnostic hybrid bond
graph (DHBG) as presented in Low et al. (2009). BG
is a modular modeling tool that can be used to model
a complex system systematically by considering its di↵er-
ent multi-physics components. Focusing on mobile robots,
many researchers rely on BG for dynamic modeling, con-
trol, and fault diagnosis of WMRs (Kumar et al. (2018),Sa-
hoo and Chiddarwar (2018),Termeche et al. (2018)).

In Loureiro et al. (2012b), the fault recoverability analysis
is performed on a heavy mobile robot in order to complete
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