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Abstract— This paper concerned with the diagnosis and
identification of parametric fault which may occur in a
physical system. The method uses a bond graph system
model to generate residual signals for fault diagnosis. Fault
identification of system parameters is obtained by the analysis
of the bond graph model topology.

I. INTRODUCTION

Fault detection methods are becoming year by year
of great importance in industry application, especially in
robotic and mechatronic applications [8], because econom-
ical and human concerns as well.

Fault diagnosis and identification (FDI) literature has
treated many approaches to diagnosis problem (i.e. to
recognize that a fault occurred somewhere in the monitored
system), starting from seminal papers on analytical redun-
dancy by Willsky [11], [1], to more recent approach through
parity space [5], and non–linear observer [4]. Furthermore,
many authors have investigated the robustness of the fault
detection algorithms ([7], [3]).

However, despite many results on fault detection, the
problem of fault identification (i.e. find where is the fault),
remains open to a large extent. In fact, model used in the
analytical redundancy method has often low or none relation
with the physical structure of the monitored system (i.e. it is
often obtained from black box identification procedure) and,
therefore, it is quite difficult to understand which physical
system component has been damaged.

This paper investigates the fault detection and identifi-
cation problem starting form a physical model of the real
system, to directly detect any fault which can occur in
system components. The authors believe that Bond Graph
modeling formalism [9] is a natural candidate for describing
real system for FDI purposes, as it preserves physical
insights of system components.

Bond graph modeling is based on observation of energetic
exchanges among system components, thus it can be applied
to either linear or non-linear systems and to any physical
domain (electrical, hydraulic, mechanical, etc.). The basic
idea is to monitor any energetic variation in the system,
searching for any energy modification which can be linked
to a parameter variation (i.e. to a fault). Once the fault is
detected, bond graph network topology is then exploited in
order to identify the actual fault source.

The paper is organized as follows: in Sec.II we discuss
the bond graph approach to system modeling; the fault de-
tection and identification algorithm is developed in Sec.III.
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In Sec.IV we provide a simulative example in order to show
the validity of our approach.

II. MODELING STRATEGY

A. The Bond Graphs

In each physical domain there is a pair of dual variables
(power conjugated variables) whose dual product gives the
power. This pair of variables are generally called effort and
flow. In the mechanical domain these variables are force
and velocity, in the electrical one are voltage and current.
The lumped parameters physical systems can be seen as an
interconnection of three kind of elements:

• Elements storing energy
• Elements dissipating energy
• Sources of energy

The dynamics of a physical system are due only to
the exchange of energy between the various components
through the interconnection.

Bond graphs are a modeling language, introduced by [9]
that takes directly into account the energetic properties of
the physical system and that shows explicitly the network
structure along which the various elements exchange energy.
The power exchanges are represented by bonds: an effort
and a flow are associated to each bond and their dual
product represents the power exchanged through the bond.
The network structure is represented by the interconnection
of the various bonds by means of junctions, whose behavior
is governed by Kirchhoff-like laws, and of energy preserv-
ing transformations (transformers, gyrators). The network
structure can be mathematically represented by a Dirac
structure [2],[10].

There are two kinds of elements storing energy: elements
storing kinetic energy (inductors, masses, ...) and elements
storing potential energy (capacitors, springs, ...). Each (and
only) element which can store energy has a state associated
to it and the structure of any storage element is the following
(see fig. 1): 


ẋ = u

y =
∂E

∂x

(1)
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Fig. 1. Energy storing element behavior



where x is the state associated to the element, E(x) is a
lower bounded function defined on the state manifold and
with real values which represent the stored energy, u is the
input (an effort for the kinetic energy storing elements and
a flow for the potential energy storing elements) and y is
the output (dual to the input, a flow for the kinetic energy
storing element and an effort for the potential energy storing
element).

By using coordinates, we have that:

Ė = (
∂E

∂x
)T ẋ = yT u (2)

Therefore the product yT u corresponds to the power
delivered to the element and it is always the (dual) product
of an effort and a flow.

Dissipation in the system is modeled by means of ele-
ments that fix an algebraic relation between flow and effort.
No state is associated to these kind of elements and we have
that:

Pdiss = eT f ≥ 0

The relation established between effort and flow must be
such that Pdiss ≥ 0 in order to model energy dissipation
instead of energy injection.

Source of energy can be modeled in two ways: by means
of sources of flow, which fix the flow to a certain value,
and by means of sources of effort, which fix the effort to a
certain value.

Summarizing, we can see a generic physical system as
illustrated in fig. 2, in which half-arrowheads indicate the
bonds, II indicates a kinetic energy storing element, CI a
potential energy storing element, IR an energy dissipating
element, S a generic source of energy which can be either
source of effort or source of flow. D(x) represents the Dirac
structure (the network interconnection) of the system which
is usually state dependent.
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Fig. 2. Generic physical system

We can interconnect two physical systems through a
power port. A power port is characterized by a vector space
V and by its dual V∗. We can therefore write:

P = V × V ∗

where V is the space of flows and V∗ is the space of
efforts.

B. The Port-Hamiltonian Formalism

Port-Hamiltonian formalism [10] is a very suitable way
to formalize the bond graph model of a lumped param-
eters physical system. In the most general form, a port-
Hamiltonian system can be described as:




ẋ = (J(x) − R(x))
∂H

∂x
+ G(x)u

y = GT (x)
∂H

∂x

(3)

where x is the state of the system, associated at the energy
storages, J(x) is a skew-symmetric matrix representing the
Dirac structure of the system, R(x) is a symmetric positive
semidefinite matrix, representing the energy dissipation of
the system and H is the energy of the system, which is
a function of the state. The input u and the output y are
power conjugated variables representing the system power
port.

Between system input and output and the energetic be-
havior of the system there is the following relation:

Ḣ = (
∂H

∂x
)T ẋ = (

∂H

∂x
)T ((J(x) − R(x))

∂H

∂x
+

+G(x)u) = (
∂H

∂x
)T J(x)

∂H

∂x
− (

∂H

∂x
)T R(x)

∂H

∂x
+

+(
∂H

∂x
)T G(x)u = −Pdiss + yT u

(4)
thus, we can write:

yT u = P + Pdiss

The main advantage of bond graph modeling language
and, consequently, of the port controlled Hamiltonian for-
malism is that the physics of the system is directly taken
into account. The parameters which appear in the energy
function are physical parameters (masses, resistances, in-
ductances,...). Furthermore, every physical system, even if
it acts in more than one energetic domain (i.e. electrical
motor), can be represented by a bond graphs model.

III. PARAMETRIC FAULT DETECTION AND ISOLATION

A. Problem Statement

Model parameters obtained through black box or grey
box identification methods seldom correspond directly to
well identified real system properties, making difficult the
straightforward use of such model for fault identification.

In particular [6], since a fault on a single physical param-
eter could reflect in a change on several model parameters,
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Fig. 3. Energy Storing Elements

the fault identification algorithm should be able to detect
multiple changes in the model parameters, referencing these
changes to a single physical fault source.

On the other hands, parameters in the bond graph model
corresponds directly to physical characteristics. Thus, we
propose to tackle the parametric FDI problem starting by a
bond-graph model since any detection of parametric varia-
tion can be directly linked to a fault in a physical system
parameter. In the remaining part of the paper, we suppose
the system state is available through direct measurement or
by means of suitable state observer (see for example [12]).

B. Parametric fault from an energetic point of view

In a physical system parametric faults may affect el-
ements which store or dissipate energy. In this case the
parameter appear either in the energy expression of the
storage elements or in the power dissipated function in
case of dissipating elements. Fig. 3 shows the model a
parametric fault, left picture and right corresponding to
fault–free and faulty case, respectively. In the pictures S

represents a generic element (either energy storing or energy
dissipating).

The elements in figure interact energetically with the
rest of the world through the power port by means of
power conjugated variables effort e and a flow f . If such
components store energy, they can be described as:

E =
∫

eT f

E being the energy stored in the element. If the compo-
nents dissipate energy, then:

Pdiss = eT f

where Pdiss is the dissipated power.
In fault-free case, the bond graph model parameters are

constant, otherwise, any variation in parameter values can
be interpreted as a parametric fault. The right picture of
fig. 3 shows a power port which models the fault (i.e. the
parameters variation), by means of dual variables ep and
fp. This variables have not a physical meaning, but they
represent an “extra energy” in the system, which models
the fault occurrence on a physical system parameter. As the

power port (ep, fp) is not a real power port, but has been
defined to represent the fault effect over the system, we
name it parameter port.

C. A Fault Detection Strategy

Let us consider a port-Hamiltonian model of our physical
system and consider the power port variables u and y as
input and output respectively. From Eq.(4) it follows that:

∫
yT udt =

∫
(P + Pdiss)dt = H + Hdiss (5)

H and Hdiss are the stored and the dissipated energy
of the system in fault-free case. When a parametric fault
occurs, quantity of “power” flows through the parameter
ports. Since the parameter ports are not real, the energy
flow due to the parametric fault is not directly measurable.
However, when a parametric fault occurs, we can write:

∫
[yT u +

∑m
i=0(epifpi)]dt =

=
∫

(∂HF

∂x ẋ + ∂HF

∂θ θ̇ + PdissF )dt =

= HF (x) + Hp(x) + HdissF (x)

(6)

where m represents the number of parameter power ports
and ep and fp are the power variables relative to the ports;
the subscript F refers to to faulty case.

The term ∂HF

∂θ θ̇ in Eq.(6) represents some extra power
coming from the parameter ports because of the parameters
variation. Therefore, considering only the input u and the
output y we have that:

∫
uT y = HF (x) + HdissF (x) (7)

HF and HdissF are different from the nominal energy
and dissipated energy functions since parameters changed.
Though, by the knowledge of the model, we can compute
nominal values for functions H(x) and Hdiss(x) corre-
sponding to the parameters nominal values.

In case of any parametric fault we will have that the
following parametric fault detection condition holds.

∫
yT udt �= H(x) + Hdiss(x) (8)

We detect the action of the parameter ports simply
looking at the energetic behavior of the power port (u, y).

It’s noteworthy that no assumption has been made on
the parametric fault, and both abrupt and slow parameters
variations can be detected.

D. A Fault Identification Strategy

Physical parameters, in a bond graph model, can be
associated either to energy storing elements or to dissipating
elements. Using the port-Hamiltonian formalism to repre-
sent the system, we can show that the parameters can enter
either in the energy function (in the term ∂H

∂x ) or in the
dissipation matrix R(x).



Each element storing energy, which it is always asso-
ciated a system state, is directly connected to a junction.
Thus, a variation of a parameter caused by a fault directly
influences the energetic flow through the associated junction
and, therefore, the behavior of the correspondent state
variable.

On the other hand, each dissipative element is connected
to a 1-junction and, therefore, a fault on its associated
parameter influences the value of the associated states.

Therefore in order to detect the origin of the fault, we
design a procedure seeking in the bond graph model for
any possible influence of a physical parameter fault over a
system state variation, allowing so the identification of the
occurred fault. The deliverable of the procedure is a “fault
isolation signature table” showing the relations between
each fault and the states of the system. It’s noteworthy
to remark that multiple faults could not be separately
identified, however they still detectable.

In order to actually isolate the parametric fault, we
compute the energy function H(x), its partial derivative
∂H
∂x and the dissipation matrix R(x) with the nominal value
of the parameters. In fault-free case, the computed state
matched with the real state of the system, otherwise, if
there is a fault on system parameter, the behavior of the
state involved is different with respect to the computed one.
Thus, using the isolation signature table, we can identify
which parameter has changed.

We can summarize the Isolation strategy by the following
algorithm:

1) Compute H(x), the energy of the system, with
nominal parameters.

2) Compute ∂H
∂x .

3) Compute R(x), the dissipation matrix, with nominal
parameters.

4) From the topology of the Bond Graph model obtain
which states are directly influenced by each parameter
variation, taking into account that

• If the physical element associated to the parame-
ter is a dissipative one, the influenced state is the
one attached to the same 1-junction to which is
connected the dissipative element.

• If the physical element associated to the
parameter is an energy storing one, the influenced
states are the ones relative to the junctions
directly connected (disregarding any transformers
or gyrators along the interconnection) to the
one of the state associated to the faulty parameter.

5) Build a table (Isolation Table) which associate to
each possible parametric fault the states influenced
by it.

6) Calculate xH , the state in case of nominal value of
the parameters, by means of the Hamiltonian model
of the system using ∂H

∂x and R(x) obtained at points
2. and 3.

7) Compare x, the real state of the system, with xH

and, by means of the table obtained in 5. isolate the
fault.

Fig. 4 shows the proposed FDI strategy. Using input and
output system measurements u and y, we calculate functions
H + Hdiss. On the other hand, we calculate again quantity
H + Hdiss using system state obtained (for example) from
a state observer, using the nominal values of the parameters
(whence the subscript H , healthy, namely with no faults on
parameters). Residuals Rd are obtained by comparing these
two variables; a fault is detected if the residual is greater
than zero.

Fault identification is achieved using the nominal state
value (no fault) xH , which is compared to the actual state.
Then we use an Identification Logic function to compare
the real and computed states and to isolate the fault taking
into account the isolation table.

System

H + Hd

(H + Hd)H

Healthy
Interc.

Ident.
Logic

u y

Rd

x

xH Id.

+

−

Fig. 4. The FDI strategy

IV. AN EXAMPLE: DC MOTOR

This section reports a simulation example of the proposed
methodology applied to the parametric fault diagnosis and
identification in a DC motor. The equations governing the
behavior of the system are:






Va = Raia + La
dia
dt

+ kφeω

Ve = Reie + Le
die
dt

Jω̇ = kφeIa − bω

(9)

In order to apply our strategy we build a bond graph
model of the system, which is illustrated in Fig.5.
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Fig. 5. Bond graph model of a DC motor

The model of the system in a port-Hamiltonian formalism
can be easily deduced and it is:
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(10)
The system has three elements storing energy (two induc-

tors and the mechanical load) and three elements dissipating
energy (two resistors and the mechanical friction on the
load). The energy stored in the system is:

H(x) =
φ2

a

2La
+

φ2
e

2Le
+

p2

2J

and the energy dissipated by the system is:

Hd =
∫

[Ra(
φa

La
)2 + Re(

φe

Le
)2 + b(

p

J
)2]dt

where φe and φa are the magnetic fluxes of the circuits
and p is the momentum of the load.

The power port by means of which we can interact with
the system is characterized by an input (Va, Ve) and an
output (ia, ie). We generate the detection residual by means
of:

Rd = (
∫

(Vaia + Veie)dt) − (H(x) + Hd(x)) (11)

where H(x) and Hd(x) are the expressions of the energy
stored and of the energy dissipated respectively, obtained as
function of the state and computed with nominal values of
the parameters.

In order to isolate faults, we build a table in specifying the
states whose behavior is directly affected by a certain para-
metric faults. We can immediately deduce from the bond
graph which states are affected by faults on parameters,
leading to construct the following isolation table:

Fault on affects states

Ra φa

Re φe

b p
La p φa

J p φa

Le φe

TABLE I

THE CORRESPONDENCE BETWEEN POSSIBLE FAULTS AND SYSTEM

STATE.

We simulated a fault on the mechanical damper. We
suppose that the damper value changes from 0.5Nsec/m
to 1Nsec/m at time T = 3.5sec. Simulation results are
shown by Fig.6.

Fig. 6−a) shows residual signal Rd calculated using
Eq.(11). We can see that the residual becomes greater than
zero when the damping parameter changes and, therefore,
the parametric fault is detected.

In order to isolate the parametric fault we compute on-
line, the state of the system using the nominal values of the
parameters by using the port-Hamiltonian model.

Figures 6−b), −c) and −d) show by continuous line
the real states of the system and by dashed line the states
computed using the nominal values of the parameters.

If there were no fault the real and computed state would
coincide while in case of fault at least the behavior of one
state is different from the behavior of the calculated one.
We can see that the real states φa and φe are the same as
the computed ones while the real state p is different. From
the Table (I) it can be obtained that the fault affects the
damper.
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Fig. 6. Simulation results

V. CONCLUSIONS AND FUTURE WORK

This paper concerned with a parametric fault detection
and isolation in physical systems. The method is based on
bond graphs models and energetic behavior analysis in order
to exploit directly the physical properties of the system and
the information of the inner structure of the system that
the network structure of the bond graph model provide us.
Using this approach we are able to detect and isolate the
faults on the physical parameters of the system.

The future work will be concerned with a robust im-
plementation of the algorithm with respect to measurement
noise and model uncertainties and to test the methods in
real applications.

Furthermore we would like to extend the energetic ap-
proach for sensors and motors fault. Indeed the condition
expressed by Eq.(8) for the detection of a fault is still valid
in case of a motor gets stuck and gives a constant torque
or a sensor gives a constant output because of fault. Both
these situation can be seen as an energetic inconsistency
between the port behavior and the states of the system. A
proper fault isolation algorithm has to be found.
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