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Abstract—The increasing complexity of automated industrial
systems, the constraints of competitiveness in terms of cost of
production and facility security have mobilized in the last years a
large community of researchers to improve the monitoring and
the diagnosis of this type of processes. This work proposes a
reliable and efficient method for the diagnosis of an electrical
system. The improvement of the reliability of the systems
depends essentially on the algorithms of fault detection and
isolation. The developed method is based on the use of analytical
redundancy relations allowing the detection and isolation of
faults which occur in the various elements of the system using a
structural and causal analysis. In this context, the bond graph
appears as an interesting approach since it models physical
systems element by element which facilitates the detection and
location of faults. The simulation of the system is performed
through 20-sim software dedicated to the bond graph
applications.
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. INTRODUCTION

The modelling tool used in this work is the bond graph
approach defined by Paynter [1]; it is a graphical representation
language of physical systems, based on the modelling of the
energy phenomena occurring within these systems. This energy
approach allows to highlight the analogies that exist between
the different fields of physics (mechanics, electricity,
hydraulics, thermodynamics, acoustics, etc.) and to represent in
a homogeneous form the multidisciplinary physical systems
[2], [3]. In this way, the utility of the bond graph tool for the
supervision of industrial systems will be presented.

The paper is structured as follows. Initially, an overview on
the bond graph approach is performed. Then, a description of
the bond graph representation of a monitoring system is given
highlighting the difference between the quantitative approach
and the qualitative approach and briefly recalling the method of
ARRs generation. Afterwards, the principle of analysis of
residue sensitivity using bond graph is presented. Then, the
diagnosis by residues generation and the robust diagnosis of an
RLC circuit are presented. Finally, the last part is devoted to
conclusion.

1. BOND GRAPH FOR MODELLING

Modelling based on bond graph relies mainly on the
concept of generalized effort and flux variables allowing the
representation of energy exchanges and balances between the
different elements of a system [4]. In this approach, an energy
exchange between two elements is represented by a half-arrow
link indicating the direction of the transfer. These half-arrows
are called bonds; each is labelled by an effort variable e and a
flux variable f. The product of these two variables corresponds
to the power carried by the bond. The advantage of this
modelling is that the choice of the effort e and the flux f
depends only on the physical domain of the system to be
represented (Fig. 1).

This description is made in terms of interconnected
components by links through the ports at their disposal. The
components are classified by the number of ports they have
available, these are multi-ports or n-ports as described in [5].
There are three types of bond graph used each in a particular
stage of the design process [6]-[8]:

e Word bond graphs where the components represent
subsystems described by black boxes, this level allows
a first decomposition of the system to have a global
view of the energy exchanges implemented.

e The acausal bond graphs where the components are
elementary components are indivisible and whose
behaviour is known (resistance, inductance, capacitor,
etc.), this level is used at an advanced stage of the
design process, where the components can be
assimilated to perfect elementary components.

e The causal bond graphs enabling to establish the
equations of the system.
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Fig. 1. Representation of a physical system by bond graph.
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1l. SUPERVISION OF INDUSTRIAL SYSTEMS USING BOND
GRAPH APPROACH

The purpose behind the bond graph representation is to use
a single tool for modelling, the generation of analytical
redundancy relations (ARRs), structural analysis, system
monitoring and diagnostics. A bond graph-based supervision
system [9]-[12] can be represented as shown in Fig. 2.

There are essentially two parts: one concerns the transfer of
power and energy (constituted of the process and the
actuators), while the second represents the signals (the
information system, i.e. the sensors and the control system).

The bond graph model represents the energy part of the
system. The process is usually modelled by the common bond
graph elements (R, C, I, and the junctions). The actuators
(pump, heat source, etc.) are modelled by sources of effort and
/ or flow. The sources can be either simple (Se,Sf) or modulated
(MSe,MS¥) (i.e. controlled by an external signal provided by a
controller or operator).

The sensors and the control system form the information
system. In the first system (energy), the power exchanged is
represented by a half-arrow (a power link) evaluated in the
effort and flow variables. In the second system (information
system), the power exchanged is negligible, it is then
represented by an information link (arrow) which is the same
used in conventional block diagrams.

The monitoring algorithms (fault detection and isolation
FDI) receive information from sensors (effort and flow sensors
De and Df) and then deliver alarms to the supervisory system.
Information about the faulty elements state is transmitted to the
maintenance service.

In what follows, the different approaches of FDI [13], [14]
by bond graph are presented. There are two main bond graph
approaches to process monitoring: the quantitative approach
and the qualitative approach.
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Fig. 2. Bond graph representation of a monitoring system.
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A. Qualitative Approach

This approach does not require a very precise model. In
contrast to the conventional knowledge representations used to
describe the structure of the system and its state through
various tools (block diagram, differential equations, etc.); the
qualitative bond graphs explicitly describe only the location of
the components of the system and their interconnections.

B. Quantitative Approach

Contrary to the qualitative approach, the quantitative
approach is based on physical laws and therefore requires a
deep knowledge of the structure of the system and the
numerical values of the parameters [15]-[17]. The advantage of
this approach is the simplicity of understanding the ARRs since
they correspond to relations and variables which are displayed
by the bond graph, image of the physical process. These
relations are deduced directly from the graphical
representation, they can be generated in symbolic form and
therefore suitable for computer implementation.

C. Generation of ARRs

The method to generate ARRs from linear mono energy
bond graph model by following the causal paths is studied in
[18]. At the junction structure level (junctions 0, 1, TF and
GY), several relations between different flows and efforts can
be established. From the algebraic sum of flows on a junction 0
for example and by expressing the variables contained therein
as a function of the known variables, it leads to ARRs. The aim
is to study all the causal paths relative to the junction
considered up to the sources and sensors. The method is
interesting because it generates as many relations as junctions.

V. ANALYSIS OF RESIDUE SENSITIVITY USING BOND
GRAPH MODEL

The sensitivity analysis of residues has been developed in
recent years. Indeed, methods are proposed to evaluate these
residues. When residues are assumed to be normally distributed
around a known average, the statistical methods for generating
normal operating thresholds are well suited. In the case where
the uncertainties do not occur at the same frequency as the
faults, the filtering methods are well adapted while the actuator
and sensor faults are determined using the parity space.
Unfortunately, these residues generation methods are not
effective since they neglect the parametric inter-correlation (the
thresholds are often overstated and may diverge).

The bond graph approach provides an efficient solution to
the problem of parametric dependencies since the generation
by Bond Graph-Linear Fractional Transformations (BG-LFT)
automatically separates residues and adaptive thresholds [19]-
[22]. In this work, the BG-LFT model will be used to generate
residues and adaptive thresholds for normal operation.

A. Generation of Performance Indices

To improve diagnostic performance [23], it is necessary to
determine the performance indices [24] (sensitivity index and
fault detectability index).

1) Sensitivity index: The parametric standardized
sensitivity index explains the evaluation of the energy
provided to the residue by the uncertainty on each parameter
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by comparing it with the total energy provided by all the
uncertainties.

i| ad
:H__M (1)

sI ==
d dla| d
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with a; is the uncertainty on the i" parameter, i € (R, C, I, TF,
GY}, w; the i" modulated input corresponding to the
uncertainty on the i parameter.

2) Detectability index: It represents the difference
between the effort (or flux) provided by the defects in absolute
value and that provided by the set of uncertainties in absolute
value.

e Junction 1:

DI =Y, e, | +]Y, |- d )
e Junction 0:
DI = [Y;] fin| +]¥4| - d 3)
Then the conditions of faults detectability will be as
follows:

e Undetectable fault:
DI <0 (4)

e Detectable fault:
DI >0 (5)

V. BOND GRAPH MODEL OF ELECTRICAL SYSTEM

The diagram of an electrical circuit RLC and its bond graph
model are given in Fig. 3. We will detect and locate faults at
the effort sensor De.

A. Diagnosis By Residues Generation Using Bond Graph

In static mode, the bond graph model is linear, the
establishment of the structural equations at the junctions of the
bond graph model of Fig. 3 gives us:

e Forthe junction 1, we find as structural equation:

e, =5=U
dDe
e, =Rf, =RC—
dt
df, dDe
g;=L—=LC—
dt dt
e, =e; =De

(6)
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Fig. 3. a) Schematic of an RLC circuit, b) Bond graph model of the RLC
circuit.

And using structural equations at the junctions, we get the
following equation of the residue r;:

n==6-¢€ -6 —¢

dDe dDe @)
[ =U-LC— -RC— - De

dt dt

e For the 0 junction, we find as structural equation:

fo=f :e_zzmzi(u_m@_[)e)
t2 R R R dt ®
dDe

f,—C—
> dt

From these relations, we can deduce the equation of the
residue r, independent of the unknown variables of the system:

r,="f,-fg

1 dDe dDe Q)
r,=—(U-LC——De)-C—

R dt dt

Fig. 4 shows the evolution of residues r; and r,. The curves
show that, in the case of normal operation, the average values
of the residues are almost zero.

B. Robust Diagnosis Using Bond Graph

To check if there’s causal conflict or not, the integral model
of the RLC circuit should be determined then deduce therefrom
the derivative model to determine the residues. Fig. 5 shows
the BG-LFT model of the RLC circuit in integral causality.
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Fig. 4. Evolution curves of residues ry and r».
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Fig. 5. RLC circuit BG-LFT model in integral causality.

Fig. 6 shows the BG-LFT model of the RLC circuit in
derivative causality.

From the BG-LFT model of Fig. 6, we can determine the
ARRs equations.

1) Junction 1:
e, : SSf — \PRn(f6,e6)—> e, = R, .SSf (10)

e, :SSf >, (fy.8,) > e, =L, .S (11)

e, :SSt > W, (f,.e,)>e, =(/C,)SSt  (12)
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Fig. 6. RLC circuit BG-LFT model in derivative causality.

In case where there is no fault, the ARR; equation can be
written as:

ARR; =, +d,

dssf
ARR; =U R, 51 L, — =

t
CLJSSf+WR W, +we =0 (13)
n

dssf, 1
Cn

n, =U-R,SSf, - L, | ssf

d; = ‘WIIR‘+‘WL‘+‘WC‘
In the event of a fault, the ARR; equation can be written as:

ARRyy =1y, +dyy

dssf

ARRy; =U = R,SSf - L, — =
1

— [ SSf +wg +w, +w, =0
Cn

dssf, 1
C,

i, =U —R,SSf, - L, | ssf

dy; = ‘Wl/R‘ + ‘WL‘ + ‘Wc ‘ + VY + ‘YReRn‘ + ‘YLeLn‘ + ‘Yc an‘

dyy =dy +Yg + ‘YReRn‘ + ‘YLeLn‘ + ‘Yc an‘

(14)
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In this way, the fault detectability index of residue ARRy; is
obtained:

DIy =djy =dy +Yg +|YReRn| +|YLeLn|+|YC fC”| (s)

e The detectable rate Y of a fault in the element R:
Itisassumed that Y, =Yc =Y, =0:

If DI, >0then
Ay
Y =— (16)
€Rn
e The detectable rate Y, of a fault in the element L:
Itis assumed that Yy = Yo =Yy =0:
If DI, >0then
d
Y, = u (17)
€in
e The detectable rate Y. of a fault in the element C:
Itisassumed that Yy =Y =Yy, =0:
If DI, >0then
dy|
Yp=" (18)
eCn
e The detectable value Y, of the structural fault:
Itisassumed that Yy =Y, =Y =0:
If DI, >0then
Y, > [d,| (19)

2) Junction 0:
f, 1 SSf — W, (fy.85) > fo =(1/L,)SSf  (20)
fo :SSe > W, (f.e,) > f, =C,.SSf (1)

The ARR, equation, in case where there is no fault, can be
written as:
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ARR, =1, +d,
1 dSsf dsse
ARR, = ————C, —— +W_+W, =0
L, dt dt
1 dssf dsse (22)
r2n _77_cn7
I-n dt dt
d, :‘WllL‘+‘WC‘
0, |5, L85 | c 951 e | +|Ye feol
2 L Ln dt ‘ c%n t ‘ L°Ln c'Cn

In the case of a fault, the ARR, equation can be written as:

ARR,; =y, +dyy

ARRleiﬁ—Cn@+wL +we =0
L, dt dt

1 dssf dsse (23)

Mo =———
anTodt " odt

dy = ‘WllL‘ +‘WC‘+Y32 +‘YLeLn‘ +‘Yc fCLn‘

dyy =d; +Y, +‘YLeLn‘+‘YC fCLn‘

In this way, the fault detectability index of residue ARRy; is
obtained:

DI, -d,, =d, +Y,, +|YLeLn|+|YC an| (24)

e The detectable rate Y, of a fault in the element L:
It is assumed that Yc = Y, = 0:

If DI, > Othen
d
Y, = u (25)
€n
e The detectable rate Y. of a fault in the element C:
It is assumed that Y, = Y, = 0:
If DI, > Othen
d,|
Ye="T— (26)
an
e The detectable value Y, of the structural fault:
It is assumed that Y, = Yc = 0:
If DI, > Othen
Y, > |d,| 27)
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With the bond graph approach one can clearly see the
residue equations separately compared to their uncertainties as
well as to faults that can occur.

VI. CONCLUSION

In this manuscript, we have shown how to use a bond graph
approach for modelling, detection and isolation of fault and
simulation of an electrical system. A procedure for the
automatic generation of robust residuals and adaptive
thresholds for normal operation has been developed and
implemented using appropriate  software tools. The
performance of the diagnosis is controlled by an analysis of the
sensitivity of these residues allowing to define indices of
sensitivity to parametric uncertainties and indices of
detectability of faults. By its physical nature, the bond graph
approach allows to estimate the detectable values of physical
faults. The choice of the bond graph approach for diagnosis is
due to its energetic and multi-physical aspect as well as its
structural analysis. The integration of the bond graph model of
the electrical system with the observer model will be the object
of a future work, in order to rapidly detect faults.
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