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Abstract

Bond Graph has been used extensively in engineering applications for modeling and simulation
of many kind of dynamical systems. Interaction between different domains can be explicitly
expressed and cause-effect (causality) is well established by using this modeling tool. In this
work, Bond Graph is employed for fault diagnosis in order to precisely find the fault on the
system and at the same time, to well simulate the system dynamics. The methodology utilizes
three principal stages (topographic search): causal graph, fault tree, and temporal causal graph.
These stages are activated by qualitative values from the fault detection module when the fault
appears. In order to obtain an effective fault diagnosis strategy, behavioral information about the
parametric faults is employed for locating the specific fault. Sets of observations representing
the abnormal state of the system are used as search templates to find a matching set in a library
of known symptoms related to different abnormal system conditions (symptomatic search). In
this way, an integrated strategy for faults diagnosis is proposed. All this information can be
obtained from the same Bond Graph model, which allows an effective way for simulation of
the treated system. The application is on the three-phase induction motor, six faults related to
the winding phases are considered (short-circuit and open-circuit faults). Simulation results are
presented in order to show the satisfactory results obtained.

Keywords: Fault detection, fault diagnosis, Bond Graph, three-phase induction motor,
modeling and simulation.
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1 Introduction andSIMULINK g v6.1) and supposes a machine work-

. . , , .ing at the steady state. Although faults in a squirrel cage
The squirrel cage induction motor is one of the electri¢,q,,ctor motor may be mechanical, electrical or both of

rotary machines most used in low, medium and high i”ﬁt\}em, we consider only electrical faults, and from these,
dustrial applications. This machine is susceptible to fajye consider short-circuit and open-circuit faults in the
and this represents lost of money and time for industrator winding. It is pointed out that the strategy pre-
Some of the widely encountered machine failures ingenteq here, can diagnose other parametric faults, but
clude stator winding failures, broken bars, and bearinge consider the latter more interesting in order to show
race [1]. Therefore, the anticipated detection of poSpe capability of the strategy. Related applications us-
sible faults allows to program its maintenance and tthg the BG-based fault diagnosis proposed in [3] can
reduce costs on line productions. be found, as a liquid-solid cooled system [4], a direct

In the Fault Detection and Diagnosis (FDD) area, therﬁ:‘"er,‘t motor [11], and a three-phase inverter [12], but
are many technigues that have been applied to the iii€Te is not application in alternating current machines.

duction motor [1], [2]. Most of these methods needrhe paper is organized as follows. Section 2 contains a
a high signal processing and high cost sensors. Othgéneral overview of the BG modeling theory. The fault
methods need few hardware and software eﬁort, thl.tﬁagnosis approach emp|oyed in this paper is described
FDD is not the best but the effective and then there isi section 3. In section 4 the induction motor model
trade-off between advantages and disadvantages.  in qd reference frame, and its respective BG model are
O;_)resented. Then, application results are given in section

For fault diagnosis, Bond Graph (BG) has been pr g_. Finally, in section 6 conclusion is given.

posed and explored since nineteen decade [3], [4]. B
cause BG was born as a modeling technique, few work ]
exists in using it for FDD. However, BG is a practi-2 Bond Graph Modeling

cal technique to construct models in an unified Wayhig theory has been extensively used to model multi-

whatever the physical system. It shows a direct Co.réfqﬁ]rgy domain systems. BG technique and formulation

riipnoonggﬂgea?fitgﬁentﬁgséeggfqm%neﬂ%aenqtpgﬁse' athematical equations is well discussed in [13] and
pt' | t btl 9 i yl th' del of ! It 14]. In this formalism there is a small and well defined
atively easy o obtain not only the€ model ot a SySIeng " generic physical mechanisms that are described

but also a component fault representation. By usin ; ; ;
BG modeling in FDD methodologies, papers as [5]’gs BG elements, which show the system interactions.

generates analytical redundancy relations (ARR) fror@.1 Elements
a BG model based on structural and causal properties,
also elimination of unknown variables from the corre-" BG terms, two sourcesSg and 5), three gener-

: ; ized passive elementg,(C, and R) and four con-
sponding process model is proposed. Based on caus ‘ ;
ity inversion provided by the BG model, i.e., introduc->U/iNts 0. 1, T'F, andGY) are used to model any en-
getic process. The idea is to represent the power ex-

: r
INg process measurements as sources S-UCh that they%nan e between lumped elements and to use the refer-
external nodes, a strategy is proposed in [6]. Most g 'ang P

authors that have employed the BG for modeling in€1c& Power directions as an unified coordinate system
duction motors, consider thyel transformation [7], [8], across dlffe_rent energy domains. Power variables are
[9]. However, when diagnosis related to the real moto‘he gengrallzecﬂow and the generallzeelffort: whose

is applied, only information from a different referenceprOdUCt is the power. The BG elements are:

frame is obtained. In [10], a squirrel cage induction e Energy Source: efforfe and flowS f.

motor model in a direct physical correspondence is pre- Dissipation energy elemeng.

sented, but a deep diagnosis is not applied. Using this St | ts: Capaditvelat i
result, this paper pretends to show how the BG might ® orage energy elements. L.apaciyrelates po
be used to cope modeling, simulation and fault diag- tential energy and inertiarelates kinetic energy.

nosis aspects, in order to take advantage from the only® Conversion energy elements: Transforn¥er’,
obtained model. which does proportional the effort and the flow of

the same physical domain. Gyrat6fY”, which
In this paper, an application of the BG modeling theory  does the effort of one physical domain propor-
in a fault diagnosis strategy is presented. This strategy tional to the flow of other physical domain.
starts out with the usual qualitative FDD method de- 4 Effort junction or0-junction: Its symbol is a zero
veloped in [3], where topological search from the BG  and hold the same effort over all bonds connected
model is employed. The significance of our work is o jt. The algebraic sum of all flows is zero.
that it provides a simple and effective integrated analy-
sis in order to simulate and to obtain an useful fault di-
agnosis. Our contribution is with respect to propose a
modification to the original method [3] in order to be
able to analyze the derivative causality involved in th :
motor model, by modifying the fault tree construction%'2 Causality
and by using system’s behavioral analysis when par&ausalityrepresents the sense in which variables are re-
meters fail, i.e., symptomatic search. The applicatiotated as cause-effect. Graphically, the causality is rep-
is entirely in simulation (under softwatATLAB ¢ V7  resented by a strokegusal strokgthat indicates, by

e Flow junction or1-junction: Its symbol is a one
and hold the same flow over all bonds connected
to it. The algebraic sum of all efforts is zero.

ISBN 978-3-901608-32-2 2 Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

convention, in which way the effort is applied, and the 1-Junction 0-Junction
flow being applied in the other way. In the case of Fig.
1a), Aimposes the effort t& andB the flowtoA. The ei/lfz eZF’?
inverse case is presented in Figb)l For storage ele- o e e e,
ments, according to the position of the causal stroke, we 11 —— =0
define the notion of integral and derivative causality. In ' ! ! !
€3 f3 €; f3
e e
(58 (A=
Fig. 2 Causality for the two kinds of BG junctions
A——B A———B
a) Causality from A to B. b) Causality from B to A. .
are called consequent variables and the rest are prece-
Fig. 1 Causal stroke in Bond Graph dent variables. The relationships are:
€] = €2 = €3 = €4, (1)
integral causality(preferred causality) the constitutive fa=fi—fa—fs. (2)

relation between the effort and the flow is under an inte- ) _ ) )

gral form, and irderivative causalitynder a derivative For 1-junction, the dual case of the O-junction, all
form [14]. A procedure called Sequential Causal Asbonds connected to it are constrained to have the same
signment Procedure (SCAP) [13] allows to assign th#ow values, this implies that only one of the bonds con-
causality to the whole BG model that then becomes @&ected to the junction will set the flow value of this

causalBG. SCAP is briefly enumerated as follows: ~ junction (causal stroke away from the junction), and all
other bonds will use it. In Fig. 2, effort; and flow f,

1. Choose any sourceS¢, Sf), and assign its re- are called consequents variables and the rest are prece-

quired causality. Extend the causal implicationglent variables. The relationships are:

through the graph as far as possible, using the con-

straint elements({ 1, GY, TF). Repeat until all h=h==/i 3)
sources have been used. €4 =e1 — ey — €3. 4)

2. Choose any storage elemeit 0r 1), and assign Readers interested on more aspects related to BG are
its preferred (integration) causality. Extend thencouraged to consult basic literature on the subject

causal implications through the graph as far ag13) [14], and references in [3], or [11], for example).
possible, using the constraint elemeritsl, GY,

TF). Repeat until all storage elements have bezﬂ Fault Di .
assigned a causality. In many practical cases ault Diagnosis

bonds will be causally oriented after this stage. Iy system that includes the capacity of detecting, iso-
some cases, certain bonds will not yet have beggting, identifying or classifying faults is called a fault
assigned. Then the causal assignment is completgthgnosis system [15]. The idea is to generate signals
using the following two last steps. that reflect inconsistencies between the nominal and the
) ) faulty system operation. Such signals, termesiduals

3. Choose any unassigneg-element and assign a (symptom are usually generated using analytical ap-
causality to it (basically arbitrary). Extend the 5r5aches resulting from comparisons. Then, a decision
causal implications through the graph as far agrocedure for diagnosis, which allows the determina-
possible, using the constraint elemeritsli GY',  {ion of the type of fault with as many details as possible
TF). Repeat until allR-elements have been USEd-(such as the size and location), is required. Here is con-

4. Choose any remaining unassigned bond (joined t%ldered thata model of the system exists.

two constraint elements), and assign a causalitylodel-based FDD methods require a mathematical
to it arbitrarily. Extend the causal implications model representing the system dynamics. According to
through the graph as far as possible, using the cofit5] and [16], FDD methodologies can be grouped in
straint elements) 1, GY, TF). Repeat until all quantitative and qualitative approaches. A FDD system
remaining bonds have been assigned. should combine both numerical (quantitative) and sym-
bolic (qualitative) information in order to be complete
There are many advantages of using causality, such B$]. Use of an energy-based modeling tool such as BG
systematic equation derivation and detection of eque formulate equations is well established for physical
tion incoherences. For 0-junction, all bonds connectegystems, being a modeling methodology well suited to
to it are constrained by the junction to have the sameover these two aspects for FDD.
effort value at all times, and only one of the bonds con- oo o
nected to the junction will set %/he effort value of this3'1 Qualitative and Quantitative Approaches
junction (causal stroke at the side of the junction), alModel-based methods are usually developed based on
other bonds will use it. In Fig. 2, effoety and flowf,  some fundamental understanding of the physics of the
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process [15]. Iquantitativemodels this understanding change to the methodology, in [12] an application to the
is expressed in terms of mathematical functional relahree-phase inverter is presented.

tionships between inputs and outputs of the system.

contrast,)t, inqualitativtlaO models thege relationsr)(ips arellg'z'3 Temporal Causal Graph
expressed in terms of qualitative functions (structurafhis stage (known as TCG) performs fault hypothesis
and functional analysis, signed directed graphs, etcspts reduction previously obtained from the fault tree.
centered around different process units. Then a searfiha similar way as that for fault trees, a forward propa-
of the fault is required. gation is done but in this case is through the differentials
elements: information of qualitative changes of vari-
ables and their derivatives are obtain8tgnaturesi.e.,
There are fundamentally two different approaches tprediction of the zero, first, and higher order time deriv-
search in qualitative fault diagnosis [17]: topographiative effects of a system variable as qualitative values,
search and symptomatic seardfopographicsearches are employed to construct the TCG’s. This information
perform malfunction analysis using a template of noris compared with the real variables and with their cor-
mal operation, whereasymptomaticearches look for responding derivatives in order to determine the system
symptoms to direct the search to the fault location. Aaulty parameters. Details can be consulted in [3].

set of observations representing the abnormal state of

the system can be used as a search template to findja Three-Phase Induction Motor
matching set in a library of known symptoms.

3.1.1 Qualitative Analysis

o The squirrel cage induction motor considered here can
3.2 Bond Graph for Qualitative FDD be found in more detail for analysis and operation pur-
In the methodology developed in [3] topographic searcROSES in [18]. For this machine, voltages and_ currents
is employed, where search is performed in the fault9f both stator and rotor are changed to the a}rbltrary ref-
system with reference to a template representing norm@ience framed axis by means of the following trans-
or planned operation [17]. The fault will be found as gormation equations:

mismatch and identified by its location in the system. Voa = RI,q + QpAgg (5)
. . q q qas

Note that here assumption is made only about the nor- r

mal operating mode. Applications using this methodwhereV,qy = [v4s wvas 0 0], p is the differen-

ology have been successfully developed in a coolingg| operator, L = [igs ias igr iar]”, A =
system [4] and in g:d motor [11]. This metho'dology A\ A\ I\ A\ ]T are the voltage source vector
contains the following stages that will be applied to the 45 7'ds t th drdth f ¢ g'd ; o
induction motor. Details of each stage can be found i € curren _vec_or.an € Tlux vectorq ax.ls, respec
detail in [3], [4], or application of them in [11] and [12]. vely. Matrix R=diag (R, Rs, Rr, R,), and:

3.2.1 Causal Graph

0 w 0 0
The causal graph shows the path of a sighal magnitude —w 0 0 0
when a change propagates through the system elements. 2 = | 0 (w—w) | (6)
Signal magnitude changes are defined as qualitative val- 0 0 —(w—w,) 0

ues compared with nominal signal valuest""if the ) . . )
signal magnitude increases; "if the signal magnitude whereR; is the stator resistancé, is the rotor resis-
decreases and)” if the signal magnitude is constant. tancew is the reference speed, andis the shaft rotor

This graph is based on the BG model equations. speed. The flux vectak, is defined as:
3.2.2 Fault Tree Ly 0 M 0

A—| 0 Lo 0 M|, ;
The objective of this stage is to get a fault hypothesis set @~ M 0 L, 0 qd> (@)
with elements that might generate the abnormal behav- 0 M 0 L,

ior, i.e., a first fault localization stage. It is propagated
(in reverse way) a non admitted signal magnitude (fault)’ : : .
through each effort and flow variable, and through th& the stator inductance, atd is the rotor inductance.
system parameters. Each variable has a fault tree, ah€ instantaneous electromagnetic torque is:

this begins in a measured or estimated variable which n P ) )

changes qualitatively, —, 0) after a fault occurs. This e= (§> (2) (Agriar — Adrigr) , (8)
change propagates through the causal graph and the ) )

possible faulty parameters are collected. This analysigheren is the number of phases aritlis the number
gives a set of possible parameters that can be the orighhpoles. Dynamic characteristics of this machine relate
of the supposed fault. Normally, when a fault occurstorque and shaft speed through (9):

a propagation of a signal magnitude change finishes o (2>

hereM = 1.5L,,, L,, is the mutual inductancd,,

when an effort or flow variable is found two times. A P d;ir + Bw, + T, 9
changeto the original methodology in [3k proposed

In this variant,propagation finishesvhen an effort or whereJ is the machine inertia anfl;, is the applied
flow variable is found two timedut with a different load torque. Based on Egs. (5)-(9), the two electric

signfor the measured or estimated variable. Using thisircuits shown in Fig. 3 are obtained.
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WAgs Ly L (w—w,)Ag R:Rys R:Ryy
Se:Vy—1 —>IgF— 1 —>MGY:r, Se. T

L —TFmn,—>1 —>1J

Se:Vgs—1 —ALk— 1 —=MGYr R:B

R.'Rq_g R-'Rqr

Fig. 5 Bond Graph model of the three-phase induction
motor in the stationary reference frame witffields

b)

using thel-fields is shown in Fig. 5. However, this
model is not appropriate to develop a fault diagnosis in
a real physical correspondence because any change is
reflected in thegd frame not inabc frame. Thus, this
fact implies two things: firstly, it is necessary to include
4.1 Bond Graph Model the coordinate transformation in the model, and sec-
ondly, if this coordinate transformation has a BG rep-
Based on the BG rules to construct a model (§2g rese%tation, it must preserve the amplitude and povfer.

the circuits of Fig. 3, and the Eqgs. (8)-(9), the BGrqrynately, both conditions can be carried out. The co-
model of the induction motor in the stationary referencgyinate transformation [9] is:

frame is obtained (see Fig. 4). Each electric circuit has

Fig. 3 a) Theg and b)d equivalent circuits of symmet-
rical induction motor in arbitrary reference frame

2 1 1 Vq
R:Rys LLs IL, LL RRy4 Vg | _ 3 "6 V6 v (10)
IR va 0 & FHllel
Se:Vg—T —S 10— 1 F—TF—>MGYy:r) Se:T) V2 V2 ¢
O Equation (10) has a BG representation and it is included
" in the BG model in order to obtain the model depicted
SerVg 1 —A 1 0 <1 1 — 1 ——MOY2rs AP in Fig. 6. The transformerf F,-T'F5 achieve the coor-

0 et .
I I R:Res R:Rg

- . . Se: Va2 TFjem; —— 14y Z 121 2> MGY o,y
Fig. 4 Bond Graph model of three-phase induction mo- e

tor in the stationary reference frame Ry, TExm;

6 8 16,

2 Se:T;
31
12N TF, 2T 2Ny

33

Se: V== 055,
the energy storage elemerts, L, and L,, intercon- .
nected. This type of connection, in the context of BG, 7" Tr\ e e
represents aero causal pathil9]. This causal path iS ,.;, oo 75 7ems 2t 1 ki By
because two energy storage elemeiits dnd L,.) are
coupled through another energy storage elemepf)( Fig. 6 Bond Graph model of the three-phase induction
and in order to apply the causality to the junction whictnotor including Eq. (10) and-fields
connects them, a differential causality in one of the el-

ements is presented. dinate transformations by means of:

Typical solutions to this problem are Lagrangian mul-

tipliers [19], singular perturbations [3] and tlifields mi =v/3/2, ma = mz = —V6,

[8], [10], [14]. Lagrangian multipliers and singular per- e =2, ms = /2 1)
turbations modify the model structure by including ad- 4 ’ ° '

ditional elements without physical interpretatiodsqr  gqr the gyrators it is taken:

C, principally) to change causality at the adjacent junc-

tions, and therefore, causality in the storage elements. 71 =Ly fos + (L + L) for, (12)
I-field is a mathematical artifice which preserves all ro =Lon fio + (Ln + L) fo0, (13)

physical elements and does not include additional el-

ements as the other methods [8], [14]. The idea is tgn for the transformer of the mechanical part:

redraw bonds of the storage elements in such a way that

they can be connected to the rest of the bonds through n, = 2/p. (14)
only two bonds. Consequentlixfields are input-output

relations between flow and effort variables. The reThis model has seven electrical output variables, three
sulting BG model of the three-phase induction motoare physically measured (three stator curreits(fs),
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F3- Open-circuit fault on the stator phase winding C.
F4- Short-circuit fault on the stator phase winding A.
| F5- Short-circuit fault on the stator phase winding B.
Fs- Short-circuit fault on the stator phase winding C.

Only unique, abrupt and permanent short-circuit and
oL - open-circuit faults in the stator winding are treated in
fime (sec) this paper. The faults are generated by introducing
abrupt changes in the stator resistance value when the
machineoperates at steady state conditiorFor an
open-circuit fault the respective resistance increases in
1000% and for a short-circuit fault the respective resis-

tance decreases #0%.

1500 -

1000 -

Speeduor (rpm)

a

3

3
T

Torque I'E (N-m)

5.2 Simulation results

AN N T T S N |

-20E I L L L L 1 1 1 1
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

fime (sec) As example, dynamic behavior of stator currents when
i fault £, occurs at time 1 second (when steady state has
Fig. 7 Shaft speed, (fs2) (top) and torqué’,. (bottom) been reached), is shown in Fig. 9. In the left subplots
of this figure, normal values are presented. For fault de-
tection, root mean square (rms) values of currents, and
shaft speed are employed as measured signals. These
values are presented in the right subplots of Fig. 9. Cal-
culation of signal derivatives is carried out by means of
state variable filters [15]. In order to detect the fault, a

100 ., T T change beyond 1% in the nominal stator currents, and a
z % 1  change beyond 5% in the nominal shaft speed are used
z 0 WWWWWWIWWWWWWA - a5 thresholds. For fault;, magnitude of,, current de-

Rl 1Al ‘ ‘ ‘ ‘ ‘ ‘ ‘ . ] creases drastically to zero and both stator currepis,

o e 02 03 04 05 06 o7 0809 1 gndj., increase close tt90% from their steady state
‘ ‘ ‘ ‘ ‘ ‘ values. Fig. 10 shows rms and qualitative values when
fault F occurs (at time 1 second). The right side of this
K | figure presents only qualitative values, (0, +) for the
. ypmmie o measured variables in the fault scenarios. These values
o 01 02 03 04 05 06 07 08 09 1 grecollected and resumedin Tab. 1. For example, when
fime (9 fault F; occurs, current,; decreases ang, increases,
Fig. 8 Stator currents,s, i,s andi. and so on for the other measured variables.

5.3 Fault Diagnosis Results

ivs (f7), ics (f14)), and one mechanical output variable:There are conditions that avoid to apply directly the
the shaft speed, (f32), also measured. methodology proposed in [3]:

In order to validate this model for simulation (cf. [18]),
Fig. 7 shows the shaft speed and torque, whereas Fig ~ 15
shows the three stator currents. Simulations correspol
to a machine with the following physical parameters % 0
values [18]:3 hp,4 poles, 220 V60O Hz, R, = 0.435§, ~ -

(A)

10

i_rms
as
5

RT’ = 0.816 Q’ Xls = XZT = 0.754 Q’ Xm =26.13 Q’ h 08 1 1:2 14 1‘6 18 ° o8 1 1z 14 1o 1s
3=0.089N -m - s, ;=10 N -m andJ = 0.089 kg - m?2, @) time (sec) 5 b) time (sec)

and to simplify the application, without loss of general- -

ity, it is considered thafts = R,s = Rys = Res, and < AR l | } z l°f
R, = Rgr = Ryy. = i s |

5 Application Results . gumele) 15 fimete)

(A

Al results, obtained by simulation, consider open-loofz i il \
operation. The fault diagnosis strategy is only focuse - - Al |

on the electric part of the motor. = 0

08 1 12 14 16 18 08 1 12 14 16 18
€) time (sec) f) time (sec)

i _rms

5.1 Fault Scenarios

. - . [Fig. 9 Stator currents when open-circuit fault in the
Six faults on the stator winding are defined as foIIows.phase winding A oceurs: d)s, b)ir™*, ) iy, d)ir™*,

F;- Open-circuit fault on the stator phase winding A. €) gy, f) 07 as
F5- Open-circuit fault on the stator phase winding B. ’
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* B ; search (see 3.1.1). For the three open-circuit faults a
g® p unigue behavior pattern for each case is presented:
£ 10 =z 0
. s_\ >_1 e Current magnitude through the short-circuited
T T VR Y o5 1 12 14 15 13 winding decreases to zero, and the other current
2 ) time (sec) b) time (sec) values increase.
g
g 0 e Shaft speed magnitude decreases in the three
£, 1:_1 g° cases.
-1
05 1 12 14 16 18 o8 1 12 14 1o 1s For this type of fault, a current increasing in each wind-
1750 9 time (=9 9 time (5= ing is because the winding resistance increases. There-
= 1:;*2 . ‘ fore, in th_e fault hypothesis sets (third _colymn of Tab.
£ 3o 2) each winding resistance has the qualitative vaiie ”
: mOL ,1—|— and the adjacent winding resistance has the qualitative
1700l 1 1 15 1s value "-". Since the shaft speed decreases in the three
8 time (sec) ) time (sec) open-circuits faults and the rest of parameters belong to

itthe equivalentd reference frame, we discard all para-

Fig. 10 Rms an litative val when n-cir
g. 10 Rms and qualitative values when open-c Uhneters except parameteRy,, R, andR/..

fault in the phase winding A occurs: &), b) Qualita-
tive value fori,s, €)iys, d) Qualitative value foi,,, €)  For the three short-circuit faults we have the behavior
wr, ) Qualitative value for, described as follows:

e Shaft speed value is constant.

Tab. 1 Fault signatures e Currenti,, decreases and currernits andi. in-
crease for a fault in the phase winding A.

Fault | ias | ds | tes | Tas | Tar | lgs | lgr | Wr e Currenti., decreases and currents andiy; in-

L33 S I e I N N O crease for a fault in the phase winding B.

Iy + - + + + + + - .

13 T T N T T y . . e Currenti, decree}ses and currents andi. in-

Ty T - I . - - - 0 crease for a fault in the phase winding C.

L R - * + - - 0 A short-circuit fault implies that a winding resistance
Fs [ -]+ ]+ ] -] -7+]*107J decreases. Viewing the third column of Tab. 2, for

each short-circuit fault, two resistances have decreas-

ing values: the winding resistance when the fault oc-

. curs and the adjacent winding resistance. Taking into

° _No_t all the storage element_s |n_the BG model arg ..o ynt the behavioral information of the variables de-
in integral causality even usirigfields. scribed above, we discard parameters of the adjacent

¢ Not all states of the system are observable becaugénding and the rest of parameters in each set. Fourth
the model includes a section of stator resistanceolumn of Tab. 2 shows the final results of fault diag-
in the abcreference frame and the rest of electrichosis. Each fault hypothesis set is reduced to only one
variables in theyd reference frame. element, which is the parameter causing the fault. Fur-
ther details of this application can be consulted in [21].
These conditions give empty fault hypothesis sets (see
second column of Tab. 2), thus the variant to the origi ;
nal methodology [3] to construct fault trees, depicted in6 Conclusion
section 3.2.2, is applied. Under this approach the resuh this paper, a qualitative strategy for fault diagno-
tant fault hypothesis sets obtained from fault trees arsis based on Bond Graph modeling has been applied
shown in the third column of Tab. 2. Since the numbeto the three-phase induction motor. The strategy in-
of elements of these sets is greater than one, the tempmives causal graph, fault tree and temporal causal
ral causal graph is used to reduce them. Nevertheleggaph as the principal stages for diagnosis (topographic
the temporal causal graph could not refine these setearch), but due to the structure of the motor model
Similar problems are presented in [4] and [20]. (derivative causality, nonlinear relationships), has been
. . employed behavioral information provided by analy-
E/?()Stla;s?gtgaegooﬁﬁg?:e?ﬁg d%ﬁgg';rgigriﬁsgrgtee?tgnrtlg_?s of the faulty system (symptomatic search) in order
duce the fault hypothesis sets, it is émploye d the Strueto_obtaln an effective fault dlagnq5|s. C.ontrlbut|0n of
' fhis paper is to propose a fault diagnosis strategy that

tured knowledge from the BG model and the one pro- ; :
vided by thebehaviorof the faulty process. It takes combines fault searching approaches through the Bond

. : . Graph model, in order to cope both simulation and di-
advantage from the underlying physical laws known "bgnosis aspects

analytical form of the BG model in order to reconstruct
the fault-symptom chains from the measured data, i.eThree short-circuit and three open-circuit faults have
information from output variables in the fault scenarbeen considered in the application, in order to show
ios. This search of faults is also knowngsnptomatic the effectiveness of the Bond Graph model not only for

ISBN 978-3-901608-32-2 7 Copyright © 2007 EUROSIM / SLOSIM
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Tab. 2 Fault hypothesis sets

Fault | Conventional fault Modified fault tree Obtained parameters
tree methodology methodology
Iy 0 {Ra, Ry Rey Ry, Ry B, T} {Rra.}
F2 @ {R;szl;vR;s’R(;-aJi} {R[Z}
P 0 {Rass Byes RE, Ry, R 87, T} {Rr)
F, 0 {Rew, Ry Rey Ry ) {Ra.}
Iy 0 {Ro, Ry R Ry, b {Ry.}
F6 @ {Rt_z‘_wa_s?Rc_s’Rjr’R;_T} {Rc_s}

simulation but also for fault diagnosis. This strategy [9] D. Sahm. A two-axis bond graph model of the
gives insight about application to other systems with

similar characteristics, such as induction motors and
power converters related to these systems.
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