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Abstract : The work presents a supervision method for detection of AC electrical machine faults, gen-
erally used in electrical traction, exploiting the information given by the external magnetic field in the
vicinity of the machine. This field is an image of the air-gap flux density and consequently, it contains
information concerning the failure presence. In this work, two methods based on the analysis of the
magnetic field outside the machine are presented. They are reliable, original, inexpensive and simple
to implement in electrical automotive vehicle. They have the advantage of being non-invasive and just
get rid from the main drawback presented by other diagnostic methods based on a comparison with a
healthy state assumed to be known. The both methods need simple coil sensors placed in particular
positions of the motors for flux density measurements. These sensors are simple, non-invasive, low
cost and they induce an electromotive force which derivative effect amplifies the low and medium fre-
quencies. These methods are developed in the case of AC electrical rotating machines (induction and
synchronous machines) often used in electrical traction. The analysis is focused on the low frequency
components of the magnetic field which is not influenced by the presence of electronic converters al-
ways used in tractions applications. The theoretical analysis and his experimental validation are also
presented.

Keywords: AC motors, electrical traction application, fault diagnosis, low frequency, magnetic field
spectral analysis.

1. Introduction

The work presented in this chapter is part of the current concerns in development of the electric
traction whose EV (electric vehicle) and HEV (hybrid electric vehicle) are part. Although electric trac-
tion is not a new idea, its application to electrical automotive vehicle has be previously abandoned,
consequence of an insufficient level of technological development and, recovery today to responds to
current problems like the development of a non-polluting vehicle with sufficient reliability and auton-
omy. In this context, in order to have a chance to succeed, the automotive vehicle should not be a
modification of the conventional one. It must be a "new vehicle".

Taking in consideration this remark, the work presented in this chapter show a non-invasive
method for supervision and diagnosis of electrical motors used in automotive vehicle. The presence of
new traction control systems in the automotive vehicle allows faster control of drive torque and im-
proved dynamic performance [1]. However, these systems require new methods of monitoring and di-
agnosis to detect the faults because strong vibrations presented in embedded systems reduce the reli-
ability of all system components including electrical machines (motors and generators). To improve
the reliability of the "new vehicle" the proposed method, presented in this chapter, can assure a pre-
ventive diagnostic based by analyze of the magnetic flux leakage measured outside of electrical ma-
chine by non-invasive sensors.

Considering the electrical motor as part integrant of EV and HEV, this chapter presents the used
sensors, their positioning around of motor and analysis of measured signals allowing an easy use of
the method for supervision and diagnosis of AC (alternating current) motors often used in automotive
vehicle. Generally, the electrical motor diagnosis methods require a good knowledge of the machine



and its behaviour in the presence of internal faults. For diagnosis of electrical machines used in classi-
cal applications different methods are distinguished [2]:

-diagnostic techniques that rely on knowledge methods and which use usually the artificial intelli-
gence. These methods are enriched by feedback and not require the mathematical model of a failure
machine.

-methods of identification and estimation of the physical parameters of the machine. In this case,
monitoring is established by comparing the measurement results with those obtained by analytical
modelling or by calculation of a state vector.

-methods based on signal modelling. These methods analyze the time evolution or the spectral
content of the different measured signals in order to detect a fault of the electrical machine.

Today many works are dedicated to motor fault analysis using different methods as the current
signature analysis [3,4,5], exploitation of the slot harmonics [6,7], artificial intelligence techniques [8],
vibrations and noise measurement [9,10,11] or flux analysis [12,13,14] and all of these techniques
have been validated beyond the research laboratories in order to fiend their place in industry [15]. It
could be interesting to know if these methods can be implemented in electric traction motors in order
to diagnose incipient faults because, in electric traction, the speed variation is often assured by static
converters which feed the motors with adapted waveforms of the currents. These signals are generally
not perfectly sinusoidal and are source for electromagnetic disturbances. Moreover, the interpretation
of the results obtained from these methods requires a level of expertise advanced which makes it diffi-
cult a real democratization of these techniques among users of electrical machines. Indeed, only sys-
tems where a breakdown of the machine can have disastrous consequences (e.g. the electricity generat-
ing plant) are equipped with a supervision system.

Generally, all diagnostic methods require knowledge of the healthy state of the machine regard-
less of the physical exploited parameter. The fault detection is then based on the comparison of a given
state signature with that of the healthy state assumed to be known, considering an indicator sensitive to
a particular defect. The difficulty with this approach is that, often, the sensitive indicators already exist
for the healthy machine (case of a spectrum lines). It is then their change, often the increase, which is
likely to provide information on the presence of a fault. On the other hand, the load of the machine can
be considered for diagnostic as a disturbing factor, because it induces several healthy states. Addi-
tional difficulty lies in the fact that the supposed healthy state is almost never known before that the
failure appears, because the operator of the machine has not taken the precaution to record the parame-
ters that characterize the healthy machine.

Recently, methods based on the analysis of the external magnetic field have appeared, they have
the advantage of being non-invasive and easy to implement [16,17,18]. These techniques exploit in-
formation in the stray field around the machine in order to respond to industrial problems concerning
the diagnosis [19], but also on monitoring the aging of insulation or the monitoring of eco efficiency
[20, 21]. The different applications differ in the frequency range to be analyzed.

The current diagnosis techniques exploiting the range of low and medium frequencies, up to the
slotting effect of the electric machine, give the possibility to detect the stator faults (inter-turn short
circuit) and rotor faults (broken bars, inter-turn short circuit) by analysis of the external magnetic field
of induction and synchronous machines. At the base of these techniques, there is an analytical model,
which shows the decomposition of the external magnetic field into a radial and axial field does not
have the same properties, because each has a different origin. This model predicts the spectral compo-
nents of the stray field affected by different faults.

The work presented in this chapter is part of this category, mainly considering the effects of a
fault on the magnetic stray field and it is adapted toward the diagnosis of rotating electrical machines
including electric traction motors since it is not influenced by the static converters and use the load
working for the detection of the faults. Nowadays, rotating electrical machines are presented in all ar-
eas of modern life including the electrical vehicle and one of the most important objectives of the
maintenance systems is the detection of incipient faults in order to anticipate a shutdown of the sys-
tem. In this work, two methods based on the analysis of the magnetic field outside the machine are
presented. They are reliable, inexpensive, simple to implement and non-invasive. These methods are
developed in the case of AC electrical rotating machines (induction and synchronous machines). The
analysis focuses on the magnetic field dispersion in the vicinity of the machine, especially its radial an
axial distribution which presents different sensitivity according to various faults.



For application of these methods in electrical traction, two coil sensors are used to measure the
stray field in the motor vicinity (Fig. 1). These sensors induce an electromotive force (emf) which de-
rivative effect amplifies the low and medium frequencies. They are simple to carry out, non-invasive
and low cost. Moreover, they can be set up outside the motor without needing large place in electrical
system of hybrid vehicles. The diagnosis procedure is able to indicate the failure presence and can be
implemented within a simple microcontroller. For diagnosis, each fault gives specific signature that

are identified and analysed.
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Fig. 1. Positions of sensors for on-line supervision of HEV traction motor.

Two diagnosis methods are developed in this work. The first method concern the inter-turn short-
circuit faults in the stator winding. It uses two external flux coil sensors placed in particular positions
that measure the external magnetic field, the signal delivered by the both sensors being exploited for
diagnosis. The analysis concerns the magnitude of specific harmonics of the electromotive force deliv-
ered by the coil. One will be interested in the magnitude of the third rank harmonic for Salient Syn-
chronous Machines and the rotor slotting harmonics for Induction Machines. This method does not re-
quire any knowledge of a presumed machine’s healthy former state, it’s originality is the use of the
load to improve the diagnostic. Here, the load is not longer a disturbing factor but it is used for the
fault discrimination. Actually a comparison between machine operating conditions (no-load and load)
enables to detect a stator fault.

The second method is based on the variations of the axial flux density in the presence of rotor
faults. Any changes of magnetic circuit conditions, such as a broken bar or the formation of an eccen-
tric air-gap due to bearing wear, will, by the same token, be reflected with a corresponding change in
the axial flux. The analysis is focused on the low frequency components of the magnetic field, which
are not influenced by the presence of electronic converters usually used in industrial and traction ap-
plications and which are less attenuated during their penetration through the stator magnetic core or
the machine external frame. The both methods need simple coil sensors for flux density measurement.

In the end of the chapter experimental implementation of the sensors and results are presented.
The faults have been artificially created in the rotor and stator on different AC machines, special de-
signed for the tests in order to present the experimental results of the suggested diagnosis methods.

2. Magnetic field

From a diagnostic point of view, the advantage of methods based on measurement of the external
magnetic field is that they are non-invasive. These methods are simple to implement and they use a
sensor placed near the electrical machine, able to measure the external magnetic field. Considering the
position of the sensor, the measured of dispersion field does not originate from the same source, and
not result, necessarily from the same physical phenomenon [22].

2.1 Measurement of external magnetic field

In a rotating electrical machine, the leakage flux is created by the different elements of the ma-
chine. A distribution of these field lines is shown in Fig. 2 [23].
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Fig. 2. Distribution of leakage flux lines in electrical machine

From this distribution, we can decompose the external field in two parts called axial and radial
field. These two fields are combined to form the leakage field: the axial field in a plane that includes
the axis of the ma-chine and the radial field in a plane perpendicular to the axis of the ma-chine.The
leakage field may give information about the presence of a fault, and sometimes its location. Figure 3
shows the different position for measurement of the leakage field using a coil sensor. Assuming the
field lines shown in Fig. 3, the sensor will be sensitive to different components of the field and the
measured signal will depend on the position of the coil:

RADIAL FIELD AXIAL FIELD

Fig. 3. Measure of leakage field in near vicinity of the machine

-in position 1 (Pos. 1), the coil measures the axial field. In this case the amplitude of the measured
flux is maximum at the motor endshield (around heads of the windings), and minimum at the middle
of the machine length; this minimum is practically null.

- in position 2 (Pos. 2), the coil measures the normal component of the radial field. Taking the coil
sensor away from the motor endshields increases the sensitivity to the air gap flux density.

-in position 3 (Pos. 3), the coil is used to measure the external field called "pure radial" sensitive
to the tangential component. In theory, field lines generated by the winding heads cannot cross the sec-
tion of the coil sensor in this position.



2.2 Measurement sensors

Several types of sensors can be used to measure the external field (magnetoresistive sensor, Hall
effect sensor, coil sensor ...).

In the diagnostic method presented in this chapter, the coil sensor is used. The principle of the coil
sensor is to measure the field embraced by a coil located in the vicinity of the electrical machine [24].
The sensor provides an emf equal to the derivative of the magnetic field with respect to the time; how-
ever, the measurement is only possible for the variable fields. With this type of sensor, the measure-
ment is simple and direct because it does not require associated electronics, unless it is necessary to
amplify the induced emf signal [22]. The performance of the measurement depends on the size of the
sensor. The main advantage of these sensors is their simple design which allows users to make it ac-
cording to their needs [25]. The sensor used for experimental tests and its frequency response are rep-
resented in Fig. 4.
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Fig. 4. Coil sensor: (a) photo; (b) frequency answer

This small sensor will be used for all experimental measurements presented in this work. It was
been built for small and low power machines. The coil diameter is about 3.2 cm and it has 1200 turns.
Its frequency response shows a resonance at 93 kHz, so, the sensor is suitable to be used for measure-
ment of the field in a frequency range lower than this frequency, what actually corresponds to the fre-
quency range exploited by proposed diagnosis methods. This type of sensor is used for flux measure-
ments because it is simple, non-invasive, low cost, induces an emf with a natural derivative effect that
amplifies the low and medium frequencies [26].

3. Stator faults in AC electrical rotating machines

The most of stator faults are attributed to the degradation of insulation. They manifest themselves
as a short-circuit between turns, by a short circuit between two phases or by a short-circuit between a
phase and the ground. In this paragraph the analytical model presented is developed for the short-
circuit between the turns of the same phase because it is a common defect that can occur either at the
coil ends or in the notches, causing a decrease of effective winding turns. On the other hand, it leads to
increase the stator current in the affected phase and to a slight variation of the amplitude in the others.
In the case of induction machines, it amplifies also the current in the rotor circuit [27, 28]. Thermal



stress caused by short-circuit can cause the spread of the fault to other coils and the complete destruc-
tion of the machine.

The developed analytical approach makes it possible to identify the properties of the airgap flux
density waves generated by the fault and proposes a diagnostic method based on those.

3.1 Analytical model

For analytical study of stator faults in AC motors, a simplified geometry of the machine has been
considered (Fig. 5) to study the external magnetic field.

Flux coil sensor

Stator lamination Air gap

packet

Fig. 5. Transverse section and considered parameters of simplified machine

The point M’ outside the machine has polar coordinates x, a®. The stator is composed of a mag-
netic yoke and an external frame; the gap which can possibly exist between the stator yoke and the ex-
ternal frame is neglected. To simplify, the considered machine presents smooth airgap where the flux
density is imposed. Fig. 5 also gives the position of the sensor, placed at the level of the point M. Here
the R and R’, are internal and external radii of the stator.

For short-circuit model let us consider p =2 pole pair, three-phase stator winding machine given

in Fig.6 [26]. Each coil is made up of m’ elementary coils of n’ /m’ turns, where n’ is the machine
per phase, per pole pair turn number. As the coil of the same phase are series connected it results that
the per phase turn number is pn’ .

Fig. 6. Three phase stator windings (p =2)

Let us suppose that y turns among n' / m' of an elementary coil of the phase ¢ are short-circuited.
If y is small compared to pn’, it is possible to consider that the i, currents are unchanged. This as-

sumption makes it possible to characterize inter-turn short circuit by implementing a model which pre-
serves the initial structure of the machine. This model considers that the faulty stator winding is
equivalent to the healthy winding, plus y short-circuited turn coil which is denoted “additional coil”.

A i, fictitious current circulates in this coil, which is composed of inter-turn short circuit induced cur-

rent i;. and the current in opposite direction i :

s s
for The Tl (D



A damaged elementary coil is shown in Fig. 7. This approach makes it possible to separate the ef-
fects of the fault while preserving the initial structure, what simplifies the fault analysis. In this way,
the resulting air-gap flux density b* can be expressed as:

b =b+b(‘;sC (2)

with b=>"b, , ,
K.H '

where by , :I;K,H cos(Ka)t—Has —(pK,H) (K is the frequency rank and H the polarity of b, ) and
b,,. is generated by the damaged coil.

n'/m’ turns y turns

Fig. 7. Elementary coil with y short-circuited turns

To determine b, , the £, mmf generated by the additional coil must be defined. The &, mmf gen-

erated by two healthy elementary coils of the same phase, connected in series and shifted of 7z, is pre-
sented in Fig. 8 (a). The Fig. 8 (b) gives the mmf generated by the faulty turns.
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Fig. 8. Mmf components generated by elementary damaged coil created by: (a) two healthy elementary sections;
(b) y short-circuited turns
The particularity of this result concerns the £, . mmf generated by the additional coil which is a unidi-

rectional wave, although & is a rotational one. Also, its polarity H is equal to 1 that produces a dis-
symmetry in the stator mmf wave.

In the stator reference frame d° which is confounded with the stator phase 1 axis, €, can be

written as the sum of rotational mmf waves evolving per pair in opposite directions:

e.=1I Z A} cos (a)t —ha'’ - @, ) 3)

where [} is the rms value of i, @ is the angular frequency, & is a not null relative integer, which

takes among others, all the values of #° which is defined by: A’ =6k +1 (k is an integer which
varies between —co to +oo). Alj is a function that takes into account the winding coefficient tied to



the rank h’. @, is the phase which depends on the position of the elementary coil concerned by the
short-circuit but also of the phase where the short-circuit occurs.
The flux density b, generated by the fault is obtained by multiplying &,

Als

with air-gap per-
meance A expressed by:
=3 A, cos (N +K'N") pa = pk'N'6 | @

k* =—o0 k" =—00

where A o 18 @ coefficient which depends on the ranks k’ and k" and the air-gap geometry, N° is

the stator per pole pair tooth numbers.

3.2 Model for salient-pole synchronous machine

For a healthy salient-pole synchronous machine, K and H are defined as:

K=1+2k"
H=p(h" +k°N* +2k") ©)
where A" includes all the values taken by 4" and A": h" =h"U h" and
h* =6k+1; h"e(1,3,5,...,40).
If a fault exists, the flux density b, can be expressed as:
b;.vc = Z bsc,(w,_,ﬂ Cos (Kscw - H.vca’s - q’sc,(}w,_,ﬂ ) (6)
K. .H,
with:
K, =1+2k"
_ ’s K ’r (7)
H_ =h+pk”N'+2pk

k™ and k" are equivalent to k* and k" . Consequently they vary from —eo to +oo .

The resulting flux density appears, after attenuation, at the level of the external transverse field.
That results in the presence of harmonics at K@ and K @ angular frequencies in the signal delivered
by the flux sensor. Considering K and K the values calculated by (5) and (7), it is possible to make
the following remarks:

e K does not bring new frequencies and the failure presence will be appreciated through the varia-
tion of the amplitudes of existing lines in the healthy machine spectrum.
e the sensitive spectral lines are in low frequencies. Indeed, the corresponding harmonics for

k" =1, are @ and 3@. Consequently, one of these components is confused with the fundamen-

tal [12].

e Other sensitive spectral lines (k’ =12,k" = i3,...) are superimposed on the components at angu-

lar frequencies 3@, 5w, 7w, ...; that may exist for a healthy machine (supply harmonic, satura-
tion).
These properties make difficult the diagnosis by analysis of the changes in the amplitudes of the
measured components. In the following the properties relating to the dissymmetry generated by the
fault will be exploited.



3.3 Model for induction machine

Under healthy conditions the quantities K and H in the case of induction machine can be ex-
pressed by:

K=1+k'N"(1-5) }
(@)

H=p(h'+k'N’+k'N")

The sensitive lines to the fault are characterized by the quantities K and H  defined as follows:

©)

K, =1+k"N"(1-5)
H, =h+p(k"N'+k"N")

A numerical application for induction machine is presented in annexe. The results obtained by

compilation show that each harmonic of the external field, at given k" is essentially created by com-
ponents with the lowest possible polarities. The analysis will focus on the diagnosis harmonic at 850
Hz, because it is generated by a component with the lowest polarity both for the healthy machine and

for the faulty machine (H =-2, H, =-1). As shows the numerical application (annexe 1) this har-
monic has a high amplitude value and can be more easily measured at the outside of motor frame.

3.4 Principle of the tests

For the new diagnosis method, which exploits the change of external magnetic field in presence
of the faults, the measurements are carried out in two diametrically opposed positions: ;" =3,

(Pos.1) and @, = B, + 7 (Pos.2), (Fig.9).

Fig. 9. Sensors position for measurement of external magnetic field

The principle of the method consists in the analysis of the variations induced by the fault at the
level of particular harmonic components measured in the both positions. The corresponding flux den-
sity components must have significant amplitude in the external magnetic field. Consequently, taking
into account the magnitude of the air-gap flux density and considering the attenuation of these compo-
nents in the stator core, one will be interested in the components defined by the lowest values of

W, h', k*, k", kK, k" leading to the smallest as possible value of H .
The respect of these constraints leads to consider the spectral line at @ angular frequency
(K=1) of magnitudelsl’l. However, this component corresponds to the fundamental of the air-gap

flux density which generates the main effects: Z;H >> l;l’ » With H different from 1. It results that l;l

will be not very sensitive to the components defined for |H | >1.



In the case of salient-pole synchronous machine, the analysis will be focused on the spectral
lines related to K =3, ( line at 150Hz). For a four pole machine (p =2), the flux density components
that contribute to this harmonic are defined as follows:

e for healthy machine: A" =1, k' =0, k" =1, A" =1 in (§), which gives K =3 and H =3p=6;
e for faulty machine: h=-3, K =0, k" =1 in (7), thatleadsto K=K_ =3, H_ =—1.

The flux density component b," at 3@ angular frequency on the outside of the machine is the

sum of a term relative to the healthy machine (of amplitude l;_g‘) and a term relative to the faulty ma-

chine (of amplitude b

cc3

). In Pos.1, the resulting component can be expressed as:

cc3

b :53*’ cos(3a)t—6,30 + ¢;)+l§*’ cos(3a)t+,b’0 +(/7:C3) (10)

In Pos.2, it becomes:

b,V =b7 cos(3wr -6, + ¢ ) - b, cos (3wt + B, + ¢, (11)

cc3

The difference between the both positions is tied to the sign which precedes the component due to
the fault. For a healthy machine such as b +5 =0, the components defined by (10) and (11) present the

same amplitude. Under fault conditions, the amplitude of the component in one of the positions in-

creases whereas the other one decreases. Practically, it can observe differences between measurements

for the both positions, even in the healthy case: 1;;“) in Pos.1 is different from 1;;(2) in Pos.2. Two ex-

ternal causes can be responsible for this dissymmetry:

e Pos.1 and Pos.2 cannot be perfectly symmetrical from each other.

e the machine realization techniques can lead to a dissymmetry causing different attenuation coeffi-
cients at the level of the two sensor positions.

In this case, the method can be extended thanks to the exploitation of a test in load. The method
can be refined as following:

Under healthy conditions, at load, the stator current increases but, at given supply voltage, the
air-gap flux density stays practically identical to that obtained at no-load. As the external elements re-
sponsible of the attenuation act in the same way in Pos.1 and Pos.2 for the no-load and for the load
tests, the amplitudes l;;“) and l;;(z) keep similar values or at least evolve in the same way when the
machine is loaded.

Under faulty conditions, at load, I;f‘3 varies taking into account the model chosen to characterize
short-circuit (the loading current contributes to the definition of the fictitious current which circulates
in the damaged coil). Consequently, according to (10) and (11), the magnitude of the component at
3w angular frequency in Pos.1 and Pos.2 will evolve in opposed directions. The variations of the lines
at 3w are thus an indicator of defect. The advantage of the method is that it does not require any
knowledge of a healthy state to detect the fault.

In the case of induction machine, the lines are located in a frequency range where they can be
easily identified. The analysis is focused on the line at 850Hz because it is relative to a flux density
component having a low pole pair number as well for the healthy case as for the faulty one.

e for healthy machine: k" =1, k' =-1, i’ =7 leadto K =17, H=-2 in (8)

e for faulty machine: k" =1, k¥ =1, h* =15 lead to K, =17, H_=-1 in (9).

Relations similar to (10) and (11) are obtained, but by taking K = K =17 (instead of 3) and H =-2
(instead of 6).

4. Rotor faults in AC electrical rotating machines

This section briefly presents the main phenomena characterizing the rotor faults. It will focus on
the influence of a broken bar on the change of the external magnetic field of an induction machine.



An analytical approach requires some simplifying assumptions but will allow one to give the spe-
cific harmonics of the fault, including their frequency and polarity. The analytical study will highlight
the need to consider the axial field as part of leakage flow for which a simplified model will be pro-
posed and a specific signature for this fault type, visible in the spectrum of the external magnetic field.

4.1 Types of the rotor faults

4.1.1 Bearings faults

The majority of faults in electrical machines are relative to bearing defects that have mechanical
causes (lubrication, fatigue, etc.) or electrical (circulation of leakage currents induced by the convert-
ers [29]) and leads to more general mechanical effects such as increased noise and vibration by the ap-
pearance of the movements of the rotor about the longitudinal axis of the machine [30]. This type of
faults induces also variations (oscillations) of the load torque. The ultimate point of the bearing defect
is the rotor blocking.

4.1.2 Eccentricity

The eccentricity of an electric machine is a phenomenon that evolves over time and exists from its
manufacture. It passes through various stages of fabrication and assembly tolerances, which induces to
decentre the rotor relative to the stator. During operation of the machine, two main causes increase ro-
tor eccentricity. The first is inherent to the system shaft in which the machine operates and can impose
a radial force on the shaft of the machine. This can lead to bearing wear and amplification of the ec-
centricity. The second phenomenon that may exacerbate the eccentricity is itself inherent to the opera-
tion of the machine. Actually, the shift creates an unbalance in the distribution of radial forces between
the stator and the rotor [31, 32]. The ultimate point of eccentricity is the friction between stator and ro-
tor, which is synonymous of fast destruction of the machine.

4.1.3 Broken bar

Inter-turn short circuit fault may also occur in a wound rotor. For squirrel cage induction ma-
chines, broken rotor bars and the breaking of the short-circuit rings are the most common rotor failures
(Fig. 10).

N
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Fig. 10. Fault of squirrel rotor cage: (a) broken bar ; (b) breaking of the short-circuiting ring



The broken bar or the breaking of the short-circuit rings may be due, for example, to mechanical over-
load (frequent starts, etc..), to excessive local heating or to a manufacturing defect ( air bubble or bad
welds). This generates oscillations of currents and electromagnetic torque even more apparent when
the inertia of the system has a high value (constant velocity) [33,34]. If the system inertia is lower, 0s-
cillations appear on the angular speed and the amplitude of the stator currents.The occurrence of a
broken bar does not cause an immediate breakage of the machine, because the current crossing the
broken bar spreads over the adjacent bars. Therefore, these bars are overloaded and the thermal and
electromechanical constraints can lead to their breaking and so on until the breakage of a sufficiently
large number of bars to stop the machine.

4.2 Rotor broken bar

4.2.1 Influence on the speed variation

The presentation of the phenomenon will consider only the flux density component of p pole

pairs. Under healthy operating conditions, the balanced three-phase current system creates a funda-
mental clockwise rotating magnetic field in the air-gap. This field induces a current in the rotor bars
with a frequency proportional to the rotor slip s. The rotor bars then generate a clockwise field rotat-
ing at sQ_ in a rotor referential (Fig. 11 (a)). For a symmetrical motor (healthy machine), there is not

any anticlockwise field in the air-gap [35, 36].

(a) (b)
Fig. 11. Operation schema for: (a) healthy motor; (b) faulty motor
Under rotor faults, in addition to the clockwise field an anticlockwise field appears, created by the
unbalance of rotor bar currents and which rotates at an angular velocity —sQ_ shown in Fig. 11 (b). It
is possible to associate with this anticlockwise field a negative-sequence current system with ampli-
tude 7, , which is added to the positive-sequence current system with amplitude 7,, .

m?

Figure 11 (b) shows the phenomenon due to the appearance of rotor failure. A flux density com-
ponent rotating at Q ., appears in the stator referential:

Q =Q —5Q ZQS(I—ZS) (12)

Sault

which leads to the well-known frequency in literature f,,, , appearing in the radial external magnetic
field and in the line current:

Sy =(1=25) f (13)

The interaction of the rotor currents with the clockwise stator field produces the electromagnetic
torque. In case of broken rotor bar fault, the total torque can be expressed as follows:



RLe, . .
Ceirot = Ce?srp + Ce?xrn = ﬂ.ﬂ—kv Is |:kr1rp sin (¢B‘ + ¢Bw ) + krIrn s (2swt + ¢B\ - ¢Bm )]
0

(14)

where C represents the mean torque due to the interaction of the stator and the rotor fields in

e_sip

the clockwise direction, C

e_sm

tor clockwise field with the anticlockwise rotor field; ¢, , ¢, and ¢, are respectively the phases

is the pulsating torque of pulsation 2s@ due to the interaction of the sta-

relative to the stator phase one current of the stator flux density, the rotor flux densities in the clock-
wise direction and in the anticlockwise direction; k, is a coefficient that depends on the stator winding

arrangement and k, is a coefficient that depends on the rotor cage constitution.

The torque oscillation at frequency 2sf , also presented in [35], generates a speed oscillation at this

frequency whose amplitude depends on the rotor asymmetry, the motor load level [36,37], and the to-
tal moment of inertia J . The speed is calculated with the relation:

dQ
J_r=C’ 1oi _Cr =Ce srm 15
dt e_tot _ ( )
where C, is the load torque:
o -1 [c. ,d+Q (16)
r J e _sim 0

By calculating the integral (11) one obtains:

Q =Q,+AQ, -cos(2swt + @) (17)

1 RLe

where AQ =-xk Ik, I, —— — is the magnitude of the speed oscillation, Q, is the mean value
)

of Q_  which changes in the dependence on the number of broken bars at given load torque, and
P=0y =P -

It is well known that the speed oscillation also generates an additional air-gap flux density com-
ponent at (1+2s) f .

4.2.2 Influence on the axial flux

For the modeling of the axial field, it is necessary to consider the field lines existing at the ma-
chine extremities. The distribution of these ones strongly depends on the geometry and the mechanical
components that exist at the machine extremities. As mentioned in [33], the total axial flux ®,, out-

side the induction machine with an eccentricity fault can be written in the following form:
(IDAT=(i>COS(a)t—pﬁ) (18)
with f=f,+Q.r, B indicates the position of the minimum air-gap thickness. Under broken rotor bar
fault, a speed variation appears and will influence the external axial flux. In this case (18) can be writ-
ten as follows:
D, =Ci>cos|:a)t—p(ﬁ0+Qrt):| (19)
Developing the argument of the cosine, using (17) one obtains:

®@,, = dcos[sar —AQ, ptcos2sat + @) - pf, ] (20)

A frequency modulation appears in @, . The time variation of (20) for  =1Wb, AQ, =1rad/s and

s=2.5% is presented in Fig. 12 (a). A direct analysis of the signal is difficult; hence the change in the
frequency domain is performed by Fast Fourier Transform (FFT). The obtained spectrum is given in
Fig. 12 (b).
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Fig. 12. Simulation of axial flux variation: (a) axial flux signal; (b) FFT for the axial flux

In the spectrum it can be observed the appearance of the harmonic 3sf due to the speed variation

and sf due to dynamic eccentricity on the axial flux. One can notice that a small speed variation can
produce an important component at frequency 3sf . With the considered speed variation that corre-

sponds approximately to 2 broken bars; the component 3sf is higher than the initial component sf .

5. Experimental tests

5.1 Achievements of the tests

The application of proposed methods for stator faults is presented considering the test carried out
on a salient-pole synchronous machine and an induction machine. For rotor faults an experimental
bench using two identically squirrel-cage induction motors (one healthy and another with a broken
bar) is used. The principle of measurement is shown in Fig. 13

EFT Signal processing Spectrum

A P

Coil sensor low tast, low cost easy interpretation
noninvasive simplicity

Fig. 13. Measurement and treatment of emf signal



5.2 Stator tests

5.2.1 Inter-turn short circuit in synchronous machines

The application of the proposed method is presented considering a test carried out on a salient-
pole synchronous machine characterized by: 7.5 kW, 50 Hz, p=2, 230/400V, N* =18, grid con-
nected. This machine has been rewound so that the terminals of the different stator elementary sections

are extracted from the winding and are brought back to a connector block which is fixed above the
machine as indicated in Fig. 14. So it is possible to produce short-circuits between elementary coils.

Connectors

Sensor 1
(Pos.1)

Fig. 14. Modified salient-pole synchronous machine and the sensors’ positions

The tests consist in measuring and analyse the emf delivered by the sensors in order to validate
the suggested procedure when an elementary coil is short-circuited (what corresponds to 16,6 % of the
whole winding of a phase). In order to avoid total damage of the winding, the short-circuit current is
limited by an external resistance R . Verification have also be done in order to make sure that the cur-
rents in the wires going up from the machine towards the connector block do not disturb the measure-
ments. Pos.1 and Pos.2 correspond respectively to £, and B, +7x, [, is chosen in the axis of the
tested phase. The interest is focused on the harmonic at 150 Hz. Figures 15 a and b shows the varia-

tions of the harmonic at 150 Hz relative to the healthy machine (motor) when the state (marked with
arrow) varies from no-load to load.

2 — 25 27—
1,5 - 146 2 7
Z 0,98 2154
= 1 —
E m no-load T 1. m no-load
@ @
B C load Oload
0,5 05 -
Pos.1 Pos.2
0 - o -
150 150
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 15. Harmonic components at 150 Hz for a healthy salient-pole synchronous machine (motor)
at no-load and load operations.



It can be observed here that the magnitudes vary in the same way (decrease) for the two positions. Un-
der faulty conditions at full load (Fig. 16) it can be observe that the magnitudes in both positions vary
in the opposite ways. This indicates the failure presence and confirms the proposed method.

S
1,52
L5 24
=) =
£, £
E m no-load E m no-load
@ @
05 - C load Oload
Pos.1 Pos.2
0 .|
150
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 16. Harmonic components at 150 Hz for faulty salient-pole synchronous machine (motor)
at no-load and load operations.

Another interest is the limit of the method. The tests are realised on the machine which operates as
generator. The corresponding results are shown in Fig.17 and Fig.18. One can remark the same phe-
nomenon: under healthy case the magnitudes varies in the same direction, but in the faulty case they
vary in opposite direction.

1,5 15 A4
1,15 123
— 14 —_ 1 -
= 08 >
£ £
€ m no-load E m no-load
@ @
0,5 05 -
L load ‘ Oload
Pos.1 Pos.2
0 0 -
150 150
Frequency (Hz) Frequency (Hz)
a (b)

Fig. 17. Harmonic components at150 Hz for a healthy salient-pole synchronous machine (generator)
at no-load and load operations

The next test has been realized on a four pole, 4,4 kW, 50 Hz 3 x 380 V permanent magnet syn-
chronous motor. The obtained results under healthy and faulty conditions are given in Fig. 19 and Fig
20. It can be observed that under healthy case the harmonic magnitudes at 150 Hz vary in the same di-
rection, but when the inter-turn short circuit exists in the stator winding these harmonic magnitudes
vary in different direction.

25
2 T el
T5 37 '
E o4 W no-load mnc-load
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Oload Oload
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0 .
150 150
Frequency (Hz) Frequency (Hz)
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Fig. 18. Harmonic components at 150 Hz for faulty salient-pole synchronous machine (generator)
at no-load and load operations
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Fig. 19. Harmonic components at 150 Hz for a healthy permanent magnet synchronous motor
at no-load and load operations
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Fig. 20. Harmonic components at 150 Hz for a healthy permanent magnet synchronous motor
at no-load and load operations

5.2.2 Inter-turn short circuit in induction machines

In order to generalize the proposed method, the tests have been also realized on a
p=2, 50Hz, 11kW, 380/660V, N' =24 and N" =16 squirrel cage induction motor (Fig. 21).

Connectors
Sensor 1 Sensor 2
(Pos.1) Pos.2)

Fig. 21. Modified squirrel cage induction motor and sensors’ positions



This machine, connected to the grid, has been rewound so that the terminals of the different sta-
tor elementary sections are extracted from the winding and are brought back to a connector block
which is fixed above the machine. So it is possible to produce short-circuits between elementary coils.
Verification have also be done in order to make sure that the currents in the wires going up from the
machine towards the connector block do not disturb the measurements. Pos.1 and Pos.2 correspond re-
spectively to £, and B, +x, [, is chosen “arbitrarily”. One will be interested to the spectral line at

850Hz (k’ = il) . The results obtained by considering the harmonic of rank K =K =17 (850Hz at
no-load and load), are presented in Figs. 22 and 23.

The phenomena are similar than that obtained in the case of synchronous machines:

¢ under healthy condition — the lines relative to K = K, =17 evolve in the same way with the load
(Fig. 22),

e under faulty condition — these lines evolve in opposite way with the load (Fig. 23).
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Fig. 22. Harmonic components relative to K = K, =17 for healthy induction motor at no-load and load operations
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Fig. 23. Harmonic components relative to K = K =17 for faulty induction motor at no-load and load operations

This method is thus applicable to salient-pole synchronous machine, permanent magnet synchronous
motor and induction motor often used in electrical traction applications and that confirm the universal
quality of proposed diagnosis method.

5.3 Broken rotor bar in induction machine

The tests are performed on 4 poles, 4 kW /50 Hz, 3 x 380 V squirrel cage induction motor un-

der healthy and faulty (broken rotor bar) conditions. The obtained results at full load are shown in
Figs. 24 and 25.



[\ Monitor [ Monitor Field 2]
5/1 ch. /O Controller Module Type 7533 (slot 1) Champ Axial

JAAAANAANA NN
VV VYNV VY VY

-200m

400m ]

200m

-400m

0 40m 30m 1ZDF'11 160m 200m 240m
5
™ Fourier Spectrum{) (Magnitude)
400u
300u
200u
100u
sf 3sf
0 1 la Ak ik sk
o 4 8 12 16 20 24
[Hz]

Fig. 24. Frequency spectrum of the external magnetic field (Pos.1) for healthy squirrel cage induction motor (s = 5%)
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Fig. 25. Frequency spectrum of the external magnetic field (Pos.1) squirrel cage induction motor with one broken rotor bar
(s =5%)

If the rotor has a broken bar, the frequency component 3sf is more sensitive than other compo-
nents and it denotes the speed variation at frequency 2sf , caused by a fault. Figure 25 shows that the
amplitude of this harmonic is higher in comparison with the component sf (eccentricity indicator).

Also, one can observe in the case of healthy machine, the presence of frequency components sf
and 3sf with low amplitude. It is produced because no machine can be constructed with perfect sym-
metry.

6. Conclusions

The paper presents a simple method to insure the supervision of AC machines used in electrical
traction. This supervision can detect the stator and the rotor faults using original signatures presented
in the paper. Under stator winding faults the signature concerns the harmonic at 150 Hz for
synchronous machines and the slotting harmonic at 850 Hz for induction machines. This diagnosis



method does not require the knowledge of the healthy signature. It is based on comparison that
concerns the state at no-load and load operations.
The indicators of rotor faults are the low frequency components of the flux spectrum at sf and

3sf frequencies. The diagnosis method consists in checking the magnitude of the component 3sf
generated by the speed variation that can be compared to this of the component sf .

The advantages of proposed non invasive methods compared to other existing methods are their
simplicity to implement, to interpret and a low cost set-up. The processed emf signal, delivered by a
simple coil sensor, is able to indicate the presence of the fault. Moreover, the low frequency analysis is
not disturbed by other sources of magnetic field presented in vicinity. Finally, the experimental tests
realized on the different AC machines confirm the validation of used models and proposed methods
for stator and rotor fault detection. The simulation and experimental analyses confirm the models and
used approaches.
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Annexe

For a numerical application it is considered an induction machine with p=2,
N*=24,N"=16, R, =0.0825m, R, =0.121m and a short circuit in the phase 1. Here 12.5% of
the phase coils are short-circuited and the short-circuit current is i, =3i’. The values that can take the
coefficients that contribute to the description of predominant components are given by:

k* € (—o0;+00); k" € (—00;+00); k™ € (—o0;+00); k" € (—00;+00);
h* =6k +1; h' € (1,3,5,...,+)

If we conduct the study for the first lines of rotor teeth obtained for k" =%1 , for one healthy in-

duction machine with a slip null and considering k" =—1 we obtain:

k"'N"=-16 et K=-15, f=750Hz.
In order to have k*N* +k"N" the lowest possible (here equal to -6), we must have k' =1. Also,

we find that the dominant mode is obtained for iA* =-5, H =6 (in absolute terms and because
p=2).For k" =1 we obtain :

k"'N"=16 et K=17, f=850Hz.
As k'N° +k"N" must be the lowest possible (here equal to -2), we must have k’ =—1. Also, we
find that the dominant mode is obtained for A =7, H =2 (in absolute terms).

The other components defined for values k°, k", kK, k", h*, h"of the lowest possible for the
healthy machine and for the faulty coils are gives respectively in Table 1 and Table 2 with the ampli-
tude in x=R’  gives relative to fundamental.

ext

Table 1: Components generated by the healthy IM

ook w | k| H| Ke(H) | & bi.n !B
-1 1 5 | -1516 -750 5.09e-05 2.99e-05
-1 1 -11 ) -15 | -6 | -750 5.09e-05 8.16e-06
1 -1 |7 17 | -2 | 850 8.16e-04 2.62e-04
1 -1 |13 |17 | 10 | 850 3.97e-06 5.32e-07
-2 1 7 -31 | -2 | -1550 8.16e-04 -2.49e-04
-2 2 -17 | -31 | -2 | -1550 8.16e-04 5.66e-05
2 -1 |5 |33 |6 1650 5.09e-05 -2.85e-05
2 -1 | -11 33 | -6 | 1650 5.09e-05 -7.76e-06
2 -2 |13 |33 | -6 | 1650 5.09e-05 3.81e-06
2 2 119 |33 |6 1650 5.09e-05 4.04e-06

Table 2: Components generated by the faulty coils

e e [ & B Kot [k 8 B
-1 1 -10 | -15 | 6 -750 5.09e-05 | 1.82e-05
-1 1 -13 ) -15 |3 -750 3.76e-04 | -7.31e-05
-1 1 -14 | -15 |2 -750 8.16e-04 | -2.07e-04
-1 1 -15 | -15 |1 -750 0.0023 -3.78e-04
-1 1 -18 | -15 | -2 -750 8.16e-04 | 1.60e-04
-1 1 -19 | -15 | -3 -750 3.76e-04 | 4.94e-05
-1 1 -21 | -15 | -5 -750 9.72e-05 | -1.15e-05
-1 1 -22 |1 -15 | -6 -750 5.09e-05 | -8.09e-06
1 -1 10 |17 | -6 850 5.09e-05 | 1.82e-05
1 -1 11 17 | -5 850 9.72e-05 | 2.23e-05
1 -1 14 117 [-2 850 8.16e-04 | -2.07e-04




1 -1 15 |17 | -1 850 0.0023 -3.78e-04
1 -1 17 117 1 850 0.0023 3.33e-04
1 -1 18 117 [2 850 8.16e-04 | 1.60e-04
1 -1 |21 |17 |5 850 9.72e-05 | -1.15e-05
1 -1 (22 |17 |6 850 5.09e-05 | -8.09e-06
-2 1 17 ]1-31 |1 -1550 0.0023 -3.16e-04
-2 1 21 |31 |5 -1550 9.72e-05 | 1.09e-05
-2 1 22 |1-31 |6 -1550 5.09e-05 | 7.70e-06
2 |2 -26 | -31 |6 -1550 5.09e-05 | 3.78e-06
2 -1 [-10 33 |6 1650 5.09e-05 | -1.73e-05
2 -1 [ -13 ]33 3 1650 3.76e-04 | 6.96e-05
2 -1 [ -14 133 [2 1650 8.16e-04 | 1.97e-04
2 -1 [ -15 ]33 1 1650 0.0023 3.60e-04
2 -1 [ -18 ] 33 -2 1650 8.16e-04 | -1.52e-04
2 -2 126 |33 -6 1650 5.09e-05 | 3.78e-06




