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Abstract

As a kind of emergency power supply in military field, the high-speed permanent magnet generator (HSPMG) has attracted
wide attention to its healthy condition. The loop current (LC) of the inter-turn short-circuit (ITSC) fault seriously endangers
the generator unit operation stability and power supply reliability. In order to study the influence of pulsating magnetic field
produced by LC on the electromagnetic field, the two-dimensional finite element model (FEM) of the 117 kW, 60000 rpm
HSPMG is established. By comparing calculation result and test data, the accuracy of the model is verified. The field-circuit
coupling method is used to reveal the change mechanism of magnetic field symmetry when ITSC fault occurs. By comparing
the spatial distribution of the air-gap flux density, the relationship among the spatial distribution of the air-gap flux density,
the elliptical rotating magneto-motive force (MMF) and the current phase angle is determined. The variation of the amplitude
of the air-gap flux density space harmonic under different fault degree is studied, and the fault characteristics of ITSC fault
are obtained, which provides a reference for ITSC fault diagnosis and fault degree identification. In addition, the research
also laid a theoretical foundation for the next analysis of the loss and temperature field.

Keywords Air-gap flux density - High-speed permanent magnet generator - Inter-turn short circuit - Loop current - Space

harmonic

1 Introduction

The high-speed permanent magnet generator (HSPMG) has
the advantages of small volume, high reliability, high effi-
ciency, small moment of inertia and fast dynamic response
[1-3]. It has a good application prospect in the fields of
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aerospace, vacuum pump and flywheel energy storage [4, 5].
It is attracting more and more researchers’ attention.

In order to reduce the stator core loss and external recti-
fier loss of the generator, it is necessary to minimize the
operating frequency at a given rotating speed. Therefore,
the number of poles chosen by the HSPMG is usually 2. If
HSPMG adopts conventional winding, the stator end wind-
ing will be overlong. Especially when the pole numbers is 2,
the length of the stator end windings will even be the same
as the stator straight line winding. In addition, when the
generator runs at a high speed, its frequency will exceed the
first natural frequency [6]. When the rotor is overlong, the
mechanical strength of the rotor is decreased, and the rotor
will be deformed. However, the Gramme ring windings can
effectively shorten the rotor overall length for better stiffness
under high-speed rotation [7]. The Gramme ring windings
are shown in Fig. 1a. One side of the Gramme ring wind-
ing is embedded in the stator core slot, and the other side is
placed on the back of the stator yoke.

The ITSC fault of the stator winding is one of the com-
mon electrical faults, which accounts for about 30-40% of
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Fig.1 a The structure of the HSPMG. b The two-dimensional FEM
of the HSPMG

all faults [8]. In addition, the fault coil will induce a large
short circuit LC when the ITSC fault occurs. This large short
circuit LC causes the machine local temperature to rise and
the insulation of the coils to deteriorate, eventually leading
to more and more turns being short-circuited due to further
insulation failure. Therefore, to prevent the expansion of the
fault caused by the ITSC, it is necessary to study the ITSC
fault.

In recent years, many scholars have done a lot of research
on ITSC fault from various perspectives. The finite element
method, the multiple-coupled circuit model based on wind-
ing function approach and magnetic equivalent circuit model
are adopted to simulate ITSC fault model [9—12]. For rotor
ITSC fault model, a new method to model the ITSC fault
by a single set of equations is proposed in [13]. The novel
analytical expressions are proposed for calculation of faulty
permanent magnet (PM) motor inductances from healthy
machine parameters in [14], and the results of fault studies
help to find a signature of inter-turn fault in PM motors. In
[15], a permanent magnet synchronous machine (PMSM)
ITSC fault diagnosis is explored through impedance estima-
tion and a discernment procedure is proposed for the ITSC
and eccentricity faults which exhibit similar dynamic imped-
ance behavior. In addition, the influences of the ITSC fault
current needs to be considered during the design process
[16]. Qiu and Yu studied and analyzed the influence of the
ITSC fault considering the LC on permanent magnet syn-
chronous motor losses, temperature fields [17] and electro-
magnetic fields [18]. It is worth mentioning that no similar
study on the ITSC faults of the HSPMG with Gramme ring
windings has been found in many literatures.

In this paper, the field-circuit coupling method is used
to study the ITSC faults of the HSPMG with Gramme ring
windings, taking into account the influence of pulsating
magnetic field produced by the LC on the electromagnetic
field. The research is carried out to study the influence of
pulsating magnetic field around the fault slot on the magnetic
field symmetry, air-gap flux density waveform and space
harmonic amplitude of air-gap flux density. The research
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Table 1 The parameters of the HSPMG

Basic parameters Value Basic parameters Value

Rated power (kW) 117 Stator outer diameter (mm) 135
Rated voltage (V) 670 Stator inner diameter (mm) 72
Pole number 2 Rotor outer diameter (mm) 66
Rotor type PM  Core length (mm) 275
Frequency (Hz) 1000  Slot number 36
winding connection type Y Number of turns per slot 2

reveals the mechanism of magnetic field symmetry change,
and determines the key factors affecting the air-gap flux
density variation. And the fault characteristics of the ITSC
are obtained, which provides a reference for the ITSC fault
diagnosis and fault degree discrimination of the HSPMG.
Furthermore, the next work will focus on the HSPMG loss
and temperature field when the ITSC fault occurs,and the
study laid a theoretical foundation for future research.

2 Parameters and Models of the Generator
2.1 Parameters and Models

In this paper, an 117 kW, 60,000 rpm HSPMG is investi-
gated. Due to the small size of the high speed machines,
the rotor space is limited. The rotor of the HSPMG is
designed as a slender structure with 66 mm outer diameter.
The permanent magnet adopts radial magnetization and it is
mounted on the rotor yoke surface in an axially segmented
way. The axially segmented is designed to reduce the eddy
current loss. The high speed of the HSPMG leads to a great
rotor surface linear velocity. It means that the rotor surface
has great centrifugal force. Therefore, it is necessary to add
a sleeve on the rotor surface to protect the permanent mag-
net. The material of sleeve is high-strength austenitic steel
(50Mn18Cr5) with 0.5% C content, 18% Mn content, 5%
Cr content, 0.5% Si content and so on, whose relative per-
meability is 1, and bulk conductivity is 1.31 x 10° S/m. In
addition, the stator adopts a closed cavity oil cooling mode
to increase the heat dissipation of Gramme ring winding and
stator core. The basic parameters of the HSPMG are shown
in Table 1. Based on the actual structure of the prototype,
the two-dimensional FEM of the HSPMG is established, as
shown in Fig. 1b. The FEM of the ITSC fault is shown in
Fig. 2a. i is the LC, as shown in Fig. 2b and the region C of
Fig. 3. In addition, when the ITSC fault occurs, the contact
resistance is only considered and the resistance variation
caused by temperature rise is not considered in this paper.

In order to simplify computational problems in electro-
magnetic field analysis, three hypotheses are made in this
paper [19]:
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Fig. 3 External circuit of HSPMG

1. Ttis assumed that the magnetic field is uniformly dis-
tributed along the axial direction in the analysis of two-
dimensional transient field. It means that current density
vector J and magnetic potential vector A only have the
component in the z-direction, J = J,, A = A,.

2. Materials are isotropic. The permeability of the material
is constant and the variation of the permeability with the
change of the temperature is ignored.

3. The influence of displacement current is assumed to be
ignored. It is considered that the electromagnetic field of
the generator is a nonlinear constant electromagnetic field.

Based on the above assumptions and electromagnetic field
theory, the boundary value equation of generator two-dimen-
sional transient electromagnetic field is established by A in
this paper [20]:
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where is Q the calculation region, A, and J, are the magnetic
vector potential and the source current density in the z-axial

component, respectively, J, is the equivalent face current
density of the PM, o is the conductivity, I'; is the parallel
boundary condition, I, is the PM boundary condition, and
4, and i, are relative permeability values.

In this paper, the electromagnetic field of the HSPMG is
analyzed by the field-circuit coupling method. The external
circuit is shown in Fig. 3. In Fig. 3, region A is the switch
S_sc control circuit model, which causes the switch close
after the generator starts 4 ms. Region B is the non-fault
equivalent circuit model of the HSPMG stator three phase
windings. Region C is equivalent circuit model of fault
windings. Region D is load.

2.2 Experimental Testing and Data Comparison

The HSPMG prototype was tested to verify the correctness
of the analysis results. The experimental test platform and
the experiment equipment are shown in Fig. 4. The terminal
voltage and the armature current are obtained when the gen-
erator is running at the speed of 6000, 8000 and 10,000 rpm,
respectively. The experimental data and the finite element
model calculated results are shown in Table 2. In Table 2, the
terminal voltage is the amplitude of the phase voltage, and
the armature current is the amplitude of the phase current.

From the data in Table 2, there is little difference by
comparing the experimental data with the model calcula-
tion results. The maximum difference of the terminal voltage
between the test data and the calculated results is 0.7 V, and
the error is not more than 1.13%. And the maximum differ-
ence of the armature current between the test data and the
calculated results is 0.3 A, and the error is not more than
1.34%. Through the above data, the accuracy of the finite
element model has been verified.

Figure 5 shows the comparisons of the EMF waveforms
obtained from the test and the finite element method. It can
be seen that the EMF waveforms obtained from the two
methods are in agreement. Due to the less harmonic content
of the EMF, the waveform is almost sinusoidal.

|
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permanent magnet generator e TG

Power quality
analyzer

'High seed torque and rotational
speed sensor device
A

sl Power analyzer

Fig.4 Test platform of HSPMG
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Table 2 Comparison of the

. Speed (rpm) Terminal voltage (V) Error (%) Armature current (A) Error (%)
test data and the finite element
model calculated results Calculated Test data Calculated Test data
results results
6000 39.9 39.6 0.75 14.5 14.4 0.69
8000 53.1 53.7 1.13 18.3 18.5 1.09
10000 65.8 65.1 1.06 224 22.1 1.34
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Fig.5 a The test EMF waveform. b The finite element calculated
EMF waveform

3 Research and Analysis of the Influence
of ITSC Fault on the Electromagnetic Field

As an energy conversion device, the electromagnetic field is
the most important medium in the process of energy conver-
sion. In the case of rated load of 3.6 Ohm, the distribution
of the HSPMG magnetic field under normal operation con-
dition and under the ITSC fault condition is compared and
analyzed at the time of 0.012 s. Figure 6 shows the distribu-
tion of the flux density when A-phase short-circuits in one
slot and each slot short-circuit in one turns, and the regular
variation of flux density in the process of the ITSC fault is
discussed. In order to facilitate analysis and comparison, the
same scale is used.

Figure 6 shows that the distribution of the magnetic field
is uniform under normal operation, and the symmetry of
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Fig.6 The flux density distribution of HSPMG under normal and
ITSC fault operation

the magnetic field produced by the three-phase symmetri-
cal winding is good. When the LC of the ITSC fault is not
considered, the distribution of magnetic field is also uniform
and symmetrical. In these two cases, the maximum value of
the flux density appears in the stator yoke, and the value are
both about 1.27T.

When the LC of the ITSC fault is considered, the mag-
netic field symmetry produced by the three-phase sym-
metrical winding is seriously destroyed. In addition, the
uniformity of magnetic field distribution is also destroyed,
and the local magnetic field of the HSPMG is significantly
enhanced. In this case, the position of the maximum value of
the magnetic flux density is transferred from the stator yoke
of normal operation to the stator tooth of the fault slot. The
maximum value of the magnetic flux density is about 2.01T,
which is increased by 58.1% compared with that under nor-
mal operation. However, the stator material of the HSPMG
is DW310-35 and the inflection point of magnetization curve
is about 1.27T. Therefore, the magnetic field is obviously
saturated when the LC of the ITSC fault is considered.

Through the finite element calculation, Fig. 7 shows the
variation of the each phase currents before and after fault.
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Fig.7 The variation of the each phase currents before and after fault

The LC induced by the fault coil is about 11.6 times the
normal winding current, and the maximum value can reach
1718.5A. The pulsating magnetic field generated by this
large LC will surround the fault slot, which makes the mag-
netic field around the fault slot significantly enhanced and
the magnetic field of the fault tooth is seriously saturated.

It can be seen that the LC of the ITSC fault is the main
reason for the serious destroy of the magnetic field symme-
try produced by the three-phase symmetrical winding. The
LC also makes the magnetic field saturated and the core loss
is increased. In addition, there are only two coils in each slot
of HSPMG. The local heating caused by the large LC will
greatly shorten the insulation life around the fault coil, and
even destroy the whole slot coils in serious cases. Therefore,
the next work will focus on the HSPMG loss and tempera-
ture field when the ITSC fault occurs.

4 Research and Analysis of Influence of ITSC
on the Air-gap Flux Field of HSPMG

The air-gap magnetic field analysis is an important research
content in mechanism analysis and feature extraction of gen-
erator internal electrical fault. In addition, when HSPMG
under normal operation, the stator and rotor generate rotat-
ing magnetic fields respectively, and they are coupled in
the air gap. Finally, it exists in the air gap in the form of
synthetic rotating magnetic field, and the electromagnetic
torque is generated to achieve energy transfer. Therefore, the
internal fault of the HSPMG will inevitably affect the syn-
thetic magnetic field. And it causes the air-gap flux density
waveform distorted, which has a very adverse impact on the
HSPMG. Therefore, it has a great significance to study and
analyze the variation of the air-gap magnetic field before
and after fault.

4.1 Comparison of Spatial Distribution
of the Air-gap Flux Density

In the case of rated load of 3.6 Ohm, the air-gap flux density
waveforms under normal operation condition and before and
after fault is compared and analyzed at the time of 0.012 s.
The air-gap flux density waveforms under different condi-
tions are shown in Fig. 8.

In the ITSC fault region, the armature reaction of the
HSPMG is weakened due to the reduction of winding turns
in the fault region when the LC is not considered. The maxi-
mum value of the air-gap flux density is smaller than that of
normal operation. When the LC is considered, the magnetic
field generated by the LC leads to the magnetic enhancement
of the armature reaction in the fault region. The maximum
value of air gap magnetic density is about 1.11T, which is
3.26 times that under the normal operation and 4.29 times
that under the ITSC fault without considering the LC. In
addition, the tip of the air-gap flux density waveform coin-
cides with the number of short circuit slots due to the effect
of slotting effect, which significantly changes the spatial dis-
tribution of the air-gap flux density waveform.

In the non-fault region, the air-gap flux density is nearly
equal to that of normal operation when the LC of the ITSC
fault is not considered. When the LC of the ITSC fault is
considered, the air-gap flux density is first lower than that
under normal operation and then exceeds that of normal
operation with the increase of mechanical angle. In the
following the part 4.2 and 4.3, the reasons why the spatial
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Fig.8 The air-gap flux density waveforms under the normal opera-
tion and before and after fault
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distribution of the air-gap flux density changes in the non-
fault region will be explained.

4.2 Relationship Between the Spatial Distribution
of the Air-gap Flux Density and the Current
Phase Angle

The amplitude and phase angle of HSPMG output current
will change when the ITSC fault occurs. Based on the Fou-
rier decomposition principle, the current is decomposed
under the normal and the ITSC fault operation. Figure 9
shows the current phase angle under different conditions
intuitively. In addition, Table 3 further quantifies the rela-
tionship between the ITSC fault three-phase current phase
angle and the normal three-phase current phase angle.

As can be seen from Fig. 9, the 6, under the ITSC fault
is almost the same as that under the normal operation. Com-
pared with that under the normal operation, the variation of
the 6,5, 05 are about 1° when the ITSC fault occurs. There-
fore, the study of the current phase angle cannot be ignored.

As shown in Table 3, when the LC is not considered, the
A-phase and C-phase lag those under the normal operation
by 0.3° and 0.35° respectively, which causes the magnetic

A
Normal operation S50
LC is not considered
LC is considered
10A
Oc
119.95°
120° \121.21¢
0.9°
120°
118.144
119.02°
0 2.76°
AB A

Fig.9 The current phase angle of HSPMG under the normal and the
ITSC fault operation

weakening of the armature reaction. The B-phase leads that
under the normal operation by 0.69°, which causes the mag-
netic enhancement of the armature reaction. However, in the
non-fault region, the magnetic enhancement of the armature
reaction is nearly equal to the magnetic weakening of the
armature reaction, which makes the air-gap flux density under
the ITSC fault is nearly equal to that of normal operation.

When the LC is considered, the A-phase, B-phase and
C-phase lag those under the normal operation by 2.76°, 0.9°
and 1.55° respectively, which causes the magnetic weakening
of the armature reaction. Therefore, in the non-fault region,
the air-gap magnetic density under the ITSC fault is lower than
that of the normal operation firstly.

4.3 Relationship Between the Spatial Distribution
of the Air-gap Flux Density and the Elliptical
Rotating MMF

When the current flows through the stator winding, the MMF
and magnetic field will be generated, and the magnetic field
can be measured by the MMF. According to the knowledge of
electric machinery, the fundamental wave MMF of each phase
winding can be divided into two circular MMFs with equal
amplitude and opposite displacement direction.

If the three-phase current flowing through the stator wind-
ings is positive-sequence (negative-sequence) current, the
decomposed three reverse (forward) rotating MMFs will can-
cel each other, which leads to the fundamental wave synthetic
MMF. The fundamental wave synthetic MMF is a circular
rotating MMF with forward (reverse) shift. The circular rotat-
ing MMF wave is shown in Fig. 10a. The variation of the
three-phase current before and after failure is shown in Fig. 11.
As shown in Fig. 11, the ITSC fault causes the three-phase
output current of the stator to be asymmetrical. Therefore, the
positive-sequence current coexists with the negative-sequence
current, and the forward rotating MMF coexist with the reverse
rotating MMF.

It is assumed that the amplitudes of the forward and reverse
rotating MMF are F, and F;_ respectively, 6, is the angle of
electricity on the stator. The three phase fundamental synthesis
MMEF:

fi(6,.1) =Fy, cos (wt—0,) +F,_cos (ot +80,).

The transverse axis component of the fundamental syn-
thesis MMF F; is x, and the longitudinal axis component
is y:

Table 3 The relationship

Type LC is considered LC is not considered
between the ITSC fault three-
phase current phase angle and A C A B C
the normal three-phase current
phase ang]e Lead 0° 0° 0° 0.68° 0°
Lag 2.76° 0.9° 1.55° 0.3° 0° 0.35°
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Fig. 10 a The circular rotating MMF. b The elliptical rotational
MMF generated by asymmetric currents

Short circuit

B phase C phase

Normal operation

Current asymmetry
current

Fig. 11 The variation of the three-phase current before and after fail-
ure

x=F, coswtcos O, + F|_coswtcos O, = (FIJr +F1,)coscutcost9j
y=F,sinwtsinf; — F|_sinwtsin; = (FIJr —Fl,)sinwtsinﬁx ’

The relationship can be obtained

ﬁ + ﬁ =1 s
a? b2
where a = (F,, + F|_)cos8,b = (F|, — F,_)siné,.

F,, and F_, respectively represent the space vector of
the forward and reverse rotating MMF. By combining F,
and F,_ at different moments, it is known that the vector F;
of the fundamental synthesis MMF will be a rotating MMF
with amplitude variation and non-constant velocity shift.
As shown in Fig. 10b, the amplitude locus of the MMF is
an ellipse. The armature reactions produced by fundamen-
tal armature MMF will also change. Therefore, when the
LC of the ITSC fault is considered, the air-gap flux density
exceeds that of under normal operation with the increase of
mechanical angle.

Through the above analysis, it can be seen that the pulsat-
ing magnetic field produced by the LC significantly changes

the spatial distribution of the air-gap flux density in the fault
region. The variation of the armature reaction caused by
current phase angle and the elliptical rotating MMF caused
by asymmetric current are the main reasons for the variation
of the air-gap flux density distribution in non-fault region.
In addition, the variation of the air-gap magnetic field will
lead to the increase of electromagnetic torque ripple and
other phenomena, which will threaten the stable operation
of the generator.

5 Research and Analysis of the Influence
of ITSC Fault on the Air-gap Magnetic
Field Space Harmonics

In an ideal state, the distribution of the electromagnetic field
in the generator will be uniform and symmetrical, and the
air-gap flux density waveform is approximately sinusoidal.
The higher the sinusoidal degree of the air-gap flux den-
sity waveform is, the better the generator performance is.
When the ITSC fault occurs, the space harmonics destroy
the uniformity and symmetry of the air-gap magnetic field
and reduce the sinusoidal degree of the air-gap magnetic
density waveform. In addition, the harmonic magnetic field
can generate eddy current losses in the sleeve of the rotor
surface and cause heat. Not only the efficiency of the genera-
tor is reduced, but also the permanent magnet has the risk
of demagnetization.

In order to compare and analyze the influence of fault
degree on the spatial harmonics of the air-gap magnetic
field, the air-gap flux density under the normal operation
and the different fault degree is decomposed by using Fou-
rier decomposition principle. The fundamental and har-
monic amplitudes of the air-gap flux density are obtained, as
shown in Fig. 12. In Fig. 12, the F presents the fundamental.
In addition, due to the Y type connection of the generator
winding, three and three multiples of the harmonics could
not flow in the generator, so the 3th, 9th harmonics and so
on could be ignored. On this basis, the variations of space
harmonics under the ITSC fault are compared and analyzed,
and the characteristics of the ITSC fault are explored.

As shown in Fig. 12, when the LC is not considered,
the magnetic enhancement effect of the armature reaction
is increased with the deepening of the fault degree. There-
fore, the fundamental component of the air-gap flux density
increases gradually with the deepening of the fault degree.
When the LC is considered, the magnetic weakening effect
of the armature reaction is increased with the deepening
of the fault degree. Therefore, the fundamental component
of the air-gap flux density is decreased gradually with the
deepening of the fault degree.

In addition, the pulsating magnetic field generated by the
LC surrounds the fault slot, which will affect the slot effect

@ Springer
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Fig. 12 The fundamental and harmonic amplitudes of the air-gap flux
density

of the generator. Therefore, when the LC is considered, the
higher harmonic components (such as 13th, 17th, 19th, etc.)
of the air-gap flux density produced by slot effect under
the different fault degree are obviously higher than those
of under normal operation. However, when the LC is not
considered, the higher harmonic components of the air-gap
flux density produced by slot effect under the different fault
degrees are lower or approximately equal to those of under
normal operation.

The above is intuitive comparison and analysis of the
harmonic components under different fault levels. Table 4
further quantifies the fundamental and harmonic amplitudes
of the air-gap flux density under the different fault degree.

The ITSC fault of the stator winding is not easy to detect
at the early stage. As shown in Table 4, when the stator
winding is short-circuited in one slot, the higher harmonic
components (such as 13th, 17th, 19th, etc.) of the air-gap

flux density produced by slot effect are about four times as
much as those of under normal operation. Therefore, the
ITSC fault of stator winding can be identified in time by
measuring the higher harmonic amplitude of air-gap mag-
netic density.

Without considering the LC, when the stator winding is
short-circuited in 1 slot, 3 slots and 6 slots, the fundamental
amplitude of the air-gap flux density is increased by 0.15,
0.77 and 1.46%, respectively compared with that under nor-
mal operation. Considering the LC, when the stator winding
is short-circuited in 1 slot, three slots and six slots, the fun-
damental amplitude of the air-gap flux density is decreased
by 3.3, 11.8 and 16.1%, respectively compared with those
under normal operation. Therefore, the fault degree can be
determined by measuring the fundamental amplitude of the
air-gap magnetic density.

6 Conclusions

An 117 kW, 60,000 rpm high-speed permanent magnet
generator (HSPMGQ) is taken as an example, the influence
of the pulsating magnetic field around the fault slot on the
magnetic field symmetry, the air-gap flux density waveform
and the space harmonic amplitude of the air-gap flux density
are studied. The conclusions are:

1. The LC of the ITSC fault is the main reason for the seri-
ous damage of the magnetic field symmetry. The pulsat-
ing magnetic field generated by the LC will surround
the fault slot, which makes the magnetic field around
the fault slot significantly enhanced. The position of the
maximum value of the magnetic flux density is trans-
ferred from the stator yoke of the normal operation to
the stator tooth of the fault slot. Taking this HSPMG as
an example, the maximum value of the magnetic flux
density is 2.01T under the ITSC fault considering the
LC, which is increased by 58.1% compared with the
normal operation. The magnetic field of the HSPMG is
seriously saturated and the iron loss is increased.

2. The pulsating magnetic field produced by the LC is the
primary cause for the variation of the air-gap flux den-

Table 4 The fundamental and
harmonic amplitudes of the

Harmonic orders Normal operation LC is considered

LC is not considered

air-gap flux density under the One slot Three slots  Six slots One slot Three slots  Six slots

different fault degrees
F (D) 0.2612 0.2526  0.2303 0.2192  0.2616  0.2632 0.265
13th (T) 0.0034 0.0132  0.0047 0.0069  0.0023  0.0029 0.0027
17th (T) 0.0033 0.0127  0.0127 0.0059  0.0026  0.0026 0.003
19th (T) 0.0029 0.0121 0.0124 0.0062  0.0018  0.0018 0.0022
23th (T) 0.0035 0.0127  0.0046 0.0065  0.0031  0.0035 0.0034
25th (T) 0.0039 0.0116  0.0052 0.0084  0.0034  0.0034 0.003
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sity spatial distribution in the fault region. The variation
of the armature reaction caused by current phase angle
and the elliptical rotating MMF caused by asymmetric
current are the main reasons for the variation of the air-
gap flux density distribution in non-fault region. In the
fault area, the maximum value of the air-gap flux density
reaches about 1.11T, which is 3.26 times that under the
normal operation and 4.29 times that under the ITSC
fault without considering the LC. In addition, when the
LC is considered, the A-phase, B-phase and C-phase lag
those of the normal operation by 2.76°, 0.9° and 1.55°,
respectively, which causes the magnetic weakening of
the armature reaction.

3. The pulsating magnetic field generated by the LC sur-
rounds the fault slot, which will affect the higher har-
monic components of the air-gap flux density produced
by slot effect. When the LC is considered, the higher
harmonic components (such as 13th, 17th, 19th, etc.) of
the air-gap flux density produced by slot effect under the
different fault degrees are obviously higher than those
of under normal operation. Especially when the stator
winding is short-circuited in 1 slot, the higher harmonic
components of the air-gap flux density are about 4 times
as much as those of under normal operation.

4. The ITSC fault of stator winding can be identified in
time by measuring the higher harmonic amplitude of
air-gap magnetic density. Considering the LC, when the
stator winding is short-circuited in 1 slot, 3 slots and
6 slots, the fundamental amplitude of the air-gap flux
density is decreased by 3.3, 11.8 and 16.1%, respectively
compared with those under normal operation. Therefore,
the fault degree can be determined by measuring the
fundamental amplitude of the air-gap magnetic density.
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