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A new on-line diagnosis method for inter-turn
short circuit of hydro-generator rotor windings
usina a flexible eauivalent coil

Yucai Wu. Xuaniie Fan. Lie Xu. Weifu Lu. Cona Chen

Abstract—The inter-turn short-circuit(ITSC) fault of hydro-
generator rotor windings will lead to the asymmetry of the main
magnetic field, which may cause strong vibration and result in a
shutdown accident. Inspired by the existence of large number of
cross-core screws in hydro-generators, two screws with fractional
or integral multiples of generator polar distance are selected and
used to form an equivalent coil, so as to construct a semi-
intrusive fault detection sensor layout scheme. The theoretical
analysis of our method was conducted and real time ITSC fault
detection according to specific harmonics in the induced voltage
in the equivalent coil was proved to be feasible. Finally, through
the finite element simulation and fault simulation test, it is shown
that when the ITSC of hydro-generator rotor winding occurs, the
fractional harmonics appear in the induced voltage of the
equivalent coil, which proves the effectivity of our method in
determining the ITSC fault. The signal acquisition by using our
method is convenient. Besides, the coil pitch is flexible, which is
beneficial for both signal acquisition and feature highlighting.

Index Terms—hydro-generator, rotor winding, inter-turn short-
circuit, equivalent coil, harmonic, diagnosis.

|. INTRODUCTION

or large capacity synchronous generators, ITSC of rotor
windings is undoubtedly a kind of troublesome fault.

The accompanied vibration, winding grounding,
bearing electrical corrosion, shaft magnetization and other
issues have brought great trouble. Specially, the continuously
increasing vibration [1,2] is an important cause of shutdown
accident. Due to the diversity of vibration inducements,
maintenance staff need to spend a lot of time to determine the
cause of vibration, and the cost of long-term shutdown is
rather high [3-5]. Therefore, the on-line diagnosis and real-
time warning of ITSC fault of rotor windings is extremely
necessary and has aroused much attention.
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In the field of on-line detection of ITSC fault of
synchronous generator rotor winding, the diagnosis method
based on macroscopic parameters is difficult to be applied to
hydro-generators, such as the excitation current method [6,7],
the virtual power method [8], the expected electromotive force
method [9]. As hydro-generators have more magnetic poles,
ITSC in one magnetic pole has a milder impact on these
parameters.

In view of this, researchers have explored other on-line
detection methods for ITSC of hydro-generator rotor windings.
In [10], the authors proposed to fix a search coil inside the
generator, and the ITSC fault of the rotor winding is judged by
observing the changes of the tangential magnetic flux and the
induced voltage measured by the coil. The coil used in this
method has a small diameter and does not need to be
disassembled. In [11], a large pitch coil was installed in the
stator slot of the generator, and the ITSC fault of rotor
winding is judged by the coil induced voltage harmonics. In
[12,13], the authors used the asymmetry of the main magnetic
field of the generator caused by the short circuit and the
asymmetry of the induced electromotive force of the stator
winding in the same phase double branch, and proposed to
judge the ITSC fault of the rotor winding by the difference of
the current of the same phase double branch (2 times of the
circulating current). In [14-17], a carbon brush was installed
on the excitation side of the generator to make it cooperate
with the ground carbon brush on the steam side, and judged
the ITSC fault of the rotor winding by the voltage harmonic
change between the carbon brushes on both sides. In [18], a
method using U-type detection coil was proposed. To obtain
the asymmetric characteristics of the main magnetic field of
the hydro-generator, the induced voltage of the U-type coil
wrapped around the stator core was used to evaluate the
asymmetry degree of the rotor magnetic field of the
synchronous motor caused by the short circuit failure.
According to relevant analysis, it can be concluded that the
magnetic field asymmetry can be used to reflect the ITSC fault.
In this method, the sensor was arranged inside the motor to get
better detection effect. In fact, it is easier to install these coils
for newly manufactured units at the factory stage. For some
old power plants, people are not very keen on adding coils to
their units for involved safety responsibility between the
plants and manufacturers, which may cause some dispute. In
[19], the authors proposed to install two Hall Effect sensors in
the air gap of the hydro-generator. The ITSC of rotor windings
fault can be judged by analyzing the sum of the magnetic flux



of the two sensors and the frequency spectral characteristics,
and the finite element results were verified on a 100 kVA
hydro-generator. In [20], a non-invasive sensor was used to
acquire the stray magnetic field signals of the hydro-generator.
The time-frequency domain characteristics of the rotor
winding ITSC signals were analyzed after short-time Fourier
decomposition, and the effectiveness of the method was
verified by test data. To improve the sensitivity of fault
detection, the sensor usually has many turns, which makes it
vulnerable to electromagnetic interference. Therefore, it needs
to be further optimized to improve its practicability in the field.

In [21], the authors proposed to install detection coils in the
stator slots of different regions of the hydro-generator. By
measuring the induced voltage difference of the detection coils,
the ITSC fault of the rotor winding of the unit can be detected
online, and the position of the fault pole can be located. In
[22], a method using the symmetry of the air gap magnetic
field of the hydro-generator, and proposed to install two
inductive probes on the stator teeth at different positions. The
algebraic sum of the induced voltage of the two probes was
used to identify the ITSC fault of the rotor winding, which
proved the effectiveness of the double probe detection method.
In [23], the authors proposed to directly introduce an artificial
short-circuit device into the rotor of a 330 MW hydro-
generator, and install coils on the surface of the stator teeth to
measure the air-gap flux, and detect the ITSC fault of the
hydro-generator rotor winding through the change of the peak
voltage of the coil at the leading edge of the magnetic pole. In
[24], a stray flux probe was proposed to install on the stator
core of a hydro-generator, and use the spectral variation
characteristics of the stray flux to detect the ITSC fault of the
rotor winding.In [25], the time domain or frequency domain
characteristics of the induced voltage at the two ends of a
cross-core screw in the stator core were used to determine the
ITSC fault of hydro-generators rotor winding, which provides
a new idea for on-line rotor winding ITSC fault detection. This
method does not need to install sensors inside the unit and
only utilizes the existing components. It makes the signal
acquisition easier compared with invasive detection methods.
In addition, the cross-core screws are inside the stator yoke,
located in the main magnetic field, so this method also
achieves better measurement accuracy and is suitable for both
hydro-generators and turbo-generators as synchronous
generators are generally equipped with cross-core screws. On
the other, this single screw detection method also has some
downsides. For example, for large generators, the cross-core
screws are usually several meters long, and the measuring
leads need to cross the whole axial length of the generator. For
vertical hydro-generators, the measuring leads need to pass
through the foundation to converge, which is not easy. Besides,
the large output voltage needs lowering so as to be collected
by the acquisition instrument, which also increases the
complexity of the whole acquisition system.

In this paper, we connect any two Cross-core screws in a
hydro-generator on one side of the generator to form a single-
turn coil with adjustable pitch. According to analysis on the
magnetic field characteristic of the hydro-generator before and
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after ITSC, the variation of the induced voltage of the
equivalent coil is predicted. Finally, the finite element
simulation and fault simulation test verify that the detection
coil can effectively detect the ITSC fault of the rotor winding.

Il. ANALYSIS ON FAULT MAGNETIC FIELD
CHARACTERIDTICS

For a hydro-generator, once ITSC of rotor windings happen,
the effective ampere turns of the fault magnetic pole will
decrease and its magnetic potential waveform will change, as
shown in Fig. 1.
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Fig.1. Excitation magnetic field distribution of salient pole synchronous
generator.

Accrding to Fig. 1, the magnetic potential on both sides of
the fault pole is symmetrical. In view of this, we can move the
longitudinal coordinate-axis to the center of the fault pole, and
then the excitation magnetic potential after the failure is as
follows,

Ff.fauh (Hr ) = Ff.normal (er ) + AFf (gr )

. 1
=" F, coskp6, — AF cos j6, @)
k

where, p is the pole-pair number of the hydro-generator, and 6;
is the rotor space mechanical angle. Here, k=1, 3, 5,..., n, and
i=1,2,3,...,n.

For hydro-generators,

F _2 IN sin(k—nj )
km 2
where, It is the generator excitation current, and N is the turn
number of the excitation winding per pole.

Through Fourier decomposition, the magnetic potential
generated by the short-circuited winding with the same
excitation current in the reverse direction can be expressed as
follows [26],
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where, w'is the turn number of the short-circuited coil.
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When ITSC of rotor windings occurs, the excitation
magnetic potential of the hydro-generator can be expressed as
follows,

F(6)= D, F.cos(kp6,)-
k=1,3,5,---,n - (6)
> [Fkl cos(k6, )+ F, sin(k®, )]

k=1,2,3,--,n

After failure, the k/p™ harmonic magnetic potential appears
in the air gap due to the influence of excitation magnetic
potential increment A Fs, which does not exist when the rotor
winding is normal.

The correlation between the magnetic flux density and
magnetic potential is as follows,

FAi=B (7
where, F is the magnetic potential; for a uniform magnetic
circuit, the permeance per unit area 1 = /I, referred as the
permeability coefficient; | is the length of magnetic circuit; u
is the permeability; B is the magnetic flux density.

The established coordinate axis (d axis) is located in the
center of the magnetic pole, considering the dynamic
eccentricity of the rotor, the air gap permeance can be
expressed as follows,

/1(9r)=%+2|:/121 cosZIpH,+Z/1,- COSJ(Q +(/7ui) 8)

where, Ao is a constant, 4z is the 21™ harmonic amplitude of air
gap permeance, J; is the j/p™" harmonic amplitude of air gap
permeance, ggq is the phase of the j™ harmonic permeance of
dynamic eccentricity, 1=1,2, ...,n, j=1,2, ..., n.

Under the ITSC fault conditions, the magnetic flux density
of the air gap generated by the k" harmonic excitation
magnetic potential is as follows,

Bk(er)=F(9,)L%+ > ﬂmCOSZIpQ,J
> F,cos(kp6,)- (9)

k=1,3,5,+n
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According to equation (9), after the faulty, the k/p®
harmonics will appear in the main magnetic field. Therefore,
the key to the ITSC of rotor winding detection based on
magnetic field characteristics is to extract the k/p™ harmonics.

The j"(=1, 2, ..., n)harmonic of air gap permeance
generated by rotor dynamic eccentricity can be expressed as 4
cosj(fr+pd). The magnetic flux density generated by the
k"(k=1, 2, ..., n) harmonic magnetic potential through the
permeance modulation is as follows,

B(6,)=_F, cos(kpd,)x "4 cos j(6, + ¢y )
; 5

R4, cos[ 6, (kp+ j)+ joy |
2 55 | +cos[ 0, (k- J) - iy |
From the equation (10), it can be seen that after the rotor
dynamic eccentricity fault, (kp-j)/p™ and (kp+j)/p™ harmonics
appear in the air gap, where k=1, 3,5..., n,j=1,2,3...,n. It
can be seen that the frequency of the magnetic flux density is

(10)
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related to the number of poles, and contains fractional
harmonics. The characteristic harmonics are near the two sides
of the fundamental wave, the third harmonic and the fifth
harmonic. The k/p™ harmonic content generated by the ITSC
fault of the rotor winding is more complex, more abundant
than the dynamic eccentricity, and the distribution is more
dispersed.

I11. PRINCIPLE ANALYSIS OF EQUIVALENT COIL

The stator core of the hydro-generator is made of silicon
steel sheets. Cross-core screws are usually used to compress
and fix the silicon steel sheets firmly in the axial direction.
These cross-core screws are evenly arranged in the
circumferential direction of the stator yoke. When connecting
these screws with the stator core, the rotating magnetic field
will form a strong circulating current between these screws,
leading to a serious demagnetization. In this case, the iron core
will be burnt under the iron core conduction effect. To avoid
this, an insulation layer is provided between the screws and
the core. At the end region of the stator core, the cross-core
screw is also insulated from the end pressure plate, so the
circulating current can be effectively avoided.

During operation, the cross-core screws cut the magnetic
lines of force and induce a higher voltage at the ends of one
screw, similar to a single bar in a stator slot. In order to get the
characteristics of the ITSC magnetic field, the two ends on one
side of any two cross-core screws are connected together to
form an equipotential point, and the other side connected to
the data acquisition instrument is used as output terminal, as
shown in Fig. 2.

Assume that the m cross-core screws are evenly arranged in
the circumferential direction of a hydro-generator (usually the
same as the number of stator slots), the spatial mechanical
angle between two adjacent screws can be expressed as,

360°
o=
m
where, m represents the number of cross-core screws.

Any two screws are connected to form an equivalent coil, as
shown in Fig. 2. Assume that the space mechanical angle
between the two screws is no(n is the number of intervals
between the two screws). For any v harmonic magnetic field
(for a 2p-pole hydro-generator, it is actually v/p™ harmonics,
but we mainly analyze the harmonics of the magnetic potential
under fault conditions, so the number of magnetic poles may
not be considered), the distance between the two screws is
vno(space electrical angle). Therefore, the output voltage of
the coil can be expressed as,

E, =4.44v P, sin

(13)

vna
(14)

— 4.44y o, sin Y1180

where, f is the mechanical rotation frequency of the generator,
and @, is the effective value of the coil magnetic flux when
the coil pitch is equal to the polar distance of the v harmonic
magnetic field.

According to equation (14), its ability to reflect the V"
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harmonic varies with the coil pitch, so in this subsection we

Cross-core screw
arrangement

Signal processing devices

aim to analyze the influence of different pitches on the results.

Signal acquisition leads

Direct connection
Screw end
connection lead

—
__’___——-—-_-——""_.__—‘:—-'——-:‘
—_—

T

Cross-core screw/”:j-—"“

Fig.2. Schematic of a magnetic field detection coil consisting of two cross-core screws.

The selection of the coil pitch in Fig. 2 depends on the
harmonics to be collected and the signal acquisition needs. For
a 2p pole hydro-generator, the v/p™" harmonics are the fault
characteristics to be collected. The selection of the coil pitch
should ensure that one or more characteristic harmonics can be
effectively collected, and the output voltage should be in the
range that can be acquired directly by the instrument without
transformer step-down.

IV. FINITE ELEMENT SIMULATION

An SAV 620/27518 hydro-generator was taken as the
research object. The basic parameters are listed in Table I. The
corresponding finite element simulation model was built, as
shown in Fig. 3.

First, the short circuit turn numbers of the faulty magnetic
pole windings are set to 5, 10 and 15 respectively(total number
of magnetic pole turns are 39), it can also be expressed as
12.8%ITSC, 25.6%ITSC and 38.4%ITSC. This is used to
reflect the fault degree. In the paper, the stator slot number of
the hydro-generator was the same with the number of cross-
core screws, and both are 216. The generator pole number was
18, so the polar distance was expressed by the screw spacing,
that is, 216/18=12. Therefore, we tried to change the pitch of
the equivalent coil from the fractional multiple of the polar
distance to integral multiple of polar distance and observe the
harmonic contents in the induced voltages.

TABLE |
BASIC PARAMETER OF HYDRO-GENERATOR

Parameter Value Parameter Value
Rated capacity /MVA 334 Rated voltage /kV 1845%
Rated current /kA 10.71  Rated excitation current /A 1712
Air-gap length /mm 39.5 No-load excitation current /A 934.6

Number of stator slots 216 Number of phases 3

Number of rotor pole pairs 9 Number of magnetic poles 18
Number of cross-core screws 216 Rated speed (r/min) 333.3

VAVAVY
LN
ay

Fig. 3. Finite element model of the hydro-generator: (a) 2D model of the
generator. (b) Model meshing.

Firstly, two adjacent screws were formed into an equivalent
coil, that is, the pitch equaled one. The induced voltage of the
equivalent coil was obtained by simulation, as shown in Fig. 4.
It can be seen that when the faulty pole swept through the
equivalent coil, the induced voltage was significantly reduced.
There was no significant change in the induced voltage of the
equivalent coil in other periods. Therefore, it can be concluded
that the ITSC fault of the hydro-generator rotor winding can
be determined by the change of the induced voltage of the
equivalent coil, which is consistent with the theoretical
analysis result. The Fourier decomposition of the induced
voltage was carried out as shown in Fig. 4(b) and 4(d). To
better display the amplitude of the harmonic, the waveform
was locally amplified, so the amplitude of the fundamental
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wave will not be fully presented, similarly hereinafter. It can
be seen that after ITSC occurs, the voltage contains
1/9"(5.9Hz), 2/9"(11.1Hz), 1/3"(16.7Hz), 4/9"(22.2Hz) and
other fractional harmonics, and the harmonic amplitude
increases with the short-circuit turns. These simulation results
are in good agreement those obtained by equation (9), which
also verifies our method in detection ITSC fault of hydro-
generators rotor winding.

The induced voltages of the equivalent coils are shown in Fig.
5 and Fig. 6. In the spectrum diagrams, there were 1/9™, 2/9t,
1/3™, 4/9™ and other fractional harmonics, and these harmonic
amplitudes increased with the increase of the fault degree. It
can be seen that when the pitch of the equivalent coil was a
fraction of generator polar distance, the ITSC fault can be
accurately determined by the change of the induced voltage
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Fig. 4. Induced voltage of hydro-generator when coil pitch is one: (a) Time
domain spectrum under no-load condition. (b) Frequency spectrum under no-
load condition. (c) Time domain spectrum under on-load condition. (d)
Frequency spectrum under on-load condition.

Next, The coil pitch was set to three and five respectively.
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Fig. 5. Induced voltage of hydro-generator when coil pitch is three: (a) Time
domain spectrum under no-load condition. (b) Frequency spectrum under no-
load condition. (c) Time domain spectrum under on-load condition. (d)
Frequency spectrum under on-load condition.
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of the equivalent coil with fractional multiple. There was no
obvious change in the induced voltage in other periods. The
spectrum of the induced voltage is shown in Fig. 7(b) and 7(d).
It can be seen that after ITSC, the voltage contains 1/9%, 2/9™,
1/3™, 4/9" and other fractional harmonics, and the harmonic
amplitude increases with the fault degree. The ITSC fault of
rotor winding can be accurately determined according to the
fractional harmonic voltage of the equivalent coil.
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Fig. 6. Induced voltage of hydro-generator when coil pitch is five: (a) Time
domain spectrum under no-load condition. (b) Frequency spectrum under no-
load condition. (c) Time domain spectrum under on-load condition. (d)
Frequency spectrum under on-load condition.

Next, we simulated the induced voltage in a coil whose
screw distance is an integral multiple of the polar distance. To
avoid excessive output coil voltage, we selected the pitch with
integral multiple of the polar distance.Firstly, the pitch was set
to 24, twice the polar distance. The induced voltage of the
equivalent coil is shown in Fig. 7. It can be seen that when the
faulty pole swept through the equivalent coil, the attenuation
degree of the induced voltage was smaller compared with that
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Fig. 7. Induced voltage when the pitch is twice the polar distance: (a) Time
domain spectrum under no-load condition. (b) Frequency spectrum under no-
load condition. (c) Time domain spectrum under on-load condition. (d)
Frequency spectrum under on-load condition.
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Then we changed the pitch of the equivalent coil and chose
two screws with its pitch four times and six times the polar
distance. The pitch was set to 48 and 72 respectively. The
variation of the induced voltage and the harmonic frequency

can be observed in Fig. 8 and Fig. 9.
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Fig. 8. Induced voltage when the pitch is four times the polar distance: (a)
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under no-load condition. (c) Time domain spectrum under on-load condition.
(d) Frequency spectrum under on-load condition.
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Fig. 9. Induced voltage when the pitch is six times the polar distance: (a)

Time domain spectrum under no-load condition. (b) Frequency spectrum
under no-load condition. (¢) Time domain spectrum under on-load condition.
(d) Frequency spectrum under on-load condition.

From Fig. 8 and Fig. 9, it can be seen that the 1/9™, 2/9t",
1/3™, 4/9" and other fractional harmonics also appeared in the
spectrum. It proves that the equivalent coil with integral
multiple of the generator polar distance can also effectively
detect the ITSC fault of the hydro-generator rotor winding. It
can be seen that the spectrum amplitude increases with the
fault degree. As the ITSC fault can be determined according to
the characteristic harmonics, the adoption of the pitch of
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integral multiple of polar distances has good detection effect.

V. FAULT TEST SIMULATION

A.Introduction of Test Platform

In order to verify the effectiveness of the detection method,
the paper builds an test platform as shown in Fig. 10. The
platform uses a DC motor as the prime mover to drive a 4-pole
synchronous generator with a rated capacity of 2kW. The
parameters are shown in Table 1l. Before the test, the structure
of the generator was modified as follows:

The original stator part is pressed out of the casing with a
press, and the CAD drawings of the stator core are mapped. A
new stator core is processed according to the drawings, and 36
round holes with a diameter of 3mm are uniformly drilled on
the stator yoke, as shown in Fig. 11(a). A new winding is
embedded in the core slot, which is the same as the original
stator winding, as shown in Fig. 11(b). The insulated wire is
penetrated into the core hole of the stator to simulate cross-
core screws of the large generator. The detection coils with
pitches of 1, 3 and 18 are formed by the connection of the wire.
The coil is extracted from the excitation side of the generator
and connected to the data acquisition instrument. As shown in
Fig. 11(c), the sampling frequency of the acquisition
instrument is 10 kHz.

g

Digital
= oscilloscope %
=y

Il
Iy

Current
transformer

Fig. 10. Overall arrangement of the test.

TABLE Il
MAIN PARAMETERS OF SYNCHRONOUS GENERATOR
Parameter Value Parameter Value
Rated capacity /(kW) 2 Rated excitation current /A 3.54
Rated capacity /(kVA) 25 Rated power factor 0.8
Rated voltage /V 400 Parallel branches 2
Number of stator slots 36 Rated frequency /Hz 50
Stator inner diameter /mm 75 Rotor outer diameter /mm 745
Rated speed (r/min) 1500 Number of magnetic poles 4
Number of turns 150

The test simulated the no-load and load conditions of the
generator. Before the test, the excitation winding with a
certain number of turns of a magnetic pole of the rotor is cut

off, and the remaining winding is re-welded to realize the
simulation of the rotor ITSC fault. The normal rotor winding
and the fault winding are shown in Fig. 11(d).

s

} The pitch is

g o T

| Normal ;;/inding
Y-

) . © _ (d)
Fig. 11. Details of structural transformation of synchronous generator: (a)
Screw hole position. (b) Stator winding. (c) Coil extraction position. (d)
Comparison of normal and fault windings.

B.Test data analysis
The stator voltage and current of the unit under normal no-
load and load conditions are shown in Fig. 12.
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Fig. 12. Stator voltage and current: (a) No-load stator voltages. (b) Load
stator voltage and current.
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There are obvious harmonics in the stator voltage, which is
after the transformation of the experimental generator, the
stator adopts a straight slot structure (originally an oblique 1-
slot structure ). As a result, the stator voltage has obvious
tooth harmonics. The harmonic frequency is related to the
number of teeth Q/p under each pair of magnetic poles.

When the pitch of the equivalent coil is 1, 3 (fractional
multiple of the polar distance) and 18 (integer multiple of the
polar distance), the induced voltage of the detection coil is
shown in Fig. 13-15. It can be seen that the induced voltage
amplitude measured when the pitch of the detection coil is 18
(integer multiple of the polar distance) is much smaller than
that measured when the pitch is 1 and 3 (fractional multiple of
the polar distance). The amplitude of the induced voltage
fractional harmonic of the detection coil is shown in Fig. 16.
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Fig. 13. Induced voltage when the pitch is 1: (a) Time domain spectrum
under no-load condition. (b) Frequency spectrum under no-load condition. (c)
Time domain spectrum under on-load condition. (d) Frequency spectrum
under on-load condition.
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Fig. 14.

It can be seen that when two cross-core screws form an
equal value coil, after the ITSC fault of the rotor, the induced
voltage of the coil increases under no-load and load conditions.
When the degree of short circuit increases, the induced voltage
of the coil does not change significantly. The fractional
harmonics of 25Hz(1/2"), 75Hz (3/2™), 100Hz (2") and 125Hz
(5/2") in the induced voltage amplitude of the detection coil
increase to a certain extent, and the amplitude of the fractional
harmonic is greater than that of the even times when the pitch
is the fractional times of the polar distance. It can be seen that
the inter-turn short circuit fault of the rotor winding can be
effectively detected when the detection coil is selected at
different pitches. Under normal conditions of the unit, the coil
induction voltage also contains a small amount of fractional
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harmonics, which indicates that there is a certain error in the
prototype manufacturing stage, which is difficult to avoid for a
2kW small unit.

It can also be seen from the diagram that for the 4-pole
generator, the influence of the fault degree on the harmonic
amplitude is not significant, indicating that the equivalent coil
can detect ITSC of rotor winding fault by observing the
change of the fractional harmonic amplitude, but it does not
have the ability to reflect the degree of ITSC fault of the rotor
of the 4-pole generator.
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Induced voltage when the pitch is 18: (a) Time domain spectrum
under no-load condition. (b) Frequency spectrum under no-load condition. (c)
Time domain spectrum under on-load condition. (d) Frequency spectrum
under on-load condition.
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Fig. 16. The amplitude of fractional harmonic: (a) The pitch is 1 in no-load.
(b) The pitch is 1 in on-load. (c) The pitch is 3 in no-load. (d) The pitch is 3 in
on-load. (e) The pitch is 18 in no-load. (f) The pitch is 18 in on-load.

VI. CONCLUSION

In this paper, a new on-line diagnosis method for ITSC of
hydro-generator rotor windings using flexible pitch equivalent
coil is proposed. The induced voltage characteristic spectrum
is obtained by simulation and fault experiment, the following
conclusions are drawn:

(1) The main magnetic field inside the synchronous
generator can be measured by the equivalent coil composed of
two cross-core screws with different pitches. In addition to the
normal odd harmonics, the induced voltage of the detection
coil also contains fractional harmonics such as v/p (v=1,2,3,...,
n), which can reflect the asymmetry of the generator magnetic
field caused by the ITSC of the rotor winding effectively.

(2) For multi-pole hydro-generators, the pitch of the
equivalent coil can be fractional or integer times of the polar
distance. It can be changed according to the number of the
generator's cross-core screws. No matter what pitch is used,
the ITSC fault of the rotor winding can be accurately
determined.

(3) After the proposed method accurately detects the fault,
it can propose a targeted fault handling scheme, which has
important practical significance for reducing the vibration
hazard of the unit and improving the operation safety. The
proposed method is applicable to both static excitation
generators and rotating excitation generators. It has the
advantages of convenient implementation, little influence on
the normal operation of generator and no hidden danger.
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