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Abstract

In this chapter, a new hybrid fault diagnosis method based on the mechanical-electrical
intersectional characteristics for turbo-generators is proposed. Different from other stud-
ies, this method not only employs the rotor vibration characteristics but also uses the
stator vibration features and the circulating current properties inside the parallel branches
of the same phase. Detailed theoretical analysis, as well as the experimental verification
study, is carried out to demonstrate the proposed method. It is shown that in the proposed
criterion for the method, the combining faulty characteristics for the single rotor eccentric-
ity fault, the single rotor interturn short circuit fault, and the composite fault composed of
the rotor eccentricity and the rotor interturn short circuit are all unique. The running
conditions can be accurately and quickly identified by the proposed method. The work
proposed in this chapter offers a new thought for the condition monitoring and the fault
diagnosis of generators.

Keywords: turbo-generator, rotor eccentricity, rotor interturn short circuit,
mechanical-electrical intersectional characteristics

1. Introduction

The generator is the key equipment for a power plant and needs timely and accurate monitor-

ing and maintaining. Typically, after a long-term operation, generators may endure many

electrical faults such as the rotor interturn short circuit (RISC) [1] and the stator interturn short

circuit [2, 3], as well as mechanical faults such as rotor eccentricity [4].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



RISC is the fault in which short circuit takes place between two adjacent turns inside the filed

winding in the rotor [5]. That means, only the insulation between the two neighboring turns is

damaged, while the main insulation of the whole winding bar is still fine.

Rotor eccentricity is the fault that occurs when the air-gap between the rotor and the stator is

not average [6]. This fault can be further divided into three types, i.e., the static rotor eccentric-

ity in which the minimum air-gap remains stable in a certain direction, the dynamic rotor

eccentricity in which the minimum air-gap will vary as the rotor rotates, and the mixed rotor

eccentricity in which static and the dynamic eccentricity occur at the same time. Generally,

dynamic eccentricity is more complex and usually has a small eccentricity value, while static

eccentricity is more common and more likely to have a larger eccentricity value caused by

many factors such as bearing damage or un-accordance, assembling error, and deformation of

the stator core. In this chapter, we mainly focus on the static rotor eccentricity.

So far, scholars have developed many monitoring and diagnosis methods for either the rotor

eccentricity fault or the RISC fault. As for the rotor eccentricity fault, studies on the monitoring

and diagnosis of air-gap eccentricity primarily focus on the stator current [7] and voltage [8, 9],

the rotor current [9] and the shaft voltage [10], the inductance variation of the windings [11, 12],

and the rotor UMP and vibration analysis [13–15]. The inductance variation analysis is mainly

based on the winding function theory [16] and the improved winding function theory [17, 18]

and needs a large amount of calculation, while the current and the voltage analysis is actually

based on the harmonic changes of the magnetic flux density [7]. Using a direct analysis of the

spectrum of the stator and rotor current or voltage obtained via Fourier transform, it is

sometimes hard to exactly identify the eccentricity due to the inconspicuous amplitude

changes compared with the noise signal magnitude, especially when the capacity of the gener-

ator is small or the eccentricity is not so severe. To overcome this disadvantage, scholars have

developed an improved method using search coils [19].

People have studied the theoretical deduction and the simulation analysis of RISC in wind-

powered generator [20, 21] and analyzed the change rate of the magnetic flux as well in order

to detect this fault [22]. It is found that the induced voltage in rotor can be used to predict the

location and the number of short circuit turns [23]. Meanwhile, researchers have also studied

the characteristics of the excitation currents [24, 25], the copper losses [24], and the unbalanced

magnetic pull (UMP) for the interturn short circuit monitoring [15, 26, 27]. Generally, at

present, the application of search coils, which is mainly based on the magnetic field density

(MFD) variation, is still adopted as a primary approach to monitor and diagnose this fault [28–

30]. Therefore, further investigation on MFD variation characteristics at great length is of

significance and will be the key to improve the monitoring level of the very failure. It is shown

that some specific harmonic characteristics are very helpful and even more effective than other

traditional means to diagnose the fault [31, 32].

However, since the actual performing condition is far more complex than the ideal normal

condition and the single fault cases, the generator may display some untypical fault character-

istics. For example, in addition to the RISC fault, the generator may have rotor eccentricity as

well, i.e., the composite fault composed by rotor eccentricity and RISC. In this case, the fault

characteristics are not the same as those of the single RISC fault or the single rotor eccentricity
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fault. Thus the problem is to identify and diagnose the very fault (the single rotor eccentricity,

the single RISC, and the composite fault) accurately.

In this chapter, we will discuss a newmethod combining the mechanical fault characteristics, i.e.,

the stator and the rotor vibration characteristics, with the electrical fault characteristics, i.e., the

circulating current inside the parallel branches of the same phase (CCPB), to identify the single

rotor eccentricity fault, the single RISC fault, and the composite fault composed by these two.

2. Theoretical analysis

As is widely comprehended, the electrical and the mechanical properties of the generator are

all closely related to the magnetic flux density (MFD). For example, the magnetic pulls acting

on the stator core and the rotor core are in proportion to the square of MFD, and the stator

current and voltage are in direct proportion to MFD. Generally, both the rotor eccentricity fault

and the RISC fault will affect MFD.

In this section, we will firstly analyze the impact of the four running conditions, i.e., the normal

condition, the single rotor eccentricity fault, the single RISC fault, and the composite fault

composed of rotor eccentricity and RISC. Then, the unbalanced magnetic pull (UMP) formulas

and the electromotive force difference expression between the two parallel branches will be

deduced in detail to obtain the qualitative theoretical results.

2.1. MFD study for each case

MFD is composed by two factors, the magnetomotive force (MMF) and the permeance per unit

area. Usually MFD is written as

B αm; tð Þ ¼ f αm; tð ÞΛ αm; tð Þ (1)

where f(αm, t) is the MMF, and Λ(αm, t) is the permeance per unit area.

Typically, RISC primarily affects MMF but has little impact on the permeance, while the rotor

eccentricity mainly impacts on the permeance per unit area but has little influence on MMF. In

normal condition, there is neither RISC nor rotor eccentricity. In this case, the air-gap can be

indicated as Figure 1(a), while the rotor MMF and the vector diagram of the stator and rotor

MMFs can be indicated as given in Figure 2(a) and Figure 3(a), respectively, by the shorted turns.

As indicated in Figure 3(a), the MMF in normal condition can be written as

f αm; tð Þ ¼ Fr cos ωt� αmð Þ þ Fs cos ωt� αm �
π

2
� ψ

� �

¼ F1 cos ωt� αm � β
� �

F1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fr � Fs sinψð Þ2 þ Fs cosψð Þ2
q

β ¼ arctan
Fs cosψ

Fr � Fs sinψ

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

(2)
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Figure 1. Air-gap for the four performing conditions. (a) Normal condition and RISC and (b) rotor eccentricity and

composite fault.

Figure 2. Rotor MMF before and after RISC. (a) Normal rotor MMF, (b) inverse MMF produced, and (c) MMF under

RISC.
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Since the permeance per unit area is in inverse proportion to the radial air-gap length, the

permeance per unit area in normal condition can be written as

Λ αm; tð Þ ¼
μ0

g αm; tð Þ
¼

μ0

g0
¼ Λ0 (3)

In the case of rotor eccentricity, the MMF is the same as in normal condition, while the

permeance per unit area is

Λ αm; tð Þ ¼
μ0

g αm; tð Þ
¼

μ0

g0 1� δs cosαmð Þ
¼

μ0

g0
1þ δs cosαm þ δ2s cos

2αm þ⋯

� �

≈Λ0 1þ δs cosαmð Þ ¼ Λ0 þΛs cosαm

Λs ¼ Λ0δs

8

>

>

<

>

>

:

(4)

where μ0 is the permeability of the air, g0 is the radial air-gap length, and δs is the relative rotor

eccentricity.

In the case of RISC, since there is no longer exciting current in the shorted turns, it is equivalent

to adding an inverse current to the normal exciting current for the shorted turns. The rotor

MMF before and after RISC is indicated in Figure 2. Since the area of the produced positive

MMF should be equal to that of the induced negative MMF, the inverse MMFs produced by

the shorted turns can be written as

f d θmð Þ ¼
�
Ifnm 2π� αrð Þ

2π
γ ≤θm ≤γþ αr

Ifnmαr

2π
other condition

8

>

>

<

>

>

:

(5)

where θm is the circumferential angle on the rotor surface, If is the exciting current of the

generator, nm is the number of the shorted turns, γ is the circumferential angle to indicate the

beginning RISC position, and αr is the angle between the two slots where RISC takes place.

Figure 3. Vector diagram of the stator and rotor MMFs for the four performing conditions. (a) Normal condition and

rotor eccentricity and (b) RISC and composite fault.
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Fd(θm) can be expanded by Fourier series and written as

f d θmð Þ ¼ A0 þ
X

∞

n¼1

An cos nθmð Þ þ Bn sin nθmð Þ½ �

A0 ¼
1

2π

ð2π

0

Fd θmð Þdθm ¼ 0

An ¼
1

π

ð2π

0

Fd θmð Þ cos nθmð Þdθm ¼ �
Ifnm sin n αr þ γð Þð Þ � sin nγð Þ½ �

nπ

Bn ¼
1

π

ð2π

0

Fd θmð Þ sin nθmð Þdθm ¼
Ifnm cos n αr þ γð Þð Þ � cos nγð Þ½ �

nπ

8

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

:

(6)

Since the nth MMF harmonic is equivalent to the main MMF which is produced by the

generator that has n pole-pairs, the reverse MMF induced by the short circuit turns can be

written as a function which is both time and space dependent.

Fd αm; tð Þ ¼
X

∞

n¼1

An cos n ωt� αmð Þ þ Bn sin n ωt� αmð Þ½ � ¼
X

∞

n¼1

Fdn cos n ωt� αm � φn

� �

Fdn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

An
2 þ Bn

2
p

φn ¼ arctan
Bn

An

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

(7)

Correspondingly, ignoring the higher-order harmonics, according to Figure 3(b), the MMF

under RISC can be written as

f αm; tð Þ ¼ F1 cos ωt� αm � β
� �

� Fd1 cos ωt� αm � φ1

� �

� Fd2 cos ωt� αm � π� φ2

� �

¼ FC cos cos ωt� αm � β
0� �

� Fd2 cos ωt� αm � π� φ2

� �

FC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fr � Fs sinψ� Fd1 cosφ1

� �2
þ Fs cosψ� Fd1 sinφ1

� �2
q

β
0

¼ arctan
Fs cosψ� Fd1 sinφ1

Fr � Fs sinψ� Fd1 cosφ1

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

(8)

Feeding Eqs. (2)–(4) and (8) into (1), the MFDs for the four running conditions can be obtained.

B αm; tð Þ ¼

F1 cos ωt� αm � β
� �

Λ0⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯normal

F1 cos ωt� αm � β
� �

Λ0 þΛs cosαmð Þ⋯⋯⋯⋯⋯⋯⋯⋯⋯rotor eccentricity

FC cos cos ωt� αm � β
0� �

� Fd2 cos ωt� αm � π� φ2

� �� �

Λ0 � �⋯⋯⋯RISC

FC cos cos ωt� αm � β
0� �

� Fd2 cos ωt� αm � π� φ2

� �� �

� Λ0 þΛs cosαmð Þ � �⋯⋯composite fault

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

(9)

2.2. Mechanical-electrical characteristic analysis

The physical model of the stator core is a hollow shell, as indicated in Figure 4, while the

physical model of the rotor core is the rigid cylinder. Therefore, the essential exciting force for

the stator core is the magnetic pull per unit area (MPPUA), while for the rotor it is the integral
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force. This may not be easy to understand, but it can be suggested from Figure 4(b) that

though the integral force of the stator core is zero due to the symmetric distribution of the unit

force, it will still have periodical shrinking-expanding deformations, i.e., the radial vibrations,

due to the cyclical pulsating feature of the MPPUA. However, for the rotor core, the MPPUA is

not enough to cause radial vibrations for this solid cylinder. Therefore, the internal force, i.e.,

the unbalanced magnetic pull (UMP) will be the essential exciting force for the rotor.

The MPPUA and the UMP can be calculated via

q αm; tð Þ ¼
B αm; tð Þ½ �2

2μ0

MPPUA

FX ¼ LR

ð

2π

0

q αm; tð Þ cosαmdαm

FY ¼ LR

ð

2π

0

q αm; tð Þ sinαmdαm

UMP

8

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

:

8

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

:

(10)

Feeding Eq. (9) into (10), the exciting force needed to cause stator vibration and rotor vibration

can be, respectively, written as Eqs. (11) and (12).

Since the stator and rotor vibration will have the same frequency harmonic components as the

exciting force, as indicated in Eq. (11), the stator will have second harmonic vibrations in

normal condition and in the rotor eccentricity case, while it will have first, second, third, and

fourth harmonic components under RISC and the composite fault. Obviously, it is hard to

identify the fault type accurately only by means of the stator vibration.

Comparing MPPUA formulas in the four running conditions in Eq. (11), it can be found that

the magnitude of the second harmonic under rotor eccentricity fault will be larger than that of the

normal condition because extra second harmonic terms are added in the formula. However, the

magnitude of the second harmonic MPPUA under RISC will be smaller than that in normal

condition because FC is smaller than F1, see Figure 3(b). For the composite fault, the second

harmonic MPPUA magnitude will be smaller than that under rotor eccentricity but larger than

that in the RISC case. Since there is theoretically no fourth harmonic in normal conditionwhen only

considering the first MMFs, the occurrence of RISCwill increase the fourth harmonic MPPUA.

Figure 4. Structure and magnetic force of stator core. (a) Structure of stator core and (b) MPPUA on stator core.
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The rotor, as indicated in Eq. (12), will have no vibrations in normal condition, while it will

endure second harmonic vibrations in the case of rotor eccentricity; first harmonic vibration

under RISC; and first, second, and third harmonic vibrations under the composite fault. It

seems that the four running conditions can be identified by the rotor vibration characteristics.

However, still other faults have the same rotor vibration features, leading to practical difficul-

ties for exact diagnosis. For example, the mass imbalance fault will also cause the rotor to

vibrate at the fundamental frequency, and the shaft misalignment fault will also lead to the

rotor’s second harmonic vibrations. Therefore, it is actually still hard to diagnose the fault

accurately by only using the rotor vibration properties.

In fact, in addition to the stator and rotor vibrations, the circulating current inside the parallel

branches (CCPB) of the same phase will vary as well due to different running conditions.

Taking the SDF-9 type generator which will be employed as the study object behind as an

example, the parallel branches and the CCPB in Phase A are indicated in Figure 5.

q αm; tð Þ ¼

F1
2

8μ0

2Λ2
0 þ 2Λ2

0 cos 2ωt� 2αm � 2β
� �� �

:……………………………………normal condition

F1
2

8μ0

(

2Λ2
0 þ Λ

2
s

� �

þ 4Λ0Λs cosαmð Þ þ Λ
2
s cos 2αm

� �� �

þ ½0:5Λ2
s cos 2ωt� 2β

� �

þ 2Λ0Λs cos 2ωt� αm � 2β
� �

þ 2Λ2
0 þ Λ

2
s

� �

cos 2ωt� 2αm � 2β
� �

þ 2Λ0Λs cos 2ωt� 3αm � 2β
� �

þ 0:5Λs
2 cos 2ωt� 4αm � 2β

� �

�g::……………………………………rotor eccentricity

Λ
2
0

4μ0

½F2C þ F2d2 � 2FCFd2 cos ωt� αm þ β1 � 2φ2

� �

þ F2C cos 2 ωt� αm � β
� �

� 2FCFd2 cos 3ωt� 3αm � β1 � 2φ2

� �

þ F2d2 cos 4 ωt� αm � φ2

� �

�…………………………………………………………RISC

1

8μ0

(

F2C þ F2d2
� �

2Λ2
0 þ Λ

2
s

� �

þ 4 F2C þ F2d2
� �

Λ0Λs cosαm þ F2C þ F2d2
� �

Λ
2
s cos 2αm

� �

þ ½�4FCFd2Λ0Λs cos ωtþ β1 � 2φ2

� �

� 2FCFd2 2Λ2
0 þ Λ

2
s

� �

cos ωt� αm þ β1 � 2φ2

� �

� FCFd2Λ
2
s cos ωtþ αm þ β1 � 2φ2

� �

� 4FCFd2Λ0Λs cos ωt� 2αm þ β1 � 2φ2

� �

� FCFd2Λ
2
s cos ωt� 3αm þ β1 � 2φ2

� �

� þ ½0:5F2CΛ
2
s cos 2ωt� 2β1

� �

þ 2F2CΛ0Λs cos 2ωt� αm � 2β1
� �

þ F2C 2Λ2
0 þ Λ

2
s

� �

cos 2ωt� 2αm � 2β1
� �

þ 2F2CΛ0Λs cos 2ωt� 3αm � 2β1
� �

þ 0:5F2CΛ
2
s cos 2ωt� 4αm � 2β1

� �

�

þ ½�FCFd2Λ
2
s cos 3ωt� αm � β1 � 2φ2

� �

� 4FCFd2Λ0Λs cos 3ωt� 2αm � β1 � 2φ2

� �

� 2FCFd2 2Λ2
0 þ Λ

2
s

� �

cos 3ωt� 3αm � β1 � 2φ2

� �

� 4FCFd2Λ0Λs cos 3ωt� 4αm � β1 � 2φ2

� �

� FCFd2Λ
2
s cos 3ωt� 5αm � β1 � 2φ2

� �

�

þ ½0:5F2d2Λ
2
s cos 4ωt� 2αm � 4φ2

� �

þ 2F2d2Λ0Λs cos 4ωt� 3αm � 4φ2

� �

þ F2d2 2Λ2
0 þ Λ

2
s

� �

cos 4ωt� 4αm � 4φ2

� �

þ 2F2d2Λ0Λs cos 4ωt� 5αm � 4φ2

� �

þ 0:5F2d2Λ
2
s cos 4ωt� 6αm � 4φ2

� �

�g………………………………………composite fault

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>
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>

>

>
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>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

(11)
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The electromotive force difference between the two branches, which is indicated in Figure 5(b) and

is the exciting source of the CCPB, can be obtained via Eq. (13), where Ea1 and Ea2 are the

electromotive forces of the two branches, respectively; q is the number of slots for each pole per

phase;wc is the number of turns for each branchwinding; kw1 is the fundamental frequencywinding

factor; τ is the polar distance; l is the effective length of the winding; and f is the electrical frequency.

FeedingEq. (9) into (13), the electromotive forcedifference can be obtained andwritten as in Eq. (14).

As indicated in Eq. (14), the CCPB has different features due to varied running conditions.

However, it has the similar problem as the rotor vibration while using it as the fault diagnosis

criterion. For example, due to the initial asymmetry inside the generator, the generator may have

first harmonic CCPB in normal condition. Consequently, the CCPB features will be very similar

not only between normal condition and rotor eccentricity, but also between RISC and the com-

posite fault. Thus, it is still not enough to only use CCPBdifference to identify the faults accurately.

FX ¼ LR

ð2π

0

q αm; tð Þ cosαmdαm ¼ 0

FY ¼ LR

ð2π

0

q αm; tð Þ sinαmdαm ¼ 0

9

>

>

>

=

>

>

>

;

::…………………normal condition

FX ¼
LRF21π

4μ0

2Λ0Λs þ 2Λ0Λd cosωtþ Λ0Λd cos ωt� 2β
� ��

þΛ0Λs cos 2ωt� 2β
� ��

FY ¼
LRF21π

4μ0

2Λ0Λd sinωtþΛ0Λd sin ωt� 2β
� ��

þΛ0Λs sin 2ωt� 2β
� ��

9

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

;

::……rotor eccentricity

FX ¼ LR

ð2π

0

q αm; tð Þ cosαmdαm ¼
�FCFd2LRΛ

2
0π

2μ0

cos ωtþ β1 � 2φ2

� �

FY ¼ LR

ð2π

0

q αm; tð Þ sinαmdαm ¼
�FCFd2LRΛ

2
0π

2μ0

sin ωtþ β1 � 2φ2

� �

9

>

>

>

=

>

>

>

;

………RISC

FX ¼
LRπ

8μ0

4 FC
2 þ Fd2

2
� �

Λ0Λs

� �	

þ �2FCFd2 2Λ2
0 þ 1:5Λ2

s

� �
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Figure 5. Parallel branch and CCPB in Phase A. (a) Winding distribution of Phase A and (b) equal circuit of parallel

branches of Phase A.
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3. Hybrid diagnosis method and verification

3.1. Method description

Based on the previously described theoretical study, a hybrid diagnosis method combining the

mechanical characteristics, i.e., the stator and the rotor vibration characteristics, with the

electrical features, i.e., the CCPB properties, can be proposed, as shown in Table 1.

As indicated in Table 1, the combining mechanical-electrical intersectional fault characteristics

are unique for each fault. It will be obviously more advantageous than only employing either

the vibration or the CCPB characteristics.

3.2. Experimental verification

The experimental verification is taken on a SDF-9 type fault simulating generator, in the Natio-

nal Key Lab of New Energy Electric Power System, P.R. China, as indicated in Figure 6(a).

The primary parameters of the generator are shown in Table 2.

Running condition Stator vibration Rotor vibration CCPB

Normal condition 2nd harmonic — —

Rotor eccentricity 2nd harmonic 2nd harmonic 1st harmonic

RISC 1st, 2nd, 3rd, 4th harmonics, comparing with normal condition,

the 2nd decreased while 1st, 3rd, and 4th increased

1st harmonic 2nd harmonic

Composite fault 1st, 2nd, 3rd, and 4th harmonics, comparing with normal

condition, the 1st, 3rd, and 4th increased

1st, 2nd, and

3rd harmonics

1st and 2nd

harmonics

Table 1. Detailed criteria of the hybrid diagnosis method.
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The rotor of the generator is kept to the underframe by the bearing pedestal, while the stator

can be moved along the horizontally radial direction by adjusting the screws; see Figure 6(b).

The movement can be controlled by two dial indicators, so that different fault degrees of rotor

eccentricity can be simulated.

Figure 6. Experiment method of the fault simulating generator. (a) General outlook, (b) method to set rotor eccentricity,

(c) method to test CCPB and (d) testing system of the experiment.

Parameters Values

Rated capacity 7.5 kVA

Rated exciting current 1.5 A

Rated rotation speed 3000 r/min

Number of pole pairs p = 1

Polar distance τ = 252 mm

Radial air-gap length g0 = 0.8 mm

Number of exciting slots per pole 6

Number of exciting turns peer pole 480

Number of stator slots 24

Number of turns in series per phase 100

Ratio of pitch to polar distance ky = y/τ = 0.83

Pitch shortening factor kp = 0.966

Table 2. Primary parameters of study object.
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During the experiment, two velocity sensors are employed to test the stator vibration and the

rotor vibration (see Figure 6a), while the CCPB is measured by a current transformer (see

Figure 6c, the conductors of the two branches inversely cross the current transformer to get the

current difference which is also the CCPB). The tested data are collected by a U60116C type

collector and stored in the computer; see Figure 6(d).

The stator vibration spectra for the four running conditions are indicated in Figure 7, while the

rotor vibration spectra and the CCPB spectra for each performing case are illustrated in

Figures 8 and 9, respectively. Theoretically, in normal condition, the stator should have only

the second harmonic vibration component, and there should be no rotor vibrations or circulat-

ing currents. However, the experimental data show some differences. This is mainly caused by

the asymmetry inside the generator. For example, the winding distribution in the generator

may not be strictly symmetric. These initial values which should be zero in theory can be

treated as the null drift of the generator system.

As indicated in Figure 7, it is shown that the four performing conditions will have different

stator vibration characteristics. The occurrence of the rotor eccentricity will obviously increase

the amplitude of the second harmonic, while the occurrence of RISC will decrease this

Figure 7. Stator vibration spectra under different conditions. (a) Normal condition, (b) 0.3 mm eccentricity, (c) 3% RISC

and (d) composite fault.

Figure 8. Rotor vibration spectra under different conditions. (a) Normal condition, (b) 0.3 mm eccentricity, (c) 3% RISC

and (d) composite fault.
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harmonic but increase the first, third, and fourth harmonics. For the composite fault, the

amplitude of the second harmonic is generally between the rotor eccentricity and RISC. The

experimental results are consistent with the previously described theoretical analysis.

As indicated in Figure 8, the second harmonic vibration amplitude will be increased as the

rotor eccentricity takes place, while the occurrence of RISC will increase the first harmonic

amplitude. In the case of the composite fault, comparing with the normal condition, all of the

first, second, and third harmonic amplitudes will be increased. This tendency to develop

harmonic amplitude is in accordance with the theoretical result.

As indicated in Figure 9, the rotor eccentricity will mainly increase the first harmonic CCPB,

while RISC will primarily increase the second harmonic CCPB. In the case of the composite

fault, both the first and the second harmonic amplitudes of the CCPB will be enlarged. This

experimental result still follows that of the previous theoretical study.

It is suggested from Figures 7–9 that the stator vibration, the rotor vibration, and the CCPB

will all vary due to different performing conditions. Combining the stator and the rotor

vibration characteristics with the CCPB varying features, the mentioned four running condi-

tions can be effectively and accurately identified. To confirm this, we have also carried out the

experiments several times. And, by using the hybrid method proposed in this chapter, we

correctly identified the running conditions each time.

4. Conclusions

In this chapter, we propose a new hybrid fault diagnosis method based on the intersectional

mechanical-electrical characteristics. Primary conclusions drawn from the study are as follows.

1. Given the complex practical running condition, it is hard to identify the fault accurately

only by either the stator vibration characteristics or the rotor vibration features.

2. In addition to the rotor and the stator vibration characteristics, the circulating current

inside the parallel branches of the same phase is also an effective tool for condition

monitoring and fault diagnosis.

Figure 9. CCPB spectra under different conditions. (a) Normal condition, (b) 0.3 mm eccentricity, (c) 3% RISC and (d)

composite fault.
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3. By combining the rotor and stator vibration characteristics with the circulating current

inside the parallel branches, the four running conditions, i.e., the normal condition, the

single rotor eccentricity fault, the rotor interturn short circuit fault, and the composite fault

composed of the rotor eccentricity and the rotor interturn short circuit, can be accurately

identified due to the unique combining fault characteristics.
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