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,is paper comparatively studies the electromagnetic force andmechanical response of the end winding before and after 3 kinds of
typical electromechanical faults in turbo-generator. ,e analytical expression of electromagnetic force of end winding is derived
under the composite fault of static eccentricity and rotor interturn short circuit. Meanwhile, the three-dimensional transient finite
element simulation is carried on, and the frequency composition and amplitude variation characteristics of the radial, axial, and
tangential electromagnetic force are analyzed for the end windings under static eccentricity, rotor interturn short circuit, and
composite fault. ,erefore, it provides a reference for the vibration wear detection and electromagnetic force control of the end
winding. Moreover, the maximum stress and deformation of different positions on the end involute are obtained. And the three-
directional vibration acceleration characteristics of the end winding are further analyzed. Finally, the distribution law of winding
fatigue failure and vibration wear is acquired, which lays a foundation for the reverse suppression of end winding fatigue failure
and insulation wear.

1. Introduction

In the actual operation, generator is not only in normal state,
but also in abnormal states probably. ,e static air gap
eccentricity is a kind of mechanical fault which is a certain
offset between rotor and stator axis. Due to the
manufacturing and installation errors, almost all generators
have certain of static eccentricity. Especially for large turbo-
generators, the static eccentricity is inevitable because the
supporting parts of the shaft are sliding bearings. At the
meantime, it is very easy for rotor windings to appear short
circuit phenomenon between turns, because of copper wire
structure defects, the interturn insulation damage, fatigue
damage and insulation aging under mechanical stress. And it
is an electrical fault with high frequency in the actual
working process of generator.,ese two kinds of mechanical
and electrical faults will not seriously affect the operation of
the generator in the early stage and the generator can work
with them, but they will cause abnormal distribution of air

gap magnetic field. ,e electromagnetic force of the end
winding will be further affected. And alternating stress and
vibration of some windings will increase, which will result in
fatigue damage and wearing. When they develop to a certain
extent, coil short circuit will be caused [1, 2]. However, the
fault caused by the end damage of generator stator winding
is not easy to monitor, and it will appear suddenly in general.
Once the end winding fault occurs, it needs a lot of man-
power and time to repair. ,erefore, such failure will cause
huge maintenance and downtime loss, and effective mea-
sures should be taken to prevent it.,e traditional method is
improving the rigidity and strength of the end winding
support or increasing the number of binding parts. But it will
waste materials, bring the installation complexity, and lead
to the increase of generator processing cost. By calculating
the electromagnetic force and mechanical response of the
generator end winding, the maximum stress and vibration
characteristics can be obtained under various operating
conditions. It can be used for the end winding structure
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optimization, the processing technology improvement, and
the key maintenance position location, so as to reduce the
manufacturing and maintenance cost of the generator to a
certain extent.

When slight winding interturn short circuit and air gap
eccentricity appear, the generator can still run for a long
time, so this kind of electromechanical fault is often ignored.
However, with the aggravation of short circuit and eccen-
tricity, the electromechanical characteristics of the generator
will have considerable changes. Wu and Li found a new
frequency component of the air gap magneto motive force
when the interturn short circuit fault occurs [3]. Based on
this principle, Sun et al. invented a new type of detection coil
to identify this fault. When the rotor interturn short circuit
(RISC) occurs, the detection coil terminal voltage causes
even or fractional harmonics, while when the stator inter-
turn short circuit (SISC) occurs, the terminal voltage only
contains odd harmonics [4]. In addition, the difference
between the actual electromagnetic power and the calculated
virtual work of the generator will increase with the occur-
rence of interturn short circuit [5]. In order to avoid RISC,
themethod of BP neural network and onlinemonitoring was
proposed to identify this fault [6, 7]. Furthermore, a com-
pound diagnosis method based on stator/rotor vibration
characteristics was proposed to determine the RISC position
and degree [8, 9]. On the other hand, Iamamura et al. found
that when the rotor is eccentric, the magnetic field shifts with
the change of the eccentric angle [10–12]. Moreover, radial
eccentricity will increase the harmonic components and
amplitude of electromagnetic torque, while the impaction of
axial eccentricity is on the opposite [13, 14]. Ehya et al.
summarized the eccentricity detection methods according to
harmonic components of voltage and current, efficiency,
temperature, and electromagnetic torque fluctuation [15]. In
the aspect of composite fault referring to air gap dynamic
eccentricity, static eccentricity, RISC, and SISC, He Yuling
et al. analyzed the potential difference of internal circulation
in parallel branches, electromagnetic torque characteristics,
and unbalanced electromagnetic force [16, 17]. At the same
time, scholars have also studied the excitation current, flux
density, stator current, and voltage when composite elec-
tromechanical fault occurs [18–21].

In summary, most of the literatures focus on the elec-
tromagnetic characteristics of generator and the vibration
characteristics of iron core under air gap eccentricity and
interturn short circuit faults, and there are few researches on
the electromagnetic force and mechanical response char-
acteristics of stator end winding under this kind of faults. He
et al. found that the even harmonics increment of the
winding electromagnetic force becomes larger with the
increase of the SISC degree [22]. Meanwhile, the variation of
the stator winding electromagnetic force and the static
maximum mechanical response of the whole windings
under RISC are analyzed [23]. It is pointed out that RISC will
increase the amplitude of the odd harmonics of the stator
winding electromagnetic force. Moreover, the electromag-
netic force and transient mechanical response characteristics
of stator end winding before and after air gap static

eccentricity were studied, and it was found that the coil
closest to the minimum air gap is the most dangerous [24].

As an important complementary, this paper mainly
studies the electromagnetic force excitation behaviours and
mechanical response of generator stator end winding under
the composite electromechanical fault of air gap static ec-
centricity and RISC and comparatively analyses the char-
acteristics in normal, eccentricity, RISC, and composite
fault.,e stress result can provide a basis for targeted reverse
design, and the deformation distribution is a guidance of
wear failure prevention and daily examination. Moreover,
the force and vibration characteristics have certain signifi-
cance in fault diagnosis.

,e remainder of this paper is constructed as follows.
,e analytical formulas of the electromagnetic force on the
end windings under composite fault are derived in Section 2.
,en, the finite element analysis of the electromagnetic force
and mechanical response are carried out in Section 3, while
the experimental study is conducted in Section 4. Finally, the
differences of the behaviours in four states are summarized
in Section 5 and the main conclusions are drawn up in
Section 6.

2. Theoretic Analysis

2.1. Air GapMagnetic FluxDensity (MFD). ,e air gap MFD
can be obtained by the multiplication of the unit permeance
and the magnetic motive force (MMF). ,e static air gap
eccentricity will change the permeance distribution, and the
RISC will have an influence on the MMF. ,erefore, the air
gap MFD will change under these electromechanical faults.

,e unit permeance is inversely proportional to the
radial length of air gap. As the static eccentricity will cause
the change of the radial air gap length, as shown in Figure 1,
the permeance will be further varied. ,e permeance in unit
area can be expressed as [14]

Λ(α) �
μ0
δ(α)

�
μ0

δ0[1 − ς cos(α − λ)]
≈ Λ0[1 + ς cos(α − λ)],

(1)

where α is the circumferential position, δ(α) represents the
air gap length of different position, Λ0 refers to the normal
permeance (Λ0 � μ0/δ0, μ0 and δ0 are the vacuum perme-
ability and normal air gap length, respectively), ζ is the
relative eccentricity ratio (ζ � e/δ0, e is the absolute eccen-
tricity value), and λ is the eccentricity angle as shown in
Figure 1.

As indicated in equation (1), it is evident that the static
eccentricity will make the air gap permeance no longer
uniform along the circumferential direction and the per-
meance near the minimum air gap (within ±90° from the
eccentricity direction) will increase, while the permeance
near the maximum air gap will decrease.

On the other hand, the air gap MMF is the superposition
of the stator and rotor winding MMF. According to [24], the
normal stator and rotor winding MMF can be written as
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fr(α, t) � 􏽘
n�1,3,5...

Frncosn(ωt − α),

fs(α, t) � 􏽘
n�1,3,5...

Fsncos[n(ωt − α) − ψ − 0.5π],

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(2)

where ψ is the internal power angle of generator, ω is the
electrical frequency, and Fsn and Frn are the n-th harmonics
amplitude of stator and rotor winding MMF, respectively.

When the RISC happens, the reverse MMF will be
brought by the shorted turn circuit. As shown in Figure 2(a),
the shorted turn position is defined as β′, β′∈(0∼π).
According to the law of magnetic flux conservation, the
distribution of reverse MMF is shown in Figure 2(b), and it
can be expressed as [25]

Fd(α) �

−
Ifnm π − β′( 􏼁

π
, −β′ ≤ α≤ β′,

Ifnmβ′

π
, others,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(3)

where If is the current of shorted turn and nm is the number
of the shorted turn.

Considering the rotor is rotating at the angle velocity of
ωr (for the turbo-generator with one pair of poles, ω�ωr),
the reverse MMF can be expanded by FFT as

Fd(α) � − 􏽘
∞

u�1
Fdu cos u ωrt − α( 􏼁 � − 􏽘

∞

u�1
Fdu cos u(ωt − α),

Fdu �
2Ifnm sin(uβ′)

uπ
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(4)

where the absolution of Fdu represents the amplitude of the
u-th harmonic of reverse MMF.

Because the rotor MMF is the main part, the influence of
the fault on the stator MMF can be neglected. ,erefore, the
air gap MMF after RISC can be written as

f(α, t) � 􏽘
n�1,3,5...

Frn − Fdn( 􏼁cos n(ωt − α) + Fsn cos[n(ωt − α) − ψ − 0.5π]􏼂 􏼃 − 􏽘
u�2,4,6...

Fdu cos u(ωt − α)

� 􏽘
n�1,3,5...

Fcn cos n ωt − α − ρn( 􏼁 − 􏽘
u�2,4,6...

Fdu cos k(ωt − α) ≈ Fc1 cos ωt − α − ρ1( 􏼁,

Fc1 �

����������������������������

F
2
s1cos

2ψ + Fr1 − Fd1 − Fs1 sin ψ( 􏼁
2

􏽱

,

ρ1 � arctan
Fs1 cos ψ

Fr1 − Fd1 − Fs1 sin ψ
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (5)

where Fcn is the amplitude of the n-th harmonic of summed
MMF and ρn is the angle between the summed MMF and
rotor MMF vector.

As indicated in equation (5), RISC brings new com-
ponents of even harmonics to the summed MMF. Because
the shorted turn is relatively less, the amplitude of even

e

α

δ (α)

λ

X

xr

Y yr

Outer circle of rotor

Eccentricity direction

Inner circle of stator

Figure 1: Diagram of air gap static eccentricity.
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harmonics is very weak. Moreover, the amplitude of original
odd harmonics varies and its trend depends on the sine value
relating to shorted position and harmonic order, that is,
sin(nβ′). For the fundamental harmonic, sin(β′)> 0 is
permanent owing to β′∈(0∼π), so Fd1> 0 is constant.
,erefore, no matter where the shorted turn is, the

fundamental harmonic amplitude of the summed MMF Fc1
will decrease.

When the composite fault of RISC and eccentricity
happens, the final air gap MFD can be obtained by multi-
plying the RISC MMF and eccentricity permeance.

B(α, t) � f(α, t)Λ(α)

� Λ0[1 + ς cos(α − λ)] × 􏽘
n�1,3,5...

Frn − Fdn( 􏼁cos n(ωt − α) + Fsn cos[n(ωt − α) − ψ − 0.5π]􏼂 􏼃⎡⎢⎣

− 􏽘
u�2,4,6...

Fdu cos u(ωt − α)⎤⎥⎦ ≈ Λ0Fc1[1 + ς cos(α − λ)]cos ωt − α − ρ1( 􏼁.

(6)

It is shown in equation (6) that the MFD contains the
even harmonics besides odd harmonics when the RISC or
composite fault happens. Moreover, under composite fault,
the fundamental harmonic amplitude of the MFD near
the min air gap is between the values under eccentricity and
RISC, and it is less than the value under the two single faults
near the max air gap.

2.2. Electromagnetic Force of End Winding. ,e main MFD
can be got by the multiplication of rotor MMF and
permeance.

Br(α, t) � Λ0[1 + ς cos(α − λ)] 􏽘
n�1,3,5...

Frn − Fdn( 􏼁cos n(ωt − α) − 􏽘
u�2,4,6...

Fdu cos u(ωt − α)⎡⎢⎣ ⎤⎥⎦. (7)

According the electromagnetic induction rule, the stator
current can be described as

Y

X

Inner circle of stator

Rotor
shorted 

2 β'

(a)

Fr

Fd

-If nm (π-β′)/π

If  nmβ′/π

Normal RISC

α
π

π-π

-π

-β′ β′
α

(b)

Figure 2: MMF of RISC. (a) Rotor windings and (b) inverse MMF (only 1st harmonic of the normal MMF is considered).
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I(t) � 􏽘
n�1,3,5...

In cos
n(ωt − α) − ψ − π

2
+ 􏽘

u�2,4,6...

Iu cos
u(ωt − α) − ψ − π

2
􏼢 􏼣,

In �
q

|Z|
wskwnΛ0Lv Frn − Fdn( 􏼁[1 + ς cos(α − λ)],

Iu �
q

|Z|
wskwuΛ0LvFdu[1 + ς cos(α − λ)],

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

where In and Iu are the n-th and u-th harmonic amplitude of
stator current, respectively. L is the effective axial length of
the winding, v is the velocity where the coil bar cuts the
magnetic flux lines, Z is the impedance of the winding, q is
the slot number per phase, ws is the turn number per coil,
and kwn is the winding factor of the n-th harmonic (for
details see [24]).

,e line part of stator winding lies in the stator slot, and
the end involute part hangs outside the slot, as shown in
Figure 3. Since the MFD in the end zone is a leakage

magnetic field, it is less than the line part. But the MFD
harmonics components are the same for the two parts.
,erefore, the end zone MFD is modified by adding the
coefficient fk. Here, the coefficient is related to the spatial
position, work condition, and so on. It can be further ob-
tained by large amounts of experiments and simulation.

According to the ampere force law, the electromagnetic
force is the cross product of current and MFD. So the
electromagnetic force at any point K of the end winding
under composite fault can be deduced as

F
→

Ik � fk B
→

× I
→
dl � F

→
Ikx, F

→
Iky, F

→
Ikz􏼚 􏼛dl,

FIk αI + αk, t( 􏼁 � fkBI sin θkdl ≈
q

2|Z|
fkwsLvΛ20 sin θkdl 1 + ς cos −αI − αk − λ( 􏼁􏼂 􏼃 1 + ς cos −αI − λ( 􏼁􏼂 􏼃,

􏽘
n�1,3,5...

􏽘
j�1,3,5...

kwn Frn − Fdn( 􏼁Fcj

cos
(n + j) ωt − αI( 􏼁 − jαk − jρn − ψ − π

2
􏼢 􏼣

+cos
(n − j) ωt − αI( 􏼁 − jαk − jρn + ψ + π

2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

− 􏽘
n�1,3,5...

􏽘
j�2,4,6...

kwn Frn − Fdn( 􏼁Fdj

cos
(n + j) ωt − αI( 􏼁 − jαk − ψ − π

2
􏼢 􏼣

+cos
(n − j) ωt − αI( 􏼁 − jαk + ψ + π

2
􏼢 􏼣

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

− 􏽘
n�1,3,5...

􏽘
j�2,4,6...

kwjFdjFcn

cos
(n + j) ωt − αI( 􏼁 − jαk − jρn − ψ − π

2
􏼢 􏼣

+cos
(n − j) ωt − αI( 􏼁 − jαk − jρn + ψ + π

2
􏼢 􏼣

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

≈
q

2|Z|
fkwskw1LvΛ20dl sin θk Fr1 − Fd1( 􏼁Fc1(1 + Δ) cos

2 ωt − αI( 􏼁 − αk − ρn − ψ − π
2

􏼢 􏼣 + cos
αk + ρn − ψ − π

2
􏼔 􏼕􏼢 􏼣,

Δ � ς2 cos αI + αk − λ( 􏼁cos αI − λ( 􏼁 + ς cos αI + αk − λ( 􏼁 + ς cos αI − λ( 􏼁,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)
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where θk is the angle between the magnetic flux density and
the stator current at point K; FIkx, FIky, and FIkz are rect-
angular coordinate components of electromagnetic force. αI
is the circumferential angle of the upper layer line part in the
I-th stator slot, and αI+αk refers to position of the point K as
shown in Figure 3(a). ,e scope of αk is between 0–17α′, and
α′ refers to the angle between two slots (that is, 8.6°).

According to equation (9), the force in composite fault is
related not only to rotor and stator MMF, but also to the
inverseMMF of RISC (that is, Fd) and the eccentricity factors
(that is, ζ and λ). ,e harmonics components and 2nd

harmonic amplitude in different cases are summed in Ta-
ble 1. In addition to the constant and even harmonics, the
electromagnetic force in composite fault and RISC also
includes odd harmonic components. ,e amplitude varia-
tion of each frequency component depends on Δ and Fd1;
that is to say, it is related to the eccentricity angle, eccen-
tricity ratio, short circuit degree, and short circuit position.
For coil at the minimum air gap, it exists that Fd1> 0,
αI+ 8.5α′� λ and Δ> 0; therefore the second harmonic
amplitude of the force decreases under RISC, increases
under eccentricity, and is between two single faults after
composite fault. While for coil at the max air gap, it exists
that Fd1> 0, αI+ 8.5α′� λ+ π and Δ< 0, so the second
harmonic amplitude of the force decreases after any fault,
and the value under composite fault is the smallest.

Moreover, through coordinate transformation and in-
tegral calculation, the radial, tangential, axial electromag-
netic force components, and resultant force of the end
winding under composite fault can be obtained by

FIr � 􏽚
lend

FIkx cos θ + FIky sin θ􏼐 􏼑dl,

FIt � 􏽚
lend

−FIkx sin θ + FIky cos θ􏼐 􏼑dl,

FIa � 􏽚
lend

FIkzcdl,

FI �

���������������������������������������

􏽚
lend

FIkxdl􏼠 􏼡

2

+ 􏽚
lend

FIkydl􏼠 􏼡

2

+ 􏽚
lend

FIkzdl􏼠 􏼡

2

􏽶
􏽴

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

where θ is the vector angle of the cylinder coordinate of point
K and lend is the coil curve of the end winding.

3. Simulation

3.1. Settings. In this section, the electromagnetic force and
mechanical response of the end winding in QFSN-600-
2YHG turbo-generator are calculated by three-dimensional
transient finite element method. ,e study framework is
shown in Figure 4. ,e whole simulation process is carried
out on the ANSYS Workbench platform, and the electro-
magnetic force and mechanical response analysis are real-
ized in the electromagnetic analysis module and structural
analysis module, respectively. During the electromagnetic
force simulation, the rotor excitation current is set to the
rated excitation current 4128A, the rotor speed is set to the
synchronous speed 3000 rpm, the time step is 0.0005 s, and
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Figure 3: Stator windings: (a) section view and (b) 3D view results and discussion.

6 Mathematical Problems in Engineering



the simulation time is set to 0.12 s. ,e main parameters,
physical model, and grid division of the research object are
detailed in [24, 26].

,e normal air gap is 93mm, and the eccentricity ratio
and angle are set to 30% and + X axis λ� 0°, respectively. ,e
simulation of air gap static eccentricity is realized by moving
the stator of the physical model to - X axis by 28mm. ,e
short circuit degree is set to 5%, and the shorted turn
number is 6. ,e position of RISC is shown in Figures 2 and
5(a), and the center is at 0°. ,e excitation winding in the
short circuit slot is divided into normal turn and shorted
turn, which corresponds to the external circuit model, as
shown in Figure 5(b).

3.2. MFD Analysis. ,e normal MFD distribution is shown
in Figures 6(a) and 6(b) when t� 100ms. ,e MFD is a 3D
vector, and it has components in radial, axial, and tangential
direction. ,e synthetical MFD variation wave along tan-
gential and axial direction is shown in Figures 6(c) and 6(d),
respectively.

Because eccentricity mainly affects the permeance and
RISC will influence the MMF, the MFD will change under
the composite fault. It is indicated in Figure 6(c) that, at
the min air gap (that is, 0° or 360°), the MFD becomes less
under RISC, becomes larger under eccentricity, and is be-
tween the two single faults under the composite fault.

,e center section of the iron is defined as zero axial
coordinate. ,erefore, 0–315mm is the line part and 315∼ is
the end zone. It is shown in Figure 6(d) that the MFD is
larger at section of (0∼600mm) and decreases rapidly at the

section of (600mm∼) whether these faults occurred or not.
,e section of (0∼315mm) is effected by fault greatly, the
section of (315∼600mm) is little affected, and the section of
(600mm∼) is least impacted. ,e reason is that the end
leakage field is produced mainly by the stator windings, but
the line field is constructed by stator and rotor windings.
When the fault happens, both the rotor field and the stator
field will change. So the faults affect the line part greatly.

,e radial MFD wave and spectrum of point A and point
B are shown in Figures 7(a)–7(d). ,e two points are in the
line part and end part of the minimum air gap, respectively,
as shown in Figure 6(a).

It indicates in Figures 7(a) and 7(b) that the line part
MFD contains obvious 50Hz, 150Hz, and 250Hz compo-
nents and that is fundamental, 3rd, and 5th harmonic, re-
spectively. While RISC or composite fault happens, the
component of 100Hz (that is, 2nd harmonics) increases. In
the meantime, the amplitude of 50Hz component decreases
under RISC, increases under eccentricity, and is between
RISC and eccentricity under the composite fault. And these
conclusions are consistent with equation (6).

,e end part MFD also contains obvious 50Hz com-
ponent as shown in Figures 7(c) and 7(d). It is similar with
the line part MFD. At the same time, the amplitude varying
of 50Hz component is shown in Figures 7(e) and 7(f ), and
the tendency in the end part is approximate to the line part.
,is result reflects the reasonability of end part MFD der-
ivation via modifying line part MFD in (9).

3.3. Electromagnetic Force Analysis on the End Winding.
Because the line part is fixed in the stator slot, the force on
this part does not influence the vibration on the end
winding. ,erefore, we calculated the electromagnetic force
on the end involute.

,e electromagnetic force distribution of 42 end coils is
shown in Figure 8 when t� 100ms. It is indicated that the
electromagnetic force of coils 8–21 under composite fault is
less than the value under RISC.,is is because these coils are
180° away from the shorted turn center and the minimum air
gap position. So the MMF decreases (see Figure 2(b)), and
the permeance also decreases (see Figure 1), resulting in the
decrease of MFD and electromagnetic force. On the other
hand, the electromagnetic force of coil 29–42 under com-
posite fault is between the two single faults.,e reason is that
they are just near the shorted turn center and the minimum
air gap position. Although the MMF decreases, the per-
meance increases.

Table 1: Harmonic components and 2nd harmonic amplitude of end winding force.

Cases 2nd harmonic amplitude (C � q/2|Z|fkwskw1LvΛ20dl sin θk) Harmonic components (n + j)ω, (n − j)ω

Normal C · Fr1 ·

������������������������

F2
s1cos2ψ + (Fr1 − Fs1 sin ψ)2

􏽱

n � 1, 3, 5 . . ., j � 1, 3, 5 . . .

Eccentricity C · Fr1 · (1 + Δ)
�������������������������

Fs1
2cos2ψ + (Fr1 − Fs1 sin ψ)2

􏽱

n � 1, 3, 5 . . ., j � 1, 3, 5 . . .

RISC C · (Fr1 − Fd1) ·

�����������������������������

F2
s1cos2ψ + (Fr1 − Fd1 − Fs1 sin ψ)2

􏽱

n � 1, 3, 5 . . ., j � 1, 2, 3 . . .

Composite C · (Fr1 − Fd1) · (1 + Δ)
�����������������������������

F2
s1cos2ψ + (Fr1 − Fd1 − Fs1 sin ψ)2

􏽱

n � 1, 3, 5 . . ., j � 1, 2, 3 . . .

ANSYS workbench

Electromagnetic analysis Structural analysis 

Figure 4: Framework of simulation study.
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,e electromagnetic force of coil 34 under composite
fault is shown in Figure 9. Figure 9(a) indicates that the force
is a three-dimensional vector with components in axial,
radial, and circumferential directions. ,e axial forces of the
two involutes both point to the end top, and the radial forces
both deviate from the axis. However, the circumferential
force of the two parts directs oppositely. As shown in
Figure 9(c), in addition to the obvious DC constant, 100Hz
component, and the weak 200Hz component (that is, 4th
harmonic), there is a weak component at 150Hz (that is, 3rd
harmonic), which is consistent with the theoretical analysis
result of equation (9).

Since the DC component of the electromagnetic force
will not cause the vibration of the winding, and the am-
plitude of the higher-order component is small, the vibration
wearing of the winding is analyzed through the second
harmonic component of the force. Because the tangential

force directions of the two involutes are opposite, the
summed tangential force has little significance for vibration
analysis. ,erefore, only the 2nd harmonic amplitudes of
axial and radial electromagnetic forces before and after the
faults are analyzed in Figure 10. Coil 34 is at the min air gap;
therefore the electromagnetic force amplitude of the coils
near no. 34 increases under eccentricity, decreases under
RISC, and is between the two single faults under the
composite fault. Different from coil 34, coil 13 is at the max
air gap, so the electromagnetic force amplitude of coils near
coil 13 decreases under any fault, and it is the smallest in the
composite fault.

Affected by the static air gap eccentricity, the force
amplitude of coils 60° apart is no longer equal. For example,
during normal operation, the electromagnetic force am-
plitudes of coils 1, 8, 15, 22, 29, and 36 are approximately
equal. Under RISC, the electromagnetic force amplitudes of
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Figure 7: Radial MFD: (a, b) time wave and spectrum of point A, (c, d) time wave and spectrum of point B, and (e, f ) 50Hz component
amplitude of points A and B, respectively.
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all coils decrease. Under eccentricity, the electromagnetic
force amplitudes of coils 29 and 36 increase, while the
electromagnetic force amplitudes of coils 8 and 15 decrease.
Under the composite fault, the electromagnetic force am-
plitude of coils 29 and 36 is between the two single faults, and
the electromagnetic force amplitude of coils 8 and 15 is less
than any other states.

3.4. Mechanical Response Analysis. ,e coil is acted by the
altering stress and it may be fatigued after many times of
cycling repeat. Meanwhile, the wear is induced by friction
force and displacement, and the deformation is the pre-
sentation of vibration displacement. So we evaluate the wear
through deformation in the paper.

,e maximum stress and maximum deformation dis-
tribution of the windings under the composite fault is shown
in Figure 11. Coil 35 is the interphase coil closest to the
minimum air gap; it is indicated that the interphase coil
closest to the minimum air gap has a high risk of stress
fatigue and vibration wear. ,erefore, in the process of daily
maintenance, we should pay special attention to it.

Moreover, the simulation results show that the maxi-
mum stress and deformation occur at the root and nose part,
respectively, and the response on the middle part is also
larger. So the middle part, the nose part, and the root are the
most dangerous zone. ,is conclusion is consistent with the
actual damage as shown in Figure 12.

,emaximum stress and deformation of 17 points on coil
34 upper involute are shown in Figure 13.,e stress is large at
point Q of the involute root, position H-I of the middle, and
position A of the nose top, while the deformation at the upper
half part of the involute is large. Compared with the normal
situation, the maximum stress at the middle, root, and nose
changes greatly; the deformation of upper half part varies
greatly, while the deformation at the root changes less. ,e
maximum stress and deformation increase under eccentricity,
but decrease under RISC. ,e maximum response value
under the composite fault is between the two single faults.

Moreover, the max stress and deformation occurring
time on different position are not the same, but they are
similar in different cases. ,erefore, the key time data of
normal condition are summed in Table 2. ,e max defor-
mation times are mainly on 4 stages, and the max stress
times are on 3 stages.

Due to the large deformation of the upper half part, the
three-directional deformation amplitudes at position E of
coil 34 are compared in the 4 states, as shown in Figure 14. It
is indicated that the radial displacement is the largest in any
operation state.

Since the end windings structure two layers (see
Figure 3(b)), axial and radial vibration mainly causes wear
between adjacent coils in the same layer, as shown in
Figure 15(a). ,e axial and tangential vibration will cause
wear between the two neighbouring layers, as shown in
Figure 15(b). Because the deformation amplitude in radial is
greater than in axial and tangential directions, the wear of
windings in the same layer is greater than in the different
layers.

Under composite fault, the radial, axial, and circum-
ferential acceleration spectrum at point E of coil 34 is
shown in Figure 16. It indicates that the radial vibration of
the end winding is the largest, while the axial vibration and
tangential vibration are less. In addition, the vibration
components in the three directions contain significant
frequency component at 100Hz (that is 2nd harmonic).
,is result is consistent with the simulation result of
electromagnetic force, and reflects the frequency corre-
sponding relationship between electromagnetic force and
mechanical vibration response.

4. Experiment Study

It is pretty hard to test the combined fault data in a practical
turbo-generator set, while alternatively the faulty data can be
obtained on the simulated prototype generator. ,e CS-5
fault simulator is particularly designed and manufactured by
the authors. Such prototype generator has the same per-unit
values as the actual turbo-generator, which means the
property variations of the prototype generator can be treated
as the representation of the real one. Although the tested
data from the prototype generator may have some differ-
ences from the practical turbo-generators, the qualitative
developing tendency under the faults is consistent with the
actual generators.

,e CS-5 fault simulation generator set is shown in
Figure 17(a)), and it is in Hebei Key Laboratory for health
maintenance and failure prevention of electric machinery
equipment. ,e generator has one pair of poles, and the
mechanical rotation frequency of the rotor is 50Hz as well as
the electrical frequency. In the experiment, the acceleration
sensor is pasted on the end winding through double-sided
adhesive tape, as shown in Figure 17(b)). ,e vibration of a
single winding cannot be measured by the experimental
machine, but the measurement results can qualitatively
verify the simulation and theory. ,e exciting current and
voltage is set to 1.0 A and 4V respectively, the three-phase
load sliding line rheostat is 1000Ω, and the sampling fre-
quency is set to 5000Hz.

,e generator rotor of the unit is fixed on the foundation
through bearings, and the stator is placed on the sliding rail
that can move along the horizontal radial direction and axial
direction. ,e radial movement of the stator is carried on by
adjusting the eccentric setting screw, so as to realize the
simulation of the static air gap eccentricity. ,e eccentricity
value is controlled by two dial indicators, as shown in
Figure 17(a). During the experiment, the radial eccentricity
ratio is set as 30%, and the eccentricity value is 0.36mm. So
theminimum air gap is 0.84mm and themaximum air gap is
1.56mm.

,e RISC is simulated by short circuiting the short-
circuit tap on the external wiring board of generator, as
shown in Figure 17(c)). ,ree taps are led out at 5%, 10%,
and 15% of winding, which can simulate three different RISC
degrees. In the experiment, the short circuit degree is set to
5%.

Under composite fault, the three-directional vibration
acceleration spectrum of the end winding at the minimum
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Figure 11: Max mechanical response of stator windings: (a) max stress and (b) max deformation.
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Figure 12: Winding damage in the actual set: (a) nose damage, (b) middle damage, and (c) root damage.
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Figure 13: Continued.
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radial air gap is obtained experimentally, as shown in Fig-
ure 18. It is indicated in the figure that the vibration ac-
celeration contains obvious 100Hz frequency component

(that is, 2nd harmonic). ,e comparison of 2nd harmonic
amplitude before and after fault is shown in Figure 19(a). It
shows that the acceleration amplitude increases under
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Figure 13: Max mechanical response distribution on the upper involute of coil 34: (a) probe points, (b) stress distribution curve, and
(c) deformation distribution curve.

Table 2: Time of max deformation and stress.

Position A
(ms)

B
(ms)
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Q
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Max
deformation 19 19 5 4.5 4.5 4.5 4.5 14.5 14.5 14.5 14.5 14.5 10 10 10 10 10
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Figure 14: Max directional deformation: (a) probe point and (b) amplitude.
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Figure 15: Diagram of coil wearing: (a) the same-layer wearing and (b) different-layer wearing.
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Figure 16: Simulated result of vibration acceleration spectrum: (a) radial direction, (b) tangential direction, and (c) axial direction.
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Figure 18: Experimental result of vibration acceleration spectrum: (a) radial direction, (b) tangential direction, and (c) axial direction.
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eccentricity, decreases in RISC, and is between two single
faults under composite fault. ,is result is consistent with
the simulation analysis result, as shown in Figure 19(b).

5. Comparison Analysis of Different States

,rough the analysis of the electromagnetic force and
mechanical response, the differences under the normal
operation, static eccentricity, RISC, and composite fault are
summed in Table 3, where Dn, Dp, Ds, and Dc represent the
maximum deformation; Sn, Sp, Ss, and Sc represent the
maximum stress; An, Ap, As, and Ac represent the 2nd har-
monic amplitude of vibration acceleration under the four
states, respectively.

(1) Position of maximum stress and maximum defor-
mation: during normal operation and RISC, the
maximum stress and deformation occur on the in-
terphase coil. In case of eccentricity and composite
faults, the maximum stress and deformation occur
on the interphase coil closest to the minimum air
gap.

(2) Maximum stress and deformation of coil at the min-
imum air gap: the maximum stress and deformation of
the end coil at the minimum air gap become larger

under eccentricity than in normal operation, but they
become less under RISC. And the maximum values
under composite fault are between two single faults.

(3) Frequency component of vibration: during normal
operation and static eccentricity, the vibration of end
winding contains even harmonics, and in case of
RISC and composite fault, weak odd harmonics will
appear in the spectrum.

(4) Vibration amplitude of coils 60° the vibration
amplitude of end winding separated by 60° is
approximately equal in normal operation and
RISC. While in the case of static eccentricity and
composite fault, the vibration amplitudes are
different.

(5) 2nd harmonic amplitude of vibration acceleration: for
the coil at the minimum air gap, the amplitude of the
second harmonic amplitude of vibration acceleration
will increasewhen the static eccentricity occurs, but will
decrease under RISC. And under the composite fault,
the amplitude will be between the two single faults. For
the coil at the maximum air gap, the 2nd harmonic
amplitudes of vibration accelerationwill decrease in the
case of faults and its amplitude is the smallest under the
composite fault.
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Figure 19: Vibration acceleration comparison: (a) experimental result and (b) simulated result.

Table 3: Comparison of vibration characteristics.

Normal Eccentricity RISC Composite fault

Max stress and
deformation

Coil position Interphase Interphase closest
the min air gap Interphase Interphase closest

the min air gap
Coil at the min air

gap
Sn
Dn

Sp> Sn
Dp>Dn

Ss< Sn
Ds<Dn

Ss< Sc< Sp
Ds<Dc<Dp

Vibration

Frequency
components

Even
harmonics Even harmonics Even and weakly odd

harmonics
Even and weakly odd

harmonics
Amplitude of coils

60° apart Equal Unequal Equal Unequal

2nd harmonic
amplitude An

Min air gap: Ap>An
Max air gap: Ap<An

As<An

Min air gap: As<Ac<Ap
Max air gap: Ac<min(As,

Ap)<An
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6. Conclusions

In this paper, the electromagnetic force and mechanical
response of turbo-generator stator end winding before and
after typical electromechanical faults are theoretically ana-
lyzed, simulated with finite element method, and verified by
experiments. It is found that, under the composite fault,
weakly odd harmonic component will be brought. Mean-
while, the second harmonic amplitudes of the three-direc-
tional vibrations are between two single faults for the coil at
the minimum air gap, and it is smallest in the four states for
coil at the maximum air gap. Moreover, the maximum stress
and deformation under composite fault occur on the in-
terphase coil closest to the minimum air gap. Under any
operating conditions, the same-layer wear is greater than the
different-layer wear. ,e fault mainly affects the fatigue
strength of the nose, middle, and root part and chiefly affects
the vibration wear of the upper half part for the involute, and
the influence trend is the same as the second harmonic
amplitude of the vibration.

,is paper is an exploration of the research method, and
the analysis results have a certain reference value for the
actual situation. In the future study, the fixed mode of
windings can be considered for more accurate simulation
and analysis.
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