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Abstract: In this article, the stator winding circulating current inside parallel branches (CCPB) of
a doubly fed induction generator (DFIG) is comprehensively investigated. Different from other
studies, this study not only focuses on the CCPB in radial static air-gap eccentricity (RSAGE) and
radial dynamic air-gap eccentricity (RDAGE) but also takes the radial hybrid air-gap eccentricity
(RHAGE) cases into account. Firstly, the detailed expressions of CCPB in normal and radial air-gap
eccentricity (RAGE) are obtained. Then, the finite element analysis (FEA) and experimental studies
are performed on a four-pole DFIG with a rated speed of 1470 rpm in order to verify the theoretical
analysis. It is shown that the RAGE increases the amplitude of the CCPB and brings new frequency
components to the CCPB. For RSAGE, the CCPB brings new frequency components, which are f 1

(50) and fµ (540/640). For RDAGE, the newly generated frequency components are f 1 ± f r (25/75),
f u ± fr (515/565/615/665, and k = ±1). For RHAGE, the newly added frequency components in
RSAGE and RDAGE are present at the same time. In addition, the more the RAGE degree is, the
larger the amplitude of characteristic frequency components will be. The results obtained in this
paper can be used as a supplementary criterion for diagnosing DFIG eccentric faults.

Keywords: doubly fed induction generator (DFIG); radial static air-gap eccentricity (RSAGE); radial
dynamic air-gap eccentricity (RDAGE); radial hybrid air-gap eccentricity (RHAGE); circulating
current inside parallel branches (CCPB)

1. Introduction

In contrast to traditional fossil energy sources such as oil and coal, wind energy is a
new energy source, which is renewable and clean [1]. Against the backdrop of the double-
carbon goal, the cumulative installed capacity of China’s wind generators has maintained
a steady growth trend. At present, the onshore wind generators are mainly double-fed
induction generators (DFIGs). However, due to their complex structure, high assembly
requirements, and severe operating environment, eccentricity failure often occurs in DFIGs.
Therefore, it is essential to study the operating characteristics of DFIG under eccentric
faults [2,3].

Radial air-gap eccentricity (RAGE) is a common machinery failure, which is produced
by various factors [4,5]. When eccentric failures occur, additional induction current compo-
nents are generated in the generator stator winding due to variations in the air-gap length,
resulting in a decrease in the quality of the output electrical energy of the generator. In
addition, RAGE will cause generator vibration to intensify, resulting in serious production
liability accidents, such as rotor shaft bending, a shortened generator life, and even burnout
of the generator [6,7]. Based on the above reasons, it is necessary to study RAGE faults,
which will benefit the early diagnosis and treatment of faults.
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During the actual generator operation, the eccentricity of DFIGs can be divided into
three categories, which are radial static air-gap eccentricity (RSAGE), radial dynamic air-
gap eccentricity (RDAGE), and radial hybrid air-gap eccentricity (RHAGE), respectively.
Particularly, RHAGE is the composite of RSAGE and RDAGE [8].

Currently, many scholars have researched the characteristics of the eccentricity of
the generator. Y. Da used the search coil to detect the magnetic field characteristics of the
electrical machinery after RSAGE [9]. S. Attestog studied the magnetic field characteristics
after an RDAGE failure [10]. D.G. Dorrell detected eccentric faults in wound rotor induction
motors and suppressed unbalanced magnetic pull by using pole-specific search coils and
auxiliary windings [11]. Based on the work of the predecessors, several studies [6,12,13]
used non-embedded search coils to detect various types of air-gap eccentric faults. In
addition, the use of vibration characteristics to detect the eccentric failure of the generator
is also favored by researchers. Wan Shu-ting studied the vibration characteristics of stator
and rotor under the eccentricity fault of the turbine generator [14]. D. Zarko studied the
unbalanced magnetic force of the rotor under the eccentricity of the generator and measured
the axis trajectory of the rotor [15]. Y.-L. He studied the vibration characteristics of the rotor
under 3D eccentricity [16]. The winding vibration characteristics of the generator under
eccentric failure were also addressed [17].

Another widely used approach is to detect the changes in voltage/current amplitude
and frequency to determine whether an eccentric failure occurs. R.N. Andriamalala de-
tected eccentricity faults by detecting fault signals in the stator voltage [18]. J. Faiz used
the frequency spectrum detection of line currents as an indicator for eccentricity fault
diagnosis [19]. C. Bruzzese used a split-phase current to detect eccentricity faults in syn-
chronous machines [20] and DFIGs [21]. Xiang Gong proposed a pulse detection algorithm
to detect eccentricity faults by identifying excitations from the spectrum of simultaneously
sampled stator current signals [22]. A.A. Salah used the changes in the magnitude of stator
current components to detect eccentricity faults [23]. E. Hamatwi detected short-circuit and
eccentricity faults in DFIGs by collecting and analyzing real-time stator current signals [24].

The stator winding circulating current inside parallel branches (CCPB) of genera-
tors under faults is also addressed by researchers. As early as 1999, A. Foggia mea-
sured the CCPB of synchronous generators under eccentricity and short-circuit faults [25].
P. Rodriguez pointed out the advantages of using the CCPB of a synchronous motor stator
as an early indicator of motor faults (RSAGE and RDAGE) [26]. Wan Shuting studied stator
CCPB characteristics under turbo-generator eccentricity [27]. M.M. Mafruddin studied
CCPB characteristics under RSAGE failure of synchronous generators [28]. Xu studied the
influence of the degree and location of short circuits between the turns of the generator
rotor on the CCPB [29].

The above references provide a valuable research idea for this paper. Table 1 is used to
show the previous research work more clearly. From Table 1, it can be seen that few studies
have investigated the CCPB characteristics of DFIGs under RHAGE failure. In fact, the
occurrence of eccentricity faults can have a significant impact on the stator CCPB. Studying
CCPB changes in DFIG can help determine the type and extent of eccentricity.

Table 1. Overview of previous work in the literature.

Reference Fault Type Detection Object Research Method

[21] eccentricity DFIG split-phase current
[24] eccentricity and short circuit DFIG stator current
[25] eccentricity and short circuit synchronous generator CCPB
[26] RSAGE and RDAGE synchronous motor CCPB
[27] RHAGE turbo-generator CCPB
[28] RSAGE synchronous generator CCPB
[29] short circuit synchronous generator CCPB

This work RHAGE DFIG CCPB
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In this paper, we present a comprehensive analysis of the characteristic of CCPB in
RSAGE, RDAGE, and RHAGE faults. The structure of this paper is as follows: In Section 2,
we mainly describe the theoretical derivation process, while in Section 3, the finite element
model calculations and experimental verification are carried out. Finally, Section 4 is the
summary of this paper.

2. Theoretical Analysis
Theoretical Model

Magnetic flux density (MFD) can be obtained by multiplying the magnetomotive force
(MMF) by the permeance per unit area (PPUA) as follows:

b(αm, t) = f (αm, t)Λ(αm, t) (1)

where b is MFD, f is MMF, and Λ is PPUA.
The air-gap MMF in the spatial angle αm can be written as

f (αm, t) = fp(αm, t) + ∑
v

fv(αm, t) + ∑
µ

fµ(αm, t) (2)

where fp (αm, t), fv (αm, t), and fµ (αm, t) are the main wave composite MMF, the stator
winding harmonic MMF, and the rotor winding harmonic MMF, respectively. In addition,
p is the number of pole pairs of the main wave composite MMF. v and µ are the number of
pole pairs of the stator and rotor winding tooth harmonic MMF, respectively.

The specific expression of each part of the MMF is
fp(αm, t) = F0 cos(pαm −ω1t− ϕp)
fv(αm, t) = Fv cos(vαm −ω1t− ϕv)
fµ(αm, t) = Fµ cos(µαm −ωµt− ϕµ)
v = ±k1Z1 + p, k1 = 1, 2 · · ·
µ = ±k2Z2 + p, k2 = 1, 2 · · ·

(3)

where F0, Fv, and Fµ are the amplitude of the main wave composite MMF, the stator
winding harmonic MMF, and the rotor winding harmonic MMF, respectively. ϕp is the
initial phase angle of the main wave composite MMF. ϕv and ϕµ are the initial phase angles
of the stator v and rotor µ subharmonic MMFs. ω1 is the angular frequency of the main
wave synthesized MMF, and ωµ is the angular frequency of the rotor µ order harmonic
MMF relative to the stator. Z1 is the number of stator slots, and Z2 is the number of
rotor slots.

The ωµ can be expressed as

ωµ = ω1[1 + k2Z2(1− s)/p] (4)

where s is the slip ratio of the DFIG.
The air-gap length affects the magnetic PPUA, which in turn affects the air-gap MFD.

Firstly, a geometric model of the generator stator and rotor motion during eccentricity is
established, and the expression of air-gap length is obtained, as indicated in Figure 1. Given
that the stator and rotor cross-sectional edges are approximately ideal circles, and the shape
and position of the stator and rotor do not alter in the axial direction, there is no axial
eccentricity. According to the rotor movement characteristics, the eccentricity faults are
divided into RSAGE, RDAGE, and RHAGE, as shown in Figure 1. In this article, RSAGE is
the situation where O′ (O”) deviates from O, RDAGE is the case where O′ deviates from O
(O”), and the numerals behind are offset distances (the unit is millimeter). RHAGE is the
coexistence of both RSAGE and RDAGE (RHAGE0.1 = RSAGE0.1 + RDAGE0.1). Details
are as follows:



Energies 2022, 15, 6152 4 of 15

(1) O, O′, and O” coincide when there is no eccentricity;
(2) In RSAGE, O′ coincides with O” but not with O;
(3) In RDAGE, O and O” coincide but not with O′;
(4) In RHAGE, O, O′, and O” do not coincide.

Figure 1. Air-gap under the generator is RAGE.

O, O′, and O” in different cases are shown in Figure 2.

Figure 2. Air-gap of generator: (a) normal; (b) RSAGE; (c) RDAGE; (d) RHAGE.

PPUA should depend on the radial air-gap length, which is affected by RAGE. Ac-
cording to Figure 1, the radial air-gap length can be written as

g(am, t) =


g0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·normal
g0(1− δs cos αm) · · · · · · · · · · · · · · · · · · · ·RSAGE
g0[1− δd cos(ωrt− αm)] · · · · · · · · · · · · · ·RDAGE
g0[1− δs cos αm − δd cos(ωrt− αm)] · · · ·RHAGE

(5)

where g0 is the air-gap length in normal conditions, and αm is the circumferential angle
of the air gap. δs and δd are the values of static eccentricity and dynamic eccentricity,
respectively. ωr is the rotational frequency of the rotor under RDAGE.

Then, based on Equation (5), PPUA can be obtained as

Λ(am, t) =
µ0

g(am, t)
≈



Λ0 + ∑
k1

λk1 + ∑
k2

λk2 + ∑
k1

∑
k2

λk1 λk2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·normal

(Λ0 + ∑
k1

λk1 + ∑
k2

λk2 + ∑
k1

∑
k2

λk1 λk2)(1 + δs cos αm + δ2
s cos2 αm) · · · · · · · ·RSAGE

(Λ0 + ∑
k1

λk1 + ∑
k2

λk2 + ∑
k1

∑
k2

λk1 λk2)[1 + δd cos(ωrt− αm)] · · · · · · · · · · · · · RDAGE

(Λ0 + ∑
k1

λk1 + ∑
k2

λk2 + ∑
k1

∑
k2

λk1 λk2)[1 + δs cos αm + δd cos(ωrt− αm)] · · · RHAGE

(6)

where Λ0 is the constant part of the air-gap permeance. λk1 is the harmonic permeance
caused when the stator is slotted, and the rotor surface is smooth. λk2 is the harmonic
permeance caused when the rotor is slotted, and the stator surface is smooth. λk1 λk2 is
the harmonic permeance caused by a simultaneous slotting interaction of the stator and
the rotor.
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MFD can be obtained by feeding Equations (3) and (6) into Equation (1) as follows:

B(αm , t) = f (αm , t)Λ(αm , t)

=



F0Λ0 cos
(

pαm −ω1 t− ϕp
)
+ ∑

v
FvΛ0 cos

(
vαm −ω1 t− ϕv

)
+ ∑

µ
Fµ Λ0 cos

(
µαm −ωµ t− ϕµ

)
+ ∑

k1

F0Λ0λk1
2 cos

(
vαm −ω1 t− ϕv

)
+∑

k2

F0Λ0λk2
2 cos

(
µαm −ωµ t− ϕµ

)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·normal

F0Λ0 cos
(

pαm −ω1 t− ϕp
)
+ ∑

v
FvΛ0 cos

(
vαm −ω1 t− ϕv

)
+ ∑

µ
Fµ Λ0 cos

(
µαm −ωµ t− ϕµ

)
+ ∑

k1

F0Λ0λk1
2 cos

(
vαm −ω1 t− ϕv

)
+∑

k2

F0Λ0λk2
2 cos

(
µαm −ωµ t− ϕµ

)
+

F0Λ0δs
2 cos

[
(p± 1)αm −ω1 t− ϕp

]
+ ∑

v
FvΛ0δs

2 cos
[
(v± 1)αm −ω1 t− ϕv

]
+∑

µ

Fµ Λ0δs
2 cos

[
(µ± 1)αm −ωµ t− ϕµ

]
+ ∑

k1

F0Λ0λk1
δs

2 cos
[
(v± 1)αm −ω1 t− ϕv

]
+ ∑

k2

F0Λ0λk2
δs

2 cos
[
(µ± 1)αm −ωµ t− ϕµ

]
· · · · · · · · · · · · · · · · · · · · · ·RSAGE

F0Λ0 cos
(

pαm −ω1 t− ϕp
)
+ ∑

v
FvΛ0 cos

(
vαm −ω1 t− ϕv

)
+ ∑

µ
Fµ Λ0 cos

(
µαm −ωµ t− ϕµ

)
+ ∑

k1

F0Λ0λk1
2 cos

(
vαm −ω1 t− ϕv

)
+∑

k2

F0Λ0λk2
2 cos

(
µαm −ωµ t− ϕµ

)
+

F0Λ0δd
2 cos

[
(p± 1)αm − (ω1 ±ωr )t− ϕp

]
+ ∑

v
FvΛ0δd

2 cos
[
(v± 1)αm − (ω1 ±ωr )t− ϕv

]
+∑

µ

Fµ Λ0δd
2 cos

[
(µ± 1)αm − (ωµ ±ωr )t− ϕµ

]
+ ∑

k1

F0Λ0λk1
δd

2 cos
[
(v± 1)αm − (ω1 ±ωr )t− ϕv

]
+ ∑

k2

F0Λ0λk2
δd

2 cos
[
(µ± 1)αm − (ωµ ±ωr )t− ϕµ

]
· · · RDAGE

F0Λ0 cos
(

pαm −ω1 t− ϕp
)
+ ∑

v
FvΛ0 cos

(
vαm −ω1 t− ϕv

)
+ ∑

µ
Fµ Λ0 cos

(
µαm −ωµ t− ϕµ

)
+ ∑

k1

F0Λ0λk1
2 cos

(
vαm −ω1 t− ϕv

)
+∑

k2

F0Λ0λk2
2 cos

(
µαm −ωµ t− ϕµ

)
+

F0Λ0δs
2 cos

[
(p± 1)αm −ω1 t− ϕp

]
+ ∑

v
FvΛ0δs

2 cos
[
(v± 1)αm −ω1 t− ϕv

]
+

∑
µ

FµΛ0δs
2 cos

[
(µ± 1)αm −ωµ t− ϕµ

]
+ ∑

k1

F0Λ0λk1
δs

2 cos
[
(v± 1)αm −ω1 t− ϕv

]
+ ∑

k2

F0Λ0λk2
δs

2 cos
[
(µ± 1)αm −ωµ t− ϕµ

]
+

F0Λ0δd
2 cos

[
(p± 1)αm − (ω1 ±ωr )t− ϕp

]
+ ∑

v
FvΛ0δd

2 cos
[
(v± 1)αm − (ω1 ±ωr )t− ϕv

]
+ ∑

µ

Fµ Λ0δd
2 cos

[
(µ± 1)αm − (ωµ ±ωr )t− ϕµ

]
+∑

k1

F0Λ0λk1
δd

2 cos
[
(v± 1)αm − (ω1 ±ωr )t− ϕv

]
+ ∑

k2

F0Λ0λk2
δd

2 cos
[
(µ± 1)αm − (ωµ ±ωr )t− ϕµ

]
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · RHAGE

(7)

According to Equation (7), RSAGE introduces extra MFD harmonic components,
whose spatial coefficients are p ± 1, v ± 1, and µ ± 1, and the corresponding frequencies
are ω1, ω1, and ωµ. The stator winding adopts a double Y-shaped connection, and each
phase has two parallel branches, as shown in Figure 3.

Figure 3. Schematic diagram of a double Y-shaped connection of the stator winding.

In Figure 3, U1U2 is the two branches of the A-phase winding. V1V2 is the two
branches of the B-phase winding. W1W2 is the two branches of the C-phase winding.

Using the knowledge of electrical machinery, the high order and small amplitude
harmonics can be ignored, and the instantaneous value of the induced electromotive force
of a single parallel branch of the generator stator winding is determined as

E(αm, t) = qwckw1b(αm, t)lv = qwckw1b(αm, t)l(2τ f ) = 2qwckw1τl f Λ0

×



{
F0 cos

(
pαm −ω1t− ϕp

)
+ ∑

v
Fv cos(vαm −ω1t− ϕv) + ∑

µ
Fµ cos

(
µαm −ωµt− ϕµ

)}
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · normal{

F0 cos
(

pαm −ω1t− ϕp
)
+ ∑

v
Fv cos(vαm −ω1t− ϕv) + ∑

µ
Fµ cos

(
µαm −ωµt− ϕµ

)
+ F0δs

2 cos
[
(p± 1)αm −ω1t− ϕp

]
+ ∑

v

Fvδs
2 cos[(v± 1)αm −ω1t− ϕv] + ∑

µ

Fµδs
2 cos

[
(µ± 1)αm −ωµt− ϕµ

]}
· · · · · · · · · · · · · · · · · · · · · RSAGE{

F0 cos
(

pαm −ω1t− ϕp
)
+ ∑

v
Fv cos(vαm −ω1t− ϕv) + ∑

µ
Fµ cos

(
µαm −ωµt− ϕµ

)
+ F0δd

2 cos
[
(p± 1)αm − (ω1 ±ωr)t− ϕp

]
+ ∑

v

Fvδd
2 cos[(v± 1)αm − (ω1 ±ωr)t− ϕv] + ∑

µ

Fµδd
2 cos

[
(µ± 1)αm − (ωµ ±ωr)t− ϕµ

]}
· · · RDAGE

F0 cos
(

pαm −ω1t− ϕp
)
+ ∑

v
Fv cos(vαm −ω1t− ϕv) + ∑

µ
Fµ cos

(
µαm −ωµt− ϕµ

)
+ F0δs

2 cos
[
(p± 1)αm −ω1t− ϕp

]
+ ∑

v

Fvδs
2 cos[(v± 1)αm −ω1t− ϕv] + ∑

µ

Fµδs
2 cos

[
(µ± 1)αm −ωµt− ϕµ

]
+

F0δd
2 cos

[
(p± 1)αm − (ω1 ±ωr)t− ϕp

]
+ ∑

v

Fvδd
2 cos[(v± 1)αm − (ω1 ±ωr)t− ϕv] + ∑

µ

Fµδd
2 cos

[
(µ± 1)αm − (ωµ ±ωr)t− ϕµ

]
 · · · · · · · · · · · · · · · · · · · RHAGE

(8)

where f is the mechanical rotation frequency of the rotor. l is the air-gap length. q is
the number of slots per pole per phase. τ is the pole pitch. wc is the number of turns of a
single coil. kw1 is the fundamental winding factor, the expression of which is

kw1 = ky1 × kq1 = sin
(

90
◦ × y/τ

)
× sin(qα1/2)/(q sin(α1/2)) (9)

In Equation (9), ky1 is the fundamental wave pitch factor, kq1 is the fundamental wave
distribution factor, α1 is the slot angle, and y is the stator winding pitch.
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The corresponding sides of the two parallel branches of the generator have a certain
law in the spatial distribution. The equivalent circuit of the parallel branch of the A-phase
stator winding can be drawn as shown in Figure 4.

Figure 4. Circulating current loop between parallel branches of stator winding.

Where R1, R2, L1, and L2 are the resistance and self-inductance of two parallel branches
of the A-phase, respectively. M1 and M2 are the mutual inductances of each branch and
other branches, respectively. I1 and I2 are the currents corresponding to the two branches,
Ic is the circulating current.

The induced electromotive force of the two branches can be expressed as




Ea1(αm , t) = 2qwckw1τl f Λ0 =

{
F0 cos

(
pαm −ω1 t− ϕp

)
+ ∑

v
Fv cos

(
vαm −ω1 t− ϕv

)
+ ∑

µ
Fµ cos

(
µαm −ωµ t− ϕµ

)}

Ea2(αm , t) = 2qwckw1τl f Λ0 =

{
F0 cos

(
p(αm + π)−ω1 t− ϕp

)
+ ∑

v
Fv cos

(
v(αm + π)−ω1 t− ϕv

)
+ ∑

µ
Fµ cos

(
µ(αm + π)−ωµ t− ϕµ

)}
 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·normal



Ea1(αm , t) = 2qwckw1τl f Λ0 =


F0 cos

(
pαm −ω1 t− ϕp

)
+ ∑

v
Fv cos

(
vαm −ω1 t− ϕv

)
+ ∑

µ
Fµ cos

(
µαm −ωµ t− ϕµ

)
+

F0δs
2 cos

[
(p± 1)αm −ω1 t− ϕp

]
+ ∑

v
Fvδs

2 cos
[
(v± 1)αm −ω1 t− ϕv

]
+ ∑

µ

Fµ δs
2 cos

[
(µ± 1)αm −ωµ t− ϕµ

]


Ea2(αm , t) = 2qwckw1τl f Λ0 =


F0 cos

(
p(αm + π)−ω1 t− ϕp

)
+ ∑

v
Fv cos

(
v(αm + π)−ω1 t− ϕv

)
+ ∑

µ
Fµ cos

(
µ(αm + π)−ωµ t− ϕµ

)
+

F0δs
2 cos

[
(p± 1)(αm + π)−ω1 t− ϕp

]
+ ∑

v
Fv δs

2 cos
[
(v± 1)(αm + π)−ω1 t− ϕv

]
+ ∑

µ

Fµδs
2 cos

[
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where wa1 = wa2 = wc, R1 = R2, L1 = L2, I1 = I2, and E1 = E2. Therefore, the CCPB of the
stator can be expressed as

Ua12(αm, t) = Ea1(αm, t) + jωLa1 Ia1 + Ra1 Ia1 + jω∑
i

Ma1i Ii

− jω∑
k

Ma2k Ik − Ra2 Ia2 − jωLa2 Ia2 − Ea2(αm, t)
(11)

Feeding Equation (10) into Equation (11), we can obtain the potential difference
between the two parallel branches of the generator stator winding before and after SAGE,
which can be expressed as

Ua12(αm , t) = 2qwckw1τl f Λ0

×
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· · · · · · · · · · · · · · ·RSAGE
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)
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)
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] · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·RDAGE
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]
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] · · ·RHAGE

(12)
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For the sake of analyzing the effect on CCPB characteristics before and after the SAGE
fault, the components introduced in different air-gap eccentricity faults were classified
according to the same frequency, as shown in Table 2.

Table 2. Circulating current characteristics of stator parallel branches before and after eccentricity.

Cases Amplitude Number of Pole Pairs Freq. Impact Factor
Normal - - - -

2qwckw1τlf Λ0δsF0 p ± 1 ω1 q, wc, kw1, τ, l, f, F0, Λ0, δs
2qwckw1τlf Λ0δsFv v ± 1 ω1 q, wc, kw1, τ, l, f, Fv, Λ0, δsRSAGE
2qwckw1τlf Λ0δsFµ µ ± 1 ωµ q, wc, kw1, τ, l, f, Fµ, Λ0, δs
2qwckw1τlf Λ0δdF0 p ± 1 ω1 ± ωr q, wc, kw1, τ, l, f, F0, Λ0, δd
2qwckw1τlf Λ0δdFv v ± 1 ω1 ± ωr q, wc, kw1, τ, l, f, Fv, Λ0, δdRDAGE
2qwckw1τlf Λ0δdFµ µ ± 1 ωµ ± ωr q, wc, kw1, τ, l, f, Fµ, Λ0, δd
2qwckw1τlf Λ0δsF0 ω1 q, wc, kw1, τ, l, f, F0, Λ0, δs
2qwckw1τlf Λ0δdF0

p ± 1
ω1 ± ωr q, wc, kw1, τ, l, f, F0, Λ0, δd

2qwckw1τlf Λ0δsFv ω1 q, wc, kw1, τ, l, f, Fv, Λ0, δs
2qwckw1τlf Λ0δs Fv

v ± 1
ω1 ± ωr q, wc, kw1, τ, l, f, Fv, Λ0, δd

2qwckw1τlf Λ0δdFµ ωµ q, wc, kw1, τ, l, f, Fµ, Λ0, δs

RHAGE

2qwckw1τlf Λ0δdFµ
µ ± 1

ωµ ± ωr q, wc, kw1, τ, l, f, Fµ, Λ0, δd

According to Table 2 and Equation (12), there is no CCPB of the stator winding under
normal operation. The CCPB of the stator winding appears after the occurrence of RAGE.
It is mainly composed of three parts: The first part is caused by an additional magnetic
field with a pole pair number of p ± 1 and a corresponding frequency of ω1 that will be
introduced by the static eccentricity fault. The second part is caused by an additional
magnetic field with a pole pair number of v ± 1 and a corresponding frequency of ω1
caused by the static eccentricity fault. The third part is caused by the additional magnetic
field with a pole pair number of µ ± 1 and a corresponding frequency of ωµ caused by
the static eccentricity fault. RDAGE also introduces new frequency components compared
with normal conditions, which are f 1 ± f r and f u ± f r, respectively. The f 1 ± f r frequency
component includes magnetic pole log numbers of p ± 1 and v ± 1, and the f u ± f r
frequency component includes a magnetic polar log of µ ± 1. The RHAGE frequency
ingredient is an overlay of RSAGE and RDAGE.

In order to clarify the influence of the variables in MFD and CCPB expressions, the
changes in the frequency components and amplitude of the MFD and CCPB before and
after the different types of eccentricity are listed in Table 3.

Table 3. Frequency components and trends in normal and RAGE cases (theory).

Condition MFD CCPB Trend
normal f 1, fµ f 1, fµ -

RSAGE0.1
RSAGE0.2
RSAGE0.3

f 1, fµ f 1, fµ increase

RDAGE0.1
RDAGE0.2
RDAGE0.3

f 1, fµ, f 1 ± fr, fµ ± fr f 1, fµ, f 1 ± fr, fµ ± fr increase

RHAGE0.1
RHAGE0.2
RHAGE0.3

f 1, fµ, f 1 ± fr, fµ ± fr f 1, fµ, f 1 ± fr, fµ ± fr increase

According to Table 3, RSAGE only changes the amplitude of the MFD and CCPB
without changing their frequency components. Conversely, RDAGE and RHAGE faults
change the frequency components and amplitude of the MFD and CCPB at the same time.
In addition, with an increase in the eccentric volume, the amplitude of the frequency
component of the MFD (the side of the decrease in air gap) and CCPB also increases.
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3. FEA and Experiment Validation
3.1. FEA and Experiment Setup

In this study, FEA and experiments were performed on a double-fed asynchronous
wind turbine with two pairs of poles. The main parameters of the generator are shown in
Table 4. The simulation model established by using ANSYS Electronic is shown in Figure 5,
and the experimental units are shown in Figure 6.

Table 4. Parameters of DFIG prototype generator.

Parameters Value Parameters Value

Rated capacity 5.5 kW Rated rotating speed nr = 1500 rpm
Stator core length l = 155 mm Stator external diameter 210 mm
Parallel branches α = 2 Rotor external diameter 134 mm

air-gap length 1 mm Power factor cos ϕ = 0.8
Rated voltage 380 V Stator slots Z1 = 36

Pole pairs p = 2 Rotor slots Z2 = 24

Figure 5. FEA model: (a) DFIG two-dimensional model; (b) external circuit model.

Figure 6. Experimental device of DFIG system.

According to the working principle of the ANSYS Electronics ACT, the following
assumptions can be made: The origin of the coordinate axis (the geometric center of the
stator) is defined as Os, and the center of rotation of the rotor is defined as Or. The rotor
rotates at an angular velocity ω around Or. In RDAGE, the rotation of the rotor also
simultaneously occurs around a point with the angular velocity ω, so the center of the
rotational trajectory of Or is defined as Or’. The RSAGE, RDAGE, and RHAGE can be
obtained by combining Os, Or, and Or’. In addition, the eccentricity fault level was set to
0.1, 0.2, and 0.3 in each case. In this paper, the positive direction of the X-axis was chosen
as the eccentricity direction.
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Since the air-gap eccentricity fault is a mechanical fault, it has no effect on the external
circuit. Therefore, all the external circuits used in this paper are shown in Figure 5b.

The actual speed of the simulation model of this paper is 1470 rpm, that is, the slip
rate s= (1500 − 1470)/1500 = 2%. Therefore, the value of fu = 540/640 (k2 = ±1). This article
only lists the frequency components for which the absolute value of k2 is less than 2.

The overall structure of the generator is shown in Figure 6. The degree of the RSAGE of
the generator was achieved by the radial displacement of the stator. The radial displacement
of the stator was controlled by adjusting four screws on the front and back, and the specific
offset distance was measured by dial indicators, as indicated in Figure 6. In addition, the
degree of RDAGE was adjusted by exchanging the wedges embedded in the grooves of the
rotor core, as seen in Figure 6. Specifically, normal wedges flushed with the circumferential
surface of the rotor, and 0.1 mm, 0.2 mm, and 0.3 mm wedges above the circumferential
surface were prepared in advance; the degree of the RDAGE eccentricity increased as the
height of the replacement wedges increased. The external equipment of the generator
(control cabinet and load bank) is shown in Figure 6. The experiments and FEA calculations
had the same parameter settings and were conducted four times in the following order:

(1) Common normal condition;
(2) RSAGE of 0.1, 0.2, and 0.3 mm;
(3) RDAGE of 0.1, 0.2, and 0.3 mm;
(4) RHAGE of 0.1, 0.2, and 0.3 mm.

3.2. FEA Results’ Discussion

The air-gap MFD results in different cases are shown in Figure 7 and Table 5. The anal-
ysis of the simulation time domain results revealed that as the extent of the degree of eccen-
tricity increased, the amplitude of the local magnetic field density of the air gap increased.

Table 5. Simulation results of MFD.

RSAGE (×10−3) RDAGE (×10−3) RHAGE (×10−3)Type Freq. Normal
(×10−3) 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3

f 1 50 709.10 751.80 799.4 856.45 697.20 716.45 717.15 754.60 809.90 879.55
540 91.80 104.23 118.12 137.55 92.64 94.39 94.60 106.05 121.59 149.06f u 640 23.25 25.452 27.21 30.14 23.19 24.20 25.19 25.71 28.50 32.99

f 1 ± f r
25 - - - - 13.88 32.41 48.75 19.13 46.65 85.12
75 - - - - 15.86 40.39 59.57 22.39 50.54 86.45

515 - - - - 8.05 13.53 18.18 10.47 20.27 36.99
564 - - - - 11.39 20.06 27.93 13.87 28.02 52.46
615 - - - - 2.32 2.71 3.78 2.71 4.13 6.24

f u ± fr

664 - - - - 3.59 6.11 8.34 4.13 7.96 15.22
Trend - - increase increase increase

The occurrence of RAGE changed the frequency component of the MFD. The RSAGE
condition did not change the composition of the frequency components and only affected
the size of the amplitude, as shown in Figure 7a,b. However, RDAGE resulted in f 1 ± fr
(25/75) fu ± fr (515/564, k2 =±1) for the MFD, as shown in Figure 7c,d. The result of RHAGE
was the superposition of RSAGE and RDAGE. Therefore, the frequency components of
RHAGE were consistent with RDAGE, as shown in Figure 7e,f and Table 5. The amplitude
of these frequency components was enlarged with an increase in eccentricity.

According to the setting of the simulation model speed, one cycle of the DFIG was
approximately 40 ms, and the CCPB in this article used a stable waveform of 60–100 ms,
as shown in Figure 8 and Table 6. According to Figure 8a–e, the amplitude of the CCPB
was close to zero under normal conditions. However, the amplitude of the CCPB increased
with the development of RAGE, as indicated in Figure 8 and Table 6.
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Figure 7. The MFD in before and after RAGE conditions: (a) the MFD time domain in RSAGE; (b) the
frequency domain in RSAGE; (c) the MFD time domain in RDAGE; (d) the frequency domain in
RDAGE; (e) the MFD time domain in RHAGE; (f) the frequency domain in RHAGE.

From Figure 8b,d,f, it can be derived that the CCPB frequency components f 1 (50) and f u
(540/640) were induced when RSAGE occurred. Similarly, RDAGE yielded f 1 ± f r (25/75)
and f u ± fr (515/565/615/665, k2 =±1) for the CCPB frequency components. The frequency
components of the CCPB during RHAGR were the superposition of RSAGR and RDAGR.
Generally, with the increase in RAGE, the amplitude of each component also increased. The
frequency component calculated by using FEA was consistent with the theoretical analysis.
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Figure 8. The stator CCPB in normal and RAGE conditions: (a) the time domain of stator CCPB in
RSAGE; (b) the frequency domain in RSAGE; (c) the time domain of stator CCPB in RDAGE; (d) the
frequency domain in RDAGE; (e) the time domain of stator CCPB in RHAGE; (f) the frequency
domain in RHAGE.

3.3. Experiment Results’ Discussion

The experimental data were obtained on the DFIG experimental unit, as indicated in
Figure 6. Regardless of the branches of the A-phase, B-phase, or C-phase, it can be seen
that the degree of eccentricity caused an increase in the amplitude of the CCPB, as shown
in Figure 9a–c. The change in frequency components also changed the curves’ shape. The
frequency components of each case are shown in Figure 9. More details can be seen in
Table 7.
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Table 6. Simulation results of CCPB.

RSAGE (×10−3) RDAGE (×10−3) RHAGE (×10−3)Type Freq. Normal 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
f 1 50 - 65.15 127.01 195.01 - - - 14.16 71.34 212.8

540 - 1.582 3.134 4.789 - - - 1.754 3.511 5.616f u 640 - 0.063 1.148 1.453 - - - 0.933 1.86 2.591

f 1 ± f r
25 - - - - 89.38 210.9 319 103.5 210.3 320.5
75 - - - - 85.45 223.9 338.7 110.5 226.3 353.8

515 - - - - 1.337 3.011 4.302 1.717 3.758 6.481
565 - - - - 0.561 1.329 1.91 0.763 1.479 2.113
615 - - - - 0.331 0.736 1.244 0.444 0.948 1.132

f u ± fr

665 - - - - 0.553 1.474 2.366 0.632 1.088 1.216
Trend - - increase increase increase

Figure 9. The stator CCPB in normal and RAGE conditions: (a) the time domain of stator CCPB
in RSAGE; (b) the time domain of stator CCPB in RDAGE; (c) the time domain of stator CCPB in
RHAGE; (d) the frequency domain in RSAGE; (e) the frequency domain in RDAGE; (f) the frequency
domain in RHAGE.

According to Figure 9d–f, after RSAGR, the components with frequencies f 1 (50) and
f u (540/640) appeared in the CCPB. However, RDAGE yielded f 1 ± f r (25/75) and f u ± fr
(515/565/615/665, k2 = ±1) for the CCPB. Additionally, RHAGR was the superposition
of RSAGR and RDAGR, as shown in Table 7. At this point, the theoretical derivation,
FEA conclusions, and experimental results were basically consistent, thus, the model was
well-verified.
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Table 7. Experiment results of CCPB.

RSAGE (×10−3) RDAGE (×10−3) RHAGE (×10−3)Type Freq. Normal 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
f 1 50 - 229.2 281.4 725 - - - 180.6 242 536.5

540 - 11.92 77.23 163 - - - 23.13 127.6 238f u 640 - 30.87 56.53 118.7 - - - 59.88 93.4 173.4

f 1 ± f r
25 - - - - 387.6 467.3 586.9 465.9 561.8 706.9
75 - - - - 530.9 636.2 794.2 637.7 764.3 954.2

515 - - - - 10.54 16.77 29.42 12.7 20.27 35.64
565 - - - - 10.54 16.77 29.42 12.88 20.26 35.34
615 - - - - 10.94 13.73 15.64 13.22 16.55 18.82

f u ± fr

665 - - - - 10.94 13.73 15.64 13.13 16.47 18.76
Trend - - increase increase increase

4. Conclusions

In this paper, we studied the CCPB with RSAGE, RDAGE, and RHAGE faults in a
DFIG, derived the corresponding theoretical formula of the MFD and CCPB, and established
a finite element model for simulation. Later, experimental verification was carried out
on the fault simulation. The theoretical derivation, finite element simulation results, and
experimental results were consistent with each other. The conclusions are as follows:

(1) For the MFD, the increase in eccentricity resulted in a gradual increase in the air-gap
magnetic field density. Different kinds of air-gap eccentricity changed the composition
of the MFD. For RSAGE, the frequency component was the same as normal. For RDAGE
and RHAGE, the frequency component of f 1 ± f r, f u ± fr was newly present relative to the
normal condition. The increase in eccentricity would cause an increase in the values of the
frequency components.

(2) For the CCPB, the change in eccentric species caused a change in the shape of the
time domain curve, which was caused by changes in the frequency components. At the
same time, the increase in eccentricity caused a significant increase in the CCPB. Similarly,
different kinds of air-gap eccentric also changed the composition of CCPB. For RSAGE,
the frequency component had new frequency components of f 1 and f µ compared with
normal conditions. For RDAGE, the frequency components of f 1 ± f r and f u ± fr were
newly present relative to the normal condition. For RHAGE, the frequency components at
RSAGE and RDAGE appeared at the same time. The increase in eccentricity would result
in an increase in the amplitude of the frequency components.
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Abbreviations
The following abbreviations are used in this manuscript:
DFIG Doubly fed induction generator
RAGE Radial air-gap eccentricity
RSAGE Radial static air-gap eccentricity
RDAGE Radial dynamic air-gap eccentricity
RHAGE Radial hybrid air-gap eccentricity
CCPB Circulating current inside parallel branches
MFD Magnetic flux density
MMF Magnetomotive force
PPUA Permeance per unit area
FEA Finite element analysis
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