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A B S T R A C T   

The mechanical properties and insulation damage of stator end windings in permanent magnet synchronous 
generator (PMSG) are investigated by theoretical analysis, finite element analysis (FEA) and experiment verifi
cation. First, a theoretical model of the winding electromagnetic force (EF) and vibration response before and 
after eccentricity faults are established. Then, the stress/strain distribution of the end windings under different 
working conditions is analyzed. Finally, the insulation damage behavior of end windings with initial cracks is 
studied and characterized using the stress intensity factor (SIF). The results indicate that the winding EF and 
vibration responses vary under different faults. The stress/strain at the joint of the winding is the largest, and the 
insulation layer has the maximum stress/strain under the same section. Additionally, the SIF amplitude of the 
crack at the winding joint is the largest. And the SIF amplitude of the crack will increase with the increase of fault 
degree/crack depth/crack length. The contribution of this paper lies in the comprehensive analysis of the 
winding EF distribution, vibration response, stress and strain, and insulation damage before and after eccen
tricity. This analysis can provide valuable reference for the health monitoring of PMSG eccentricity faults and the 
prevention of winding insulation damage.   

1. Introduction 

Electricity stands as the fundamental cornerstone of modern society, 
with generators playing a pivotal role in its generation. Notably, per
manent magnet synchronous generators (PMSGs) have become essential 
components in the renewable energy sector, especially in the fast- 
growing field of wind energy [1–3]. The global installed capacity of 
wind turbines has been steadily increasing every year [4], underscoring 
the critical role of PMSG performance in maintaining the stability and 
sustainability of energy production [5]. The insulation of the stator 
winding is an extremely crucial component for ensuring the reliable 
operation of all electric machines [6]. In fact, statistics reveal that 
one-third of forced shutdowns of large generators are attributed to 
failures in the stator winding’s insulation system [7]. As a result, it is of 

paramount significance to investigate the mechanical properties and 
insulation damage mechanism of PMSG stator winding. 

Numerous scholars have delved into the mechanical properties of 
generator windings. The winding, being a pivotal component for energy 
conversion in generators, is subject to the continuous influence of time- 
varying electromagnetic force (EF) during operation [8]. The end 
winding is more susceptible to damage from EF due to its distinctive 
cantilever structure [9]. Bingjie Jing et al. analyzed the transient EF of 
the electric machines end winding during dynamic reactive power 
compensation process [10]. Reference [11] employed finite element 
analysis (FEA) to calculate the EF at the end winding of generators. In 
reference [12], a novel numerical approach to calculate end winding EF 
of large turbine generators is presented. 

Furthermore, the vibration of end windings induced by 
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electromagnetic forces (EF) is a significant concern. Juan Li et al. 
analyzed the influence of various parameters on the vibration charac
teristics of stator end windings through parametric modeling [13]. P. 
Kung, L. et al. utilized fiber optic sensors to monitor the vibration of 
generator end windings [14]. Ying Zhou et al. investigated the dynamic 
characteristics of the end windings through FEA [15]. The stress and 
strain experienced by the windings also warrant attention. Y. Fang et al. 
conducted the stress analysis of the electrical submersible motor end 
windings [16]. Haijun Zhang et al. studied the stress and deformation of 
the end winding under the influence of EF [17]. These studies shed light 
on the mechanical challenges faced by windings in electric machines. 

The insulation layer is a crucial element of windings, and its damage 
is one of leading factors in electrical machine accidents [18,19]. The 
primary types of stress and strain that affect the degradation of the stator 
insulation system include mechanical, thermal, voltage and environ
mental factors [20–23]. This paper specifically examines the impact of 
winding EF on insulation, a form of mechanical damage to insulation. 
Prior to this, K. Kimura et al. conducted mechanical fatigue experiments 
on insulation and carried out crack observation work [24]. Xiaolin Chen 
et al. designed a mechanical aging device to simulate the vibration stress 
of winding insulation [25]. Aditya Gokhale et al. studied the cracks and 
fractures in windings [26]. Haijun Zhang et al. analyzed the insulating 
layer behavior considering the initial crack defect of the end winding 
and the end hoop support failure by FEA [17]. 

Regrettably, the aforementioned studies are grounded in the 
assumption of normal operation for electric machines. In fact, the vast 
majority of generators are “operating with illness”. Manufacturing and 
assembly errors often result in generators having a certain degree of 
eccentricity fault, and prolonged operation, subject to mechanical, 
electromagnetic, thermal, and other forces, tends to exacerbate the level 
of eccentricity [27,28]. The air-gap eccentricity fault can be categorized 
into three cases: static air-gap eccentricity (SAGE), dynamic air-gap 
eccentricity (DAGE) and hybrid air-gap eccentricity (HAGE) [29]. 

Scholars have done a lot of research on air-gap eccentricity. Yao Da 
et al. analyzed the magnetic field characteristics of the motor under 
eccentricity and detected faults using search coils [30]. Yu-Ling He et al. 
achieved a non-invasive measurement of SAGE position by utilizing 
external search coils [31]. Monitored electrical parameters also serve as 
effective indicators for assessing the condition of electric machines 
[32–34]. Bashir Mahdi Ebrahimi et al. analyzed the degree of DAGE 
fault in motors by examining the stator current spectrum and torque 
[35]. Estefania Artigao et al. diagnosed DAGE faults in generators by 
analyzing current characteristics [36]. Detecting eccentricity through 
the vibration characteristics of key generator components is another 
effective approach. Various schemes for detecting eccentricity by 
analyzing the vibration of stators [37,38], rotors [39], and windings 
[40] have been proposed consecutively. However, it’s essential to 
highlight that the analysis of vibration characteristics in PMSG end 
windings under SAGE, DAGE, and HAGE faults is currently lacking. 

Additionally, Alessandro Cimino conducted insulation aging tests under 
mechanical stress [41], and he introduced the effect of cyclic mechanical 
stress on the aging of stator winding insulation systems [42]. But the 
mechanical failure characteristics of winding insulation under abnormal 
conditions such as eccentricity have not been analyzed. 

This paper presents a comprehensive study on the mechanical 
properties and insulation damage of PMSG stator end windings both 
before and after eccentricity. The main innovations are as follows: 1) 
This paper not only examines the mechanical properties of end windings 
under normal condition but also delves into the mechanical character
istics under SAGE, DAGE and HAGE. In addition to exploring the time- 
domain and frequency-domain characteristics of winding EF and vi
bration responses, the spatial distribution of EF is thoroughly investi
gated. 2) The stress and strain of the end winding before and after the 
eccentricity are analyzed, and the dangerous position of the end winding 
is found out. In addition, the stress and strain distribution inside the end 
winding is investigated. 3) This paper also delves into the analysis of 
insulation layer fractures, taking into account various factors including 
the presence of eccentric faults, the location of cracks, as well as the 
depth and length of the crack. The research presented in this paper is 
valuable for identifying potential failure points in PMSGs beforehand, 
offering guidance for daily maintenance and overhauls of wind turbines, 
and enhancing the reliability and safety of wind turbine operations. 

The remainder of the paper is organized as follows. In the Section 2, 
the theoretical model of PMSG end winding mechanical properties and 
insulation crack analysis is established. In the Section 3, the theory is 
verified and further explored through FEA and experimental research. 
Finally, the main conclusions of this research are outlined in Section 4. 

2. Theoretical model 

2.1. Electromagnetic force and vibration analysis of end windings 

In order to simplify the theoretical analysis of PMSG, it is assumed 
that: 1) the influence of the stator core slot and the influence of the end 
effect are ignored, 2) ignore the influence of magnetic saturation effect, 
3) the stator is rigid constraint, and the vibration transmission problem 
of rotor-stator and stator-winding is ignored. 

The air-gap magnetic flux density (MFD) of PMSG is determined by 
the product of magnetomotive force (MMF) and permeance per unit area 
(PPUA). The influence of eccentricity faults on MMF is minimal and can 
be disregarded. Therefore, the expression for MMF under both normal 
and eccentricity faults is as follows: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

f
(
θ, t
)
= fR(θ, t) + fS(θ, t)

fR(θ, t) =
∑

μ
Fμcos

(
μpθ − μωt − ϕμ

)
, μ = 2m + 1,m = 0,1, 2…

fS(θ, t) =
∑

υ
Fυcos(υpθ − ωt − ϕυ), υ = 6n + 1, n = 0,±1,±2…

(1) 

Fig. 1. Air-gap of PMSG (a) Normal, (b) SAGE, (c) DAGE, (d) HAGE.  
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where f(θ,t) is the synthetic MMF, fS(θ,t) and fR(θ,t) respectively repre
sent the MMF generated by the stator winding magnetic field and the 
rotor magnetic field. Fμ and Fυ represent the μ-harmonic MMF of per
manent magnet and the υ-harmonic MMF of stator winding, respec
tively. ϕμ and ϕυ represent the initial phase angle of the MMF of the 
μ-harmonic wave of the permanent magnet and the υ-harmonic MMF of 
the stator winding, respectively. θ is the mechanical position angle. p is 
the number of generator pole pairs. ω=2πf, f is the frequency of power 
generation (f=50 Hz in this manuscript). 

Eccentricity faults affect the air-gap length, which in turn affects the 
PPUA. The various types of eccentricity faults are represented in Fig. 1. 

Under normal circumstances, the geometrical center O of the stator 
and the rotational center O1 of the rotor are consistent with the 
geometrical center O2 of the rotor, resulting in an even distribution of 
the air-gap in the PMSG, as depicted in Fig. 1(a). The SAGE faults occur 
when O1 and O2 still coincide but deviate from the stator’s geometrical 
center O. The offset distance is the SAGE degree. At this time, one side of 
the air-gap increases and the other side decreases, as shown in Fig. 1(b). 
DAGE faults take place when the stator’s geometrical center O continues 
to coincide with the rotor’s rotational center O1, but the rotor shafting (i. 

e., rotor’s geometrical center O2) shifts. The offset distance represents 
the DAGE degree, as illustrated in Fig. 1(c). The HAGE fault is a com
bination of SAGE and DAGE. In this case, O, O1, and O2 no longer 
coincide. The distance from O1 to O is the SAGE degree, the distance 
between O2 and O1 indicates the DAGE degree, and the HAGE degree is 
the compound of SAGE and DAGE, as presented in Fig. 1(d). 

Consequently, the air-gap length before and after the occurrence of 
eccentricity is represented in (2). 

g =

⎧
⎪⎪⎨

⎪⎪⎩

g0⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Normal
g0
(
1 − δs cos θ

)
⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅SAGE

g0
[
1 − δd cos(θ − ωrt − ϕ0)

]
⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅DAGE

g0
[
1 − δs cos θ − δd cos(θ − ωrt − ϕ0)

]
⋅⋅⋅⋅⋅HAGE

(2)  

where g0 is the uniform air-gap length under normal condition. δs and 
δd are the value of static eccentricity and dynamic eccentricity, respec
tively. ωr is the angular speed of the rotor, ωr =2πfr, fr is the rotor 
rotation frequency (fr=12.5 Hz in this manuscript). 

The PPUA under each operational condition is as follows: 

Λ(θ) = μ0/g =

⎧
⎪⎪⎨

⎪⎪⎩

Λ0⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Normal
Λ0(1 + δs cos θ)⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅SAGE
Λ0(1 + δd cos(θ − ωrt − ϕ0))⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅DAGE
Λ0(1 + δs cos θ + δd cos(θ − ωrt − ϕ0))⋅⋅⋅⋅HAGE

(3)  

where μ0 is air permeability. 
According to (3), the PPUA decreases in locations where the air-gap 

increases, and it increases in positions where the air-gap decreases. 
Based on (1) and (3), the expression of MFD is:   

The stator end winding EF can be calculated by (5) [40]. 

F
(

θ, t
)

=

∫ l

0
Bl(θ, t)i cos(αl)sin(βl)dl

=

∫ l

0
Bl(θ, t)[B(θ, t)Lv/Z] cos(αl)sin(βl)dl

= ηB2( θ, t
)
Llv
/
Z

(5)  

where Bl(θ,t) is the MFD at the end of the generator, which is the product 

B(θ, t) = f(θ, t)Λ(θ)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Λ0

∑

μ
Fμcos

(
μωt − μpθ + ϕμ

)
+ Λ0

∑

υ
Fυcos(ωt − υpθ + ϕυ) = BXN⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Normal

BXN +
Λ0δs

2
∑

μ
Fμcos

[

μωt −

(

μp ± 1

)

θ + ϕμ

]

+
Λ0δs

2
∑

υ
Fυcos

[

ωt −

(

υp ± 1

)

θ + ϕυ

]

= BXN + BXSe⋅⋅⋅SAGE

BXN +
Λ0δd

2
∑

μ
Fμcos

( (
μω ± ωr

)
t −
(
μp ± 1

)
θ +

(
ϕμ ± ϕ0

))

+
Λ0δd

2
∑

υ
Fυcos((ω ± ωr)t − (υp ± 1)θ + (ϕυ ± ϕ0)) = BXN + BXDe⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅DAGE

BXN + BXSe + BXDe⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅HAGE

(4)   

Fig. 2. EF of PMSG (a) Normal, (b) SAGE, (c) DAGE, (d) HAGE.  
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of B(θ,t) and the weakening coefficient η, where 0<η<1, i is the stator 
winding current, L is the length of the straight section winding, l is the 
axial length of the end winding, αl is the angle between the MFD at a 
point in the end winding and the point normal, βl is the angle between 
the normal at a point in the end winding and the axis of the rotor. v is the 
speed at which the linear winding cuts the magnetic inductance line, and 
Z is the impedance of the winding. 

Feeding (4) into (5), the concrete end winding EF expression can be 
obtained:   

According to (6), the frequency components of the stator winding EF 
under normal and SAGE faults are (μ1±μ2)f. However, when DAGE and 
HAGE are present, additional sideband frequencies of (μ1±μ2)f±fr 
appear in addition to the original components. 

Fig. 2 shows the spatial distribution of EF in each winding calculated 
by the theoretical model. According to Fig. 2, the spatial distribution of 
EF undergoes changes before and after the eccentricity. The dashed line 
distance from OE to the circle’s edge represents the amplitude of EF at 
the corresponding winding position. Under normal condition, EF is 
evenly distributed across the windings, meaning the EF amplitude for 
each winding is the same, as depicted in Fig. 2(a). The occurrence of 
SAGE faults will cause uneven distribution of EF. Specifically, EF in
creases in regions where the air-gap decreases and decreases where the 
air-gap increases, as presented in Fig. 2(b). After DAGE faults occur, the 
EF amplitude for each winding position uniformly increases, as seen in 
Fig. 2(c). HAGE faults represent the superposition of SAGE and DAGE, as 
shown in Fig. 2(d). 

The straight section of the windings in the PMSG is firmly anchored 
within the stator core, with the end part extending outward, as illus
trated in Fig. 3(a). The end of the winding takes on the characteristics of 
a cantilever beam structure, making it particularly vulnerable to the 
presence of the EF. Consequently, this paper places a specific emphasis 
on the vibration and insulation damage occurring in the end winding. 

As depicted in Fig. 3(b), the end winding is segmented into three 
parts: the joint part connected to the stator core, the involute part in the 
middle, and the nose end at the extremity. And the end winding is 
subjected to an uneven distribution of EF. Fig. 3(c) provides the me
chanical model of the end winding. Consequently, the mechanical 
expression describing the vibration of the end winding under EF can be 
formulated as (7). 

{[m]{ý (́t)}+ [D]{ý(t)}+ [K]{y(t)} = {F(θ, t)} (7)  

where [m] represents the matrix of the stator end winding mass point, 

[D] represents the damping matrix in radial direction, [K] represents the 
stiffness matrix in radial direction. y(t) is the displacement of the unit 
mass point, y’(t) is the speed, y”(t) are the acceleration. 

As indicated in (7), according to the same frequency correspondence 
relation between the exciting force and the movement, the vibration 
should have the same frequency/harmonic components as the EF. 

2.2. Stress and strain analysis of end windings 

Eq. (6) is the overall EF expression of the end windings. To calculate 
stress and strain, it’s essential to work with the local EF, which is the EF 
density. EF density is the macroscopic representation of the Lorentz 
force acting on the charged particles within the winding, and its 
expression is as follows: 

ρ = i × Bl(θ, t) (8) 

Given that the primary direction of the EF is radial, this paper focuses 
solely on the radial component of EF. And the distribution of stress (σm) 
and strain (ε) within the end winding can be calculated based on the EF 
density, as illustrated in (9) and Fig. 4. 

σm = My
/

Iz = yc

∫ x

0
Fsdx

/

Iz = yc

∫ x

0

∫ x

0
ρdxdx

/

Iz

ε = σm/E
(9)  

where M is the bending moment of the section, yc is the distance from the 
point of the section to the neutral axis, Iz is the moment of inertia, x is the 
distance from the end of the winding to the analyzed section, Fs is the 
sheer force of the section, and E is the Young’s Modulus of elasticity of 
the material. 

As depicted in Fig. 4(a), the straight section of the windings is fixed 
and constrained by the stator core, while the end winding remains 
suspended. EF is distributed unevenly in the end winding. The farther 
move from the nose end, the greater the accumulated bending moment, 
resulting in higher cross-sectional stress. Consequently, the stress at the 
joint of the winding is more pronounced. 

Fig. 4(b) illustrates a section of the end winding, and its stress dis
tribution aligns with the described in (9). Specifically, the farther move 
from the neutral axis, the greater the stress with the winding. The 
insulation layer, located on the outermost part of the winding, is subject 
to higher stress levels due to its position. Additionally, the stress dis
tribution of the insulation layer (σmi) gradually decreases from the 
outside to the inside. 

(6)  
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2.3. Insulation failure analysis 

The stress within the thin insulation layer is almost uniform during 
PMSG operation. This paper assumes that the stress in the insulation 
layer at the same side of the same section are equal, meaning that the 
stress within the insulation layer σmi = σy, as demonstrated in Fig. 5. 

The insulation damage analysis conducted in this study is based on 
the assumption that there exists an initial crack on the surface of the 
winding’s insulation, as demonstrated in Fig. 4(a). Under the influence 
of the EF, the predominant type of insulation damage is open-type (type 
I) cracks, as displayed in Fig. 5. To quantitatively assess the stress field at 
the crack tip, the stress intensity factor (SIF) is introduced. Subse
quently, the study examines the damage behavior of EF on insulation in 
the presence of an initial crack defect, as described in (10). 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σx =
K1
̅̅̅̅̅̅̅̅
2πr

√ cos
θc

2

(

1 − sin
θc

2
sin

3θc

2

)

σy =
K1
̅̅̅̅̅̅̅̅
2πr

√ cos
θc

2

(

1 + sin
θc

2
sin

3θc

2

)

τxy =
K1
̅̅̅̅̅̅̅̅
2πr

√ cos
θc

2
sin

θc

2
cos

3θc

2

(10)  

where σx and σy are the far-field stress in the x direction and y direction 
respectively, τxy is the far-field shear stress, K1 is the type I SIF, r and θc 
are the polar coordinates of the crack tip. 

The expression of SIF is: 

K1 = σy
̅̅̅̅̅̅̅̅
2πa

√
(11)  

where a is the depth of crack. 

Fig. 3. Stator-winding system (a) Stator-winding structure, (b) End winding structure, (c) Mechanical model of the end winding.  

Fig. 4. Winding structure and stress (a) Winding structure, (b) Section stress distribution.  

Fig. 5. Insulation layer stress and crack coordinate system.  
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A higher SIF indicates a greater stress concentration at the crack 
front, which, in turn, increases the propensity for crack propagation. The 
amplitude of SIF is influenced by various factors, including the size of 
the EF, the location and size of cracks, among others. These specific 
influences will be further analyzed through FEA. 

3. FEA and experimental verification 

3.1. Electromagnetic force and vibration verification of end windings 

3.1.1. FEA and experimental setup 
FEA and experiments were conducted on a 3 kW PMSG. The detailed 

parameters of PMSG can be found in Table 1. The main assumptions in 
the FEA are as follows: 1) the PMSG material is homogeneous and 
isotropic, 2) the rotor geometry is smooth, 3) the components of PMSG 
are treated as a continuum rather than discrete atoms or molecules, 4) 
the internal structure of the PMSG has no initial stress. Fig. 6, Fig. 7 and 
Fig. 8 provide an overview of the FEA setup, experimental setup and 
experimental eccentricity setup, respectively. 

In the Ansys Electronics software, the FEA body model of PMSG 
under normal working conditions was created, as depicted in Fig. 6(a). 
The excitation of the model winding is achieved through the external 

Fig. 6. FEA setup (a) PMSG model, (b) External circuit model, (c) Eccentricity setup.  

Fig. 7. Experimental setup.  

Table 1 
Key parameters of PMSG.  

Parameter Value Parameter Value 

Rated capacity 3 kW Rated speed nr=750 r/min 
Stator slots Zs=48 Stator length ls=40 mm 
Air-gap length g0=1.2 mm Pitch coefficient ky=0.83 
Pole pairs p=4 Parallel branches Npb=2  
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circuit, and the configuration of the model’s external circuit aligns with 
the experimental setup, as shown in Fig. 6(b) and Fig. 7. 

The setting of the eccentric fault is automatically set by ACT, as 
demonstrated in Fig. 6(c). Specifically, to simulate SAGE, both the 
“Rotating Part” and the “Rotating Axis” are adjusted, causing a shift in 
both the rotor system and the center of rotation simultaneously. To 

simulate DAGE, only the “Rotating Part” needs to be adjusted, creating a 
situation where the geometric center of the rotor no longer coincides 
with the rotating center. Various degrees of HAGE can be achieved by 
adjusting the fault degrees of SAGE and DAGE separately. It’s important 
to note that in this paper, both SAGE and DAGE offset in the forward 
direction along the x-axis. Consequently, the air-gap in winding 1 is the 

Fig. 8. Experimental eccentricity setup.  

Fig. 9. EF distribution of PMSG winding (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  

Fig. 10. Time domain of stator winding EF (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  
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smallest after the occurrence of SAGE fault, as displayed in Fig. 6(a). 
As depicted in Fig. 7, during the experiment, the frequency converter 

controls the speed of the drive motor, and the motor drives the PMSG 
rotor to rotate through the elastic coupling. The electrical energy 
generated by the PMSG is converted into heat energy through the load 
bank (full load condition). The PMSG windings have a double Y-type 
connection, maintaining consistency with the FEA model. The vibration 
acceleration sensor is installed on the stator winding 1, and the signals it 
records are transmitted to a computer via the data collector for subse
quent data analysis. 

The experimental eccentricity setup is illustrated in Fig. 8. To 
introduce SAGE, spacers are inserted between the bearing housings. In 
contrast, to introduce DAGE, the inner ring of the bearing is replaced. 

In normal condition, the bearing seat is divided into upper and lower 
sections, which are fastened together with bolts. To simulate SAGE, iron 
spacers with thicknesses of 0.1 mm, 0.2 mm, and 0.3 mm are inserted 
between the bearing seats at both ends. The distance of rotor elevation is 
the length of PMSG air-gap change, that is, the degree of SAGE faults. 

In addition, under normal circumstances, the bearing inner ring has a 

uniform thickness and rotates with the rotor. To induce DAGE, 3D- 
printed inner rings with varying thicknesses are fabricated and 
substituted for the regular inner ring. This action causes the rotation 
center (O1) of the PMSG rotor and its geometric center (O2) to no longer 
align, thereby introducing a DAGE fault [27]. The degree of DAGE fault 
is contingent on the offset distance of the contour line in the 3D-printed 
inner ring, which is set at 0.1 mm, 0.2 mm, and 0.3 mm, respectively. 

Ten operating conditions were carried out in the FEA and experi
ment, namely: Normal, SAGE0.1, SAGE0.2, SAGE0.3, DAGE0.1, 
DAGE0.2, DAGE0.3, SAGE0.1&DAGE0.1, SAGE0.1&DAGE0.2, 
SAGE0.2&DAGE0.2. The numbers following “SAGE” and “DAGE” indi
cate the magnitude of eccentricity in millimeters. 

3.1.2. FEA and experimental results 
Figs. 9–11 depict the FEA results, providing information on the 

spatial distribution, time-domain characteristics and frequency-domain 
characteristics of winding EF under various working conditions. Fig. 12 
and Fig. 13 illustrate the time-domain and frequency-domain graphs of 
the vibration of the end winding in the experiment. However, it is noted 

Fig. 11. Frequency domain of stator winding EF (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  

Fig. 12. Comparison of theory and FEA results (a) Normal and SAGE, (b) Normal and DAGE, (c) Normal and HAGE.  

Fig. 13. Time domain of end winding vibration (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  
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that due to experimental limitations, the vibration distribution experi
ment for each winding was not conducted. 

Fig. 9 presents the distribution of root-mean-square (RMS) values of 
the EF in the 48 stator end windings. The blue dotted lines on the graph 
represent the EF amplitude coordinates, and the unit is in millinewtons 
(mN). The numbers on the outermost ring correspond to the numbers of 
the windings (ranging from 1 to 48). 

The information from Fig. 9(a) and (b) indicates that under normal 
condition, the EF in each end winding is approximately equal, forming a 
circular pattern. The occurrence of SAGE faults results in an uneven 
distribution of EF. Specifically, the EF amplitude decreases in areas 
where the air-gap increases, and it increases where the air-gap de
creases, as shown in Fig. 9(a). Moreover, the magnitude of these changes 
becomes more pronounced as the SAGE degree deepens. After DAGE, the 
EF amplitude of each end winding uniformly increases, and this increase 
becomes more significant with a higher degree of DAGE, as depicted in 
Fig. 9(b). In Fig. 9(c), it is evident that HAGE is a combination of the 

effects of SAGE and DAGE, with each having a relatively independent 
influence on the EF amplitude. More specifically, when the SAGE degree 
remains unchanged, the EF amplitude increases uniformly with the 
deepening of DAGE. When the degree of DAGE is held constant, the EF 
distribution becomes more uneven as the SAGE degree deepens. These 
EF distribution results align with the theoretical derivations presented in 
Fig. 2. 

The FEA results in Figs. 10–12 are based on the analysis of winding 1. 
Fig. 10 shows that both SAGE and DAGE increase the amplitude of end 
winding EF. In the normal state, the EF has a frequency component 
consisting of a DC component and 100 Hz (2 f). SAGE only affects the 
amplitude of each frequency component of EF without impacting the 
frequency components itself, as indicated in Fig. 11 (a). However, DAGE 
introduces new sideband frequency components of 12.5 Hz, 87.5 Hz and 
112.5 Hz (fr, 2 f±fr) to EF, as shown in Fig. 11 (b). The frequency 
components of HAGE faults are consistent with those of DAGE faults, as 
seen in Fig. 11 (c). Additionally, the amplitude of EF frequency 

Fig. 14. Frequency domain of end winding vibration (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  

Table 2 
The amplitude of winding EF and end winding vibration frequency components under various working conditions.  

Condition Winding EF [mN] End Winding Vibration [mm/s2] Trend 

Frequency 12.5 Hz 87.5 Hz 100 Hz 112.5 Hz 12.5 Hz 87.5 Hz 100 Hz 112.5 Hz  
Normal - 140.5 - - 1110 - increase 
SAGE0.1 166.8 1461 
SAGE0.2 187.3 1932 
SAGE0.3 209.8 2631 
DAGE0.1 11.5 5.9 152.7 9.3 297 244 1586 532 increase 
DAGE0.2 23.2 11.7 154.3 18.8 403 382 2258 724 
DAGE0.3 34.4 17.3 156.7 28.1 496 522 2558 880 
SAGE0.1&DAGE0.1 13.1 6.6 168.9 10.7 425 332 2028 526 increase 
SAGE0.1&DAGE0.2 30.1 13.6 179.9 20.1 700 429 2772 784 
SAGE0.2&DAGE0.2 31.5 16.1 190.1 25.8 840 583 3608 1126  

Fig. 15. Stress and strain calculation setup.  
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components increases with the escalation of eccentric faults. 
Fig. 12 compares the theory and FEA amplitude increments of EF at 

12.5 Hz and 100 Hz. Particularly, in Fig. 12(a)-(c), the variation of the 
theoretical and FEA results under single SAGE, single DAGE and HAGE is 
based on the amplitude of the EF under SAGE0.3, DAGE0.3, and 
SAGE0.2&DAGE0.2. Additionally, the horizontal axis from 0 to 0.3 in 
Fig. 12(c) corresponds to Normal, SAGE0.1&DAGE0.1, SAGE0.1&
DAGE0.2, and SAGE0.2&DAGE0.2 respectively. According to Fig. 12, 
the amplitude increments calculated by theoretical analysis and FEA in 

each working condition are consistent. In summary, the FEA results of 
EF in the time domain and frequency domain align with (6). 

In a similar manner, the winding analyzed during the experiment is 
the section with the narrowest air-gap in the case of SAGE, which cor
responds to winding 1 in the FEA model, and the results are shown in 
Fig. 13 and Fig. 14. In addition, the amplitudes of each frequency 
component from FEA and the experimental results were summarized, as 
shown in Table 2. The values of the left half represent the winding EF 
result from FEA, while the values of the right half are the end winding 

Fig. 16. Stress distribution of multiple windings (a) Normal, (b) SAGE0.1, (c) DAGE0.1.  

Fig. 17. Strain distribution of multiple windings (a) Normal, (b) SAGE0.1, (c) DAGE0.1.  

Table 3 
Maximum stress and strain of stator winding under each condition.  

Conditions Normal SAGE0.1 SAGE0.2 SAGE0.3 DAGE0.1 DAGE0.2 DAGE0.3 S0.1D0.1 S0.1D0.2 S0.2D0.2 

Stress [Pa] 16474 16651  16740 16835 16580 16669 16705 16682 16782 16910 
Strain [10− 7 m/m] 1.4362 1.4522  1.4602 1.4683 1.4458 1.4544 1.4582 1.4551 1.4641 1.4744 
Trend Low → High Low → High Low → High  

Fig. 18. Stress distribution along the path (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  
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vibration from the experiment. 
According to Fig. 13, vibrations are present in the stator end winding 

under normal condition, and the occurrence of an eccentric fault in
creases the vibration amplitude. Specifically, the presence of SAGE fault 
increases the amplitude of the original frequency component (100 Hz), 
as shown in Fig. 14 (a). DAGE faults introduce new sideband frequency 
components to the end winding vibration, including 12.5 Hz, 87.5 Hz 
and 112.5 Hz (fr and 2 f±fr), as depicted in Fig. 14 (b). After HAGE, the 
end winding vibration frequency components align with those of DAGE, 

as illustrated in Fig. 14 (c). It is worth noting that the DC component of 
EF only causes the winding to deform without inducing vibration. 
Furthermore, the vibration of the end winding increases with the degree 
of eccentricity. The trend of amplitude variation for each frequency 
component under every experimental condition aligns with that 
observed in FEA, as illustrated in Table 2. In summary, the theoretical 
deductions, finite element analysis, and experimental outcomes are 
congruent. 

Fig. 19. Strain distribution along the path (a) Normal and SAGE, (b) Normal and DAGE, (c) HAGE.  

Fig. 20. Winding insulation crack setup.  

Fig. 21. Crack SIF at each position.  
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3.2. Stress and strain verification of end windings 

3.2.1. FEA setup 
Fig. 15 illustrates the FEA setup for calculating the stress and strain 

distribution of the winding. The process involves importing the gener
ator model and EF calculation results into the structural field in Ansys 
Workbench. To divide the winding into two parts, namely the insulation 
layer and copper rod, the imported geometric model should be modified 
within the structural part. This division results in the winding being 
divided into a thin shell and a solid core, each assigned different ma
terials. The shell represents the insulating layer (made of mica), while 
the solid core beneath the shell signifies the copper rod (made of cop
per). The fixed part is the outer surface of the stator, and the winding is 
embedded in the slot of the stator. Additionally, a “Path” is set through 
the end winding to calculate the stress and strain along the path, as seen 
in Fig. 15. It’s important to highlight that this “Path” is situated inside 
the winding rather than on its surface, traversing through both the 
insulation layer and the copper rod. 

3.2.2. FEA results 
Fig. 16 and Fig. 17 illustrate the stress and strain distribution in the 

winding subjected to EF. These figures reveal that the stress and strain 
distribution in single winding is similar across different working con
ditions. The maximum stress and strain are observed at the winding 
joint, aligning with the theoretical predictions. This occurs because the 
eccentric fault doesn’t alter the distribution of EF within the winding, it 
merely affects the maximum/minimum values. 

Table 3 provides information on the maximum stress and strain of 
the stator windings before and after eccentricity. It shows that the 
occurrence of eccentric faults leads to increased stress and strain in the 
windings, and these values increase with the severity of the fault. 
Notably, SAGE results in a more significant change in the maximum 
stress of the winding compared to the same degree of DAGE. This is due 
to the uneven distribution of EF under SAGE fault, resulting in larger 
stress and strain in a specific winding (winding 1). Under DAGE fault, EF 
is evenly distributed, and while the stress and strain of each winding 
increase compared to the normal condition, the maximum stress and 
strain amplitudes are lower than those of SAGE with the same degree of 
fault. It should be noted that the above “uneven” and “even” refer to the 
amplitude of the overall stress/strain of the different positions winding 
over a period of time, like the spatial distribution of the EF. 

Fig. 18 and Fig. 19 depict the stress and strain distribution along the 
“Path”, respectively. The thickness of the winding is 5.74 mm, with 
copper rods in the middle and insulation layer on both sides. The start 
point of “Path” is 0 mm on the horizontal coordinate shown in 
Figs. 18–19, and the end point is 5.74 mm. 

In Fig. 18, it’s worth noting that FEA exhibits a stress singularity 
issue, characterized by a sudden stress change at the junction of the 
insulation layer and the copper bar. This arises due to the difference in 
materials between the insulation layer of the winding and the copper 
rod. To provide more clarity, red dotted lines are used to distinguish the 
different materials in Fig. 18, with the insulation layer represented on 
both sides and the copper rod in the middle. Despite the appearance of 
the stress singularity problem, it’s evident that the stress on the outer 
side (insulation layer) of the winding is the highest, while the stress on 
the inside is lower, as shown in Fig. 18. Regarding Fig. 19, FEA does not 
exhibit strain singularity. The distribution of strain amplitude along the 
“Path” mirrors that of stress, with smaller values in the middle and larger 
values on both sides. Furthermore, the local stress and strain within the 
winding increase with the deepening of the degree of eccentric fault, as 
demonstrated in Fig. 18 and Fig. 19. The results of stress and strain 
distribution are in agreement with the theoretical derivation. 

3.3. Analysis of insulation failure with initial cracks 

3.3.1. FEA setup 
The semi-elliptical initial crack is set on the surface of the winding 

insulation layer, and then the load fracture behavior of the insulation 
with the initial crack is calculated, as shown in Fig. 20. The damage 
behavior of insulation in this study is characterized by SIF of cracks. 

According to Fig. 20, the cracks were set at different parts of the end 
winding insulation layer, and the influence of different crack locations 
on the insulation fracture was calculated after the normal EF was 
introduced. The end winding is generally joint, involute part and nose 
end, as shown in Fig. 3(b). The three main parts all need to set cracks for 
comparison, and the joint should be paid more attention [17], so three 
cracks are set at the joint, located on different faces (the front of the joint 
is similar to the back, but the two sides are different). Hence there are 5 
different crack locations, which are distributed in the front of the joint 
(Crack1), the side of the joint (Crack2 and Crack3), the middle of the 
involute (Crack4) and the nose (Crack5). In addition, in order to 
compare the SIF of cracks under different working conditions, EF under 
normal and different degrees of SAGE/DAGE/HAGE was introduced, 
and SIF of Crack1 was calculated. 

In addition, the crack size also has an important effect on the insu
lation fracture behavior. As shown in Fig. 20, the crack size is mainly 
determined by two parameters: the crack depth (a) and the crack length 
(l). The SIF with different crack sizes is obtained by calculating Crack1 
with different depths and lengths under normal condition. In order to 
compare SIF under different conditions, the horizontal coordinate is 
represented by sampling points uniformly (31 sampling points are taken 
for each crack). 

Fig. 22. Crack SIF under each condition.  
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3.3.2. FEA results 
Fig. 21, Fig. 22, Fig. 23 and Fig. 24 display the calculated results 

pertaining to cracks at various positions, working conditions, depths and 
lengths. 

As indicated by Fig. 21, when the crack is situated at the front of the 
joint (Crack1), the SIF is the highest, signifying the most significant 
damage to the insulation layer. Moreover, the SIF values of cracks 
located at the joint (Crack1, Crack2 and Crack3) are notably higher than 
those at other positions (Crack4 and Crack5), underscoring the joint as a 
critical area for the insulation layer that requires protective measures. 

As illustrated in Fig. 22, it is evident that compared to normal con
dition, the SIF amplitude of Crack1 increases significantly under 
eccentric faults. The amplitude of SIF is greater with a more pronounced 
degree of eccentricity. Notably, when the degrees of SAGE and DAGE are 
the same, SAGE results in more substantial damage to winding 1. 

Furthermore, Fig. 23 shows that, with a constant crack length 
(lc=0.20 mm), SIF increases as the depth grows. Additionally, in Fig. 24, 
with a constant crack depth (a=0.10 mm), the SIF increases as the 
length of the crack extends. Therefore, enhancing both the depth and 
length of cracks will lead to an increase in SIF amplitudes. 

4. Conclusion 

This paper provides a comprehensive investigation into the me
chanical properties and insulation damage of PMSG stator end windings, 
both before and after eccentricity. The findings of this study are as 

follows: 
1) Under normal circumstances, EF of each winding is relatively 

consistent. However, SAGE faults lead to an uneven distribution of EF, 
while DAGE fault results in a uniform increase of EF in each winding. 
HAGE is the superposition of SAGE and HAGE. Furthermore, the vi
bration frequency components of PMSG stator end windings under 
normal and SAGE faults are 2 f, while the occurrence of DAGE and HAGE 
faults introduces new frequency components (fr and 2 f±fr). The 
amplitude of these frequency components increases with the severity of 
the fault. 

2) Stress and strain are most pronounced at the winding joint. For a 
specific winding (the one with the smallest air-gap under SAGE fault), 
the stress and strain during SAGE are greater than those under the same 
level of DAGE. Additionally, the insulation layer, as the outermost 
component of the winding, experiences the most significant stress and 
strain within the same section. 

3) The SIF amplitude of the crack at the winding joint, particularly 
the front part, is the most substantial and should be carefully monitored 
and protected. Moreover, the SIF amplitude of the crack increases with 
the fault severity, crack depth, and crack length. 

This research offers valuable insights for PMSG state detection and 
fault diagnosis, and it serves as a reference for the analysis and opti
mization of the winding insulation layer. 

Fig. 24. Crack SIF under each length.  

Fig. 23. Crack SIF under each depth.  
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