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 Abstract— Current studies on frequent rotor 
interturn short circuits (RISC) primarily focus on fault 
diagnosis. However, the detrimental effect of RISC on 
the fragile stator winding insulation of synchronous 
generators is overlooked. Consequently, this article 
comprehensively investigates thermal and mechanical 
loads, as well as the structural responses of the stator 
winding insulation. The impact of RISC fault on the 
thermal and mechanical degradation distribution 
patterns of the insulation is explored in detail. Besides, 
different from the current research on RISC, this study 
considers a broader range of influencing factors, 
including the degree, position, contact resistance, and 
output. In this paper, detailed theoretical models for 
calculating thermal and mechanical loads are presented. 
FEA and experiments are conducted on a 5kW 
synchronous generator to calculate and test thermal and 
mechanical loads on the insulation. The mechanical, 
thermal, and coupling structural responses of the 
insulation are obtained and compared. The results 
indicate that maximum insulation structural responses 
caused by mechanical loads, thermal loads, and coupling 
actions is most pronounced at the nose end and the 
junction between the straight and involute lines, 
warranting careful attention. This study offers a unified 
approach and a practical framework for extended 
insulation service life. 
 
Index Terms—no-salient synchronous generator, 
winding insulation, rotor interturn short circuit, 
thermal and mechanical loads, structural responses 

I. INTRODUCTION 

otor Inter-turn Short Circuit (RISC) is one of the 
common electrical faults of synchronous generators. 

The RISC primarily arises from insulation failure in the 
field winding due to deficiencies in manufacturing and 
installation process, aging, thermal and mechanical stress 
concentration etc. [1-2]. The occurrence of RISC leads to 

 
This work is supported by National Natural Science Foundation of China 
(52177042), National Natural Science Foundation of Hebei Province 
(E2022502003、E2021502038), Chinese Fundamental Research Funds for 
the Central Universities (2023MS128), High Level Talent Support 
Program of Hebei Province (B20231006). 

Kai Sun (120222102025@ncepu.edu.cn). Yu-Ling He (corresponding 
author, heyuling1@ncepu.edu.cn). Hui-Cai Chen (220242224073 
@ncepu.edu.cn). Xue-Wei Wu (220222224043@ncepu.edu.cn). Jia-Wen 
Yang (220232224004@ncepu.edu.cn). Guiji Tang 
(tanggjlk@ncepu.edu.cn) are with Department of Mechanical Engineering, 
North China Electric Power University, Baoding, 071003, China. 

Fengyu Zhang (Fengyu.zhang1@nottingham.ac.uk) and David Gerada 
(david.gerada@nottingham.ac.uk). are with Department of Electrical and 
Electronics Engineering, University of Nottingham, Nottingham, NG7 
2RD, UK. 

severe consequences, including magnetic field imbalances, 
abnormal temperature rises [3], and rotor grounding [4-5]. 
Therefore, studying the RISC in synchronous generators is 
of great significance. 

A review of the existing literature indicates that current 
methods for detecting RISC fault predominantly rely on 
changes in parameter characteristics. For example, H. Ehya 
et al. [6] proposed a sparse sensor system that integrates 
stack classifier with a single air-gap flux sensor for RISC 
fault detection. Similarly, B. Aubert et al. [7] introduced a 
method employing Kalman filter to identify RISC fault. L. 
Hao et al. [8] developed an online fault monitoring 
technique based on the effective value of stator branch 
unbalance current. Concurrently, A. Nysveen et al. [9] 
proposed a detection method utilizing a non-invasive sensor 
to detect stray magnetic fields. Additionally, M. Cuevas et 
al. [10] conducted a coupling analysis of the stray magnetic 
field and the external shell vibration. Advanced algorithms, 
such as digital neural networks [11] and variational pattern 
decomposition [12] etc., have also been developed for RISC 
detection. The aforementioned literature emphasizes the 
RISC fault identification. However, the detrimental effects 
of RISC on key components of synchronous generators are 
often overlooked when fault detection is delayed. 

Numerous scholars have extensively researched losses in 
synchronous machine to ensure that temperature rise 
remains within a reasonable range during operation. For 
instance, Lian et al. [13] examined synchronous motors loss 
and temperature under various power supply modes. Y. -L. 
He et al. [14] investigated the thermal characteristics of 
stator winding in the presence of air gap eccentricity. J. 
Wang et al. [15] analyzed the relationship between 
electromagnetic losses and temperature rise across different 
motor components. Besides, S. Jia et al. [16] studied the 
loss distribution of synchronous generator under 
three-phase short-circuit fault. Further, R. Wrobel et al. [17] 
examined the proximity loss in end windings and proposed 
a correction factor for copper loss. To reduce copper loss, 
G. Berardi et al. [18] introduced a transposition method 
considering double electric layer. W. Li et al. [19-20] 
analyzed the temperature distribution of sleeves made from 
various materials, and evaluated fluid flow within the end 
regio. While the above research provides a solid theoretical 
foundation and methodological support for calculating 
generator temperature rise, the impact of RISC on the 
thermal load of stator winding insulation remains unclear. 

In addition, the mechanical properties of synchronous 
generators, including mechanical force and vibration, also 
warrant special attention. For instance, the radial vibration 
force of non-polar synchronous generator is conducted by 
distributed magnetic circuit method under no-load condition 
[21]. The stator vibration under different eccentricities in 
wound-rotor synchronous generators [22] and built-in 
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permanent magnet synchronous generator [23] are studied 
in-dept based on air gap permeance method. Meanwhile, 
comprehensive investigations consider mechanical forces 
and vibrations of the rotor [24] and the end winding [25], 
taking into account the stator interturn short-circuit 
position. In addition, when RISC occurs, the rotor core 
vibrates at the fundamental frequency, and the vibration 
amplitude is positively correlated with the RISC degree 
[26]. In contrast, short-circuit magnetic pull has minimal 
influence on rotor structural stress [27]. Besides, the 
occurrence of RISC results in fluctuations in 
electromagnetic torque [28-30]. 

However, the aforementioned studies focus on 
stator/rotor [22-24] cores, stator winding [25] and rotating 
shaft [28-30]. In contrast, the load assessment and structural 
response of the fragile insulation in the stator winding have 
been rarely addressed. As illustrated in Fig. 1, the winding 
structure is a hollow cylinder whose straight section is 
securely fixed within the stator core. To facilitate the 
calculation of load properties, the insulation and the 
winding are treated as a single entity, respectively. During 
generator operation, the windings experience 
electromagnetic forces (EF), which impose mechanical 
loads on the end insulation. Concurrently, both an internal 
electrical heat source and an external magnetic heat source 
elevate the insulation temperature, resulting in a thermal 
load on the insulation. Besides, traditional research on 
RISC tends to concentrate on electromagnetic parameters of 
synchronous generators, including electromagnetic torque 
[28-29], stator current [8], and stray magnetic fields [9-10], 
primarily for fault diagnosis. Yet, the impact of RISC on 
mechanical/thermal loads affecting stator insulation remains 
unexplored.   

 
Fig. 1 Equivalent model of generator stator winding and insulation 

Motivated by this gap, the paper comprehensively 
investigates thermal and mechanical loads properties of the 
stator winding insulation. The influence of RISC on single 
and coupled insulation structural responses is calculated 
based on multi-physics coupling. Additionally, prone to 
deformation and complex stress distributions of stator 
winding insulation are examined in detail. This study 
presents three novel contributions: 

i) The investigation of thermal and mechanical loads on 
insulation under RISC cases introduces innovative analysis. 
The thermal load considers not only the non-equilibrium 
electrical heat source within the insulation but also the 
non-uniform magnetic heat source external to it.  

ii) The structural responses of the insulation, both single 
and coupled, are ingeniously derived under the influence of 
thermal and mechanical loads. The patterns of 
thermal/mechanical degradation, along with important 
locations influenced by RISC, are identified, providing 
common idea and viable strategies for preventing possible 
insulation failures. 

iii) Different from current research on RISC, which 
typically considers two influencing factors (RISC degree 
[6-9], [26-27] and position [28-29], [31]), this paper 
analyzes the effects of four influencing factors on RISC. 

This article is organized as follows. Section II presents 
theoretical calculation models of thermal and mechanical 
loads in detail. Section III describes the finite element 
analysis (FEA) and experiments conducted on a 5kW 
synchronous generator to calculate and test the thermal and 
mechanical loads on the insulation. The mechanical, 
thermal, and coupled structural responses of the insulation 
are obtained. Section IV finally concludes this work. 

II. THEORICAL MODEL FOR THERMAL AND MECHANICAL 

LOAD ANALYSIS 

A.  MFD calculation under RISC cases 
Magnetic flux density (MFD) is a fundamental parameter 

closely associated with thermal and mechanical loads 
experienced key components of synchronous generator. 
Generally, the air gap MFD is obtained by the 
magnetomotive force (MMF) and the permeance per unit 
area. The MFD can be expressed as (1). 

0( , ) ( , )m mB t f tα α= Λ            (1) 
where αm is the mechanical circumferential angle that 
characterizes the air-gap position, t denotes time. B, f andΛ0 
denote MFD, MMF and permeance per unit area.  

In the RISC case, the field winding in the short circuit 
slot is divided into two parts: the normal part and the short 
circuit part, as depicted in Fig. 2(a). The corresponding 
equivalent circuit of the field winding under the RISC case 
is shown in Fig. 2(b). Here, αr indicates the RISC position. 
Rs, Rn and Rf represent the resistance of the short circuit 
part, the normal part and the contact resistance, 
respectively. The current in short circuit winding, normal 
winding, and Rf are denoted as Ish, In and If, respectively. It 
can be seen that excited current under the RISC case flows 
through Rf. Thus, the RISC case can be viewed as the 
normal case with a superimposed reverse DC If in the short 
circuit. Ignoring the inductance in the rotor DC circuit, If is 
expressed by (2). 
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Fig. 2 Synchronous generator under RISC case: (a) physical model, (b) 
equivalent circuit of field winding under RISC case 

Further, the MMF of the rotor winding under the normal 
case can be expressed as odd harmonics with amplitude a, 
as shown in Fig. 3. In the RISC case, a portion of the rotor 
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winding current flows through the resistance Rf. Based on 
the current distribution, the MMF under the RISC case can 
be equivalent to the MMF under the normal superimposed 
with a reverse MMF, which is generated by the current If 
[28-29], [32]. According to the Gauss flux theorem, the 
positive MMF must cover the same area as the negative 
MMF. As a result, the MMF under the RISC will be 
compressed, with the peak and the valley values reduced by 
δ1 and δ2, respectively. Specially, the Reverse MMF fd (αm, 
t) can be expressed by (3).  
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where nm is the number of short circuit turns, characterizing 
the RISC degree. n is positive integer. p is poles number of 
synchronous generators. ω is the mechanical angular 
velocity. Fdn and φn is amplitude and phase angle of nth 
harmonic MMF. 

 
Fig. 3 Rotor winding MMF diagram under different cases 

Air gap MMF is the vector sum of the rotor MMF and 
the stator MMF. For clarity, Fig. 4(a) shows the 
spatiotemporal relationship of MMF harmonics. Air gap 
MMF expression under the normal and RISC case is 
obtained by [8], [28] as (4). 

( )

1

1 1

,

cos( ) cos( )
2

cos( ) normal

cos( ) cos( )
2

cos( )

cos( ) cos(

m

s m r m

c m

s m r m

dn m n
n

c m dk m

f t

F p t p F p t p

F p t p

F p t p F p t p

F np t np

F p t p F kp t kp

γ γ
γ γ

γ γ
γ

γ γ
γ γ

γ γ
γ

α
πγ ω γ α ψ γ ω γ α

γ ω γ α β

πγ ω γ α ψ γ ω γ α

ω α ϕ

γ ω γ α β ω α

=

− − − + −

= − −

− − − + −

− − −

= − − − − −

 



 







)

RISC

k
k

ϕ




















(4) 

where γ and k are odd and even integers, indicating the 
MMF harmonic order. Fsγ, Frγ and Fcγ are γth-harmonic 
amplitude of stator MMF, rotor MMF and composite MMF 
under normal case, respectively. Fsγ1 and Fcγ1 are 
γth-harmonic amplitude of stator MMF and composite 
MMF under RISC case. βγ and βγ1 are the phase angle of 
composite MMF γth-harmonic under normal and RISC 
case, respectively. 
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Fig. 4 Air gap MMF vector diagram: (a) normal and RISC case (b) RISC 
considering forced excitation 

For non-salient synchronous generator, the air gap is 
uniformly distributed, so the permeance per unit area Λ0 
remains constant. According to (1), both the MFD and the 
MMF exhibit similar properties. Furthermore, based on (4), 
the MFD is predominantly influenced by odd harmonics 
under the normal case. When the RISC occurs, the even 
harmonics appear in the MFD spectrum, while the 
amplitudes of odd harmonics decrease (Fcγ1 < Fcγ). 
Generally, the RISC weakens the air gap MMF, resulting in 
a reduction in the output voltage of the synchronous 
generator. To compensate for this, the excitation current 
must be increased to maintain energy conservation and 
constant terminal voltage. In essence, the synchronous 
generator initiates forced excitation [33]. The greater the 
weakening of the magnetic field, the higher the required 
excitation current. Under forced excitation condition, the 
MMF increases, as indicated by the dotted arrow in Fig. 
4(b), Fcγ1 > Fcγ. Additionally, the output also affects the air 
gap MMF amplitude, as the stator MMF amplitude is 
obviously correlated with phase current, according to per 
Ampère's circuital law. In Fig. 4(b), '

1sF γ  and '
1cF γ  are 

γth-harmonic amplitude of stator MMF and composite 
MMF under the RISC with half output case. Frγ denotes the 
air gap MMF under no output case. '

1 1c c rF F Fγ γ γ< < . As the 
output decreases, the odd harmonics amplitudes of air gap 
MMF increases. 

Based on the aforementioned analysis, it is evident that 
the air gap MMF/MFD under the RISC cases is influenced 
by four factors: the RISC degree (nm), the RISC position 
(αr), the output (Fs) and the contact resistance (Rf). 
Considering forced excitation, the findings are as follows: 1) 
As nr increase, all harmonics amplitudes increase. 2) An 
increase in Rf reduces reversed current amplitude, 
consequently increasing air gap MMF amplitude as Rf 
decreases. 3) Increasing αr leads to an increase in each 
harmonic amplitude. 4) A reduction in output increases odd 
harmonics amplitudes and has minimal effect on even 
harmonics. 

B.  Impact of RISC on insulation thermal load 
During the operation of synchronous generators, the 

windings within the insulation and the stator core external 



to the insulation contribute to the copper loss and the core 
loss, respectively. The combined effects of the heat 
produced by external the core loss and internal the copper 
loss lead to an uneven temperature distribution within the 
insulation. Consequently, the insulation experiences 
unbalanced and undesirable thermal loads. 

Currently, the core loss is calculated using Bertotti’s 
iron-loss model, where the core loss PFe is divided into the 
hysteresis loss PH, the eddy current loss PC and the excess 
loss PE. The PFe expression can be written as (5). 
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where kh, ke and ka are the coefficients of hysteresis loss, 
eddy current loss and excess loss. f1 is the magnetic field 
frequency, B is the air gap MFD amplitude. α is the 
Steinmetz coefficient, typically set to 2. 

Besides, the copper loss, resulting from the thermal effect 
of the current, also significantly affects the thermal load on 
the insulation. Given that the skin effect relies on the high 
frequency currents while higher-order harmonic amplitudes 
are comparatively smaller, this paper neglects the skin 
effect. The copper loss PCu can be expressed as (6). 
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where R denotes the phase winding resistance, Isγ is the 
current RMS of γ-th harmonic. According to the 
electromagnetic induction law, the instantaneous phase 
current i(αm, t) can be written as (7). 
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where L is the effective length of the stator winding, q is the 
slot number of each pole in each phase, wc is the turn 
number of each winding, kωγ is the γ-th harmonic winding 
factor, kyy is the γ-th harmonic pitch factor, kqη is the γ-th 
harmonic distribution factor, α1 is the angle between two 
slots, and Z is the external electrical load impedance, which 
measures the output of the synchronous generator. 

When the RISC occurs, new harmonics emerge in the 
magnetic field of the synchronous generator, and the 
amplitude of these harmonics increases considering the 
forced excitation condition. Therefore, based on (5)-(7), 
both the core loss and the copper loss under the RISC cases 
exceed those under the normal case. Consequently, 
insulation temperature rise under the RISC case will be 
higher than that under the normal, assuming equivalent heat 
dissipation condition. Moreover, the variation in losses due 
to the RISC occurrence is consistent with the trends of air 
gap MFD considering varying RISC degree, position, and 
contact resistance. Specifically, the copper loss is primarily 
influenced by the phase current, which correlates with the 

output. A reduction in output leads to a sharp decrease in 
the copper loss, while the core loss may increase slightly. 

To more accurately calculate the temperature rise of the 
insulation, this paper analyzes the entire core - insulation - 
winding system. The strand winding model is simplified, as 
shown in Fig. 1. The heat conductivity coefficient of this 
equivalent insulation is given by (8). 
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where λeq is the heat conductivity coefficient of the 
equivalent insulation, di is the insulation thickness, and λi is 
the heat conductivity coefficient of the each wire insulation. 

The core loss and the copper loss serve as internal heat 
sources affecting the temperature distribution. The paper 
employs the three-dimensional temperature field analysis 
method of internal heat source. In the three-dimensional 
Cartesian coordinate system, the heat energy transfer can be 
written as (9) [14], [20]. 
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where λx, λy, λz and λn are the thermal conductivity along x-, 
y-, z- and n-direction, respectively. ρ is the material density, 
α2 is the heat dissipation coefficient, c is the specific heat 
capacity, qv is the heat density of internal heat source, T and 
Tf are the temperature of body and surrounding medium. 

To facilitate the temperature model solution of the stator 
system, several assumptions are made: 

(1) Influence of heat transfer between stator and rotor is 
negligible due to high thermal resistance of air gap. 

(2) Each conductive medium is considered isotropic.  
(3) Magnetic properties of core material remain constant.  
Additionally, careful consideration must be given to the 

boundary conditions of the temperature field. Based on the 
system's physical structure, the heat exchange modes 
between winding, insulation, and core involve heat transfer, 
while the surfaces of insulation and core engage in heat 
convection. The heat dissipation coefficients for each 
boundary must be determined for surfaces where convective 
heat transfer occurs, including the outer surface, end 
surface, inner surface of the core, and insulation end 
surface. The corresponding convective heat transfer 
coefficients are denoted as C1, C2, C3 and C4, respectively, 
as shown in Fig. 5. The coefficients can be expressed using 
empirical formulas as (10) [14], [34]. 
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Fig. 5 Convective heat transfer on system surface 
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where v1 is the wind speed on the stator core outer surface, 
v2 is the linear speed on the rotor surface. det is the 
equivalent diameter of the stator winding end, Ret is the 
airflow Reynolds number at the end of winding, λa is 
thermal conductivity of air, D1 and Di1 are the outer 
diameters and the inner diameter of the stator core, ξ is the 
viscosity coefficient of air motion. 

The system temperature rise induces thermal responses in 
the insulation, including thermal deformation and thermal 
stress. Excessive thermal responses may lead to insulation 
rupture and material carbonization. The thermal 
deformation of winding insulation can be derived by 
solving force balance based on the system temperature field 
distribution. The specific expression is given by (11) [35]. 
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where S is the element stress matrix, Ds is the elastic 
stiffness matrix, U is the node displacement vector matrix, 
ε0 is the unit thermal strain matrix, ΔT is the temperature 
rise, αx, αy, αz are the thermal expansion coefficients of each 
material in x, y, z directions respectively, ε is the total strain 
matrix, σ is the stress vector. 

C.  Impact of RISC on mechanical load 
According to Ampere's force law, the stator winding 

experiences alternating radial EF. Consequently, the 
insulation surrounding the winding is subjected to 
mechanical loads, as depicted in Fig. 6. In response, the 
insulation undergoes mechanical deformation and stress. On 
the macro level, the periodic mechanical deformation of the 
insulation is characterized by the periodic displacement, 
that is, the vibration. The EF Fe(αm, t) can be written as 
(12). 
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Fig. 6 End winding structure, load and dynamic model 
where l is axial length of the winding end part, Bl(αm, t) is 
the air gap MFD in the end region. αl is the angle between 
the normal line of the calculated end part point and Bl, βl is 
the angle between the normal line of the calculated end part 

point and the rotor axis. Substituting (1), (7) to (12), the EF 
under the normal case and the RISC case can be represented 
as (13). 
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As indicated in (13), the EF acting on the winding 
primarily comprises DC and even harmonic components 
(2γ) under the normal case. However, additional odd 
harmonics (γ+k, γ-k) emerge following the occurrence of the 
RISC. Furthermore, the EF amplitude of each harmonic is 
predominantly influenced by the air gap MMF amplitude 
and the output. For constant output, an increase in nm and 
αr, or a decrease in Rf, will enhance the EF. This leads to an 
increased mechanical load on the insulation. Conversely, as 
the output rises (Z decreases), the EF also increases 
significantly. 

Additionally, the EF can induce periodic motion in the 
end winding, resulting in radial vibrations in the end 
insulation, as shown in Fig. 6. The insulated end can be 
modeled as a cantilever beam structure, described by the 
kinetics equation expressed in (14). 
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where M is the mass matrix of the end winding, D is the 
damping matrix provided by the tie lines, K is the stiffness 
matrix, FD(t) and FK(t) are the resistance force matrixes 
from damping and elastic spring, respectively, and x(t) is 
the displacement matrix. 

According to the mechanical dynamic model, both the 
input and the output of a mechanical system are 
co-frequency and positive. In this study, the FE is the input 
and the resulting vibration is the output. Theoretically, the 
frequency of the insulation vibration corresponds to the 
time-varying mechanical loads, including 1st, 2nd, 3rd and 4th 
harmonics under the RISC cases. Moreover, the greater the 
FE acting on the insulation, the more intense the insulation 
vibration.  

Besides, as shown in Fig. 7, the mechanical stress is 
generated in the end insulation under the action of the EF. 
The mechanical stress in end insulation can be computed 
through the EF density in (15). 
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where s is the distance from winding nose end to analyzed 
cross-section, M1 is the bending moment at the section, y is 
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the distance from a point in the cross-section to the neutral 
axis, Iz is the moment of inertia, Fj is section shear. 

 
Fig. 7 Schematic diagram of mechanical stress distribution in end winding 

The EF in the end winding is unevenly distributed. The 
farther from the nose, the greater the accumulated bending 
moment and cross-section stress. Consequently, the stress at 
the root of the end winding increases, leading to significant 
changes in the geometry of the winding nose and the onset 
of stress concentration. The maximum displacement and 
deformation occur at the insulation nose, as this location is 
farthest from the fixed support. This results in stress and 
deformation levels exceeding those in other regions during 
generator operation. Meanwhile, as shown in Fig. 7, 
increasing the mechanical load on the end insulation leads 
to higher maximum stress value. 

In summary, since the insulation fully and cohesively 
contacts the winding, the EF of the winding can be 
considered as the mechanical load borne by the insulation. 
Both the vibration and the mechanical stress are 
characterized by the mechanical response of the insulation 
to this load. The vibration represents the external expression 
of the insulation’s response, as calculated using (14), while 
the stress is the result of the internal force in the insulation 
under the mechanical load, as described by (15). 
Consequently, the three variables in the studied system can 
be reliably transformed between them. Specially, the 
mechanical load, the vibration and the stress exhibit a 
positive correlation: as the mechanical load increases, both 
the vibration and the mechanical stress also increase. 

III. FEA CALCULATION AND EXPERIMENTAL VALIDATION 

A.  FEA and experiment setup 
To validate the theoretical analysis, a non-salient 

synchronous generator is subjected to FEA calculations and 
experiment. This generator, designed and manufactured by 
the authors to simulate various RISC cases, has its primary 
parameters outlined in Table I. 

TABLE Ⅰ 
Electro-mechanical Parameters of Studied Generator 

Parameters Values Parameters Values 
rated power 5kVA stator core length 130mm 

power factor(cosφ) 0.8 rated excited current 7.9A 
radial air-gap length 1.2mm rotor slots 16 

stator slots 36 rotor core outer diameter 142.6mm 
stator outer diameter 250.5mm rotor core inner diameter 40mm 
stator inner diameter 145mm rotor coil turns per slot 60 
The simulation calculations are conducted using Ansys 

Workbench. As illustrated in Fig. 8(a), a high-fidelity FEA 
model is established. On the physical model, the rotor 
winding is divided into normal part and short circuit part. 
The corresponding external coupled circuit is depicted on 
the right side of Fig. 8(a). Different degrees and positions of 
RISC are realized by adjusting short-circuit turns and slots. 
Output variations are achieved by modifying the electrical 
load in the external circuit. Additionally, several cases 
involving contact resistance are considered. Fig. 8(b) 

presents the coupling paths and calculated parameters for 
the electromagnetic, thermal, and structural fields. Path 1 
pertains to thermal load characteristics, where loss data is 
input into the temperature field, subsequently informing the 
structural field to derive thermal responses. In contrast, Path 
2 directly represents mechanical load, where mechanical 
responses are derived based on the EF. The coupling 
response results from the superposition of these two loads. 
Furthermore, the material parameters of the synchronous 
generator key components are illustrated in Table Ⅱ. 
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Fig. 8 FEA settings: (a) FEA model, (b) magnetic-thermal-structural field 
coupling  

TABLE Ⅱ 
Material Parameters of Studied Generator 

Component Material 
name 

Young modulus 
(GPa) 

Thermal 
conductivity 

W/(m·K) 

Thermal 
expansion 

(1/K) 

Poisson 
ratio 

Stator core silicon 
steel 

200 (in radial) 
80 (in axial) 60.5 1.20*10-5 0.30 

Winding copper 110 396.7 1.67*10-5 0.34 
Insulation mica 56 0.34 8.25*10-6 0.25 

Experimental validation is conducted on a non-salient 
prototype generator, consistent with the FEA setup, as 
shown in Fig. 9(a). Specific RISC positions are connected 
to terminals on the short-circuit tap panel. The temperature 
rises in the stator core and the insulation are measured using 
a temperature monitor with K-type thermocouples. 
Temperature measurement points are located at the end 
(points 5, 7, 9 and 11), the straight section (points 6, 8, 10 
and 12) of the insulation, and the end face (points 1-4) of 
the stator core, as indicated in Fig. 9(b). The temperature 
data by monitor device is recorded at a frequency of 0.1Hz. 

Ideally, the mechanical load on the end insulation should 
be directly tested in the experiment. However, given the 
challenges in directly testing the EF in the winding, the 
vibration is commonly examined as a proxy for EF 
measurement. In practice, the acceleration sensors are 
frequently employed to monitor vibrations due to their 
small size and ease of installation. The radial vibration of 
the stator winding is captured using piezoelectricity 
acceleration sensors (Sensitivity: 10 mV/(m·s-²)), which are 
affixed to the end winding with specialized adhesive and 
output the voltage signal. The vibration signal by the data 
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collector is set to a sampling frequency of 10 kHz. 
In this study, four groups of RISC cases are analyzed in 

addition to the normal case. Specially, the RISC case with 
5% degree, position in slot 2 and 0.0001 Ω Rf, accompanied 
by the full output is set to a comparison case. In all the 
tables of the paper, the 5% degree, the slot 2, the 0.0001 Ω, 
and the full output is same case, which refers to the 
comparison case. Compared with comparison case, only the 

parameter value of single influencing factor is changed in 
the other RISC cases, which are as follows: 1) varying 
short-circuit degree (5% (L1-L2), 10% (L1-L3), and 15% 
(L1-L4)), 2) varying short-circuit positions (slot 2, slot 3, 
and slot 4), 3) varying output (no, half, and full output), and 
4) varying contact resistances (0.0001 Ω, 0.5 Ω, and 1 Ω). 
Besides, the excitation current under different RISC cases is 
shown in Table Ⅲ. 

 
(a)                                                             (b) 

Fig. 9 RISC fault experiment: (a) experiment platform (b) temperature measure points  

TABLE Ⅲ 
Excitation Current under Different RISC Cases 

Case 0 5% 10% 15% Slot2 Slot3 Slot4 Full Half No 0.0001Ω 0.5Ω 1Ω 

Excited current (A) 7.9 8.92 9.58 10.23 8.92 9.15 9.31 8.92 8.92 8.92 8.92 8.73 8.58 
 

B.  MFD results 
Fig. 10 displays the air gap MFD time curves and spectra 

obtained from FEA calculations under different RISC cases. 
The results indicate that the RISC introduces new even 
harmonics in the air gap MFD compared to normal. Fig. 9(a) 
clearly illustrates the rapid increase in MFD amplitude with 
increasing RISC degrees. Similarly, the farther the 
short-circuit position is from the large tooth (from slot 2 to 
slot 4), the greater the MFD amplitude, as depicted in Fig. 
10(b). Correspondingly, the amplitudes of the contained 
harmonics, including 1st, 2nd, 3rd and 4th harmonics, follow 
the same variation trend. Additionally, observing the curves 
in Fig. 10(c), The values of the air gap MFD under three 
output cases exhibit a dynamic relationship that varies with 
the passage of time. For instance, during the time interval 
from 0.01s to 0.02s, the no-output curve attains the highest 
magnitude initially. Subsequently, the half-output curve 
follows, and ultimately, the full-output curve demonstrates 
the largest amplitude. This phenomenon can be attributed to 
the fact that as the output/stator current increases, the stator 
MMF will be increased as well. Concomitantly, the air gap 
MMF experiences a phase lag along the time (see Fig. 4, βγ1 
increases as the output increases). Notably, the spectrum 
under varying output cases shows that output variations 

significantly affect odd harmonics but have minimal impact 
on even harmonics. The reasons for this phenomenon are 
explained as follows. The normal stator current has only 
odd harmonics and does not include even harmonics due to 
the DC excitation (the step wave of the rotor MMF can be 
only decomposed to odd harmonics by Fourier Series). 
Hence, the stator MMF contains the same odd harmonics 
components. When the output increases, the odd harmonic 
amplitudes of the phase current and the stator MMF will be 
also increased. However, the rotor MMF in the RISC cases 
includes both odd and even harmonics (the extra even 
harmonics are produced by RISC) [28]. Since the armature 
reaction will decrease the composite air gap MMF Fcγ due 
to the obtuse angle between Frγ and Fsγ (see Fig.4), the 
increment of the output will enlarge Fsγ but decrease Fcγ. 
Consequently, the odd harmonics of MFD will be decreased. 
On the contrary, the even harmonics only depend on the 
RISC and the exciting current. They will generally keep the 
same since neither the RISC effect nor the exciting current 
is increased. Besides, Fig. 10(d) demonstrate that an 
increase in contact resistance results in a reduction of MFD. 
in summary, the observed variation trend of MFD aligns 
with the theoretical analysis. 
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Fig. 10 air gap MFD by FEA: (a) to (d) curves and (e) to (h) spectrum under varied short circuit degrees, varied positions, varied output, varied contact 
resistance 
C. Thermal load results  

Fig. 11 shows the core loss and the copper loss calculated 
through theoretical model and FEA under various RISC 
cases. The core loss encompasses hysteresis loss and eddy 
current loss, while excess loss is neglected. The results 
indicate that hysteresis loss is considerably larger than eddy 
current loss in the stator core. Additionally, core loss is 
slightly lower than copper loss in the winding. When 
comparing losses across different RISC cases, an increase 
in short-circuit degree, a greater distance of the RISC 
position from rotor large tooth, or a reduction in Rf leads to 
an increase in all losses. For example, the core loss under 
RISC 15% case is 66.4 W (as per FEA) and 89.6 W 
(according to the theoretical model), which is higher than 
that under normal case. Meanwhile, reducing the output 
results in a significant decrease in copper loss due to a sharp 
reduction in phase current. Overall, the results from the 
theoretical model correlate well with the simulation results. 

Furthermore, the temperature rise of the stator core, the 
winding and the insulation is calculated by the FEA to 
assess the thermal load on the insulation. Firstly, the copper 
loss and the core loss are integrated into the temperature 
field as internal and external heat sources for the insulation, 
respectively. Then, the boundary conditions of the 
temperature field are set according to Fig. 5. Besides, the 
initial temperature set at 18°C based on actual conditions. 
The system reaches a steady state within 20 minutes.  

Fig. 12 illustrates the simulation results showing the 
temperature distribution across the core-winding and the 
insulation thermal load under partial RISC cases. Fig. 13(a) 
and (b) display the experimental temperature measurements 
at point 10, recorded by a thermocouple. Fig. 13(c) and (d) 
illustrate the maximum temperature variations at three key 
locations: the insulation middle, the insulation end, and the 
core end face, under varying RISC degrees and contact 
resistance. These locations are designated as Position 1, 2, 
and 3, respectively. The temperature at Position 1 is the 
average of measurements taken at points 6, 8, 10, and 12, 
while Position 2 averages the measurements at points 5, 7, 9, 
and 11. Position 3 averages the measurements at points 1, 2, 

3, and 4. Besides, the calculated temperatures are compared 
with tested temperatures. Additional maximum temperature 
is summarized in Table Ⅳ. 

The results indicate that the lowest temperature occurs at 
the outer surface of the core, while the maximum 
temperature is observed at the inner middle of the core. 
Similarly, the insulation's middle region exhibits 
significantly higher temperatures compared to the insulation 
end. There is convective heat transfer at the surfaces of the 
end insulation and the core, while the heat transfer among 
the winding, insulation, and core primarily occurs through 
thermal conduction. In the core-winding middle region, heat 
losses are concentrated, and heat dissipation is inefficient, 
leading to elevated temperatures compared to other regions. 
Hence, the middle region of the core and the insulation has 
the high temperature due to the different heat exchange 
mechanisms and heat source distributions. Consequently, 
this region is subject to a large thermal load. Furthermore, 
the experimental data presented in Fig. 13 (c) and (d) 
corroborate the calculated temperature distributions for both 
the core and insulation.  

The influence of RISC factors on losses increases 
parallels the impact of temperature. As the degree of RISC 
increases, a corresponding rise in temperature is observed. 
The RISC position farther from the rotor’s large teeth or a 
reduction in contact resistance exhibits similar trends. 
Consequently, the thermal load on the insulation increases. 
It is necessary to pay attention to the thermal aging of the 
insulation under the action of thermal load. Specially, 
compared with normal case, the insulation temperature 
under the RISC case with Rf 1Ω rises by 1.95°C (as per 
FEA) and by 3.05°C (as per experimental results). 
Conversely, a reduction in output leads to decreased 
insulation the thermal load in both FEA and experimental 
results, due to a significant reduction in the copper loss. 
Further, to validate the experimental results, the generator 
temperature is recorded using infrared temperature 
measurement equipment, as shown in Appendix. The 
recorded infrared temperature aligns closely with the 
thermocouple measurements. 

 
(a)                        (b)                         (c)                           (d) 

Fig. 11 Loss results by theory and FEA under different RISC cases: (a) core loss, (b) hysteresis loss, (c) eddy current loss, (d) copper loss. 



 
              (a)                 (b)                 (c)                  (d)                  (e)                   (f) 
Fig. 12 Insulation temperature distribution by FEA under varied RISC cases: (a) normal (b) RISC 5% (c) RISC 15% (d) slot 3 (e) no load (f) 1 Ω 
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Fig. 13 Tested temperature by thermal couples: (a) insulation at P10 under different nm, (b) insulation at P10 under other RISC cases, (c) average temperature 
comparison with different nm, (d) average temperature comparison with different Rf 

TABLE Ⅳ 
Highest Temperature of Stator Core-Winding System under Different RISC Cases (°C) 

Case 0 5% 10% 15% Slot2 Slot3 Slot4 Full Half No 0.0001Ω 0.5Ω 1Ω 
FEA calculation  40.68 44.67 49.59 53.44 44.67 45.92 46.84 44.67 41.26 37.75 44.67 43.56 42.63 

Experiment 39.51 45.23 49.15 52.93 45.23 46.54 47.93 45.23 39.68 36.59 45.23 43.17 42.56 
Error 1.17 0.56 0.44 0.51 0.56 0.62 1.09 0.56 1.58 1.16 0.56 0.39 0.07 

D.  Mechanical load results 
Fig. 14 illustrates the EF in the winding, calculated by 

FEA. The winding and the insulation are closely fitted, 
allowing the EF to be treated as a mechanical load on the 
insulation. The EF harmonics are limited to DC and even 
harmonics under the normal case. The onset of a RISC 
introduces new odd harmonics in the EF. Fig. 14(a)-(d) 
provide compelling evidence that increasing short circuit 
degrees and reducing contact resistance significantly 
enhance the EF amplitude. Consequently, the amplitudes of 
the DC component, as well as 1st, 2nd, 3rd, and 4th harmonics, 
are all amplified. Similarly, the greater the angle of the 
RISC position, the greater the EF. Additionally, lower 
outputs correspond to diminished insulation mechanical 
load since the EF is closely related to phase current. The 
FEA results are consistent with the theoretical analysis.  

Furthermore, the winding vibration, characterized by the 
acceleration, is measured to validate the aforementioned EF 
analysis. Based on the dynamical theory of mechanical 
system (seeing (14)), the frequency components of the 
vibration and the insulation load are identical. Meanwhile, 
the amplitude changes corresponding to each characteristic 
frequency can effectively and correctly reflect the variation 
in the mechanical load. Due to space constraints, only 
winding vibration results obtained by the FEA calculation 
and the experiment under partial RISC cases are presented 
in Fig. 15. Detailed harmonic amplitudes of the vibration 
are listed in Table Ⅴ, and the time - frequency results under 
other RISC cases are provided in Appendix. 

Ideally, only even harmonics (100Hz and 200Hz) should 
be present in the mechanical vibration spectrum under 
normal case, as shown by the FEA results (see Fig. 15(a) 
and (e)). However, actual measurement results (see Fig. 
15(c) and (g)) show the presence of odd harmonics (50Hz 
and 150Hz), which arise from the operational frequency and 
its multiples during generator operation. When the RISC 
takes place, new odd harmonics appear in the spectrum by 
the FEA, as shown in Fig. 15(f). The amplitude of the 

insulation vibration intensifies due to the enhanced EF. 
Comparing the FEA data with the tested results, the latter is 
disturbed by other harmonics generated by other 
components, while the amplitude change trends are similar, 
confirming the validity of the simulation calculation. 
Moreover, the harmonic components and the amplitude 
variations of the mechanical vibration also confirm the 
correctness and validity of the theoretical analysis of the 
mechanical load on the insulation.  

Moreover, analysis of the spectrum in Fig. 15 and the 
harmonic amplitudes in Table Ⅴ indicates that increased 
short circuit degrees and reduced contact resistance can 
enhance winding vibration and its harmonic amplitude. This 
indicates that the mechanical load on the insulation 
increases based on the dynamic theory of mechanical 
system. Similarly, increasing the output or extending the 
distance of the short circuit position from the rotor’s big 
teeth can enhance winding vibration under RISC cases.  

To facilitate clearer comparisons among the proposed 
theorical model, FEA calculations, and experiment, the 1st 
and 2nd harmonic amplitudes of both the EF and the 
insulation vibration in varied RISC degrees and contact 
resistance cases are shown in Fig. 16(a)-(d). The blue 
curves represent the EF trend, corresponding to the left 
y-axis, while the red curve shows the vibration change, 
corresponding to the right y-axis. The graphical 
representations indicate that the EF and the insulation 
vibration exhibit similar trends across all cases. 
Additionally, in order to verify the accuracy of the 
theoretical model, only the errors between the theoretical 
and FEA EF results are calculated as experimentally 
measuring the EF is challenging. Meanwhile, the error 
calculation is based on the FEA value, and can be obtained 
by (16). The errors under all RISC cases are illustrated in 
Fig. 16(e) - (h). Specially, the calculated error under the no 
output case is 100% in Fig. 16 (g) based on (16) since the 
theoretical value of the EF is exactly zero. Overall, except 
for no output case, the errors under other RISC cases 
generally remain below 10%, indicating a high degree of 
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evaluation accuracy for the proposed theorical model. 
Furthermore, the experimental results depicted in Fig. 16(a) 
- (d) indirectly validate the correctness of the proposed 
model against FEA results. Theoretical model errors 
primarily stem from simplifications, such as neglecting 
leakage fields and slot effects, while inaccuracies in the 
FEA arise from mesh division and material parameter 
discrepancies. 

*100%t s
er

s

A AE
A
−=            (16) 

where Eer denotes the harmonic amplitude error, At and As 
are the theorical value and the simulation value of the 
harmonic amplitude, respectively.  
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Fig. 14 EF by FEA: (a) to (d) curves and (e) to (h) spectrum under varied short circuit degrees, varied positions, varied contact resistance, varied loads 
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Fig. 15 Winding vibration results: (a) to (b) time curves by FEA under normal and RISC5% case, (c) to (d) time curves by experiment under normal and 
RISC5% case, (e) to (f) spectrum by FEA under normal and RISC5% case, (g) to (h) spectrum by experiment under normal and RISC5% case, respectively 

TABLE Ⅴ 
Tested Vibration Harmonic Amplitudes under Different RISC Cases (mm/s2) 

Case 0 5% 10% 15% Slot2 Slot3 Slot4 Full Half No 0.0001Ω 0.5Ω 1Ω 
1st 55.56 108.3 216 343.8 108.3 160.8 189.3 108.3 81.69 52.74 108.3 92.36 85.61 
2nd 259.5 402 661.6 975.5 402 536.7 614.4 402 283.7 68.34 402 371.9 346.4 
3rd 38.02 69.37 143.1 234.4 69.37 94.54 125.7 69.37 41.23 32.01 69.37 57.62 46.36 
4th 151.3 211.6 363.4 451.4 211.6 273.5 332.2 211.6 84.39 63.94 211.6 189.3 163.3 
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Fig. 16 EF and winding vibration comparison: (a) 1st and (b) 2nd harmonic amplitude with different short circuit degrees, (c) 1st and (d) 2nd harmonic 
amplitude with varied contact resistances, (e) to (h) EF results error under different RISC degrees, contact resistances, outputs and positions, respectively   
E.  Insulation structural responses based on thermal, 
mechanical and coupling loads 

Fig. 17 presents the mechanical, thermal, and coupling 
structural responses of the insulation under the RISC 5% 
case. Due to space limitations, additional responses 
amplitudes under various RISC cases are provided in Table 
Ⅵ. The results of the insulation structural responses under 
some cases are presented in Appendix. Furthermore, to 
elucidate detrimental impact of different stress types on 
insulation, stress variation over time is illustrated in Fig. 18.  

Based on the distribution and the maximum amplitude 
variations of structural responses, the maximum 
deformation occurs at the insulation nose end in most RISC 
cases, whereas, under no-output cases, the maximum 
deformation is observed at the junction of the straight 
segment and the involute. This behavior can be attributed to 
the insulation end being a cantilever beam structure, which 
experiences dislocation displacement at the furthest nose 
end. In contrast, under no-output cases, the thermal load on 
the winding primarily originates from the stator core. Thus, 
at the junction of the insulation, stator core, and air-i.e., the 
connection point-there is the largest temperature differential, 
resulting in the greatest thermal deformation. Additionally, 
the maximum insulation stress is located at the junction due 
to alterations in the insulation structure. Consequently, the 
nose end and the junction of the insulation, under the 
influence of mechanical and thermal loads, are important 
areas warranting special attention. 

Moreover, when the RISC occurs, three stresses values 
increase compared to the normal case considering the full 
output. Meanwhile, the results show that the occurrence of 
RISC amplifies the load on the insulation based on (15). 
Under the RISC cases, the mechanical, thermal, and 
coupling responses increase with heightened short circuit 
degrees, increased distance of the short circuit from the 
rotor's big teeth, increased output, and reduced contact 

resistance. Therefore, it is essential to detect short circuit 
faults timely to prevent the additional load on the stator 
winding insulation, which could result in the possible 
shortening of the insulation service life. 

Besides, it is imperative to note that the amplitude of the 
thermal response significantly exceeds that of the 
mechanical response, yet remains smaller under single 
actions compared to coupling action. However, this does 
not imply that the thermal load on the insulation is more 
harmful than the mechanical load. The mechanical stress 
experienced by the insulation is dynamic and 
high-frequency, while the thermal stress is static and 
stabilizing once the insulation temperature stabilizes, as 
shown in Fig. 18(a) and (b). This also shows from the side 
that the mechanical load is dynamic, while the thermal load 
is constant, which accords with the above analysis results. 
Consequently, despite the smaller amplitude of mechanical 
stress, it can still inflict considerably negative impact on the 
insulation. The stress experienced under coupling action 
combines the characteristics of both individual stress types. 
Therefore, analyzing only a single load action is neither 
comprehensive nor adequate for investigating the structural 
responses characteristics of the insulation. Consequently, 
improving insulation performance should focus not only on 
enhancing thermal load-bearing capacity of insulation 
materials at important locations but also on increasing 
fatigue strength of the insulation. 

The analysis indicates significant deformation and stress 
concentration at specific positions, which are particularly 
pronounced at the nose end and the junction. Fig. 19 depicts 
insulation damage observed under field scenes following 
prolonged operation. Generally, the insulation damage 
locations correlate with maximum structural response 
position. Thus, directing attention to these important areas 
is essential.  

 
Fig. 17 Insulation structural responses under RISC 5% case 

 
(a)                           (b)                      (c)                           (d) 

Fig. 18 Insulation stress curves: (a) mechanical stress, (b) thermal stress, (c) three stresses under normal, (d) three stresses under RISC 5% 
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TABLE Ⅵ 
Insulation Structural Response Amplitudes under Different RISC Cases 

Case 0 5% 10% 15% Slot2 Slot3 Slot4 Full Half No 0.0001Ω 0.5Ω 1Ω 

Deformation 
(mm) 

Thermal 0.098 0.143 0.189 0.204 0.143 0.161 0.172 0.143 0.103 0.058 0.143 0.131 0.119 
Mechanical 0.021 0.031 0.039 0.048 0.031 0.035 0.037 0.031 0.014 6*10-5 0.031 0.028 0.025 
Coupling 0.121 0.163 0.191 0.223 0.163 0.179 0.196 0.163 0.109 0.061 0.163 0.15 0.138 

Stress (MPa) 
Thermal 13.36 18.47 22.31 26.95 18.47 19.38 21.17 18.47 14.95 9.342 18.47 16.86 15.03 

Mechanical 1.467 1.892 2.164 2.537 1.892 1.991 2.068 1.892 7.627 4*10-5 1.892 1.703 1.594 
Coupling 14.91 19.34 23.85 28.73 19.34 21.66 23.08 19.34 15.28 9.361 19.34 18.31 16.52 

 

 
Fig. 19 Pictures of nose and joint damage 

IV. CONCLUSION 

This paper investigates the thermal and mechanical load 
characteristics of winding insulation under RISC cases, 
along with the structural responses of insulation under 
single and coupled loads. The deformation and stress 
distributions of the insulation under double loads are 
delineated, and the increasing effect of the RISC on 
insulation structural responses is examined. The principal 
conclusions of this work are as follows.  

1) The thermal load on winding insulation is greatest in 
the straight section and least at the end. The occurrence of 
the RISC increases the thermal load on the insulation, with 
the thermal response predominantly in a steady state. 

2) The mechanical load borne by insulation is dynamic, 
primarily exhibiting the 2nd and 4th harmonics, while the 1st 
and 3rd harmonics occur in the presence of the RISC. 

3) The insulation loads under RISC cases are influenced 
by four factors. RISC degree intensification, an increase in 
the distance of the RISC position from the rotor big teeth, 
reduced contact resistance, and increased output, all of 
which contribute to elevate the mechanical and thermal 
loads on the insulation. 

4) Important points, which exhibit maximum structural 
responses of the insulation, are identified, particularly at the 
nose end and the junction between the straight segment and 
the involute section. Applying a high-temperature and 
fatigue-resistant coating to these points or adding a sheath 
capable of withstanding significant loads could extend the 
likelihood of insulation service life. 

In conclusion, this paper provides comprehensive 
investigation into the mechanical and thermal loads 
experienced by winding insulation, offering the reference 
and basis for insulation load evaluation of electric machines 
in real scenarios. The findings have significant potential as 
a foundation for addressing related insulation load issues in 
other similar electrical machines. Concurrently, this study is 
helpful in formulating effective and straightforward 
strategies to enhance the insulation reliability and extend its 
service life. 

V. APPENDIX 

Temperature distribution of the synchronous generator by infrared sensor is shown in Fig. 20 under varied RISC fault. 

       
         (a)                (b)               (c)                (d)               (e)               (f)                (g) 
Fig. 20 Temperature distribution by infrared sensor under varied RISC fault: (a) reference contour (b) normal (c) 5% (d) 15% (e) slot 3 (f) no output (g) 1 Ω 

The time curves and the frequency domain spectrum of the insulation vibration, as obtained from the FEA calculations and 
the experiment under some RISC cases, are shown in Fig. 21 and Fig. 22, respectively. Specially, the insulation vibration 
predicted by the FEA under no output case is essentially zero because no EF on the insulation is present. 
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                   (e)                        (f)                           (g)                       (h) 
Fig. 21 Insulation vibration by FEA calculation: (a) to (d) time curves, (e) to (h) spectrum under RISC case with 15%, slot 3, no output and 1Ω, respectively 

Joint damage Nose end damage 



 
(a)                         (b)                          (c)                         (d) 

 
(e)                        (f)                      (g)                       (h) 

Fig. 22 Tested insulation vibration: (a) to (d) time curves, (e) to (h) spectrum under RISC case with 15%, slot 3, no output and 1 Ω, respectively 
The structural responses of the insulation under the normal, the RISC 15% and the no load cases are provided in Fig. 23. 

 
Fig. 23 Insulation responses under normal, RISC 15% and no load (left to right): (a) mechanical deformation, (b) thermal deformation, (c) coupling 
deformation, (d) mechanical stress, (e) thermal stress, (f) coupling stress 
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