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Abstract—Excessive temperature rise during the operation 

of the generator system can affect the safety and life cycle of 

the machine. Therefore, in order to accurately obtain the 

internal temperature of the switched reluctance generator 

(SRG), an internal temperature estimation model based on 

electric heating is established in this paper. First, an im-

proved variable coefficient Bertotti loss separation calcula-

tion formula is adopted to solve the iron loss of the genera-

tor under various operating conditions. Subsequently, the 

accurate heat source parameters in the temperature model 

can be obtained, and the corresponding heat source data 

can be calculated. Then, based on the obtained heat source 

data, an equivalent thermal circuit model is established for 

SRG. Meanwhile, in order to effectively reduce the internal 

temperature during SRG operation, a new water-cooled 

structure for direct cooling of SRG stator windings is pro-

posed in this paper, which can effectively reduce the tem-

perature rise during operation, thus improving the reliabil-

ity of the generator. Finally, by comparing the equivalent 

thermal circuit model, finite element thermal model, and 

experimental temperature measurements of SRG, it is  
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Ⅰ.   INTRODUCTION 

nergy shortages, climate warming, and environ-
mental pollution are posing greater challenges to the 

automobile industry. The development of new energy 
and clean energy vehicles is being promoted by coun-
tries around the world to reduce carbon emission asso-

ciated with traditional fossil fuel vehicles [1][3]. Many 
researchers have investigated the use of switched re-
luctance generators (SRMs) as the drive motors for 
electric vehicles, while SRMs also have a large potential 
for electric vehicle starting and power generation ap-
plications. Therefore, the operating performance of  
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SRG for electric vehicles has gradually attracted the 

attention of researchers, especially its temperature rise 

characteristics [4][7]. Various losses are generated 

during the operation of SRG, resulting in temperature 

rises in various parts of the generator. The compact 

installation space and harsh interior environment make 

it difficult for SRG to dissipate heat, thereby exacer-

bating its local or overall temperature rise. Excessive 

temperature rise can directly affect the operational 

safety and lifespan of the generator. For example, ex-

cessive temperature rise may cause insulation damage 

between windings and lead to inter turn short circuits 

and other faults, which can seriously threaten the relia-

bility and safety of the system. Therefore, studying the 

temperature rise characteristics and temperature rise 

suppression during SRG operation is of great signifi-

cance. 

To understand the temperature rise characteristics of 

the machine and identify the location of the high tem-

perature point, it is necessary to calculate its tempera-

ture rise. The calculation also helps determine whether 

the temperature at the high temperature point exceeds 

the allowable upper limit for the material. There are two 

main methods for calculating the temperature rise of a 

machine: the analytical method and the numerical 

method. The analytical method involves the relevant 

theoretical equations, and the main analytical methods 

in thermal analysis are the equivalent thermal circuit 

method (ETCM) and the lumped parameter thermal 

network (LPTN). Numerical methods are used to solve 

any critical mathematical problem by using an iterative 

process until the solution converges. The main numer-

ical methods used in thermal analysis are the finite el-

ement method (FEM) and computational fluid dynamics 

(CFD). In [8], an equivalent thermal resistance model is 

established to calculate the temperature rise in an in-

duction motor by considering the effect of loading, and 

the analysis results are experimentally confirmed. In [9], 

temperature rises of a hybrid magnetization interior 

permanent magnet motor and a surface-mounted per-

manent magnet motor are compared by the analytical 

lumped-circuit method. Based on the obtained power 

losses, the lumped-parameter scheme is adopted to pre-

dict the temperature in each part of the flux-switching 

permanent-magnet double-rotor machine (FSPM-DRM) 

at hybrid driving mode in [10].  

With the development and promotion of various 

commercial numerical analysis software, researchers 

can conduct more accurate temperature rise analysis and 

prediction of motors. In [11], a thermal equivalent cir-

cuit of the asymmetric H-bridge converter is established 

to obtain the junction temperature of power electronic 

devices. Based on the actual physical structure of the 

induction motor, a 3-D fluid-solid coupling transient 

model is built in [12], and the temperature distribution 

results during the starting process are analyzed when the 

induction motor starts with different loads. To obtain an 

accurate winding temperature gradient distribution of a 

tubular permanent magnet linear motor, a 2-D temper-

ature field model is established in [13]. In [14], a 

co-simulation system of a permanent magnet synchro-

nous motor (PMSM) finite element model and control 

system is built to compare the temperature rise simula-

tion results of the PMSM under respective sine wave 

power supply and inverter power supply. In order to 

analyze the influence of voltage harmonics generated by 

the inverter on the loss and temperature of PMSM, a 

2-D finite-element model is established in [15]. 
In addition, researchers have conducted extensive 

research on the temperature rise of SRM. In order to 
further improve the efficiency and power density of 
SRM, a simplified lumped parameter thermal network is 
applied in [16] to quickly evaluate the thermal behav-
iors of SRM based on the calculated iron loss. In [17], to 
establish the equivalent thermal circuit model conven-
iently, the mechanical structure of the machine is sim-
plified and the characteristic nodes are divided. Then 
the heat transfer process in the rotor region, the stator 
region and the whole machine during the operation of 
the machine is analyzed, while the respective equivalent 
thermal circuit models of those regions are established. 
In [18], a mathematical calculation model of a 
four-phase 8/6 structure SRM is constructed to obtain 
the iron loss of each part of the machine. Then, the 2-D 
finite element thermal model and the experimental test 
platform of the SRM are established to analyze its 
temperature rise. In [19], a simplified 3D magne-
to-thermal model to study the temperature distribution 
over the housing of SRM is proposed. The main objec-
tive of the model is to study the temperature distribution 
profile on the body of the machine under various 
working conditions in order to introduce a temperature 
based signature to develop condition monitoring pro-
cedures. To calculate the temperature distribution in 
different parts of a 10 kW double-stator switched re-
luctance machine (DSSRM), a 3-D finite-element 
model is built and experimentally validated on the 
DSSRM prototype in [20]. 

The rest of this paper is organized as follows. In 
Section II, the basic principles of the SRG system are 
analyzed, and the SRG overall dynamic simulation 
model is established. The magnetic flux density wave-
forms and temperature rise heat sources of the SRG are 
calculated in Section III. In Section IV, the finite ele-
ment thermal model and equivalent thermal circuit 
model of SRG are separately established, and their 
temperature rise calculation results are compared. Then, 
a novel water-cooled structure for direct cooling of the 
stator windings of the SRG is proposed in Section V. In 
Section VI, experiments are carried out to verify the 
temperature rise calculation results of the above two 
simulation models. Finally, Section Ⅶ concludes this 
paper. 
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Ⅱ.   BASIC PRINCIPLES OF SRG SYSTEM 

Losses generated in SRG such as copper loss, iron 

loss, mechanical loss and stray loss are all heat sources 

leading to temperature rise of the generator. The cal-

culation of various temperature rise heat sources of 

SRG is inseparable from various real-time parameters 

during the operation of the generator. Therefore, it is 

necessary to establish an overall SRG dynamic simula-

tion model. The overall SRG model is mainly composed 

of logic controller module, power converter module, 

phase windings module and rotor angle calculation 

module. Figure 1 shows the principle block diagram of 

the structure of the overall SRG model, the information 

exchange between the modules and the direction of 

information exchange are also indicated. Based on the 

principle block diagram shown in Fig. 1, the overall 

dynamic simulation model of SRG is established in 

Matlab/Simulink, as shown in Fig. 2. 

 

Fig. 1.  Principle block diagram of SRG overall model. 

 

Fig. 2.  SRG overall dynamic simulation model. 

Ⅲ.   SRG MAGNETIC DENSITY CHARACTERISTICS AND 

HEAT SOURCE CALCULATION 

The various types of losses generated during the op-

eration of the machine cause temperature rise, and 

among them, iron loss is one of the more difficult losses 

to solve accurately. Therefore, reasonable analysis and 

accurate calculation of iron loss is a prerequisite for 

accurate solution of SRG temperature rise. To calculate 

the iron loss of SRG, it is necessary to solve the mag-

netic flux density waveforms first. In this paper, a 

search method based on the static magnetic density is 

used to calculate the transient magnetic density at each 

characteristic point of the generator. Then, based on the 

solved transient magnetic density, an improved variable 

coefficient Bertotti loss separation calculation formula 

is used to solve the iron loss of the generator under 

various working conditions. 

A. SRG Magnetic Density Solution 

During the operation of SRG, due to its doubly salient 
structure and nonlinear magnetization curves of ferro-
magnetic material, the magnetic density waveforms of 
the generator present non-sinusoidal and nonlinear 
characteristics. In applications that require high accu-
racy and validity of magnetic density analysis results,  

researchers often use finite element analysis. Therefore, 
this paper establishes a 2-D finite element electromag-
netic model of SRG to solve the static magnetic density 
in the working process of SRG. 

According to the structural parameters and geometric 
dimensions of the SRG prototype shown in Table I, a 
finite element electromagnetic model of the SRG is 
established in the FLUX software. Its 2-D geometric 
surface domain is shown in Fig. 3, where the parts of the 
generator are labeled. During the operation of the SRG, 
different parts of the machine have different degrees of 
magnetic field saturation due to its doubly salient 
structure and nonlinear magnetization curves of the 
ferromagnetic material. Therefore, when solving the 
magnetic density of the SRG, it is necessary to divide 
the SRG surface domain and select the characteristic 
points according to the magnetic density distribution of 
each part of the generator. During the FEM analysis, it 
is found that the magnetic flux densities at the stator and 
rotor poles are high, especially when the rotor rotates to 
the position where the rotor pole overlaps the stator pole, 
and the magnetic field saturation at the tips of the stator 
and rotor poles is relatively high. For the stator and rotor 
poles where the magnetic lines of force pass through, 
the magnetic density distribution shows a weakening 
trend from the pole tip to the pole root. Accordingly, the 
SRG is divided into magnetic density regions as shown 
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in Fig. 3, and the center of each magnetic density region 
is selected as the characteristic point, which is also the 
location where the magnetic density sensor is placed 
and the static magnetic density is collected. 

TABLE I 

STRUCTURAL PARAMETERS AND GEOMETRIC DIMENSIONS OF THE 

SRG PROTOTYPE 

Parameters Symbols Values 

Shaft diameter (mm) shD  20.00 

Air gap (mm) δ 0.30 

Stator outer diameter (mm) sD  122.50 

Rotor outer diameter (mm) rD  62.50 

Stator yoke thickness (mm) syh  11.00 

Rotor yoke thickness (mm) ryh  11.00 

Core thickness (mm) stkL  70.00 

Stator pole arc angle s  32.88 

Rotor pole arc angle r  34.69 

Winding turns (turn) cN  72 

 

Fig. 3.  Distribution positions of magnetic density sensors. 

Considering the simultaneous existence of rotating 

magnetization and alternating magnetization in the 

working process of SRG, two magnetic density sensors 

are required to measure the tangential and radial com-

ponents of the magnetic density respectively at one 

characteristic point. Moreover, in the working process 

of the three-phase SRG, the magnetic density at a 

characteristic point should be determined by consider-

ing the magnetic density generated by not only the main 

magnetic flux of the conducting phase, but also the 

leakage magnetic flux of the other two phases. Taking 

the characteristic point 4P  in the middle of the stator 

pole as an example, Figs. 46 show the static magnetic 

density waveforms of this characteristic point when 

phases A, B and C are separately energized. 

 

 

Fig. 4.  Static magnetic density of point 
4P  when phase A is ener-

gized. (a) Radial component of static magnetic density. (b) Tan-

gential component of static magnetic density. 

 

 

Fig. 5.  Static magnetic density of point 
4P  when phase B is ener-

gized. (a) Radial component of static magnetic density. (b) Tan-

gential component of static magnetic density. 
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Fig. 6.  Static magnetic density of point 
4P  when phase A is ener-

gized. (a) Radial component of static magnetic density. (b) Tan-

gential component of static magnetic density. 

In this paper, the obtained static magnetic density 

data are imported into the transient magnetic density 

calculation module established in Matlab/Simulink. The 

transient magnetic density of the characteristic points is 

then calculated using the look-up table method. This 

method can adapt to the flexible conversion of mul-

ti-working conditions and has a short computational 

time. Taking the characteristic points of stator poles and 

rotor poles as examples, the transient magnetic density 

waveforms of these characteristic points are obtained by 

the method, as shown in Figs. 7 and 8. 

 

 

Fig. 7.  Transient magnetic density waveforms of characteristic 

points of stator pole. (a) Radial component of transient mag-

netic density. (b) Tangential component of transient magnetic 

density. 

 

 
Fig. 8.  Transient magnetic density waveforms of characteristic 

points of rotor pole. (a) Radial component of transient magnetic 

density. (b) Tangential component of transient magnetic density. 

B. SRG Heat Sources Calculation 

As an electromechanical energy conversion device, 

SRG inevitably produces various losses in various parts 

during the energy conversion process. Most of the 

losses generate heat, resulting in the temperature rise of 

various parts of the machine. Thus, accurate calculation 

of the various heat sources of SRG in the working 

process is a prerequisite for studying the temperature 

rise of SRG. According to the parts where the losses are 

concentrated in the SRG, it can be found that copper 

loss and iron loss occupy a large proportion of the total 

losses in the generator, and are the main heat sources 

causing the temperature rise. 
In SRG, winding coils are only wound on the stator 

poles. When current flows through the stator windings, 
copper loss will be generated in the winding. Copper 
loss is the easiest to calculate of all the heat sources, and 

the copper loss CuP  of a normal operating SRG can be 

calculated by: 
2

Cu rms phP qI R                           (1) 

where q is the number of phases of SRG and 3q  for 

the prototype used in this study; 
phR  is the resistance 

value of one phase of SRG winding; and rmsI  indicates 

the root-mean-square (RMS) value of phase current. 

Iron loss is the loss generated by the core material of 

the machine placed in a changing magnetic field, and its 

complex generation mechanism brings difficulties to the 

accurate solution of SRG iron loss. In this paper, the 

improved variable coefficient Bertotti loss separation 

computational formula is adopted to calculate SRG iron 
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loss. The computational expression of each variable 

coefficient is obtained by the fitting method, allowing 

for the establishment of a more accurate iron loss cal-

culation model. At present, the iron loss separation 

model is a commonly used method, and in order to 

improve the classical three-term loss separation model 

with certain errors in the case of larger magnetic density 

peaks and higher frequency of magnetic density wave-

form changes, the variable coefficient three-term loss 

separation model is proposed in [21] and [22], and the 

computational expression is shown as follows: 
 2 2 1.5 1.5

Fe ed hy ex( ) ( , )
n B

P k B f k B B f k B f B f    (2) 

where f is the frequency of magnetic density waveform 

variation; B is the motor magnetic density; 
hyk (B) is the 

variable hysteresis loss coefficient; n(B) is the variable 

Steinmetz coefficient; ex ( , )K B f  is the variable addi-

tional loss coefficient related to both magnetic density 

and frequency; and edk  is the eddy current loss coeffi-

cient. 

In this paper, multiple measurements are carried out 

using the Epstein frame method on the silicon steel 

sheet material marked 35DW270, which is used in the 

prototype iron core. The iron loss data per unit mass of 

the silicon steel sheet material under different magnetic 

densities and frequencies are then obtained under the 

condition of a sinusoidal magnetic density waveform, as 

plotted in Fig. 9. By substituting the loss data shown in 

Fig. 10 into (2), and analyzing the variable coefficients 

in the equation and then using the data fitting method, 

the computational expressions of the variable hysteresis 

loss coefficient 
hyk , the variable Steinmetz coefficient 

n(B) and the variable additional loss coefficient exk  

shown in (3) can be obtained. 

 

Fig. 9.  Iron loss per unit mass at different frequencies. 

 

Fig. 10.  SRG iron loss calculation basic model. 

The iron loss calculation formula in (2) is only ap-

plicable to the case where the magnetic density wave-

form of the machine is sinusoidal, while SRG has a wide 

range of operating frequencies and operates with a 

non-sinusoidal magnetic density waveform. Based on 

the variable coefficients of the iron loss calculation 

model in (2), an improved iron loss separation calcula-

tion model suitable for all kinds of magnetic density 

waveforms is proposed in [23], which is also applicable 

to the iron loss calculation of SRG, given as: 

( )m

2

ed
Fe hy m m m2

1.5

ex

1 d 1
d ( ) ( )

2π d

( )1 d
d

8.763 d

n B

T

T

k B
P t k B B K B

T t T

k B B
t

T t

 
   

 




(3) 

where T is the conduction period of one phase SRG; Bm 

is the peak magnetic density of motor; 
hyK is the varia-

ble hysteresis loss coefficient; n is the variable 

Steinmetz coefficient; m( )K B  is the hysteresis loss 

correction coefficient; and there are: 
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hy ( ) 0.1131 0.06962cos(1.359B)

0.09324sin(1.359B)

0.01088cos(2 1.359B)+

0.02732sin(2 1.359B)
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    (4) 

According to (3) and (4), the basic calculation model 

of SRG iron loss is built in Matlab/Simulink, as shown 

in Fig. 10. 

According to the previous loss analysis, the estab-

lished SRG overall simulation model and loss model, 

and the loss heat source results of each part of SRG 

under different operating conditions, can be solved, as 

shown in Tables ⅡⅣ, where 
spP , 

syP , 
rpP , ry ,P  and 

copperP  represent the heat loss results of the stator poles, 

stator yokes, rotor poles, rotor yokes, and copper con-

ductors, respectively. 

TABLE Ⅱ 

HEAT SOURCE VALUES OF LOSS IN EACH PART OF SRG AT  

2500 r/min 

Turn-on 

condition 
Main heat sources results of SRG 

Angles spP (W) syP (W) rpP (W) ryP (W) copperP (W) 

27°60° 26.72 41.36 15.45 16.67 99.45 

30°57° 22.79 34.87 11.41 15.22 83.61 

30°60° 25.02 39.45 12.45 16.21 92.93 

30°63° 29.77 43.29 17.09 18.80 112.87 

33°60° 23.47 34.13 12.18 14.83 87.82 

TABLE Ⅲ 

HEAT SOURCE VALUES OF LOSS IN EACH PART OF SRG AT  

3000 r/min 

Turn-on 

condition 
Main heat sources results of SRG 

Angles spP (W) 
syP (W) 

rpP (W) 
ryP (W) 

copperP (W) 

27°60° 23.67 39.28 14.32 15.52 90.33 

30°57° 19.37 30.92 11.51 13.85 78.51 

30°60° 22.96 36.06 12.29 14.82 85.42 

30°63° 26.10 40.83 15.14 17.57 97.64 

33°60° 20.03 30.38 11.31 13.95 81.75 

TABLE Ⅳ 

HEAT SOURCE VALUES OF LOSS IN EACH PART OF SRG AT  

4000 r/min 

Turn-on 

condition Main heat sources results of SRG 

Angles spP (W) 
syP (W) 

rpP (W) 
ryP (W) 

copperP (W) 

27°60° 20.14 34.96 11.33 13.02 77.31 

30°57° 14.51 25.69 8.62 10.74 68.93 

30°60° 17.59 31.22 10.02 12.05 74.16 

30°63° 20.46 36.48 13.11 16.24 82.37 

33°60° 14.98 26.56 8.82 11.02 71.42 

Ⅳ.   SRG TEMPERATURE RISE SOLUTION MODELS 

During operation, various losses are generated in 
SRG, resulting in the rise of generator temperature. The 
insulation performance of the winding structure will be 
affected by excessive temperature rise, thereby im-
pacting the operational reliability and safety of the 
generator. Therefore, it is necessary to analyze the 
temperature field distribution and temperature rise 
characteristics of SRG. The commonly used methods 
for analyzing temperature field include simplified for-
mula method, finite element method and equivalent 
thermal circuit method. However, the simplified for-
mula method can no longer meet the requirements of 
accurately analyzing the machine temperature field. In 
this section, based on the heat sources calculated above, 
and according to the actual dimensions and materials of 
the SRG prototype, the 3-D finite element thermal 
model of the SRG is established in the software FLUX, 
while an equivalent thermal circuit model of the SRG is 
established in the motor thermal design software Mo-
tor-CAD. Then, the temperature rise of the SRG is 
solved separately in the two models, and the simulation 
results are compared and analyzed. 

The prototype studied in this paper is a three-phase 
6/4 structure SRG with water-cooled channels, and the 
overall structure and radial cross section of the genera-
tor are shown in Fig. 11. It can be seen that the wa-
ter-cooling structure of the SRG prototype consists of 
an axial spiral water channel with a rectangular 
cross-section, and the water-cooling channels are 
wrapped around the outside of the motor core, providing 
effective cooling of the generator. As shown in Fig. 12, 
the generator prototype is mainly composed of the end 
caps, the shaft, the rotor core, the windings, the stator 
core and the water-cooled shell. A fully enclosed 
structure is adopted by the SRG prototype, so the ma-
chine is forced to be water-cooled using the cooling 
water circulating in the water-cooling channels. 

 
Fig. 11.  Structure diagram of the water-cooled SRG. (a) SRG 
overall structure diagram. (b) SRG radial cross section. 
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Fig. 12.  Mechanical composition analysis diagram of the wa-

ter-cooled SRG. 

A. SRG Finite Element Thermal Model 

Based on the structural composition of the SRG 

prototype shown in Fig. 13 and the geometry dimen-

sions given in Table I, a 3-D finite element thermal 

model of the water-cooled SRG is built in the FLUX 

software. In order to facilitate the temperature field 

analysis and simplify the temperature rise calculation, 

the stator winding is equivalent to two parts, i.e., the 

equivalent copper conductor and the equivalent insula-

tion layer. In order to calculate the exact temperature 

rise of each part of the SRG core, the core region is split 

into stator pole region, stator yoke region, rotor pole 

region and rotor yoke region.  

 

Fig. 13.  3-D finite element thermal model of the water-cooled 

SRG. (a) Overall structure. (b) Radial section. 

In addition, boundary condition setting is an im-

portant part of building the SRG finite element thermal 

model. In the SRG finite element thermal model, the 

interface between the generator shell and the external air 

can be described by the first boundary condition, 

whereas the inner wall of the cooling water channel in 

the water-cooled housing can be described by the sec-

ond boundary condition. 

According to the previous loss analysis, taking the 

working condition of SRG at 3000 r/min as an example, 

the data of each heat source is imported into the cor-

responding area of the SRG finite element thermal 

model, and the temperature field distribution of the 

generator can be obtained after the solution. The tem-

perature field distribution after the solution of the SRG 

finite element thermal model without and with wa-

ter-cooled measure at the ambient temperature of 20 ℃ 

are shown in Figs. 14 and 15, respectively. It can be 

seen from Fig. 14 that the stator winding is the part with 

the highest temperature rise of the SRG. Under this 

condition, the maximum temperature of the SRG 

without water-cooled measure is 81.3 ℃.  

 

 

Fig. 14.  Temperature field distribution of common SRG finite 

element thermal model. (a) Temperature field distribution of 

stator part. (b) Temperature field distribution of rotor part. 
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Fig. 15.  Temperature field distribution of water-cooled SRG 

finite element thermal model. (a) Temperature field distribution 

of stator part. (b) Temperature field distribution of rotor part. 

From Fig. 15, it can be found that the part with the 
highest temperature rise of the SRG is still the stator 
winding, and the maximum temperature of the SRG 
with water-cooled measure is 54.6 ℃. The maximum 
temperature of the generator is reduced by 26.7 ℃ when 
the water-cooled condition is added in the system, 
which can effectively cool down the generator. 

From the temperature field distribution of the stator 

part, it can be seen that the temperature rise of the stator 

winding part is higher, which indicates that the copper 

loss generated by the SRG during power generation is 

large. In the radial direction, an obvious temperature 

distribution gradient is observed in the stator pole part, 

especially under the water-cooling condition. The rea-

son is that, since the SRG structure is closed, the inter-

nal heat dissipation conditions are poor, and the heat 

conduction from the winding part results in a higher 

temperature in the stator pole part. Therefore, the heat is 

conducted to the lower temperature stator yoke, forming 

a temperature gradient. In the axial direction, due to the 

better heat dissipation conditions at the ends of the 

stator part, the axial temperature distribution of the 

stator poles presents the characteristics of high in the 

middle and low on both sides. From the temperature 

field distribution of the rotor part, it can be observed that 

the rotor part also exhibits characteristics of temperature 

distribution in the radial and axial directions. The 

highest temperature of the rotor core part is located 

inside the rotor yoke, while the lowest temperature is 

located at the axial end face of the rotor. The iron loss 

heat source of the SRG rotor part is small, and because it 

is located inside the SRG and has no direct and effective 

heat dissipation measures, the temperature gradient of 

the SRG rotor part is small. 

The heat source data in Tables ⅡⅣ are imported 

into each part of the water-cooled SRG 3-D finite ele-

ment thermal model, allowing the temperature rise un-

der different working conditions of each part of the 

generator to be determined, as shown in Tables ⅤⅦ, 

where 
spT , 

syT , 
rpT , 

ryT  and 
copperT  respectively repre-

sent the temperature rises of the stator poles, stator yoke, 

rotor poles, rotor yoke and copper conductor of the 

SRG. 

The temperature rise data in Tables ⅤⅦ shows that 

the stator winding part of the SRG always has the 

highest temperature rise in all operating conditions 

because of the high copper loss heat source in the 

winding part, while the stator yoke part of the SRG 

always has the lowest temperature rise due to the forced 

convection heat dissipation by the cooling water in the 

housing. The temperature rise of the same part of the 

generator decreases with the increase of the speed of the 

SRG when the turn-on and turn-off angles are constant. 

This is because the RMS value of the generating current 

decreases with the increase of the speed, which leads to 

the decrease of the copper loss. In addition, with the 

increase of the conduction angle when the generation 

speed is constant, the RMS value of the generation 

current increases so the temperature rise of the same 

part of the generator also increases. 

TABLE Ⅴ 

TEMPERATURE RISE OF EACH PART OF SRG WITH FINITE ELEMENT 

THERMAL MODEL AT 2500 r/min 

Turn-on 

condition 
Main heat sources results of SRG 

Angles spT (℃) 
syT (℃) 

rpT (℃) 
ryT (℃) 

copperT (℃) 

27°60° 23.5 16.2 28.1 28.4 54.1 

30°57° 19.1 13.1 20.3 20.5 38.4 

30°60° 21.8 15.2 24.8 25.1 47.8 

30°63° 25.7 17.4 33.2 33.6 60.1 

33°60° 20.4 14.0 22.1 22.3 43.5 

TABLE Ⅵ 

TEMPERATURE RISE OF EACH PART OF SRG WITH FINITE ELEMENT 

THERMAL MODEL AT 3000 r/min 

Turn-on 

condition 
Main heat sources results of SRG 

Angles spT (℃) syT (℃) rpT (℃) ryT (℃) copperT (℃) 

27°60° 20.4 13.8 23.2 23.7 46.8 

30°57° 16.5 11.7 18.0 18.2 34.2 

30°60° 18.8 12.9 21.4 21.8 38.7 

30°63° 21.7 14.9 25.4 25.9 48.8 

33°60° 17.2 12.1 19.1 19.4 35.6 

TABLE Ⅶ 

TEMPERATURE RISE OF EACH PART OF SRG WITH FINITE ELEMENT 

THERMAL MODEL AT 4000 r/min 

Turn-on 

condition Main heat sources results of SRG 

Angles spT (℃) 
syT (℃) 

rpT (℃) 
ryT (℃) 

copperT (℃) 

27°60° 19.2 13.1 20.5 20.7 38.7 

30°57° 15.1 10.9 15.7 15.9 26.8 

30°60° 17.4 12.2 18.1 18.4 30.4 

30°63° 20.9 13.9 23.0 23.3 41.5 

33°60° 15.7 11.3 16.9 17.1 29.7 



CHEN et al.: RESEARCH ON TEMPERATURE RISE AND COOLING SYSTEM OPTIMIZATION DESIGN... 81 

B. SRG Equivalent Thermal Circuit Model 

Motor-CAD is a professional motor thermal design 

software based on the equivalent thermal circuit method 

for thermal analysis and optimization design of motors, 

and its magneto-thermal mutual coupling analysis 

function can accurately calculate the temperature rise of 

the motor. The motor temperature rise is mainly related 

to two factors. One is the various heat sources of the 

motor, as various losses are inevitably generated during 

the operation of the motor, and the other is the cooling 

performance of the motor, which is mainly related to the 

cooling method and heat dissipation structure. 

The various cooling methods, heat dissipation struc-

tures and cooling media contained in the Motor-CAD 

software provide convenience for the improvement of 

motor cooling performance. Based on the dimensional 

parameters in Table I, a 3-D geometric model of the 

SRG is established in the Motor-CAD software, as 

shown in Fig. 16. The software automatically generates 

the equivalent thermal circuit shown in Fig. 17 based on 

the established SRG geometry model. 

In the equivalent thermal circuit, several temperature 

nodes representing the critical parts of the SRG are 

provided, and these temperature nodes are connected to 

the various thermal resistances and heat sources to form 

a complete thermal circuit. Based on the key tempera-

ture nodes, the software automatically analyzes and 

calculates the thermal resistance values between the 

nodes. Finally, the temperature values of each temper-

ature node are calculated by injecting the corresponding 

heat source data into the heat source node. 

Taking the working condition of SRG at 3000 r/min 

as an example, the data of each heat source are imported 

into the SRG equivalent thermal circuit model, and the 

temperature field distribution of the generator is ob-

tained after the solution. The temperature field distri-

bution of the axial section after the solution of the SRG 

equivalent thermal circuit model with water-cooled 

measure at the ambient temperature of 20 ℃ is shown in 

Fig. 18. The temperature field distribution characteris-

tics of the SRG obtained by the equivalent thermal 

circuit model are consistent with the results obtained by 

the finite element thermal model, and are not be re-

peated here. The heat source data in Tables ⅡⅣ are 

respectively imported into the water-cooled SRG 

equivalent thermal circuit model, and the temperature 

rise results of each part of the generator under different 

working conditions can also be obtained. 

 

Fig. 16.  3-D diagram of water-cooled SRG. 

 

Fig. 17.  Equivalent thermal circuit diagram of water-cooled SRG. 
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Fig. 18.  Axial section temperature field distribution of water-cooled SRG thermal model. 

C. Comparison of SRG Temperature Rise Simulation 

Results 

In order to further compare the calculation effects of 

the two temperature rise calculation models, the tem-

perature rise results obtained from the parts with higher 

temperature rise are selected in this paper to compare 

and verify the two methods. The comparative histo-

grams of the temperature rise results from the finite 

element thermal model and the equivalent thermal cir-

cuit model for the winding part of the SRG with the 

highest temperature rise, the rotor yoke part with the 

higher temperature rise in the rotor core, and the stator 

pole part with the higher temperature rise in the stator 

core are presented in Fig. 19 under different speeds of 

the SRG at the respective turn-on and turn-off angle of 

30° and 63°. 

 

 

 

Fig. 19.  Comparison of temperature rise calculation results between 

the finite element thermal model and equivalent thermal circuit 

model of SRG. (a) Winding temperature rise results. (b) Rotor yoke 

temperature rise results. (c) Stator pole temperature rise results. 

According to the comparison of the temperature rise 

results in Fig. 19, it can be more intuitively found that 

when the turn-on and turn-off angles are constant, the 
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temperature rise results solved by the finite element 

thermal model and the Motor-CAD equivalent thermal 

circuit model both decrease with the increase of the 

rotational speed. By comparison, the temperature rise 

results obtained by the finite element thermal model are 

higher, and the maximum deviations by the two simu-

lation thermal models of the winding part, the rotor 

yoke part and the stator pole part are 7.2 ℃, 3.1 ℃ and 

2.4 ℃ respectively. Therefore, it can be seen that the 

results obtained by the two temperature rise solution 

models have a larger deviation in the winding part. The 

deviation of the two methods is mainly due to the dif-

ference of the solution characteristics between the finite 

element method and the equivalent thermal circuit 

method. The 3-D SRG model is divided into many 

sub-elements by the finite element method, with the size 

of the divided elements affecting the solution results. 

Additionally, the setting of the boundary conditions of 

the finite element thermal model also affects the SRG 

temperature rise calculation results to a certain extent. 

The equivalent thermal circuit method uses the idea of 

“transforming the field problem into a circuit problem”, 

and certain assumptions are used in the process of es-

tablishing the thermal circuit, while the temperature 

node can only reflect the average temperature of the 

area, which will cause the deviation of calculated tem-

perature rise. The temperature rise results calculated by 

the two methods need to be further verified by experi-

ments. However, in general, the temperature rise results 

solved by the finite element thermal model and the 

Motor-CAD equivalent thermal circuit model are fairly 

close, and the two methods have been verified by each 

other. 

Ⅴ.   OPTIMIZATION DESIGN OF SRG WATER-COOLING 

SYSTEM 

In order to suppress the excessive temperature rise of 

SRG during operation, reasonable and effective cooling 

measures are required. A high convective heat transfer 

coefficient is associated with the water-cooled form, so 

the water-cooled system is commonly used as an effec-

tive cooling measure for motors. The structure of 

cooling water channel in the water-cooling system is 

directly related to the fluid state of the cooling water and 

the convective heat transfer area between the cooling 

water and the inner wall of the cooling channel, which is 

an important factor affecting the cooling effect of the 

water-cooling system and an important aspect of the 

water-cooling system design. The water-cooling struc-

ture of the SRG prototype in this paper is a spiral wa-

ter-cooled structure arranged inside the housing. The 

SRG can be effectively cooled by this arrangement, but 

direct cooling of the winding part, which has a high 

temperature rise, is difficult. When the SRG is assem-

bled, there is an approximately inverted triangle-shaped 

gap in the middle of the stator slot, as shown in Fig. 20. 

Combining the characteristics and dimensions of the 

gap inside the stator slot and taking into full considera-

tion the thermal expansion of the winding, a new wa-

ter-cooled structure is proposed in this paper which can 

effectively cool down the winding part of the generator, 

as shown in Fig. 21. 

 

Fig. 20.  Assembly diagram of stator windings. 

 

Fig. 21.  Winding direct cooling water-cooling structure. (a) Overall 

structure. (b) Radial section. 

As shown in Fig. 21, the new water channel passes 

through the middle of the stator slot, bypasses the end 

winding and enters another stator slot, thus completing 

the cooling of all stator windings. The new water 

channel can be composed of the slot water channel and 

the end water channel. The slot water channel can cool 

the windings in the slots, and the end water channel can 

cool not only the adjacent end windings, but also the air 

at both ends inside the generator. In addition, the end 

water channel with the arched structure is also benefi-

cial to reduce the water resistance during the flow of 

cooling water. The cross section of the new water 

channel is approximately trapezoidal, and full contact 

with the stator yoke is made by its upper side wall, 

which is conducive to effective cooling of the stator 

yoke. The contact area with the winding part is in-

creased by its rectangular side surface. However, a more 

complicated manufacturing process will be required for 

this new water-cooling channel. 

For the winding direct cooling water-cooled structure 

shown in Fig. 21, a 3-D thermal model of the SRG with 

the new water-cooled structure is built in FLUX, and the 

thermal model is solved after importing the heat source 

data at 3000 r/min, while the temperature field distri-

bution after the solution is shown in Fig. 22. Comparing 

the calculation results of the SRG temperature field of 

the new water-cooled structure in Fig. 22 with that of 

the spiral water-cooled structure in Fig. 15, it can be 

found that the temperature of the winding part of the 
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SRG with the new water-cooled structure is reduced by 

8.53 ℃. Less effect on the temperature field of the rotor 

part is caused by the change of the water-cooled struc-

ture. Due to the lack of water-cooled channel in the 

housing, the temperature of the stator core part rises by 

about 35℃. The cooling effectiveness of the new 

water-cooling structure for direct cooling of the wind-

ings is proven by the comprehensive comparison. 

 

Fig. 22.  Temperature field distribution of the new water-cooled 

SRG finite element thermal model.  

Ⅵ.   EXPERIMENTAL VERIFICATION 

In order to verify the accuracy of the temperature rise 

calculation results of the finite element thermal model 

and the equivalent thermal circuit model, the tempera-

ture rises of the key parts of the SRG prototype during 

operation are experimentally measured. In the process 

of motor temperature rise experiments, the commonly 

used temperature measurement methods include ther-

mometer method, resistance method and detector buried 

measurement method. According to the simulation 

models, the winding area is where the highest temper-

ature rise of the water-cooled SRG studied in this paper 

occurs. The thermocouple sensors and the stator wind-

ings have been wound together during the fabrication of 

the SRG prototype, as shown in Fig. 23, and the detector 

buried measurement method is adopted to measure the 

winding temperature during the operation of the SRG in 

the experiments. 

 

Fig. 23.  Embedding position of thermocouple sensors. 

A. Experimental Platform 

The experimental platform used for the SRG tem-

perature rise measurement is shown in Fig. 24, which 

mainly consists of a hardware circuit platform and a 

three-phase 6/4 structure water-cooled SRG unit plat-

form. The SRG is rated at a speed of 3000 r/min and a 

power of 500 W. The power converter is a three-phase 

asymmetric half-bridge topology, and the separate ex-

citation method is adopted with an excitation voltage of 

48 V.  

 

 

Fig. 24.  SRG power generation experimental platform. (a) Hard-

ware circuit platform. (b) SRG unit platform. 

The SRG prototype used in the experiments adopts 

the forced water-cooling method, and the cooling water 

circulates through the spiral cooling water channel in the 

housing to continuously cool the SRG. The experimental 

water-cooling system is shown in Fig. 25. 

 

Fig. 25.  SRG water-cooling system. 

Due to the limited space in the experimental site, the 

realization of circulating water-cooling during the op-
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eration of the SRG is achieved using a water pump and a 

water tank, with the flow rate of the existing water pump 

in the laboratory being 33 L/min. Before the SRG starts 

to generate power driven by the asynchronous motor, 

the water pump is started first, so that the SRG can keep 

working in the water-cooled state. Therefore, the tem-

perature data measured in the experiments is the average 

temperature of the SRG windings under the wa-

ter-cooling measures.  

The temperature rise measurement platform of the 

water-cooled SRG is shown in Fig. 26. The real-time 

temperature data of the stator windings can be read by 

connecting the thermocouple sensors to the temperature 

inspection instrument. 

 

Fig. 26.  SRG temperature rise measuring platform. 

B. Temperature Rise Measurement Results of SRG 

Windings 

In order to verify the accuracy of the overall dynamic 

simulation model of the SRG established above, the 

three-phase generation current waveforms A B C,  ,  i i i  

and load current waveform Li  obtained from the simu-

lations are compared with the corresponding current 

waveforms from the experiments, as shown in Figs. 27 

and 28, under the speed of 1500 r/min and the con-

ducting condition of 30 60 .   From Figs. 27 and 28, it 

can be found that the current waveforms obtained by 

simulations and by experiments are relatively consistent, 

which provides a good basis for the subsequent calcu-

lation of the SRG heat sources and temperature rise. 

In this water-cooled SRG temperature rise test, the 

temperature rise results of the SRG are measured under 

the speed of 2500 r/min, 3000 r/min and 4000 r/min, 

respectively. The experimental temperature rise curves 

of the stator windings for the corresponding speed cases 

are given in Figs. 2931. Since the selection of the 

turn-on and turn-off angles has a large impact on the 

RMS value of the power generation current, which 

further affects the SRG copper loss, the temperature rise 

curves are measured for each speed case when the 

turn-on and turn-off angles are 27 60 ,   30 57   and 

30 60 ,   respectively. According to the three sets of 

temperature rise curves of the windings, it can be seen 

that the temperature rise of the SRG windings decreases 

with the increase of the rotational speed when the 

turn-on and turn-off angle are constant. When the speed 

of the SRG is constant, the temperature rise of the 

windings is higher within a certain range with a larger 

conduction angle. 

 

Fig. 27.  Simulated current waveforms of SRG at 1500 r/min. 

 

Fig. 28.  Experimental current waveforms of SRG at 1500 r/min. 

 

Fig. 29.  Temperature rise curves of SRG windings at 2500 r/min. 

 

Fig. 30.  Temperature rise curves of SRG windings at 3000 r/min. 
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Fig. 31.  Temperature rise curves of SRG windings at 4000 r/min. 

C. Comparison of SRG Windings Temperature Rise 

Results 

The experimentally measured windings temperature 
rise results are compared with those calculated by the 
3-D finite element thermal model and the equivalent 
thermal circuit model under different operating condi-
tions, as shown in Figs. 32(a), (b) and (c) under the 

turn-on and turn-off angles of 27°60°, 30°57° and 

30°60°, respectively. It can be found from Fig. 32 that, 
the variation trends of the winding temperature rise 
results by the 3-D finite element thermal model, the 
equivalent thermal circuit model and the experiments, 
under different working conditions, are consistent. 
Among them, the temperature rise calculation results of 
the SRG finite element thermal model has larger devia-
tions from the measured results, but the maximum error 
does not exceed 6.2 ℃, while the temperature rise cal-
culation results of the Motor-CAD equivalent thermal 
circuit model are close to the measured values. In gen-
eral, the calculated results of the Motor-CAD equivalent 
thermal circuit model are considered more accurate, 
with the maximum error between the 3-D finite element 
thermal model and the measured values being within the 
acceptable range, making the model also accurate and 
credible. 

 

 

 

Fig. 32.  Comparison results of winding temperature rise. (a) 

30°57°. (b) 30°60°. (c) 27°60°. 

Ⅶ.   CONCLUSION 

Many research achievements on switched reluctance 

drive motors for electric vehicles have been made, but 

studies on the temperature rise of SRM used for the 

power generation of hybrid electric vehicles are limited. 

In this paper, the overall dynamic simulation model of 

SRG is established according to its working principles 

and basic equations. On the basis of the SRG transient 

magnetic flux density solution results, an improved 

variable coefficient three-term loss separation calcula-

tion model is used to calculate the iron loss heat source 

of SRG. Subsequently, the finite element thermal model 

and the equivalent thermal circuit model are used to 

calculate the temperature rise of each part of SRG, and 

the temperature rise values obtained by the two simula-

tion models are relatively close. Meanwhile, a wa-

ter-cooled structure that can directly cool the SRG 

windings is designed in this paper, which results in 

better cooling effect. Finally, an experimental platform 

is built to measure the temperature rise of the SRG 

windings. The comparison results between the experi-

ments and the simulations also verify the accuracy of 

the SRG finite element thermal model and the equiva-

lent thermal circuit model established in this paper. 
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