
Liang, X., et al.: Experimental and Numerical Investigation of Thermal Field … 
THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 4, pp. S1065-S1077 S1065 

EXPERIMENTAL  AND  NUMERICAL  INVESTIGATION  OF  THERMAL 

FIELD  FOR  A  MOTOR  AND  RELATED  FACTORS  SENSITIVITIES 

USING  COMBINED  CFD-TAGUCHI  METHOD 

by 

Xueqi LIANG
a

, Huiqiang LUO
b

, Min ZENG
a

, 

Yining WU
a,*

, and Qiuwang WANG
a

 

aKey Laboratory of Thermo-Fluid Science and Engineering, MOE, Xi’an Jiaotong University, 
Shaanxi, China 

bCRRC Yongji Electric Co., Ltd., Shanxi, China 
Original scientific paper 

https://doi.org/10.2298/TSCI19S4065L 

Over-temperature is a fatal problem when a motor is running. In this work, the 
temperature and temperature rise of the motor are investigated experimentally 
and numerically. The experiment is conducted by means of both voltmeter-
ammeter method and embedding thermal resistors, to obtain the mean tempera-
ture and the local temperature of the stator coils, respectively. The numerical 
calculation is carried out to study the temperature field of the stator and the ro-
tor, which agrees well with the experimental result. What’s more, the sensitivity 
analysis of eighteen factors to the temperature is investigated using combined 
CFD-Taguchi method. The main conclusions are drawn. Firstly, according to the 
numerical results, the maximal temperature and the maximal temperature rise at 
rated speed are 143 ℃ and 99 K, respectively. The values are 145.8 ℃ and 90 K, 
according to the experimental results, which are lower than the temperature al-
lowed, 180℃ and temperature rise allowed, 125 K. Secondly, the sensitivity 
analysis results suggest that the key factors influencing the temperature are in 
sequence the ambient temperature, the copper loss, the thickness of the layers, 
the outside convection heat transfer coefficient of crate, the iron loss at the tooth 
and thermal conductivity of the insulation. The contact thermal resistance and 
the thermal conductivity of the core in axial direction have little influence on the 
temperature. The rank to the temperature rise is similar except the ambient tem-
perature, which has little effect on the temperature rise. 

Key words: temperature rise, motor, Taguchi method, sensitivity analysis, 
multiple moving reference frames, embedding thermal resistors 

Introduction 

The motor used widely in household electrical appliances, industrial production, 

space power equipment and so on tends to be more compact and rotate faster, with the pro-

gress of science and technology. Then, the temperature of the motor goes up and the heat re-

lease becomes harder, which may cause that the temperature of stator windings exceed the 

limit allowed. Then the motor burns out [1] and the product breaks out. So there is a big ne-
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cessity to do the thermal analysis of the motor, which are investigated mainly by the means of 

experiment, thermal network, and numerical simulation. 

Živan et al. [2] studied the mean temperature of the stator wingdings, temperature of 

the rotor windings, and temperature of the motor housing by measuring electric parameters in 

experiment and calculating the resistance. The mean temperature could be derived. But the 

local temperature, especially the maximal temperature, and the location of peak temperature 

are difficult be to known by the voltmeter-ammeter method in experiment. 

Meng et al. [3] and Wen et al. [4] Claudio et al. [5], Zhang et al. [6, 7], Bogumi et 
al.[8], Yabiku et al.[9], and Hirano et al. [10] investigated the temperature rise of the motor 

by establishing the thermal network. Meng et al. [3] and Wen et al. [4] got the flow rate by 

building the wind network first. Then he derived the change of the mean temperature of stator 

and rotor by calculating the thermal network coupled with the flow obtained in the wind net-

work when the motor being launched. However, the accurate temperature field could not be 

depicted by equivalent heat circuit model.  

Numerical simulation was also adopted to study the thermal characteristics of the 

motor. Thermal analysis of local parts of motor, such as the teeth, magnet, isolating, rotor, 

stator yoke was investigated by Mohamed et al. [11]. The influences of other parts have been 

neglected. Zhu et al. [12] investigated the temperature field of the stator and rotor by building 

a coupled field-circuit thermal model. Only one tooth of the motor was studied simplifying 

the motor to a symmetrical model. So the asymmetry of stator windings, fan, dust filter and so 

on could not be taken into account.  

Kim et al. [13] and Wang et al. [14] did optimization using Taguchi method to ob-

tain more average operational torque (AOT) and reduce torque ripple than the prototype based 

on the finite element method (FEM). The sensitivity analysis about temperature was barely in-

vestigated. 

This work investigates experimentally the temperature field of a metro motor by the 

method of voltmeter-ammeter method and embedding thermal resistors, to get the mean tem-

perature rise and the local temperature of the stator wingdings. Then, the numerical simulation 

is carried out to study the temperature field of both the stator and the rotor. So, the maximal 

temperature of the motor and where it located can be known, which is highly concerned dur-

ing the operation. Furthermore, the sensitivity analysis of the main factors affecting the tem-

perature and the temperature rise by Taguchi method is conducted to rank the contribution 

ratio. The results of the sensitivity analysis figure the significant factors, whose accuracy can 

be improved further to get preciser temperature field of motor. 

Experimental investigation 

Experimental system and test section 

The experimental system for investigating the temperature rise of the motor is 

shown in fig. 1. The power supply system, the load system, the motor to research, the measur-

ing system and the gear box consist of the experimental system. The power system contains a 

step-down transformer, a frequency converter, a sine wave filter and a boosting transformer. 

The step-down transformer changes the voltage from 10000 V into 690 V. Then the frequency 

converter changes the frequency from 50 Hz into other frequency to change the speed of the 

motor. The filter moves out the harmonic wave and the transformer raises the voltage. Then 

the power is supplied to the motor to be researched, which the load system is connected with 

through the gear box. The load system consists of two electric generators, a DC inverter and a 
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boosting transformer. The DC inverter changes the alternating current into direct current and 

the transformer raises the voltage to 10000 V. The temperature inspection instrument shows 

the temperature of the embedded thermal resistors. The torque and speed sensor are connected 

to the motor with a coupling, to measure the speed and torque of the motor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There are two methods adopted to study the temperature rise of the motor. The mean 

temperature rise is obtained by the way of voltammetry while the local temperature rises by 

the means of embedding thermal resistors. 

The experimental procedures of the voltammetry and embedding thermal resistors 

are as follows. 

– the direct resistance at cold state is measured firstly, 

– the support bench is set up to support the motor and make sure the motor and the electric 

generator are at the same height, 

– the measuring system is set-up, containing the coupling, the speed and torque sensor and 

so on, 

– when the temperature shown on the temperature inspection instrument varies less than 

2 ºC in 1 hour, it is conceived that the motor is at the thermal steady-state, 

– the power is cut off and the motor brakes under the load, 

– the indexing table is calibrated and the direct resistance at hot state is measured, and the 

temperature measured by embedding thermal resistors is shown on the temperature inspec-

tion instrument. 

Data processing 

Voltmeter-ammeter method, embedding thermal resistors 

The line resistance at cold state between two phases derived from the voltammetry is 

shown in tab. 1. The line resistance at hot state between two phases derived from the voltam-

metry is 0.1964 Ω. 

Figure. 1 Schematic of experiment set-up; 1, 4, 9 – transformer, 2 – frequency con-
verter, 3 – sine wave filter, 5 – motor to research, 6 – gear box, 7 – electric generator, 
8 – DC inverter, 10 – temperature inspection instrument, 11 – coupling, 
12 – torque and speed sensor 
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The temperature of the coils at cold state is 44.1 ºC, and the ambient temperature at 

inlet is 38.5 ºC after running. Then the temperature rise of stator coils is 90 K according to the 

eq. (1): 

 1Δ N C
c c h

C

R R
K

R
   


         (1) 

where K1 is a constant, 234.5, RN – the line resistance at hot state, RC – the line resistance at 

cold state, θc – the temperature of stator coils at cold state, and θh – the ambient temperature at 

inlet of the motor after the power is cut off. 

Embedding thermal resistors 

The location of the measuring points, namely the location where the thermal resis-

tors are buried are shown in fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

The related parameters are measured and shown in tab. 2. The local temperature is 

measured by embedding thermal resistors, which is shown in tab. 3. 

Table 2. Related parameters measured 

Parameter Value 

Voltage between lines, [V] 1102.6 

Current, [A] 127.6 

Frequency, [Hz] 68.0 

Input power, [kW] 210.5 

Output power, [kW] 200.5 

Torque, [Nm] 948 

Speed [rmin–1] 2020 

Temperature of air at entrance [℃] 44.1 

Temperature of air at exit [℃] 62.2 

Ambient temperature [℃] 37.9 

Table 1. Line resistance at cold state between two phases 

 U-V[Ω] V-W[Ω] W-U[Ω] 

First 0.1507 0.1507 0.1508 

Second 0.1507 0.1507 0.1508 

Third 0.1508 0.1507 0.1508 

Mean resistance 0.1507 0.1507 0.1508 

Equivalent resistance at 20  ºC 0.1447 0.1447 0.1448 

Figure 2. (a) Location of the resistors in longitudinal section 

(b) location of the resistors in cross-section 
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Table 3. Local temperature of stator coils 

Location Point a, [℃] Point b, [℃] Average temperature, [℃] 

#1 139.3 139.7 139.5 

#2 136.0 136.3 136.2 

#3 145.8 145.2 145.5 

#4 144.7 145.6 145.2 

Numerical simulation 

The temperature rise of motor is also investigated in numerical method to observe 

the temperature field of the whole motor, containing the rotor and stator. 

Model description and computational methods 

In order to simplify the practical model, some necessary simplification is done to get 

the solution domain. Firstly, peripheral parts are deleted, such as screws, bolts, shims, holes, 

electrical junction box, support components, end-plates, platens, and oil seals. Secondly, plen-

ty of edge rounding and fillets are deleted. Thirdly, the features on assemblies and sub-

assemblies are moved to corresponding parts. Fourthly, the 3-D tortuous stator coils which are 

close to each other at the end links are simplified rationally. All parts are simplified under the 

principle of having little influence on flow field. Fifthly, the insulating covered the stator coils 

are deleted and the wall between the stator coils and stator core whose thermal resistance is 

equivalent to insulating material is set up in FLUENT. Sixth, the small size deviations be-

tween two adjacent parts are eliminated. Seventh, the assembling gaps, and the interference 

on parts and between two adjacent parts are removed. Then, the simplified motor model is 

obtained. 

As the rotor, the fan and other parts are rotational, the multiple frame motion model 

is adopted. According to the multiple frame motion model, the fluid zone is divided into rota-

tional part and stationary part. 

The motor model and the fluid zone compose 

the solution domain, shown in fig. 3. As the model 

is not symmetrical totally, not the quarter but the 

whole model is taken as the solution domain. 

The discretization of solution domain is 

achieved by means of unstructured mesh. In or-

der to make the mesh nodes between two adja-

cent bodies coincide at the interface, all the bod-

ies compose a new part. The body mesh size of 

solid zone is 8 mm and the size of liquid zone is 

5 mm. The inflation is created at the air passage 

inside the rotor core. The generated mesh is made 

up of 30 million finite volumes. The grid created 

are shown in fig. 4. The mesh quality is larger 

than 0.38 and the skewness is less than 0.75, 

which meets the engineering requirements to 

mesh. Figure. 3 Solution domain 



Liang, X., et al.: Experimental and Numerical Investigation of Thermal Field … S1070 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 4, pp. S1065-S1077 

This paper focuses on temperature field at 

not starting-up or shutting down process but run-

ning state. So it is taken for a steady problem. 

The intensity of the flow and heat transfer 

at the gap between the stator and the rotor influ-

ences directly the cooling, safe operation and 

the lifespan of the motor. [15] The rated speed 

is 2014 r/min and the Reynolds number could 

be derived by eq. (2): 

–6

20 0.33
Re 351064

18.80 10

ud




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
        (2) 

where u is the velocity of the air in the gap, d – 

the diameter of the gap, and  – the dynamic 

viscosity of the air. 

The highest speed of the motor is 4025 r/min and the Reynolds number is nearly 

double. Therefore, the flow in motors is a typical engineering turbulent flow. The standard k-ɛ 

model has been the workhorse of practical engineering flow calculations in the time. Because 

of its robustness, economy, and reasonable accuracy, it is popular for a wide range of turbu-

lent flows, especially industrial flow and heat transfer simulations [16]. The computational 

complexity will be huge if the k-ω model or the SST model be adopted and the corresponding 

mesh will be unrealizable. Most studies on thermal analysis of motors chose standard k-ɛ 

model [15, 17-20]. So the standard k-ɛ model is adopted. 

The zone near wall is treated by standard wall functions. The multiple frame motion 

is adopted to tackle the rotational part such as the rotor, shaft, and fan. The loss of the motor 

is the difference between the input power and the output power. The loss is the source term in 

the energy equation. 

As the core is piled up by pieces of silicon steel sheet which is covered with insult-

ing paint. So the thermal conductivity of the core is cylindrical orthotropic. In detail, the 

thermal conductivity in axial direction is 0.2 W/mK and the thermal conductivity in radial and 

circumferential direction is 40 W/mK. The air around the running motor is 37.9 ºC and its 

density, thermal conductivity, and viscosity are all linearly with temperature in the range of 

the air temperature 20-60 ºC in the simulation process. The variation of specific heat of air 

and thermal properties of other insulating and metal material can be neglected.  

As the motor is self-ventilation, the mass-flow and velocity at inlet are determined by 

the rotational speed. So the boundary conditions at inlet and outlet are set as pressure-inlet and 

pressure-out, respectively. The outside surfaces of the crate are set as convective boundary con-

dition. The type of the face between the rotational air zone and the stationary air zone is taken 

for interior. Others are set wall boundary condition where the momentum condition is no slip 

and the thermal condition is wall-coupled. All the boundary conditions are shown in fig. 5. 

The pressure-velocity coupling method is the SIMPLE algorithm. The diffusion 

terms are the second-order central-difference and the convective terms are second-order up-

wind to reduce the numerical diffusion. 

Grid independence test and model validation 

Before proceeding further, the grid used for present study is checked at first. Un-

structured tetrahedral grids are used. Totally, four sets of grid are taken to do grid independent 

Figure. 4 Schematic diagram of grid division 
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test. The variations of the mass-flow rate of air and the total heat flux with the grid number 

are presented in fig. 6 where  is the heat flux and qm is the mass-flow rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

As the variation of the mass-flow rate of air and total heat flux when the grid in-

creases from 28.0 million to 37.2 million is less than 2%, the grid with 28 million finite vol-

umes is adopted in the following calculation.  

In order to validate the model, the measured temperature in the experiment and the 

calculated temperature numerically are contrasted in tab. 4. 

Table 4. Numerical result and relative error 

Location Experimental results, [ºC] Numerical results, [ºC] Relative error, [%] 

#1 139.5 133 4.7 

#2 136.2 128 6.0 

#3 145.5 134 7.9 

#4 145.2 141 2.9 

Ф
 

Figure 5. Schematic diagram of boundary condition 

Figure 6. Grid independent test 



Liang, X., et al.: Experimental and Numerical Investigation of Thermal Field … S1072 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 4, pp. S1065-S1077 

Comparing the two results, the temperature measured in experiment is a little higher 

than the temperature simulated. It is found that the maximal error is 7.9%, which proves that 

the numerical model is reasonable and robust. 

Results and discussion 

The velocity and temperature contour of the longitude section are shown in figs. 7(a) 

and 7(b), respectively. 

As we can see from fig. 7(a), the velocity around the fan, especially the tip, is the 

biggest, about 40 m/s. The air around the end of the coils has a specific speed, about 10 m/s, 

which can be cooled well. Figure 7(b) shows that the temperature of the stator is higher than 

the rotor. Because the axial heat conduction at the rotor is strong and there are 12 holes for 

wind to enhance the convective heat transfer of rotor. As for the stator, it is hard for the heat 

release from the exterior of the stator [21]. The temperature of the point at the non-driving end 

with a distance of 25 mm to the middle cross-section is the highest, 143 ºC, because the tem-

perature of the air at the non-driving end is higher than the driving end. The highest tempera-

ture is lower than the allowed highest temperature of the insulating degree, H, so there is no 

over-temperature danger when the motor runs at rated condition. 

Factors sensitivity analysis 

Because not the optimization but the sensitivity analysis is concerned in the research 

on the thermal analysis of the motor, the Taguchi’s method other than the particle swarm op-

timization or genetic algorithms is adopted. 

Taguchi method is a low cost and high benefit method to find out the sensitive pa-

rameter. The orthogonal test technique advocated by Taguchi method can significantly reduce 

the number of tests. The essence of Taguchi's method is to solve the signal-to-noise ratio 

(SNR) of the index function through a set of orthogonal combinations including multiple in-

fluencing factors and horizontal numbers, so as to judge the advantages and disadvantages 

and weights of each influencing factor [22, 23]. It is widely used in the scientific experimental 

researches. 

Here, the eight critical parameters in models are mainly investigated. Seven of them 

are set three levels and one is set two levels in their common range. Normally, 7
3
  1

2
 = 686 

Figure 7. (a) Velocity, U, contour of the longitude section, (b) temperature, t, contour of 
the longitude section 
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models need to be calculated. But by means of Taguchi method, only eighteen models should 

be calculated [24]  

In the whole, this work applies the Taguchi method with the orthogonal array table 

of L18(7
3
1

2
). There are 18 tests in the orthogonal array. Every test is solved by the CFD sim-

ulation. Namely, the Taguchi method is coupled with the CFD. 

Tests arrangement 

The design parameters values are shown as tab. 5.  

The copper loss in tab. 5 is the power consumed by the resistance of the wind-

ings when current passes through the windings of the stator and rotor. When motors oper-

ate, eddy currents are generated inside the iron core, and when the eddy current passes 

through the iron core, heat is generated inside the iron core, which consumes energy and 

is named iron loss. 

As shown in tab. 5, the contact thermal resistance 0.0004 Wm
2
/K is the value be-

tween two pieces of stainless steel material [25]. The different values of the copper loss and 

the iron loss at the tooth in tab. 5 obtained by various methods are all at the rated condition, 

namely, at 2014 r/min. The thickness of the insulating layers and the outside convection heat 

transfer coefficient of crate are set as the possible values. The Level 3 of thermal conductivity 

of the insulation is the common value and the Level 1 is the value when the insulation ages 

[25]. Because the thermal conductivity of the insulation decreases with utility time going on. 

Thermal conductivity of the core in axial direction are set as different values because the 

manufacturing technology and the pressure are different. The ambient temperature are the 

common values all around the year. 

In the present study, eighteen numerical simulation tests are conducted as depicted 

in tab. 6.  

The insulation around the stator windings is the weakest part during the motor run-

ning process. Because if the actual temperature of the insulation is higher than its maximal 

temperature allowed, the insulation will breakdown. Approximately, this study takes the tem-

Table 5. Design parameters values 

Symbol Factor [unit] Level 1 Level 2 Level 3 

RC Contact thermal resistance, [m2KW–1] 0 0.0004 – 

SCu Copper loss, [Wm–3] 400000 440000 480000 

SFe Iron loss, [Wm–3] 120000 160000 200000 

δ Thickness of the insulating layers, [mm] 1 2 3 

h Outside convection heat transfer coefficient of crate, [Wm–2K–1] 5 12.5 20 

λins Thermal conductivity of the insulation, [Wm–1K–1] 0.13 0.165 0.2 

λl Thermal conductivity of the core in axial direction, [Wm–1K–1] 1 1.5 2 

tf Ambient temperature, [ºC] 25 35 45 

http://www.baidu.com/link?url=0CELpailqf2thWN6WuKDEpHHX6Y172jCqgt1Z4U3S3TM01KOfAXPUr-GqQl5XU67yVlB5Usy_5gwWYbfmqvZ7nO0Br4XLeP0-DGevWuvfWvLF2RbaZV24bzTHqUyXI-o
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perature of the stator windings as a substitute of the temperature of the insulation. Because the 

insulation is too thin to be established. The SNR ratio is usually used in engineering and exper-

imental design [26, 27]. The SNR is defined by the following equations [28]: 

max 2
max

1
logtSNR

t

 
   

 
             (3) 

Δ 2

1
log

Δ
tSNR

t

 
   

 
           (4)Contribution ratio 

Here, the corresponding SNR of the highest temperature and temperature rise of sta-

tor coils all the tests are shown in tab. 7. The rank R and the distributed ratio CR can be de-

fined by: 

   max  = 1,2,3 min  = 1,2,3
 = 1,2, ,8 =  – 

| |
( ) j

SNRi i SNRi i
R j

2 2
‧‧‧            (5) 

j

j 7

j

j 1

R
CR

R





                 (6) 

Table 6. Orthogonal array table of L18(7
312 ) and effect of all cases 

Rc SCu SFe δ h λins λl tf tmax SNRtmax Δθ SNRΔt 

[m
2
KW

-1
] [Wm

-3
] [Wm

-3
] [mm] [Wm

-2
K

-1
] [Wm

-1
K

-1
] [Wm

-1
K

-1
] [ºC] [ºC] [–] [K] [–] 

0 400000 120000 1 5.0 0.13 1.0 25 110.6 –40.9 85.6 –38.6 

0 400000 160000 2 12.5 0.17 1.5 35 122.3 –41.7 87.3 –38.8 

0 400000 200000 3 20.0 0.20 2.0 45 133.3 –42.5 88.3 –38.9 

0 440000 120000 1 12.5 0.17 2.0 45 128.9 –42.2 83.9 –38.5 

0 440000 160000 2 20.0 0.20 1.0 25 112.3 –41.0 87.3 –38.8 

0 440000 200000 3 5.0 0.13 1.5 35 143.9 –43.2 108.9 –40.7 

0 480000 120000 2 5.0 0.20 1.5 45 142.0 –43.0 97.0 –39.7 

0 480000 160000 3 12.5 0.13 2.0 25 132.6 –42.5 107.6 –40.6 

0.0004 480000 200000 1 20.0 0.17 1.0 35 126.1 –42.0 91.1 –39.2 

0.0004 400000 120000 3 20.0 0.17 1.5 25 110.9 –40.9 85.9 –38.7 

0.0004 400000 160000 1 5.0 0.20 2.0 35 119.6 –41.6 84.6 –38.5 

0.0004 400000 200000 2 12.5 0.13 1.0 45 138.4 –42.8 93.4 –39.4 

0.0004 440000 120000 2 20.0 0.13 2.0 35 123.9 –41.9 88.9 –39.0 

0.0004 440000 160000 3 5.0 0.17 1.0 45 145.7 –43.3 100.7 –40.1 

0.0004 440000 200000 1 12.5 0.20 1.5 25 115.0 –41.2 90.0 –39.1 

0.0004 480000 120000 3 12.5 0.20 1.0 35 133.1 –42.5 98.1 –39.8 

0.0004 480000 160000 1 20.0 0.13 1.5 45 133.2 –42.5 88.2 –38.9 

0.0004 480000 200000 2 5.0 0.17 2.0 25 130.8 –42.3 105.8 –40.5 
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According to the contribution ratios in fig. 8, the contribution ratios to the highest 

temperature are similar to the highest temperature rise of stator coils, except for the effect of 

the ambient temperature, which has the biggest effect to the highest temperature and little ef-

fect to the temperature rise. It is reasonable because the temperature rise is the difference of 

the windings temperature and the ambient temperature at the entrance. The copper loss and 

the thickness of the insulating layers have the dominant effect to both the temperature and the 

temperature rise. Then the outside convection heat transfer coefficient of crate, the iron loss at 

the tooth and thermal conductivity of the insulation are in order. The contact thermal re-

sistance and the thermal conductivity of the core in axial direction have little contribution, 

which can be neglected. 

Conclusions 

In this article, both the experimental research and numerical calculation are carried 

out to investigate the temperature of the motor. Eighteen tests are conducted by combined 

CFD-Taguchi method in order to perform the sensitivity analysis to the highest temperature of 

the metro motor. Major findings are summarized as follows. 

 Firstly, the maximal temperature and the maximal temperature rise at rated speed are 143 

ºC and 99 K, respectively, according to the numerical results. The values are 145.8 ºC and 

90 K, according to the experimental result, which are lower than the temperature allowed, 

180 ºC and temperature rise limit, 125 K. 

Table 7. Factorial effect and contribution ratio 

 
tmax Δθ 

SNR1 SNR2 SNR3 R CR SNR1 SNR2 SNR3 R CR 

Rc –379.0 –378.9 – 0.08 0.32% –354.0 –354.0 – 0.00 0.01% 

SCu –250.4 –252.7 –254.8 4.42 17.76% –233.0 –236.2 –238.8 5.77 24.76% 

SFe –251.4 –252.5 –254.0 2.67 10.73% –234.4 –235.8 –237.8 3.48 14.93% 

δ –250.4 –252.8 –254.8 4.41 17.71% –232.9 –236.3 –238.9 6.01 25.79% 

h –254.2 –252.9 –250.8 3.47 13.94% –238.2 –236.3 –233.5 4.73 20.27% 

λins –253.7 –252.5 –251.8 1.86 7.47% –237.3 –235.7 –234.9 2.38 10.21% 

λl –252.5 –252.6 –252.9 0.43 1.72% –236.0 –236.0 –236.0 0.08 0.36% 

tf –248.8 –252.8 –256.3 7.55 30.34% –236.4 –236.1 –235.5 0.85 3.66% 

Figure 8. (a) Contribution ratio to maximal temperature (b ) contribution ratio to 
maximal temperature rise (for colour image see journal web site) 
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 Secondly, the key factors influencing the temperature are in sequence the ambient temper-

ature, the copper loss, the thickness of the layers, the outside convection heat transfer coef-

ficient of crate, the iron loss at the tooth and thermal conductivity of the insulation. The 

contact thermal resistance and the thermal conductivity of the core in axial direction has 

little influence to the temperature. The rank to the temperature rise is similar except the 

ambient temperature, which has little effect to the temperature rise. 
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Nomenclature

h – heat transfer coefficient, [Wm-2K-1] 
qm – mass-flow rate 
RN – line resistance at hot state, [Ω] 
RC – line resistance at cold state, [Ω] 
Rc – contact thermal resistance,[m2KW-1] 
SCu – copper loss, [Wm-3] 
SFe – iron loss at the tooth, [Wm-3] 
tf – ambient temperature, [℃] 
tmax – maximal temperature of stator coil, [℃] 

Greek symbols 

 – thickness of the insulating layers, [mm] 
θc – temperature of stator coils at cold state, 

[℃] 
θh – ambient temperature at inlet after the 

power is cut off, [℃] 

Δθ – average temperature of stator coil, [K] 
λins – thermal conductivity of insulating mate-

rial, [Wm-1K-1] 
λl – thermal conductivity of the core in axial 

direction , [Wm-1K-1] 
 – total heat flux, [W] 

Subscripts 

i – the level 
j – the factor 
ins – insulating material 
L – axial direction 
C – state before running 
N – state after running 
h – state after the power is cut off
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