
 

1. Introduction 

Due to fluctuations in fuel prices, emission restrictions, and in-

creasing public awareness of global warming, electric vehicles 

(EVs) have been welcomed as the future of passenger car and 

light transport vehicle industry [1−2]. In this case, motors with 

high power density are needed to reduce weight and extending 

the travel range of EVs. Due to its ability to increase motor 

power density, hairpin windings are being increasingly adopted 

in EV drive motors and have become a research hotspot in recent 

years [3−5].  

Permanent magnet synchronous motors (PMSM) is one of  
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and can be used for motor cooling in complex environments. The results of this study can provide a useful guidance for the 

design of the cooling system and the selection of coolant volume flow rate for oil-cooling motor with hairpin windings. 

Keywords: Hairpin winding; Electromagnetic-thermal coupling; Permanent magnet synchronous motors; Cooling perfor- 

                      mance; Oil spray cooling 

 

 

 

 

Keywords: Type your keywords here (up to 5 keywords) separated with semicolons 

 

 

 

Vol. 45(2024), No. 2, 301‒309; doi: 10.24425/ather.2024.150874 

Cite this manuscript as: Liu, Y.X., Wu, H., Zhang, J., Xu, P.X., Chen, S., He, X.H., & Sun Z.D. (2024). Effects of cooling methods 

and key parameters on the cooling performance of oil-cooling motor with hairpin windings. Archives of Thermodynamics, 45(2), 

301−309. 

Co-published by 

Institute of Fluid-Flow Machinery 

Polish Academy of Sciences 

Committee on Thermodynamics and Combustion 

Polish Academy of Sciences 

 
Copyright©2024 by the Authors under licence CC BY 4.0 

 
http://www.imp.gda.pl/archives-of-thermodynamics/ 

mailto:liugw215@126.com
http://www.imp.gda.pl/archives-of-thermodynamics/


Liu Y.X., Wu H., Zhang J., Xu P.X., Chen S., He X.H., Sun Z.D. 
 

302 
 

Nomenclature 

Bm ‒ amplitude of the magnetic flux density, T 

f ‒ frequency, Hz 

I  ‒ effective value of phase current pressure, A 

kc ‒ additional locc coefficient, 

ke ‒ eddy current loss coefficient, 

kh ‒ hysteresis locc coefficient, 

m – number of phases in the motor, 

PAC1 – AC copper loss caused by skin effect, W  

PAC2 ‒ AC copper loss caused by proximity effect, W 

Pc – additional loss, W 

PCu – total winding loss of the motor, W  

PDC ‒ DC copper loss, W 

Pe – eddy current loss, W 

Ph – hysteresis loss, W 

Ppm − eddy current loss in permanent magnets, W 

r – winding resistance, Ω 

 

Greek symbols 

σ − electrical conductivity, S/m 

 

Abbreviations and Acronyms 

AC − alternating current 

DC − direct current 

EV – electric vehicle 

PMSM − permanent magnet synchronous motors 

 

 

the most commonly used types of motors in the power transmis-

sion system of electric vehicles. The motor cooling method for 

a PMSM can be air cooling, water cooling, or oil cooling [6−8]. 

Although air cooling [9,10] and water jacket cooling [11,12] are 

widely used for thermal management of motors, they cannot 

meet the demanding requirements of higher heat flux in future 

motors due to the poor thermal conductivity of laminations and 

insulation materials. Modern EVs require the smallest weight to 

achieve high power, thereby increasing heat generation and re-

ducing heat dissipation space [13]. The performance of motors 

is thus typically limited by their ability to remove heat from crit-

ical components, requiring an efficient cooling system [14]. To 

meet the cooling performance of high-power density motors, 

various advanced cooling methods and design concepts have 

been proposed. Lindh et al. [15] combined cooling tubes with 

the slot winding and tested its performance with three real drive 

cycles, the cooling capability was extremely promising, and the 

motors winding average temperature reaches only 77°C temper-

atures. Madonna et al. [16] developed a novel thermal manage-

ment method, their modelling and experimental results show 

that a 25% hot-spot temperature reduction on a particular appli-

cation can be achieved. Liu et al. [17] conducted experimental 

research on oil spray cooling for end winding and discussed the 

effects of spray parameters and nozzle structure, hot spots on 

end-windings can be expected within the top half, from the 10 

o’clock to the 2 o’clock positions, and the cooling performances 

of full-cone nozzles are generally better than the hollow-cone 

nozzle. Wang et al. [18] have designed three kinds of novel 

PMSM integrated with heat pipe, the heat transfer performance 

between the heat pipe and the end cap is significantly improved 

compared to traditional PMSM cooling systems, the highest 

temperatures of the end winding are 149.9°C, 140.1°C, 133.5°C, 

and 139.6°C for the traditional PMSM and the three new 

PMSMs, respectively. Wang et al. [19] investigated a novel di-

rect cooling structure for the primary core and windings, inte-

grated with the advantage of a filler with high thermal conduc-

tivity, which can greatly reduce the thermal resistances between 

the heat source and the coolant and thus improves the cooling 

performance. Wang et al. [20] studied the thermal management 

of the end winding of oil spray and established a prediction 

model for heat transfer performance, the predicted results of the 

model coincided with experimental data very well with the MSE 

and correlation coefficient of 7.28 and 0.93, respectively. Guo 

et al. [21] proposed a novel hybrid cooling method for high-

speed high-power permanent magnet assisted synchronous re-

luctance starter/generator, which can decrease 10% and 35.7% 

temperature compared with the cooling method of the oil circu-

lation in the housing, oil spray at winding ends and the cooling 

method of the oil spray at rotor end surface. According to stud-

ying the oil spray cooling parameters of end windings [22], it 

was found that around 75% increase of the total heat transfer 

coefficient and 8 times decrease of the uniformness of wall tem-

perature can be achieved by increasing around half the flow rate 

of the coolant liquid. Zhao et al. [23] proposed a water-cold plate 

cooling structure between the axial laminations of the motor sta-

tor. Compared with the outer spiral water jacket cooling struc-

ture, the maximum and average temperatures of the water-

cooled plate structure were reduced by 25.5% and 30.5%, re-

spectively. The thermal losses of PMSMs are primarily caused 

by mechanical, magnetic, copper losses and bearing friction 

losses [24]. Copper losses occur in the winding conductors and 

can be evaluated through Joule loss relation [25]. The mechani-

cal losses are caused by friction between the rotor and air inside 

the air gap [26]. Magnetic loss or iron loss, including hysteresis 

and eddy current losses of the rotor and stator, can be estimated 

by constants related to motor material and electromagnetic con-

figuration [27]. Due to many details often being unknown, sig-

nificant errors often occur when using theoretical calculations to 

calculate the heat loss value of a motor. Therefore, modeling 

software and electromagnetic thermal calculation software are 

usually used for numerical evaluation, such as Altair Flux [28] 

or Ansys Motor-CAD [29]. 

Research on hairpin winding oil cooled motors mainly fo-

cuses on optimizing the cooling system. However, more com-

prehensive research is needed on the impact of key parameters 

of the cooling system on the cooling performance of the motor. 

On this basis, taking a PMSM with hairpin windings as the re-

search object, a motor loss solution model was established based 

on the theory of electromagnetism and heat transfer. In addition, 

based on the electromagnetic thermal coupling analysis method, 

the cooling performance of different motor cooling models and 

the influence of key parameters of the cooling system on the 

cooling effect of the motor were investigated. The research re-

sults can provide a useful guidance for the design of cooling sys-

tem and key parameters for PMSM with hairpin windings. 
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2. Material and method  

2.1. Motor model and parameters 

The research object is the permanent magnet synchronous drive 

motor for EVs, which adopts a hairpin winding. The axial struc-

ture and composition of the motor are shown in Fig. 1, and the 

basic parameters of the motor are shown in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To analyse the influence of different cooling systems on the 

cooling performance of the motor, three cooling models were 

created based on the prototype model (Fig. 1): axial housing liq-

uid cooling model (Model A), axial housing liquid cooling and 

oil spray cooling model (Model B), and axial housing liquid 

cooling and hollow shaft cooling model (Model C). In Model A, 

there are 9 evenly distributed coolant flow channels along the 

circumference of the housing. The coolant enters from the front 

inlet of the motor and flows out from the rear outlet along the 

axial direction (see Fig. 3a). In addition, to better compare and 

analyse the cooling performance of the three different cooling 

systems, ATF134 coolant is selected, with a thermal conductiv-

ity of 0.1338 W/(m·K), a specific heat capacity of 2.26 J/(kg·K), 

and a density of 811.8 kg/m3.  

2.2. Losses analysis of motor with hairpin windings  

1) Iron core loss 

Iron core loss (referred to as iron loss) is a general term for 

power losses caused by hysteresis and eddy currents in the core 

during AC magnetic circuits. The iron loss inside the motor can 

be divided into three parts: eddy current loss, hysteresis loss and 

additional loss. Based on the Bertotti iron loss calculation 

model, the iron loss per unit mass can be express as follows [30]: 

 𝑃Fe = 𝑃ℎ + 𝑃𝑐 + 𝑃𝑒 = 𝑘ℎ𝑓𝐵𝑚
2 + 𝑘𝑐𝑓

2𝐵𝑚
2 + 𝑘𝑒𝑓

1.5𝐵𝑚
1.5, (1) 

where Ph is hysteresis loss, W; Pc is additional loss, W; Pe is 

eddy current loss, W; Bm is the amplitude of the magnetic flux 

density, T; f is the frequency, Hz; kh, kc and ke are the hysteresis 

loss coefficient, additional loss coefficient and eddy current loss 

coefficient, respectively.  

2) Winding copper loss 

For conventional round wire motors, the AC copper loss during 

motor operation can be ignored. The total copper loss in the mo-

tor can be represented by the DC copper loss, which is propor-

tional to the square of the current and the resistance. However, 

for hairpin winding motors, the skin effect and proximity effect 

in the windings are more significant, resulting in larger eddy 

current losses. Therefore, the copper loss in hairpin windings 

can be divided into three parts: DC copper loss, AC copper loss 

caused by skin effect, and AC copper loss caused by proximity 

effect: 

 𝑃Cu = 𝑃DC + 𝑃AC1 + 𝑃AC2 , (2) 

where PCu is the total winding loss of the motor; PDC is the DC 

copper loss; PAC1 is the AC copper loss caused by skin effect; 

PAC2 is the AC copper loss caused by proximity effect: 

 𝑃DC = 𝑚𝐼2𝑟 , (3) 

where m is the number of phases in the motor; I is the effective 

value of phase current; r is the winding resistance. 

The factors that affect the copper loss of hairpin winding mo-

tors can be divided into two categories: winding structural pa-

rameters and winding energization parameters. In practical cal-

culations, analytical calculation methods are often unable to ac-

curately calculate the copper loss. Therefore, finite element sim-

ulation is commonly used to calculate the winding copper loss. 

3) Eddy current loss in permanent magnets 

During the actual operation of the motor, there are certain har-

monic components in the air gap magnetic field. These harmonic 

components induce eddy currents within the permanent mag-

nets, resulting in a certain eddy current loss. The loss can be cal-

culated as follows [31]: 

 𝑃𝑝𝑚 = ∫ 𝛿𝐸2d𝑉
.

𝑉
= ∫ 𝐽2/𝜎d𝑉

.

𝑉
, (4) 

where Ppm is the eddy current loss in permanent magnets, W; σ is 

the electrical conductivity, S/m; J is the eddy current density, 

W/m3; E is the electric field strength, N/C, and V is the spatial 

integration area. 

3. Results and discussion 

3.1. Motor loss calculation 

During the operation of a PMSM, due to electromagnetic and 

mechanical losses, its internal components will convert electri-

cal energy into thermal energy, resulting in an increase in motor  

 

Fig. 1. PMSM with hairpin windings. 

Table 1. Basic parameters of PMSM. 

Parameters Values 

Rated speed (r/min) 6 000 

Rated power (kW) 150 

Number of stator slots 48 

Pair of poles 8 

Outer diameter of stator(mm) 250 

Inner diameter of stator(mm) 175 

Cooling method Oil cooling 

Number of winding layers 6 

Coil type Hairpin winding 
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temperature. The electromagnetic-thermal coupling method al-

lows the motor losses obtained from electromagnetic calcula-

tions to be directly input into the temperature field calculation 

of the motor. In the calculation process, the heat transfer be-

tween the various components of the motor mainly occurs 

through conduction and convection, while the influence of ther-

mal radiation between the components is ignored. To simplify 

the analysis, the following assumptions are made in the electro-

magnetic thermal coupling calculation: 

1) the influence of heat dissipation from the motor end cover 

on the motor temperature is ignored, and only the heat 

transfer between the motor housing and the external air is 

considered,  

2) only conduction and convection are considered between 

the various components and between the components and 

the air or cooling liquid, 

3) the variation in thermal conductivity, heat transfer coeffi-

cient, and heat transfer coefficient within the motor due to 

temperature changes are ignored, 

4) the insulation material of the winding is uniformly distrib-

uted, and the thermal conductivity between the different 

parts is consistent. 

Based on the above assumptions, the losses of each compo-

nent of the PMSM with hairpin windings under rated operating 

conditions can be obtained through electromagnetic calcula-

tions, as shown in Table 2.  

 

 

 

 

 

 

 

From the calculation results, it can be seen that the stator iron 

core losses, winding copper losses and permanent magnet eddy 

current losses account for over 95% of the total motor losses.  

3.2. Temperature characteristics of housing axial liquid 

cooling 

To compare and analyse the influence of the cooling system on 

the temperature field distribution of the motor, the temperature 

field distribution of the housing axial cooling model (Model A) 

is calculated first based on the electromagnetic thermal coupling 

method. During the analysis, the coolant volume flow rate, inlet 

temperature, and ambient temperature are set as10 L/min, 65°C, 

and 40°C, respectively. Due to the axial symmetry of the studied 

motor model, half of the motor model A is taken as the research 

object. Through calculation, it can be concluded that under rated 

operating conditions, the steady-state temperature distribution 

along the axial direction of Model A is shown in Fig. 2a, and the 

relationships between the transient temperature and time of each 

component is shown in Fig. 2b. It can be seen from Fig. 2a that 

the highest temperature inside the motor is found in the end 

winding, with a steady-state temperature of 213.91°C, and the 

steady-state temperatures of the stator core and permanent mag-

net are 195.74°C and 195.01°C, respectively. It can be observed 

from Fig. 2b that the transient temperatures of different compo-

nents of the motor increase overtime. After approximately 

3 000 s, the temperature increase rate of the winding and stator 

iron core gradually decreases. The temperatures of the perma-

nent magnet, rotor and shaft gradually reach a steady-state stage 

after about 5 000 s. The above analysis results indicate that for 

housing liquid-cooled motors, the temperature rise of the wind-

ing, stator core, and permanent magnet is relatively large, and 

they are the main heat source for the internal temperature rise of 

the motor. In addition, for the housing liquid-cooled motor, dur-

ing operation, the temperature of the stator and winding in direct 

contact with the housing reaches a steady-state stage first.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The operating temperature of neodymium iron boron mag-

nets in PMSM should generally not exceed 200°C. The maxi-

mum temperature of the stator and rotor iron cores should not 

exceed 250°C, and the maximum operating temperature of the 

shaft is 200°C. When the temperature is too high, irreversible 

demagnetization can occur in the permanent magnet, and exces-

sive temperatures in the stator and rotor iron cores can lead to 

insulation layer damage, increased iron losses, and decreased 

mechanical strength. The insulation class of the motor here is 

Class H, with a maximum allowable temperature for the stator 

winding of 180°C and a reference temperature of 145°C. There-

fore, for the hairpin winding motor in this study, using only liq 

Table 2. Motor losses under rated operating conditions (W). 

Name 
Stator 

iron loss 
DC copper 

loss 
Rotor 

iron loss 
Eddy current 

loss of magnet 

Loss value 710.6 2 529 107.4 64.98 

 

a)  

b)  

Fig. 2. Steady state temperature distribution and transient temperature 

variation curve of Model A: a) the steady-state temperature distribution 

along the axial direction, b) the relationships between the transient  

temperature of the motor and time. 
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uid cooling in the housing is not sufficient to maintain the tem-

perature rise within an acceptable limit, and the motor will not 

be able to operate normally. Hence, further optimization of the 

cooling system is necessary to control the temperature of the 

permanent magnet below 180°C and the temperature of the sta-

tor winding below the reference temperature of 145°C. 

3.3. Impact of cooling system on cooling performance  

This section mainly compares and analyses the structural char-

acteristics and cooling performance of three cooling systems: 

Model A, Model B, and Model C. According to the calculation 

results of the steady-state and transient temperatures of compo-

nents in Model A (Fig. 1), it can be seen that the average tem-

perature of the windings, the surface temperature of the stator 

core, and the temperature of the permanent magnets vary signif-

icantly during motor operation. When comparing the three mod-

els, the focus is on studying the variation of the average temper-

ature of the windings, the surface temperature of the stator core, 

and the temperature of the permanent magnets under the same 

boundary conditions, as well as the cooling performance of the 

three different cooling systems. 

The structures of the three motor cooling models are shown 

in Fig. 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An axial oil channel is used in Model A, where the coolant 

flows along the axial direction in the housing (the arrow indi-

cates the direction of coolant flow (Fig. 3a). Model B (Fig. 3b) 

has ring-shaped oil grooves arranged at the front and rear end 

windings, with 16 oil spray holes evenly distributed on the 

grooves. The oil sprayed from the spray holes fall onto the shaft, 

and under the action of centrifugal force, some of the coolant is 

thrown onto the end windings, enhancing the cooling effect of 

the end windings. Model B and Model C (Fig. 3c) are two cool-

ing models based on the structural optimization of Model A. The 

cooling structure of the housing of Model C is the same as that 

of Model A, and in addition, a hollow shaft cooling is added. 

The coolant flows from the front end of the hollow shaft to the 

rear end. The structural parameters of the axial oil passage in the 

motor housing for the three models are the same. The key struc-

tural parameters of Model B and Model C are shown in Table 1.  

The main parameter settings for steady-state temperature rise 

calculation in the three motor models are as follows: the coolant 

inlet flow rate is 10 L/min; the inlet temperature is 65°C; the 

ambient temperature is 40°C, and the rated speed is 6 000 r/min. 

The internal coolant volume flow rate of the shaft in Model C is 

2 L/min. The steady-state temperatures of typical components in 

the three motor models are shown in Fig. 4. From the results of 

Fig. 4, it can be visually seen that Model B has the best cooling 

performance, with a steady-state temperature rises of 126.44°C, 

119.79°C, and 79.69°C for the windings, stator core and perma-

nent magnets, respectively. Compared with Model A, the 

steady-state temperature of the windings and the steady-state 

temperature of the permanent magnets in Model B decrease by 

38.19% and 58.55%, respectively. Therefore, based on the 

above analysis results, it can be concluded that among the three 

motor cooling models, Model B has better cooling performance 

because the coolant in Model B can directly contact the internal 

components of the motor, quickly absorbing their heat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 presents the steady-state temperatures of typical 

components in the three motor models. To more accurately eval-

uate the cooling performance of different motor models, transi-

ent temperature calculations are performed on the motor. In the 

calculation process, the parameter settings for coolant volume 

flow rate, inlet temperature, and ambient temperature are the 

a) Model A  
 

b) Model B  
 

c) Model C  

Fig. 3. Structure comparison of three cooling models. 

 

Fig. 4. Steady-state temperatures of typical components 

in three motor models. 
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same as those for steady-state calculations. Under rated operat-

ing conditions, the transient temperature variation curves of the 

windings and permanent magnets in the three motor cooling 

models are shown in Fig. 5. From the transient temperature anal-

ysis results of the three models, it can be observed that after ap-

proximately 1 000 seconds of motor operation, the average 

winding temperature and permanent magnet temperature of 

Model B tend to stabilize and enter a stable state. The average 

winding temperature and permanent magnet temperature of 

Model A and Model C tend to stabilize after about 5 500 seconds 

of motor operation. It can be seen from the transient temperature 

changes of the three motor models that the internal temperature 

of Model B is significantly lower than that of the other two mod-

els. The above analysis results indicates that among the three 

motor cooling models, the oil spray cooling in Model B can 

achieve fast cooling of various components of the motor, with a 

higher cooling rate. Compared with the other two motor cooling 

models, Model B can reduce the time to reach steady-state tem-

perature by about 81.8%. Additionally, due to the presence of an 

oil spray cooling system, the winding temperature at the end is 

slightly lower than that of the winding inside the slots. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Effect of coolant volume flow rate on cooling per-

formance 

The magnitude of the coolant flow rate directly determines the 

selection of the coolant pump. A scientifically and reasonably 

chosen coolant pump can reduce energy consumption and also 

contribute to weight and cost reduction. Therefore, it is neces-

sary to conduct a systematic study on the volume flow rate of 

the coolant inlet. According to comparing and analyzing the mo-

tor temperature characteristics of the three cooling systems, the 

influence of coolant volume flow rate on steady-state tempera-

ture reduction in the motor was investigated. All three motor 

cooling models use ATF134 as the cooling medium, with a cool-

ant inlet temperature of 65°C. The influence of coolant volume 

flow rate on internal motor temperature can be obtained through 

calculations, as shown in Fig. 6.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the analysis results in Fig. 6, it can be seen that: 

1) As the coolant volume flow rate changes, the temperature 

of the stator winding is consistently higher than that of the 

permanent magnets. When designing the motor cooling 

system, special attention should be paid to the temperature 

of the stator winding;  

2) For Model B, a coolant flow rate of 6 L/min can meet the 

performance temperature allowance for Class H, with good 

economy. However, Model A and Model C require a larger 

coolant volume flow rate;  

3) With the same coolant volume flow rate, oil spray cooling 

can significantly reduce the motor temperature;  

a)  

b)  

Fig. 5. Transient temperature variation curve with time: a) average 

winding temperature,(b) permanent magnet temperature.  

a)  

b)  

c)  

Fig. 6. Relationships between steady-state temperature of differ-

ent cooling systems and coolant volume flow rate: a) Model A,  

b) Model B, c) Model C. 
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4) The relationship between coolant flow rate and motor tem-

perature is nonlinear. When the coolant flow rate increases 

to a certain value, the influence of coolant flow rate on mo-

tor temperature gradually decreases. These findings pro-

vide a valuable guidance for selecting the coolant volume 

flow rate for motor cooling. 

3.5. Effect of coolant inlet temperature on cooling per-

formance 

At a coolant flow rate of 10 L/min and an ambient temperature 

of 40°C, the variation of the temperature field of the three mo-

tors is investigated as the coolant inlet temperature changes from 

40°C to 80°C. The calculated results are shown in Fig. 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the analysis results, it can be seen that the rate of 

change of coolant inlet temperature is directly proportional to 

the internal temperature rise of the motor, meaning that a higher 

inlet temperature results in a higher internal temperature of the 

motor. As the inlet temperature increases, the internal tempera-

ture rise of Model B exhibits greater variation compared to the 

other models. Under the same coolant inlet temperature, the in-

ternal temperature of the motor shows more pronounced 

changes. For Model B, for every 1°C increase in coolant inlet 

temperature, the stator winding temperature increases by ap-

proximately 1.076°C, and the permanent magnet temperature in-

creases by approximately 0.984°C. The above analysis indicates 

that the coolant inlet temperature directly affects the temperature 

rise inside the motor. During the design process of the motor 

cooling system, reducing the coolant inlet temperature can ef-

fectively lower the internal temperature of the motor.  

3.6. Effect of ambient temperature on cooling perfor-

mance 

This section investigates the variations in the steady-state tem-

perature field of three types of motors as the ambient tempera-

ture fluctuates between 20°C and 60°C. The impact of ambient 

temperature on the steady-state temperature rise of key compo-

nents of the motor is shown in Fig. 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The relationship between the internal temperature 

of motor and ambient temperature. 

 

 

 

Fig. 7. The relationship between the internal temperature 

of motor and the inlet temperature of the coolant. 
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The main parameters used in the calculations are a coolant 

flow rate of 10 L/min, a coolant inlet temperature of 40°C, and 

an inner coolant volume flow rate of 2 L/min. From the analysis 

results, it can be seen that in Model A and Model C, as the am-

bient temperature increases, the temperature of each internal 

component of the motor tends to rise, and the degree of influence 

varies among different components. In Model B, however, the 

temperatures of the internal components hardly change with in-

creasing ambient temperature. 

These analysis results indicate that the different motor cool-

ing systems are affected to varying degrees by the ambient tem-

perature. The spray cooling system in Model B is less affected 

by the ambient temperature and can be used for motor cooling 

in complex environments.  

4. Conclusions  

A PMSM with hairpin windings is investigated in this paper. 

The influences of key parameters of the cooling system on motor 

cooling performance are studied based on the electromagnetic-

thermal coupling analysis method. The following conclusions 

are drawn: 

1)  The thermal losses of the PMSM with hairpin windings 

primarily originate from the stator iron core and the copper 

losses in the windings. The permanent magnet eddy current 

loss accounts for more than 95% of the total motor losses, 

making it the primary heat sources within the motor.  

2)  The Model B has the best cooling performance in the three 

models. Compared with the other two motor models, the 

steady-state temperature of Model B's winding and perma-

nent magnet is decreased by 38.19% and 58.55%, respec-

tively, and the time to reach steady-state temperature also 

decreased by about 81.8%.  

3)  The coolant flow rate and temperature in the motor exhibits 

a non-linear relationship. For Model B, when the coolant 

flow rate is greater than 6 L/min, the temperature change 

inside the motor is relatively small and the economy is 

weakened.  

4)  The coolant inlet temperature has an impact on the cooling 

performance of the motor. For the three studied motor 

models, the rate of change of the coolant inlet temperature 

is directly proportional to the internal temperature rise of 

the motor. 

5)  The oil spray cooling system in Model B is less influenced 

by the ambient temperature, making it suitable for motor 

cooling in complex environments. For models A and C, as 

the ambient temperature increases, the internal temperature 

of the motor significantly increases. However, in Model B, 

the temperature of the internal components hardly changes 

as the ambient temperature increase. 
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