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Abstract - Advanced thermal management of electric motors is an obligatory prerequisite for the next generation electric 
vehicle (EV) design. To meet the enhanced thermal management demands of electric motor, first benchmarking strategy 
should be the identification of geometrical and thermo-physical parameters of electric motors most significantly influencing 
the overall temperature distribution within the motor. Moreover, to ensure functionality and durability of the electric motor , 
selection of the proper embedded thermal management approach is also crucial. A series of parametric studies have been 
performed to decouple the effect of winding power density, winding liner thermal conductivity, effective thermal 
conductivity of the air gap between stator and rotor on the overall thermal performance of BMW i3 Permanent Magnet 

Synchronous Motor (PMSM). To perform a parametric study, a 3D Computational Fluid Dynamics (CFD) model has been 
developed using ANSYS Fluent®. A jacket cooled thermal management system has been investigated and a sensitivity 
analysis has been performed to explore the effect of coolant flow rate, i.e., forced convection heat transfer coefficient on the 
overall temperature distribution of the PMSM. Sensitivity analysis has also been performed over a wide range of convection 
heat transfer coefficients from the stator. The numerical results indicate that winding liner thermal conductivity, and forced 
convection heat transfer coefficient have significant effects on the thermal map of the PMSM. On the contrary, effective 
thermal conductivity of the air gap and natural convection heat transfer coefficient have negligible effect on the overall 
thermal performance of the PMSM.  
 

Keywords - Electric Vehicle, Permanent Magnet Synchronous Motor (PMSM), Thermal Management, Jacket Cooling, 
Computational Fluid Dynamics (CFD). 

 

I. INTRODUCTION 

 

Permanent Magnet Synchronous Motor (PMSM) are 

broadly used in electric vehicle (EV) and hybrid 

electric vehicle (HEV) [1, 2] applications because of 

high power factor and torque density [3]. However, 

high heat generation in the motor as a consequence of 

copper loss, stator core loss, and rotor loss often 

reduce the efficiency, and longevity of the electric 
motor [4, 5] by demagnetizing the permanent 

magnets [6]. Therefore, to enhance the motor power 

density and efficiency by maintaining the motor 

temperature below the operational limit, finding 

appropriate thermal management system for the 

electric motor is a major challenge to themotor 

designer. To date, numerous studies have been 

carried out to assess the effectiveness of different 

cooling techniques including air and water cooling. 

For example, Dong et al. [7] developed a CFD and a 

lumped-parameter thermal network (LPTN) model to 

study the effectiveness of air cooling technique for a 
high-speed permanent magnet motor, and validated 

the numerical results against experimental data. 

Finally, the authors developed a prototype based on 

the LPTN results to decouple the influences of 

different geometrical parameters on the motor 

temperature mapping. Kapeller et al. [8] developed a 

modified one-dimensional thermal resistance model 

to capture the detailed axial and radial temperature 

distribution of a totally enclosed fan cooled induction 

motor. Three different new air flow designs have 

been proposed by Vu et al. [9] to guide the air flow 

path for a brushless direct current motor. Hosain et al. 

[10] numerically studied the coupled air flow and 

heat transfer mechanism in-between the stator-rotor 

air gap and reported temperature distribution of the 

rotor surface. 

 

Although air cooled thermal management system 
benefits from low fabrication cost and simple 

geometrical structure, low heat capacity of the air 

makes air cooled system inadequate for the next 

generation EVs. Zheng et al. [11] studied the water 

cooled thermal management system as an alternative 

of the air cooling system for HEV. The authors 

claimed that the cooling of the stator windings mainly 

depends on the water cooling system, whereas the 

rotor temperature is mainly influenced by the air 

cooling. Fan et al. [12] numerically studied the 

thermal performance of a water cooled PMSM and 

also reported the effect of water flow rate on the 
overall temperature mapping of the motor. To 

combine the air convection cooling in the end 

winding and water jacket cooling in the active region 

of a totally enclosed permanent magnet motor, Zhang 

et al. [13] developed a LPTN model and finally 

validated the numerical results by comparing with the 

experimental data. For a water jacket cooled 

brushless synchronous motor, Cavazzuti et al. [14] 

performed a parametric study to decouple the effect 
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of stator thermal conductivity, stator-rotor tooth 

width and depth, water mass flow on the temperature 
rise of the motor. The authors also identified the 

optimum geometrical dimensions of the stator and 

water jacket to attain the minimum possible average 

winding temperature. 

 

In this paper, a steady state 3D CFD model of 

permanent magnet synchronous BMW i3 motor has 

been developed using Finite Volume Based software 

ANSYS Fluent®. The goal is to identify the most 

thermally influential geometrical and thermo-physical 

parameters of the PMSM. The equivalent thermal 

conductivity of the air gap was calculated considering 
static condition to avoid the complex heat transfer 

mechanisms in-between the rotor-stator air gap. A 

series of parametric studies have been performed to 

quantify the effect of winding power density, liner 

thermal conductivity, and thermal conductivity of the 

air gap on the PMSM temperatures. Moreover, in 

order to assess the effect of jacket cooling on the 

overall temperature distribution of the PMSM, a 

uniform forced convection boundary condition has 

been applied on the stator lamination outer surface. 

Similarly, a uniform natural convection boundary 
condition has been utilized to characterize heat 

dissipation from the rotor surface. Parametric study 

has also been carried out to assess the effect of forced 

and natural convection heat transfer coefficients on 

the maximum temperature rise of the PMSM. 

 

II. NUMERICAL MODEL AND 

METHODOLOGY 

 

2.1. Computational Domain  

Figure 1 depicts the schematic diagram of a 125 kW 

BMW i3 permanent magnet synchronous motor 
(PMSM) including 72 stator slots and 12 magnetic 

poles. In BMW i3 motor, 6 rotor discs are stacked 

together along the axis of the motor which gives a 

total active length of ~130 mm. By realizing the axial 

and radial symmetry of the motor assembly, a 30o 

section in the radial plane and 1/6th section along the 

axial direction of the motor has been considered as 

the computational domain for thermal modeling. The 

computational domain consists of 6 stator slot along 

with their corresponding winding liners, 2 magnetic 

poles and the air gap between the stator and rotor as 
shown in the Fig. 1 (b). The main geometric 

parameters of the computational domains are as 

follows: stator outer diameter is 242 mm, stator inner 

diameter is 180 mm, air gap thickness is 0.76 mm, 

and the liner thickness is 0.5 mm.  

 

2.2. Governing Equations and Boundary 

Conditions  
In order to avoid the structural complexity and reduce 

the computational cost, following assumptions have 

been utilized: (1) steady state heat transfer, (2) 

isotropic and constant thermal conductivity, (3) 

copper winding as the only heat source, (4) uniform 

copper loss, i.e., heat generation in the copper 
winding, (5) copper winding has been considered as 

solid copper bar, (4) effect of end-winding and motor 

shaft are negligible, (5) negligible contact resistance, 

and (6) negligible heat transfer between the rotor and 

the shaft.  

 

Based on the above assumptions, the steady state 

energy equation and the corresponding boundary 

conditions can be written in the following form: 

 

 
 

 
2.3. Model Setup 

Finite volume based software ANSYS Fluent® has 

been utilized for the numerical simulation. To 

discretize the energy equation, a second order upwind 

scheme has been used. The thermal model has been 
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considered as converged when residual value goes 

below 10-10. 

 
III. RESULTS AND DISCUSSION  

 

3.1. Effect of Air Gap Thermal Conductivity: 
High rotational speed of the rotor draws ambient air 

in-between the stator and rotor. Flowing air through 

the air gap works as a convective and conduction heat 
transfer medium between the stator and rotor 

lamination. To avoid the modeling complexity of the 

coupled rotating air flow and conduction and 

convective heat transfer in the air gap, an effective 

static thermal conductivity of the air gap based on 

Reynolds number in the air gap has been introduced.  

Reynolds number in the air gap (Reg) defined as [15]: 

 

 
 

 
Table 1: Effective Air Gap Thermal Conductivity 

Figure 2 depicts the dependence of motor maximum 

temperature (Tmax) on the 𝑘eff for different winding 

power density. From the figure, it can be seen that 𝑘eff 
has a negligible effect on the maximum temperature 

of the motor for any particular power density. This 

can be attributed to the small air gap thickness and 

conduction dominated heat transfer through the small 

air gap between the rotor and stator. Therefore, for all 

other simulation, 4.71 W/m.K has been chosen as 

constant 𝑘eff, which corresponds to a motor speed of 

4,500 rpm. Figure 3 presents the influence of coolant 

flow rate through the water jacket, i.e., forced 

convection heat transfer coefficient, ℎ on the motor  

 
 

 
 

Figure 4 illustrates the temperature distribution of the 

motor in the middle plane for two figure, it can be 

seen that the temperature is highest at the center of 

the heat generation zone (stator windings). 

Additionally, there is a steep drop in temperature 
from the winding to the stator teeth. This can be 

attributed to the thin low conductive liner between 

winding and stator. Interestingly, inner region of the 

stator lamination and almost whole rotor lamination, 

including both magnets, retain a nearly uniform 

temperature distribution regardless of ℎ. This 

behavior can be attributed to the relatively higher 

thermal conductivity of the stator and rotor 

lamination. It is worth mentioning that higher ℎ at the 

outer wall of the stator lamination reduces the 
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convective resistance drastically, which eventually 

results in significant reduction of the overall motor 
temperature, especially the stator lamination 

temperature as shown in the Fig. 4(b). 
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IV. CONCLUSION  
 

A steady state 3D computational fluid dynamic 

(CFD) model has been developed to simulate the 

thermal performance of a jacket cooled permanent 

magnet synchronous motor (PMSM) based BMW i3 

motor using ANSYS Fluent®. An effective air gap 

thermal conductivity has been calculated and forced 

convection boundary condition has been applied to 

assess the jacket cooling on the temperature 

distribution of the motor. A series of parametric study 

has been conducted to picturize the effect of air gap 
thermal conductivity, forced and free convection heat 

transfer coefficient, winding power density, and liner 

thermal conductivity on the overall temperature 

mapping of the motor. Based on the computational 

results, the following conclusions can be made: 

 

1. Air gap thermal conductivity has very negligible 

effect on the overall temperature distribution of 

the motor.  

2. Substantial reduction of motor 𝑇max can be 

achieved by employing higher forced convection 

heat transfer coefficient (ℎ), i.e., higher jacket 

coolant flowrate before reaching the threshold 

value.  

3. Motor 𝑇max increases almost linearly with 

winding power density. Moreover, at higher 

winding power density, higher ℎ provides 

superior temperature distribution.  

4. Free convection heat transfer coefficient has 

minor effect on the overall thermal mapping of 
the PMSM motor.  

5. Liner thermal conductivity has substantial effect 

on 𝑇max. Numerical results reveals that superior 

thermal performance, i.e., less and uniform 

motor temperature can be achieved by increasing 

the liner thermal conductivity.  
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