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A B S T R A C T   

Permanent magnet synchronous motors are commonly used in the powertrain of electric vehicles because of their 
high power and torque densities. Attempts to increase power and torque densities beyond the state-of-the-art 
often suffer from thermal limitations of the adopted winding-wire insulation class. In this paper, overall effec
tiveness of four different cooling technologies, namely conventional stator jacket cooling, embedded circular and 
rectangular cooling channel within stator core, and direct winding heat exchanger have been studied numeri
cally. By realizing temperature dependent magnetic and material properties, winding and core losses, a two-way 
coupling algorithm has been utilized to study the detailed electro-magnetic and thermal performance of BMW i3 
motor with aforementioned cooling techniques. The numerical results illustrate that the direct winding heat 
exchanger approach provides better electro-thermal performance in comparison to the other cooling techniques 
analyzed. On the contrary, embedded rectangular and circular channel in stator core adversely affect the electro- 
magnetic performance and overall efficiency of the motor, despite their superior thermal performance compared 
to the jacket cooling.   

1. Introduction 

Electric motors play an integral role in the electrification of com
mercial electric vehicles. Automotive companies such as Tesla, Nissan, 
BMW, Toyota, Ford, General Motors, etc. which own a significant share 
of the all-electric and hybrid-electric vehicle markets, are striving to 
make high torque and high power density motors [1]. Heat removal is 
currently a limiting factor in achieving higher torque ratings for electric 
motors, with some heat generation in the literature ranging between few 
hundred watts to few kilowatts depending on the motor type, speed, and 
loading [2-4]. Without appropriate thermal management, high tem
peratures could damage insulation in the copper windings [5]. Namely, 
the thermal limits for Class F and Class H insulation are listed as 155 ◦C 
and 180 ◦C, respectively, but components can fail at temperatures as low 
as 60 ◦C [6,7]. For permanent magnet motors, high temperatures can 
also initiate demagnetization of magnets embedded in the rotors [7]. In 
response to these engineering problems, several thermal management 
techniques have been proposed in the last decade. 

Electric motors are primarily cooled by air, but liquid cooling is 
becoming common nowadays to achieve higher power density. Air- 

cooling is the least expensive thermal management technique, and to 
date, various studies have been performed to optimize the performance 
of air-cooled designs. Kim et al. [8] positioned two microscopic fans 
each with 18 airfoil-shaped wings on the rotary shaft at both ends of the 
stator-rotor air gap of an induction motor. The authors studied the 
electromagnetic and thermal responses of the motor using a coupled 
model developed in ANSYS Maxwell/FLUENT, which showed that the 
aforementioned fan arrangement improved heat transfer. In another 
study, Zhang et al. [9] developed an experimentally validated coupled 
model to predict the electromagnetic losses and temperatures for an air- 
cooled induction machine. Coupled modeling frameworks improve the 
accuracy of the model, because the copper losses in the windings are 
largely dependent on temperature and vice versa. In general, air-cooled 
methods require less maintenance than other cooling techniques, but 
have a disadvantage of lower heat dissipation capability [7]. 

Liquid cooling is needed to maintain temperature in windings below 
the threshold in high power density motors. Superior thermo-physical 
properties of liquid coolants lead to higher heat transfer coefficients 
and consequently, lower motor temperature. One of the commonly used 
liquid cooling configuration for motors is a peripheral water jacket, 
typically attached to the outer surface of the stator inside a motor 
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housing. Multiple studies for the analysis of water jacket’s performance 
have been reported. Satrustegui et al. [10] developed a coupled 
electromagnetic-thermal model using Cedrat Flux 3D for spiral, axial, 
and U-shaped duct arrangements in a water-jacket. Through both nu
merical and experimental analysis, the authors demonstrated that 
higher heat transfer coefficients can be achieved by adding vanes to the 
water jacket. Pyrhonen et al. [3] also performed a coupled 
electromagnetic-thermal analysis of motor using Cedrat Flux 3D. They 
implemented high conductivity copper bars to bridge heat transfer path 
between the stator core and the water jacket. Lundmark and Acquaviva 
[11] performed a coupled numerical analysis on a water jacket cooled 
internal permanent magnet motor using ANSYS Maxwell and FLUENT. 
Their analysis showed that the transverse flux motor demonstrated 
fewer hot spots than a radial flux motor. 

In contrast to jacket cooling, which is employed externally to the 
stator, cooling channels can be employed in the stator and rotor cores. 
This cooling technique has been adopted by multiple industries. For 
example, Rolls Royce implemented circular channels to the stator core of 
a PMSM motor [12], while Siemens AG also designed stator cooling 
channels adjacent to the windings for high power generators [13]. 
Similarly, rectangular channels were implemented in the stator core for 
cooling of the Tesla Model 3 [14]. Kumar et al. [15] performed finite 
element analysis of various cooling channel geometries to determine 
how the electro-magnetic response depends on their shape and to opti
mize their design. In order to enhance motor specific power rating, Lee 
et al. [16] proposed a unique rotor cooling technique utilizing a hollow 
shaft, along with conventional housing cooling. A special coolant flow 
path facilitated coolant circulation from the stator housing to the rotor 
via the hollow shaft. The authors performed coupled electro-thermal 
analysis and experiments to demonstrate superior electro-thermal per
formance of the proposed cooling method over air-cooling and jacket 
cooling methods. 

Cooling techniques which implement phase change materials (PCM) 
and spray cooling have also appeared in recent literature. For example, 
Wang et. al injected a paraffin PCM into the casing of a PMSM and found 
that the latent heat driven cooling extended the operating time by 50% 

[17]. The authors developed a similar implementation of a PCM into a 
fin-cooled PMSM, which extended motor run time by 32.7% [18]. Park 
and Kim [4] studied channel cooling and spray cooling and found that 
the addition of spray cooling to the stator provided a moderate decrease 
in temperature compared to cooling channels alone, and these en
hancements were greater at higher speeds. Similar spray cooling tech
niques has also been studied by many other researchers [19–22]. 

Semidey and Mayor [6] demonstrated direct winding heat exchanger 
(DWHX), which utilize individual cooling channels embedded in the 
windings within stator slots. Heat is rejected to the fluid in the channels 
located along the axial direction of the motor. This single phase cooling 
technique showed significant improvements by using micro-features in 
the heat exchanger channels, with heat transfer coefficients as high as 
50,000 W/m2.K [23]. The effectiveness of DWHX has also been 
numerically and experimentally verified by many other researchers 
[24,25]. 

Although electro-magnetic and thermal performance of electric 
machines are strongly dependent on each other, many of the previous 
studies have not considered the effect of cooling strategy on electro- 
magnetic performance. For example, Xiong et. al. [26] developed an 
algorithm to iteratively determine the efficiency of a three-level brush
less synchronous generator and found that higher speeds and higher 
loading each led to increased efficiency. Silwal et al. [27] provided a 
detailed comparison of water jacket cooling, DWHX cooling, and com
bined water jacket and DWHX cooling based on the temperature dis
tribution and mechanical stresses induced in the windings. However, the 
authors did not explore the dependence of electro-magnetic perfor
mance on the temperature distribution, or vice versa. Similarly, Semidey 
and Mayor [6] did not present electro-magnetic performance of DWHX 
incorporated motor, and did not directly compare the DWHX technique 
with other cooling techniques. 

From the above literature survey, it can be seen that despite of 
strongly coupled electro-magnetic and thermal performance of electric 
machine, to date, very few coupled electro-thermal analysis have been 
performed, especially for enhanced cooling techniques. Additionally, to 
the best of the author’s knowledge, to date, no detailed comparative 

Nomenclature 

Tr torque, N.m 
m number of phase 
p pole pair 
I current,A 
L inductance,mH 
S skewness factor 
n harmonic order 
N maximum harmonic order 
B magnetic flux density,T 
P power,W 
f frequency,Hz 
r radius,m 
R resistivity,Ω.m 
a coefficient of resistivity,1/K 
T temperature,K 
k thermal conductivity,W/m.K 
D diameter,m 
q’’’ heat generation, W/m3 

h convection coefficient,W/m2.K 
v fill factor 

Greek symbols 
λ magnetic flux linkage, Wb 
δ rotor angle, EDeg 

φ phase angle, Edeg 
α temperature coefficient,%/

◦

C 
ω shaft speed,rad/s 
θ angular 
η efficiency 

Subscripts 
e electro-magnetic 
d direct 
q quadrature 
mag magnet 
skew skewness 
ms magnetic skewness 
res residual 
s shaft 
a ambient 
w winding 
out output 
r radial 
z axial 
sur surface 
f fluid 
c copper 
im impregnation  
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study of different stator and slot cooling strategies has been performed 
for BMW i3 motor. In this study, a detailed comparison of three different 
advanced cooling techniques namely direct stator cooling using rect
angular and circular channel, and direct winding heat exchanger 
(DWHX) have been performed with the conventional jacket cooling 
technique. All above mentioned cooling techniques were incorporated 
in a 125 kW BMW i3 motor topology and a coupled electro-thermal 
solving algorithm has been utilized to compare the effect of different 
cooling techniques on the overall performance of the motor. Electro- 
magnetic and thermal simulations were iteratively performed using 
finite element (FE) based electro-magnetic software Motor-CAD® and 
computational fluid dynamics (CFD) software ANSYS Fluent®, respec
tively. Outputs such as inductance, torque, winding and stator losses, 
and peak winding temperatures for each cooling technique were 
assessed under numerous electrical loading conditions to provide 
guidelines for the thermal management system selection and their 
subsequent effects on overall motor performances. 

2. Machine topology and cooling methods 

Interior permanent magnet synchronous motor (IPMSM) topology of 
a jacket cooled BMW i3 motor with a peak power and torque of 125 kW 
and 250 N.m, respectively [28], has been chosen as a base configuration. 
Fig. 1 illustrates the front and side views, and Table 1 summarizes 
detailed specifications of conventional BMW i3 motor. Two layers of 
Sintered Neodymium-Iron-Boron magnet, N42UH [29], and four flux 
barriers have been added per pole. Moreover, in order to reduce the 
cogging torque and torque ripple, the rotor and magnet are sliced into 
six axial segments and stacked in a skewed fashion [28]. An aluminum 
sheath is shrink-fitted onto the outer diameter of the stator, and the 
outer surface of the sheath has a spiral channel to form a circulating 
cooling path with the outer housing as shown in the Fig. 1(b). 

In high torque density machines like BMW i3, major heat losses occur 
in the windings in the form of Joule heating. For a jacket cooled motor, 
dissipated heat from the windings needs to transfer to the coolant via 
slot liner, stator lamination, and finally stator frame (see Fig. 1). In 
addition to the thermal resistances of these components, contact re
sistances at winding-liner, liner-lamination, and lamination-frame in
terfaces result in additional rise in winding temperatures. Heat 
generated due to the stator core losses is also a significant component of 
the total loss, which need to flow through the lamination-frame contact 
resistance. Therefore, thermal performance of the electric machine can 
be significantly enhanced by moving coolant channels closer to the heat 
sources, i.e., winding. However, shifting cooling channels towards 

windings may adversely affect electro-magnetic performance of the 
machine. 

Stator cooling channels can improve the thermal performance of the 
BMW i3 motor by directly extracting heat from the stator lamination. In 
this paper, two different stator cooling channels, namely circular and 
rectangular cross-section channels, have been considered as shown in 
the Fig. 2 (a) and (b). By integrating cooling channels in the stator 
lamination, conduction thermal resistance can be significantly reduced 
by shortening the distances between the winding slot and coolant, and 
also by eliminating the lamination-housing contact resistance. Another 
advantage of direct stator cooling is that it only requires a thin housing 
to protect the machine from ambient, compared to the relatively thick 
housing needed for jacket cooling. Therefore, high power and torque 
density can be achieved by reducing housing weight. Moreover, circular 
and rectangular cooling channels in the stator core can be fabricated 
with a minimal cost by cutting the circular and rectangular shapes in the 
laminated sheet and channel are created automatically after the 
stamping of the laminated sheet. Additionally, direct stator cooling 
channels are applicable for any winding configuration and easy to 

Fig. 1. (a) Front view and (b) side view of jacket cooled BMW i3 motor.  

Table 1 
Geometric and winding specifications of the jacket cooled BMW i3 
motor.  

Parameters (unit) Value 

Number of phase 3 
Number of slot/pole 72/12 
Stator OD (mm) 240.9 
Stator ID (mm) 179.6 
Air gap (mm) 0.5 
Slot depth (mm) 21.5 
Slot opening (mm) 2.5 
Tooth tip depth (mm) 0.5 
Active length (mm) 130 
End-winding length (mm) 32 
Inner layer magnet thickness (mm) 6 
Outer layer magnet thickness (mm) 3.2 
Stator/rotor lamination M250-35A 

Winding configuration 
Number of turns per coil 9 
Number of strands in hand 12 
Parallel path 6 
Wire OD (mm) 0.7 
Wire ID (mm) 0.6 
Total number of wire 108 
Inter-wire distance 0.1 
Copper slot fill factor 0.3332  
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implement. However, direct stator cooling channels may saturate the 
stator core by adding extra magnetic flux resistance. 

The rectangular channels in Fig. 2 (a) are 2.2 mm in width and 4.4 
mm in height, having a hydraulic diameter of 2.93 mm. Each channel is 
placed at a 1 mm gap from the exterior periphery of the stator. The 
circular channels are sized at 2.93 mm diameter to maintain the same 
hydraulic diameter as the rectangular channels, and are centered in the 
same location as rectangular channels. 

Windings to coolant thermal resistance can significantly reduce by 
employing DWHX in the stator slots as shown in the Fig. 2 (c). The 
DWHX transfers the winding heat directly into the coolant, resulting in 
significant reduction of the winding-coolant thermal resistance, which 
notably reduces the winding copper loss and hence, allows a substantial 
increase in current density without compromising with the winding 
thermal integrity. Additionally, eddy current induction and consequent 
eddy current loss in the DWHX can be prevented by utilizing non- 
conductive heat exchanger endcap/bulkhead [6]. Mass production of 
DWHX can be achieved either by utilizing 3D printing or can be fabri
cated into two parts and installed in the slot before impregnation/ 
encapsulation [6 30]. However, a careful design is required to apply 
DWHX technology in a distributed wound machine. In case of DWHX, a 
0.5 mm wide channel was placed into the center of each of the stator slot 
from top to bottom as shown in the Fig. 2 (d). The distance between 
copper wires in DWHX cooled windings has been reduced to 0.01 mm 
(see Fig. 2 (d)) to fit same number of the copper wire in each slot, while 
keeping all other parameters constant, which ensure same copper fill 
factor as jacket cooled and direct stator cooled machines. 

3. Electro-magnetic simulation 

3.1. Computational domain and governing equations 

Figs. 1 and 2 illustrate fully assembled machine geometry, along with 
the corresponding cooling channels. Due to the symmetric distribution 
of the cooling channels and consequent magnetic flux, a single rotor pole 
and the corresponding stator configuration along with appropriate 
cooling channels has been considered as computation domain to reduce 
computational cost. In the case of a jacket cooled BMW i3 motor, 
aluminum (Al) housing is mounted on the stator lamination, and it is 
worth noting that the relative permeability of the Al housing (~1) is 
significantly lower than the stator lamination [31], resulting in entirely 
confined magnetic flux inside the stator core. Therefore, Al housing and 
spiral cooling channels (see Fig. 1) were not included in the electro- 
magnetic simulation domain. 

Tre has been calculated using d and q-axis formulations (see Fig. 1 
(a)) [32,33]: 

Tre =
m
2

p
(
λdIq − λqId

)
=

m
2

p
[
λmag,dIq +

{
IdIq

(
Ld − Lq

) } ]
(1) 

Id and Iq have been calculated at each rotor position by applying the 
Park transformation [32]. 

For the skewed arrangement of the rotor lamination and magnets, 
the skewed flux linkage to the permanent magnet can be calculated by 
[33]: 

Fig. 2. Front view of (a) rectangular channel, (b) circular channel, (c) DWHX cooled motor, and (d) copper wires distribution in a DWHX cooled motor slot.  
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λmag,d = λskew(θ) =
∑N

n=1
Smsλmagcos(nδ + φn) (2) 

Where, Sms is the magnet skewness factor [33,34]. 
Magnet flux linkage, λmag depends on the residual magnetic flux, Bres 

which has been calculated using the following equation [33]: 

Bres = Bres,ref (20)

(

1+
α
(
Tm − Tref .temp(20)

)

100

)

(3) 

Where, Bres,ref(20) = 1.31T at reference temperature of 20 ◦C and the 
temperature coefficient (α) is − 0.12%/oC [29]. 

Shaft torque (Trs) can be calculated as follows: 

Trs = Tre −
[(

Pcore + Pmag
)/

ω
]

(4) 

Where, ω is the shaft speed, Pcore and Pm are the core and magnet 
losses, respectively. 

Pcore has been calculated using modified Steinmetz iron loss model 
[33]: 

Pcore(W/kg) = Khf .Bγ+ϑB + 2π2Keddyf 2B2 (5) 

Where, Kh, γ, ϑ and Keddy have been determined using curve fitting 
techniques in Motor-CAD. Since, electro-magnetic flux density depends 
on temperature, Pcore depends on temperature. 

Pmag has been calculated by knowing magnet eddy current from 
diffusion equation [33]. 

Copper/DC loss in the active and end-winding can be calculated by 
using the following equation [33]: 

PDC = 3I2Ra[1 + aT(Tw − Ta)] (6) 

AC loss generated in the active section of winding has been calcu
lated using the following equation [33]: 

PAC =
πD2(ωB)2

128Ra[1 + aT(Tw − Ta)]
(7) 

The overall efficiency of the machine can be calculated as follows: 

η =
Pout

Pout + PDC + PAC + Pcore + Pmag 

Where, Pout = (Trsω) is the output power. 
Moreover, mechanical and windage losses have been neglected in the 

electro-magnetic simulations. 2D finite element (FE) based software 
Motor-CAD has been used for the electro-magnetic simulations of motor 
for all integrated cooling techniques considered in the present work. 

4. Heat transfer (HT) modeling 

4.1. Computational domain and governing equations 

Noting the axial and radial symmetry of the motor assembly, a 30◦

section in the radial plane and 1/6th section along the axial direction of 
the motor has been considered as the computational domain for HT 
modeling. Fig. 3 depicts the computational domains for all cooling 
techniques. The computational domain consists of one magnetic pole, 
six winding slots along with their corresponding liners, and the air gap 
between the stator and rotor, as shown in the Fig. 3. 

The following assumptions have been made to simplify the HT 
analysis: (1) negligible radiation heat transfer, (2) end-windings effect 
on the motor thermal performance has been neglected, (3) steady state 
heat transfer, therefore thermal capacitances are negligible, (4) uniform 
distribution of heat sources in each region, (5) constant coolant tem
perature, and (6) isotropic thermal conductivity for all components, 
except winding, and stator and rotor laminations. 

By considering the aforementioned assumptions, steady state 3D 
heat conduction equation in the cylindrical co-ordinate system [35] has 
been solved which can be written in the following form: 

1
r

∂
∂r

(

krr
∂T
∂r

)

+
1
r2

∂
∂θ

(

kθr
∂T
∂θ

)

+
∂
∂z

(

kz
∂T
∂z

)

+ q’’’ = 0 (9) 

Winding, stator, magnet, and rotor heat losses, calculated from 
electro-magnetic model, have been applied as volumetric heat sources in 
3D HT model as shown in the Fig. 3 (a). 

In order to reduce the computational cost to realize complex motor 
and cooling channel geometry and to assume fully developed flow 
conditions, liquid cooling has been simulated as a convection boundary 
condition on the coolant channel surfaces. For example, a constant heat 
transfer coefficient (h) is applied on the circular, rectangular, or DWHX 
channel’s surfaces as shown in the Fig. 3 (b-d). For the case of jacket 
cooling, a constant h is applied on the stator outer surface (see Fig. 3 (a)). 
A similar approach for electric motor simulations has also been pre
sented by previous studies [6,27,36]. 

− k
∂T
∂r

= h(Tsur − Tf ) (10) 

Moreover, for all simulations, Tf has been considered as constant at 
70 ◦C. 

The heat transfer characteristics of the rotating rotor slot are com
plex. Available conventional convective heat transfer correlations of a 
stationary configuration are not valid for rotating rotor slot. Inside the 
rotating rotor slot, secondary air flow is generated, along with axial flow 
as a consequence of combined centrifugal and Coriolis effect, which can 
significantly change the heat transfer coefficient compared to the 

Fig. 3. Computational domain for thermal simulations (a) jacket cooling, (b) rectangular channel, (c) circular channel, and (d) DWHX.  

A. Tikadar et al.                                                                                                                                                                                                                                



Applied Thermal Engineering 183 (2021) 116182

6

stationary natural/forced convection [37]. To date, very few correla
tions for rotating smooth tube have been proposed considering rotating 
and axial Reynolds number [38]. All available correlations are strongly 
dependent on rotor slot and also entrance region configurations. Addi
tionally, to the best of the author’s knowledge, heat transfer correlations 
for BMW i3 motor rotor slot are not available in the open literature. 
Therefore, after realizing the complicated rotor duct geometry and to 
reduce the computational cost, a natural convective heat transfer coef
ficient of 10 W/m2.K has been chosen as a representative number for the 
numerical modeling and has been applied on all rotor slots (see Fig. 3 
(a)). 

Symmetric boundary condition is applied at the other boundaries, e. 
g. side, front, and back walls of stator, rotor, magnets. 

Air flowing through the gap between the stator and rotor works as a 
convective heat transfer medium between the stator and rotor lamina
tion. To avoid the modeling complexity of the coupled rotating air flow 
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 utilized [39]. 

The geometry was meshed using the ANSYS meshing tool. In order to 
capture steep temperature gradient between the winding and the stator, 
very fine mesh was generated in the liner with a minimum resolution of 
0.05 mm, as shown in the Fig. 4. Additionally, for individual configu
ration, appropriate mesh count has been selected via systematic mesh 
independence test. For example, in the case of DWHX, within a wide 
range of mesh resolution from 0.7 to 7.79 million, the peak winding 
temperature change was less than 0.02 ◦C. After realizing high compu
tational cost for dense mesh, 1.4 million of mesh has been utilized for 
DWHX simulation. Similarly, 0.7, 0.74, and 0.66 1.4 million of mesh 
have been selected for jacket cooling, circular channel, and rectangular 
channel, respectively. 

Finite volume (FV) based computational fluid dynamics and heat 
transfer (CFD/HT) software ANSYS Fluent® has been utilized for the HT 
simulations. Relative residual less than 10-12 has been set as conver
gence criteria for solution of the energy equations. 

4.2. Effective thermal conductivity of the winding 

Winding is a heterogeneous mixture of four different materials: 
copper wire, wire insulation, impregnation material, and air. However, 
the thermal properties of insulation materials i.e., wire insulation and 
impregnation materials are very similar. Therefore, it can be assumed 

that the winding only contains copper and impregnation and the Hashin 
and Shtrikman (H + K) approximation [40,41] has been used to estimate 
the effective radial/circumferential equivalent thermal conductivity of 
the winding: 

kr/θ = kim
(1 + vc)kc + (1 − vc)kim

(1 − vc)kc + (1 + vc)kim
(11) 

Where, kc and kim are the copper and impregnation thermal con
ductivity, vc is the cooper fill factor. 

On the contrary, axial equivalent thermal conductivity had been 
calculated from the parallel model for two materials. Effective ortho
tropic thermal conductivities of the winding have been calculated and 
summarized in Table 2. For the case of DWHX, reduced slot area and 
reduced distance between copper wires results in significantly higher 
effective conductivity in all directions as shown in the Table 2. 

5. Electro-magnetic and HT simulation coupling 

From equations (1) to (8), it can be seen that Bres, λm, Tre, Trs, PDC, 
PAC, Pcore, and η are strongly dependent on magnet and winding tem
perature and vice versa. Therefore, in order to accurately calculate the 
overall performance of the electric motor, electro-magnetic and thermal 
models need to solve in a coupled fashion. In this paper, a two-way 
coupling framework [42] has been utilized to perform electro- 
magnetic and HT simulations for all considered cooling configura
tions. In the first iteration, electro-magnetic simulation in Motor-CAD is 
performed using pre-assumed temperatures to calculate component wise 
heat losses in the motor components. Afterwards, the electro-magnetic 
losses are transferred as volumetric heat sources in the ANSYS 
Fluent® HT model, which simulates motor temperature distribution. 
After the first convergence of the HT model, motor component’s tem
perature have been fed back into the electro-magnetic model to recal
culate losses at the updated temperature. The above stated two-way 
coupled iterations are performed until the change in peak temperature 
of all individual components decreases below 0.5 ◦C. A detailed coupling 
algorithm can be found in our previous paper [42]. 

6. Numerical model validation 

In order to validate the accuracy of the developed two-way coupled 
numerical model, shaft torque has been calculated under different 
electrical loading and compared with the benchmarking experimental 
results reported by Oak Ridge National Laboratory (ORNL) for a jacket 
cooled BMW i3 motor [28]. As shown in the Fig. 5, numerically calcu
lated torque shows excellent agreement with the experimental data with 
an average deviation of less than 4.23%. 

7. Results and discussion 

7.1. Electro-magnetic Performance: 

IPMSM produce high torque utilizing both alignment and reluctance 
torque. Alignment torque is generated by the interaction between the 
stator magneto-motive force (mmf) and d-axis (see Fig. 1 (a)) magnetic 
flux of buried-PMs in the rotor core. Reluctance torque generates from 
the saliency between d and q-axis (see Fig. 1 (a)). Since IPM machine 
torque greatly depends on Ld and Lq, respectively, understanding of flux 
flow path and any possible reluctances are necessary. 

Fig. 4. Mesh generation for HT simulation.  

Table 2 
Effect orthotropic thermal conductivity of the windings.  

Cooling method kr(W/m.K) kθ(W/m.K) kz(W/m.K)

Jacket and stator channel cooling 0.4609 0.4609 176.8 
DWHX 0.7979 0.7979 246.6  
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Fig. 6 illustrates the magnetic flux density and flux line distribution 
under full load condition. Four layers of flux barriers along with top 
magnet layer, maximize stator and rotor flux interaction, i.e., flux 

density in the three stator tooth located in-between two rotor poles. 
From the figure, it can be seen that higher flux density generated in three 
inter-polar stator tooths, regardless of the stator cooling channel and 
DWHX. Moreover, cross-magnetization of armature reactions results in 
non-symmetrical flux distribution and torque ripple for all cases. For 
example, trailing corner of the rotor pole (left side) experiences highest 
magnetic flux density, in particular in the rotor bridge regions (see red 
circles in the Fig. 6). Additionally, the circular and rectangular stator 
channels block the flux flow path and reduce the permeance of the back 
iron region, which eventually results in back iron saturation under and 
top of the channels. Furthermore, higher perpendicular area of the 
rectangular channel to the flux flow path creates higher reluctance and 
consequently results in more flux saturation and leakage flux compared 
to the circular channel. Since DWHX is placed inside the slot, flux dis
tribution for DWHX cooled machine is very similar as jacket cooling as 
depicted in the Fig. 6. 

Fig. 7 shows the variation of d and q-axis inductances (Ld and Lq) as a 
function of the quadrature axis current (Iq) for each of cooling config
urations. It can be seen that both Ld and Lq decrease as Iq increases 
because of the gradual saturation of the stator and rotor core. Addi
tionally, two layers of magnet along d-axis work as flux barrier. This 
results in lower Ld and alignment torque compared to Lq and reluctance 
torque. Jacket cooled machine and DWHX cooled machine provide 
similar Ld and Lq regardless of Iq because of their alike flux distributions 
in the stator back iron region. On the contrary, for the circular and 
rectangular stator channels (see Fig. 2 (a) and (b)), Ld and Lq 

Fig. 5. Comparison between numerically calculated shaft torque and experi
mentally measured torque reported by ORNL [28] at 4500 rpm and heat 
transfer coefficient of 5,000 W/m2.K. 

Fig. 6. Magnetic flux density distribution of (a) jacket cooling, (b) circular channel, (c) rectangular channel, and (d) DWHX while maintaining a constant speed, 
current density, phase advance, and convective heat transfer coefficient of 4,500 rpm, 17.37 A/mm2, 45 EDeg, and 5,000 W/m2.K respectively. 
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significantly reduce compared to the other two configurations. This 
behavior can be explained by recalling the inversely proportional rela
tion between inductance and reluctance for same stator mmf. Since 
circular and rectangular channel increase reluctance by blocking the 
flux flow path in the stator back iron region (see Fig. 6), Ld and Lq 
decrease at any particular Iq, compared to the jacket and DWHX cooled 
machine. Moreover, higher reluctance of rectangular stator channel 
results in lower Ld and Lq compared to circular channel. For example, at 
250A Iq for rectangular channel, Ld and Lq decrease by 15.74% and 
27.82%, respectively compared to jacket cooled machine, whereas for 
circular channel, Ld and Lq decrease by 7.89% and 13%, respectively. 

Higher stator reluctance for the same rotor configuration results in 
higher leakage flux and consequently lower air gap flux density (Bg). 
Fig. 8 illustrates Bg along the centerline of the air gap over a rotor pole 
(30 MDeg/180 EDeg) for all cooling configurations. From this figure, it 
can be observed that the circular and rectangular stator channels have 
lower Bg compared to other two cases because of the higher stator back 
iron reluctance and consequently reduced Ld and Lq as explained earlier. 

Fig. 9 depicts the shaft torque as a function of rms current density for 
all cooling configurations. It can be observed that the PMSM modified 
with circular and rectangular stator channel provides significantly lower 
torque compared to the jacket cooled and DWHX cooled machines, 
especially at higher current densities. This can be attributed to the lower 
Lq and Ld (see Fig. 7), and consequently lower flux density, reluctance 
and alignment torque. For example, at a current density of 13.37A/mm2 

and for the case of circular and rectangular channels, shaft torque 
reduced by ~ 11.78 and 25.93%, respectively compared to the jacket 
cooling. On the contrary, at low current density, the circular stator 
channel provides lower Ld but similar Lq, and rectangular stator channel 
provides lower Ld and Lq compared to jacket cooled machine (see Fig. 7). 
However, the difference between Ld and Lq (~Lq-Ld) is comparable for 
all four cases and since reluctance torque is primarily determined by (Lq- 
Ld), circular and rectangular stator channels provide almost the same 

shaft torque at the lowest current density of 3.47 A/mm2 as shown in 
Fig. 9. Moreover, DWHX cooled PMSM provides mostly similar torque as 
jacket cooled machine, except at the highest considered electric load. 

7.2. Thermal Performance: 

Fig. 10 illustrates the temperature distributions for all considered 
cooling configurations. For the case of jacket cooling, maximum tem
perature occurs in the slot winding as shown in Fig. 10 (a). This can be 
attributed to the lower winding thermal conductivity and high con
duction thermal resistance between the winding and the jacket. Similar 
temperature distribution is evident for the rectangular and circular 
channels (see Fig. 10 (b) and (c)). However, both direct stator cooling 
channels notably reduce the stator back iron conduction resistance, 
which eventually results in lower motor temperature compared to the 
jacket cooling as shown in the Fig. 10 (a)-(c). 

It is also worth noting that the convective heat transfer area is 1366.1 
mm2 for jacket cooling, 3146.0 mm2 for rectangular channel, and 2196.3 

Fig. 7. (a) Ld vs Iq, and (b) Lq vs Iq at 4,500 rpm, 45 EDeg phase advance, and 
heat transfer coefficient of 5,000 W/m2.K. 

Fig. 8. Air gap flux density over a rotor pole for all cooling configurations at 
4,500 rpm, 17.37 A/mm2 current density, 45 EDeg phase advance, and heat 
transfer coefficient of 5,000 W/m2.K. 

Fig. 9. Shaft torque vs. rms current density for all cooling configurations at 
4,500 rpm, 45 EDeg phase advance, and heat transfer coefficient of 5,000 W/ 
m2.K. 
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mm2 for circular channel. Since in the case of rectangular and circular 
channel, convective heat transfer area increased by ~ 130% and ~ 61% 
compared to the jacket cooling, lower convective resistance attributes to 
reduce the motor temperature. Despite very similar conduction resis
tance, the rectangular channels were more effective in cooling than the 
circular channels (see Fig. 10 (b) and (c)) because of their higher 
convective surface area as explained earlier. 

Among all cooling techniques considered, the DWHX is most efficient 
in reducing the peak temperature, as observed in Fig. 10 (d). Interest
ingly, the peak temperature is located toward the edge of the stator back 
iron rather than the windings, contrary to other cases. This can be 
attributed to the significantly higher convective surface area and 
reduced thermal resistance between winding and the coolant. The 
DWHX provides double the surface area compared to the circular 
channels and quadruple the surface area compared to the cooling jacket. 
Therefore, at the same heat transfer coefficient, the DWHX provides a 
much lower thermal resistance, which results in lower winding 
temperature. 

Fig. 11 (a) illustrates the impact of convection heat transfer co
efficients (h) on peak temperature for the four cooling techniques. 
Typical h for DWHX are between 500 and 1,000 W/m2.K, and values as 
high as 50,000 W/m2.K can be achieved using micro-structures and high 
flow rate of coolant [6]. Considering this window of h, a range of 
1,000–11,000 W/m2.K has been considered for simulations using 
DWHX. For all other cases, a range of 3,000–11,000 W/m2.K has been 
considered for h. The results show that as h increased, the peak tem
perature reaches an asymptotic value. After increasing h beyond 10,000 
W/m2.K, only a marginal temperature decrease of ~ 1 ◦C is observed. 
DWHX and direct stator cooling techniques significantly reduce the 
motor temperature compared to the jacket cooling because of higher 
convective heat transfer area and reduced thermal resistance. For 
example, by employing DWHX, motor peak temperature can be reduced 
by ~ 88–102 ◦C compared to jacket cooling for h in the range of 
3,000–11,000 W/m2.K. The rectangular and circular channels also 
provide significant benefit over the jacket cooling by ~ 19–29 ◦C and 
~14–20 ◦C, respectively. 

Effects of all cooling techniques on the peak temperature under 
different electrical loading have been shown in Fig. 11 (b). DWHX, 
rectangular and circular channels provide significantly lower peak 
temperature compared to the jacket cooling, especially at higher current 
densities. For example, at current density of 17.37A/mm2, peak tem
perature reduced by ~ 94 ◦C, 23 ◦C, and 17 ◦C by employing DWHX, 

Fig. 10. Temperature distributions of (a) jacket cooled, (b) rectangular channel, (c) circular channel, and (d) DWHX cooled machine at 4,500 rpm, 17.37 A/mm2 

current density, 45 EDeg phase advance, and heat transfer coefficient of 5,000 W/m2.K. 

Fig. 11. (a) Peak temperature vs heat transfer coefficients at a current density 
of 17.37 A/mm2, and b) peak temperature vs current density at heat transfer 
coefficient of 5,000 W/m2.K. For all simulations, motor speed and phase 
advance were set at 4,500 rpm, and 45 EDeg. 
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rectangular, and circular channels, respectively. 

7.3. Power Losses 

Fig. 12 illustrates DC loss, AC loss, and total winding loss for all four 
cooling techniques under different electrical loading. DC loss occurs due 
to the resistive heating in the windings. Since DWHX cooling provides 
minimum temperature, followed by rectangular and circular channels as 
discussed earlier, winding resistances and consequently resistive losses 
follow the same trend, especially at higher current densities. For 
example, at a current density of 17.37 A/mm2 and in cases of DWHX, 
circular and rectangular channels, DC loss reduced by ~ 21.70, 5.23, 
and 3.84%, respectively compared to the jacket cooling. On the con
trary, AC loss depends on the electrical resistance of the winding and 
magnetic flux density (see Eq. (7)). Higher electrical conductivity, and 
magnetic flux density along with compact winding configuration of 
DWHX results in significantly higher AC loss compared to other con
figurations. At a current density of 17.37 A/mm2 and in case of DWHX 
cooling, AC loss increased by ~ 48.28% compared to jacket cooling. 
Furthermore, slightly lower electrical resistance as a consequence of 
lower temperature in circular and rectangular stator channel cooled 
machines results in marginally higher AC loss despite the reduced flux 
density. However, at any particular current density, DC loss is signifi
cantly higher than the AC loss, and this trend amplifies with current 
density. Therefore, total winding loss follows the DC loss trend as shown 
in Fig. 12 (c). For DWHX cooling, total winding loss reduced by ~ 
12.72% compared to the jacket cooling. 

Fig. 13 shows the stator loss variation with electrical loading for all 

cooling configurations. Stator loss is composed of hysteresis and eddy 
current losses, and both components depend on magnetic flux density. 
Same stator configuration in jacket cooling and DWHX configurations 
results in equal stator eddy current, and comparable flux density dis
tributions, leading to similar stator loss. On the contrary, rectangular 
and circular stator channel configurations reduce the eddy current, and 
reduced d and q-axis flux linkage, collectively resulting in reduced stator 
loss compared to other two configurations. For circular and rectangular 
channel configurations and at a current density of 17.37 A/mm2, stator 
loss reduced by ~ 15.92, and 28.50% compared to the jacket cooling. 

7.4. Overall Performance 

Fig. 14 illustrates the efficiency as a function current density for all 
proposed cooling configurations. For all configurations, motor efficiency 

Fig. 12. DC loss, AC loss, and total winding loss as a function of current density 
for all cooling configurations while maintaining a constant speed, current 
density, phase advance, and convective heat transfer coefficient of 4,500 rpm, 
17.37 A/mm2, 45 EDeg, and 5,000 W/m2.K, respectively. 

Fig. 13. Stator loss as a function of current density for all cooling configura
tions while maintaining a constant speed, current density, phase advance, and 
convective heat transfer coefficient of 4,500 rpm, 17.37 A/mm2, 45 EDeg, and 
5,000 W/m2.K, respectively. Note that the stator loss for DWHX and jacket 
cooling are overlapping. 

Fig. 14. Efficiency as a function of current density for all cooling configura
tions while maintaining a constant speed, current density, phase advance, and 
convective heat transfer coefficient of 4,500 rpm, 17.37 A/mm2, 45 EDeg, and 
5,000 W/m2.K, respectively. 
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reaches a peak value at a current density of 6.95 A/mm2. After this 
threshold, efficiency starts to reduce regardless of the cooling configu
ration. This behavior can be explained from the torque and loss variation 
with electrical loading. Shaft torque increases almost linearly with the 
current density (see Fig. 9), whereas winding loss increases quadrati
cally with the current density (see Fig. 12 (a)). Additionally, signifi
cantly lower shaft torque generated by rectangular and circular channel 
cooled machines (see Fig. 9) along with higher winding loss results (see 
Fig. 12 (a) and (c)) in lower efficiency, as shown in the Fig. 14. For 
example, in case of circular and rectangular stator channel configura
tions and at a current density of 17.37 A/mm2, efficiency reduced by ~ 
0.88, and 1.59% compared to the DWHX cooling. On the contrary, under 
the same electrical loading, motor efficiency can be increased by ~ 
0.64% utilizing DWHX cooling compared to the jacket cooling. 

8. Conclusion 

This paper compares the electro-magnetic and thermal performance 
of four different cooling techniques, namely jacket cooling, stator inte
grated circular cross-section and rectangular cross-section channels, and 
direct winding heat exchanger (DWHX) cooling. The effectiveness of all 
cooling configurations has been investigated numerically by imple
menting these in a 125 kW BMW i3 motor. A two-way coupled algorithm 
has been utilized for the electro-magnetic and thermal simulations. The 
magnetic flux distribution and torque were similar for the jacket cooling 
and DWHX. On the other hand, the rectangular and circular cooling 
channels hinder the flux flow path in the stator back iron and results in 
poor electro-magnetic performance. Temperature distributions for all 
cases showed that the peak temperature occurs in the windings, and the 
lowest temperature occurs toward the outside of the stator, except for 
the DWHX, for which the minimum temperature occurs in the slot 
winding. Of the techniques studied, the DWHX provided the lowest 
winding temperatures followed by rectangular and circular channels, 
particularly because of its higher convection surface area and reduced 
thermal resistances. By employing DWHX, rectangular and circular 
channels, motor temperature can be reduced by ~ 88–102 ◦C, 
~19–29 ◦C, and ~ 14–20 ◦C, respectively, compared to the jacket 
cooling. In general, the DWHX technique yields better thermal perfor
mance, lower electro-magnetic losses, and hence, better overall perfor
mance, i.e., higher efficiency than stator channel cooled techniques. It 
can be concluded that the enhanced performance of the DWHX dem
onstrates its capabilities as a state-of-the-art approach in terms of overall 
electro-magnetic performance and thermal management. 
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