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Abstract

Hairpin windings are increasingly adopted in permanent magnet (PM) traction machines
owing to their high slot fill factor, compact end-winding structure, and suitability for au-
tomated manufacturing. However, limited heat dissipation and high copper losses under
peak loading and high-frequency operation result in severe thermal constraints, which
restrict the power rating of the machine. This paper presents a multi-physics comparison
of different winding cooling topologies for a PM machine with hairpin winding, including
hollow conductor cooling, end-winding cooling, and cooling channel insertion at slot-bot-
tom, slot-middle, and slot-opening regions. A coupled electromagnetic—thermal model
based on the finite element method (FEM), which accounts the heat transfer between dif-
ferent components, is used to analyze temperature distribution, losses, efficiency, loading
capacity, and hydraulic requirements. The results show that the position of the cooling
channel has great influence on the thermal behavior and electromagnetic performance of
the machine under different working conditions. The study emphasizes the strong cou-
pling between cooling design, conductor geometry, AC loss behavior, and efficiency and
provides practical design guidelines for selecting appropriate cooling techniques in high-
power-density traction machines. Consequently, an improved cooling system results in a
reduced amount of PM for the same output power range.

Keywords: hairpin winding; permanent magnet machines; winding cooling; direct slot
cooling; AC copper loss; multi-physics analysis; high-power-density machines

1. Introduction

The increasing demand for compact, lightweight, and high-efficiency electric propul-
sion systems has accelerated the development of high-power-density traction motors for
electric vehicles, aerospace, and advanced transportation systems [1-5]. Permanent mag-
net (PM) machines are considered one of the most attractive solutions because of their
high torque density, wide constant-power operating range, and superior efficiency [6].
However, the continuous increase in power density and operating speed has led to in-
creased thermal loading within electrical machines, making thermal management one of
the main design challenges. High temperatures not only lower efficiency but also speed
up insulation aging, reduce reliability, and ultimately limit the continuous power capa-
bility [7,8].
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The winding is generally the main source of heat generation in electrical machines
because of copper losses. Therefore, the thermal behavior of the winding has a direct in-
fluence on the machine performance, lifetime, and overload capability [9]. The hairpin
winding technology has gained considerable attention in recent years for the automotive
traction applications due to its high slot fill factor, compact end-winding geometry, and
suitability for automated mass production [9,10]. Rectangular conductors improve copper
utilization in the slot, leading to a reduction in DC resistance and enabling a higher electric
loading and torque density compared to conventional stranded windings [11,12]. Despite
these advantages, the hairpin windings present several electromagnetic and thermal chal-
lenges. The relatively large conductor dimensions increase the skin and proximity effects,
which result in large AC copper losses, especially in high-speed operation [13]. Moreover,
the AC loss distribution in the slot is highly non-uniform. Conductors near the slot open-
ing experience much higher losses due to increased leakage flux compared to conductors
deeper in the slot [14]. This non-uniform loss distribution leads to localized hotspots and
large thermal gradients in the conductor layers [15]. Hence, thermal management be-
comes more critical for multi-layer hairpin windings and may eventually limit the power
density and operating range of the machine that can be attained.

Various cooling technologies have been proposed to overcome these thermal limita-
tions. The conventional method of housing water-jacket cooling for traction motors pro-
vides an efficient approach to removing heat from the stator assembly [16,17]. Neverthe-
less, the thermal path from the winding hotspot to the coolant remains relatively long
since heat must pass through insulation materials, impregnation resin, and the stator core
before it reaches the cooling medium. This thermal resistance has been reduced by inves-
tigating various advanced cooling concepts, including stator cooling channels [18,19], di-
rect slot cooling [20], end-winding cooling [21], and hollow conductor cooling [22]. Direct
cooling methods are especially attractive because they reduce the distance that heat must
travel between the winding and the coolant and thus can increase thermal performance
substantially. Among the proposed solutions, slot cooling techniques have shown out-
standing potential by introducing cooling channels inside the slot region [23]. Similarly,
end-winding cooling methods such as oil spray and immersion cooling enable direct heat
extraction from the winding overhangs and can significantly reduce the winding temper-
atures [24,25]. Another promising approach is hollow conductor cooling, where the cool-
ant flows directly through the conductors and removes heat from the copper region with
minimal thermal resistance [26]. However, incorporating cooling structures into hairpin
windings is still a challenge. Hairpin conductors occupy a large portion of the available
slot area and offer limited geometric flexibility, unlike stranded windings. The addition
of cooling channels often requires modification in conductor dimensions and a reduction
in the slot fill factor, which may have a negative impact on electrical resistance, copper
losses, and overall electromagnetic performance [27,28]. Hence, a simple evaluation of
cooling concepts based on temperature reduction might lead to inconclusive findings. The
cooling topology influences not only the heat extraction capability but also the conductor
geometry, the current distribution, the AC loss behavior, the efficiency, and finally the
loading capability of the machine. In addition, the change in the conductor temperature
directly affects the resistivity of copper and the winding losses, which leads to a strong
coupling of the electromagnetic and thermal domains. Therefore, a multi-physics assess-
ment is necessary to correctly evaluate the performance of various winding cooling meth-
ods.

The effects of cooling-channel geometry, coolant type, and machine dimensions on
thermal performance and continuous rating capability have been studied in previous
works [29-31]. However, most published work is concerned with a single cooling tech-
nology, a particular machine topology, or a limited range of operating conditions. More-

https://doi.org/10.3390/machines14070776



Machines 2026, 14, 776

3 of 22

over, the existing literature mostly evaluates the cooling performance mainly from a ther-
mal point of view, while the coupled effect on electromagnetic behavior and loss distribu-
tion is less addressed [32-34]. In particular, the interaction between cooling effectiveness,
temperature-dependent conductor resistivity, and high-speed AC losses in multi-layer
hairpin windings has received limited attention. Therefore, a systematic multi-physics
comparison of different winding cooling topologies under identical machine constraints
and operating conditions is still lacking in the literature.

In order to address this gap, this paper presents a multi-physics comparison study of
five winding cooling techniques for a high-power-density PM machine equipped with
hairpin windings. The investigated cooling concepts include end-winding cooling (EWC),
slot-bottom channel cooling (SBC), slot-middle channel cooling (SMC), slot-opening chan-
nel cooling (SOC), and hollow conductor cooling (HCC). A coupled electromagnetic-ther-
mal framework is developed to evaluate the influence of each cooling strategy on temper-
ature distribution, copper loss components, efficiency, loading capability, and hydraulic
requirements under both low-speed and high-speed operating conditions. In addition to
evaluating thermal and electromagnetic performance, the cooling topologies under inves-
tigation are assessed for practical implementation aspects, including hydraulic penalties,
cooling system complexity, and manufacturability, to enable a comprehensive compari-
son and provide design guidelines for high-power-density traction machines.

The rest of this paper is organized as follows. Section 2 introduces the reference ma-
chine and the investigated cooling topologies. In Section 3, thermal boundary conditions
are defined, and heat transfer coefficients are analytically calculated. The thermal, electro-
magnetic, and hydraulic performance of the investigated cooling concepts are presented
in Section 4. Section 5 summarizes the main findings and conclusions of the study.

2. Reference Machine and Cooling Topologies

In this section, reference traction machine and winding cooling topologies studied in
this work are presented. First, the geometry and the main specifications of the baseline
PM machine are introduced. Five different winding cooling concepts are then introduced.
The objective is to investigate the effect of cooling channel position and cooling method
on the thermal, electromagnetic, and hydraulic performance for the same machine dimen-
sions and operating conditions.

2.1. Reference Machine

The machine taken as a reference in this study is a PM traction motor that is employed
in medium-power hybrid electric vehicles [35]. The stator is provided with 48 slots and a
distributed hairpin winding with eight rectangular conductors per slot and a coil pitch of
five slots. The selected winding layout results in a high slot fill factor and is typical of
modern automotive traction motors. The main specifications of the machine are summa-
rized in Table 1, and the two-dimensional (2D) cross-sectional view of one pole pair is
shown in Figure 1. The reference machine is the common platform for all investigated
cooling topologies to ensure a fair comparison of thermal, electromagnetic, and hydraulic
characteristics.
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Figure 1. Cross-sectional view of one pole pair of the investigated PM machine.

Table 1. Key specifications of the reference machine.

Parameter Unit
Number of slots 48
Number of pole pairs 4
Stator outer diameter (mm) 215
Rotor outer diameter (mm) 140.4
Air gap length (mm) 0.65
Active length (mm) 60
Slot height (mm) 21.3
Slot width (mm) 4.1
DC bus voltage (V) 600
Base speed (rpm) 4400
Peak speed (rpm) 17,000
Coil pitch 5
Phase resistance at 20 °C (mQ2) 53.3

2.2. Cooling Topologies

In order to achieve high continuous power capability under traction operating con-
ditions, the reference PM machine in Figure 1 employs multiple cooling mechanisms tar-
geting both stator and rotor thermal limitations. It is worth mentioning that all investi-
gated cooling topologies employ the same hollow-shaft oil cooling system to ensure effec-
tive heat removal from the rotor assembly and PMs. Five winding cooling topologies are
examined as shown in Figure 2. These configurations are different approaches to extract-
ing heat from the winding region and are selected to evaluate the influence of the cooling-
channel location and cooling strategy on the thermal and electromagnetic performance.

e  Slot-middle channel cooling (SMC): A cooling channel is placed between the layers 4
and 5 of the conductor and provides symmetric cooling around the winding area.

e  Slot-opening channel cooling (SOC): A cooling channel is placed adjacent to the slot
opening, near the conductor layers closest to the air gap.

e  Slot-bottom channel cooling (SBC): A cooling channel is located near the slot bottom,
next to the stator back iron.

¢  Hollow conductor cooling (HCC): The coolant is circulated through internal channels
in each conductor so that heat can be removed directly from the copper.

¢  End-winding cooling (EWC): The cooling oil is directly fed to the end-winding re-
gion, and the slot conductors are indirectly cooled by thermal conduction.
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Figure 2. Winding cooling topologies: (a) slot-middle channel cooling (SMC); (b) slot-opening chan-
nel cooling (SOC), (c) slot-bottom channel cooling (SBC); (d) hollow conductor cooling (HCC); (e)
end-winding cooling (EWC).

The geometric and cooling parameters of the cooling topologies are summarized in
Table 2. To have a fair comparison, the coolant flow rate is kept constant for all the cooling
configurations during the study. Furthermore, identical conductor cross-sectional areas
are considered for the cooling concepts that modify the slots (SOC, SMC, and SBC). There-
fore, the differences in thermal, electromagnetic, and hydraulic performance observed can
be mainly attributed to the cooling topology and channel location rather than to variations
in copper volume or coolant supply conditions.

Table 2. Cooling systems parameter.

Parameter SMC SOC SBC HCC EWC
Conductors per slot 8 8 8 8 8
Conductor height (mm) 1.7 1.7 1.7 2.1 2.1
Conductor width (mm) 35 35 35 35 35
Conductor area (mm?) 5.95 5.95 5.95 5.95 7.35
Channel height (mm) 2.2 2.2 2.2 0.7 -
Channel width (mm) 25 25 2.5 2 -
Fill factor (%) 55.86 55.86 55.86 55.86 69
Phase resistance at 20 °C (m(2) 65.3 65.3 65.3 65.3 53.3
Coolant medium Water Water Water Oil Oil
Coolant flow rate (L/min) 4.8 4.8 4.8 4.8 4.8

2.2.1. End-Winding Cooling (EWC)

The EWC configuration serves as a reference for direct end-winding cooling. In this
arrangement, cooling oil is supplied from both sides of the machine and distributed over
the end-winding region. Therefore, heat is removed directly from the winding overhangs,
while the conductors inside the stator slot remain indirectly cooled through thermal con-
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duction toward the end-winding and stator core. Since no cooling structure is introduced
inside the slot, the original conductor dimensions are preserved. Each conductor layer
(CL) has a width of 3.5 mm and a height of 2.1 mm, resulting in a conductor cross-sectional
area of 7.35 mm? and a slot fill factor of 69%. Although this arrangement preserves the
highest copper utilization, the relatively long thermal path from the slot conductors to the
coolant may result in elevated hotspot temperatures under high loading conditions.

2.2.2. Slot-Channel Cooling Topologies (SOC, SMC, and SBC)

In the stator slot, dedicated cooling channels are embedded, which provide more di-
rect cooling to the slot region without changing the original slot dimensions. Conse-
quently, some of the available slot area must be occupied for the cooling channel, thus
reducing the conductors’ height from 2.1 mm to 1.7 mm. The conductor’s width is not
changed and remains 3.5 mm, the conductor area is 5.95 mm?, and the slot fill factor is
55.86%. The effect of the cooling-channel location on heat extraction and temperature dis-
tribution within the slot area is investigated using three channel arrangements, namely
SMC, SOC, and SBC, as illustrated in Figure 2. All three configurations use the same con-
ductor dimensions, channel dimensions, and coolant flow rates. Thus, the difference in
thermal or electromagnetic performance can be solely attributed to the position of the
cooling channel. The coolant is electrically insulated from the winding conductors. A
50/50 water-ethylene glycol mixture is used as the coolant due to its superior thermal
properties and low viscosity.

2.2.3. Hollow Conductor Cooling (HCC)

The HCC configuration utilizes the internal channels of each CL to directly circulate
coolant. The external conductor dimensions are identical to the EWC design (3.5 mm x 2.1
mm), but each CL contains a concentric hollow region of 2 mm x 0.7 mm. The hollow
dimensions are chosen in such a way that the remaining copper area is equal to that of the
slot-channel cooling configurations. Consequently, for the same operating temperature,
these configurations exhibit nearly identical DC resistance and DC copper losses. There-
fore, the observed differences in thermal and electromagnetic performance can be primar-
ily attributed to the cooling topology rather than variations in conductor cross-sectional
area. In contrast to the slot-channel arrangements, the coolant is in direct contact with the
conductor, which allows for a highly effective heat extraction from the main heat source.
Therefore, automatic transmission fluid (ATF) oil is used as the coolant, which is electri-
cally insulating. The coolant flows into the conductors from one end-winding side and
flows axially through the slot conductors and out from the other side [36]. Several parallel
flow paths are considered to improve the distribution of the coolant and to reduce the
hydraulic pressure drop.

The thermophysical properties of the cooling fluids used in the present study are
summarized in Table 3. Water has better heat-transfer characteristics than oil, but electri-
cally insulating oil is used in EWC and HCC due to the fact that the coolant is in direct
contact with energized conductors. In contrast, the slot-channel configurations use water-
ethylene glycol because the coolant is electrically isolated from the winding.

Table 3. Thermal properties of ATF oil and 50/50 Water-EG.

Parameter 0il Water
Density (Kg/m?) 850 1061
Specific heat (J/kg/°C) 2100 3415
Thermal conductivity (W/(m-°C)) 0.14 0.418
Kinematic viscosity (m?/s) 27 x10-¢ 2.096 x 10-°
Dynamic viscosity (Pa-s) 142 x 10+ 22 x 10+
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Prandtl number 212.92 18.16

The cooling topologies discussed above involve different trade-offs between thermal
performance, copper fill factor, manufacturability, hydraulic penalty, and electromagnetic
behavior. Slot cooling channels improve the heat extraction capability by decreasing the
thermal path between winding and coolant but decrease the available copper area inside
the slot. In addition, HCC allows for highly efficient direct conductor cooling. However,
it alters the conductor geometry and adds additional hydraulic complexity. Hence, an
electromagnetic—thermal coupled analysis framework is required to evaluate the overall
effectiveness of each cooling topology under different operating conditions. It should be
noted that the investigated cooling concepts belong to different categories of winding-
cooling technologies and involve different implementation constraints. The slot-channel
cooling topologies (SMC, SBC, and SOC) represent variations in indirect slot cooling,
whereas EWC and HCC are direct winding-cooling approaches. Consequently, the man-
ufacturing requirements, coolant management strategies, and integration challenges dif-
fer among these concepts. Nevertheless, all configurations are evaluated under identical
machine dimensions, operating conditions, and thermal constraints in order to provide a
comparative assessment of their achievable thermal and electromagnetic performance
and to highlight the trade-offs associated with each cooling concept.

3. Multi-Physics Modeling Framework

The electromagnetic losses used as heat sources in the thermal model are obtained
from a 2D time-stepping FEM electromagnetic analysis. The loss components include cop-
per losses, stator core losses, rotor core losses, and PM loss. The winding resistance tem-
perature dependence couples the thermal and electromagnetic behavior of electrical ma-
chines strongly. The electrical resistivity of the copper increases with increasing winding
temperature, resulting in higher Joule losses and more heat generation. This dependence
can be written as

pcu(T) = pcu,ref[1 + (X(T - Tref)]/ (1)

where p. is the copper resistivity at the working temperature of T, peurs is the resistivity
at the reference temperature of Trs, and a is the temperature coefficient of copper re-
sistance. Thus, an accurate prediction of the winding temperature distribution is im-
portant for the machine efficiency, thermal loading, and continuous operating capability
assessment. Core losses are calculated using the Bertotti coefficients, in which the total
iron loss is decomposed into hysteresis, classical eddy current, and excess loss. Moreover,
the total winding losses are obtained directly from the FEM electromagnetic analysis and
include both DC and AC copper loss components. The AC loss component accounts for
the additional frequency-dependent losses caused by skin effect, proximity effect, and
leakage-flux-induced eddy currents within the CLs. The DC copper losses are subse-
quently calculated from the CL resistance at the operating temperature using (1). The AC
copper losses of individual CLs are then extracted by subtracting the calculated DC losses
from the total FEM-predicted winding losses. Hence, the layer-resolved winding repre-
sentation adopted in this work enables the AC and DC copper losses of individual CLs to
be evaluated separately. The calculated losses are subsequently mapped into the thermal
model and updated iteratively according to the temperature-dependent material proper-
ties until convergence is achieved.

Three-dimensional (3D) thermal FEM can provide highly accurate predictions of
temperature distribution and heat-transfer mechanisms in electrical machines. However,
their computational cost becomes prohibitive when multiple operating points, cooling
configurations, or iterative magnetothermal calculations must be evaluated. Conversely,
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analytical thermal network models offer very fast computation times and have been
widely used for hotspot prediction, real-time temperature estimation, and thermal moni-
toring of electrical machines [37,38]. Nevertheless, their accuracy strongly depends on the
assumptions adopted for the thermal resistances and capacitances [39]. Therefore, to
achieve a balance between computational efficiency and prediction accuracy, a hybrid
thermal framework is employed in this work. A 2D thermal FEM is used to predict the
temperature distribution within the active parts of the machine. A thermal framework
according to [40,41] has been utilized to consider heat transfer in the end-space region.

Figure 3 illustrates the thermal boundary conditions. The radial heat transfer within
the active part of the machine is captured using a 2D FEM thermal model with the bound-
ary conditions shown in Figure 3a. Since the 2D formulation cannot represent axial heat
transfer in the end-winding region, an additional thermal network is introduced. As illus-
trated in Figure 3b, the end-winding exchanges heat through several parallel thermal
paths.
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Figure 3. Thermal modeling framework. (a) Radial thermal boundary conditions in 2D thermal
FEM. (b) Simplified axial heat flow between the end-winding and other components.

3.1. Heat Transfer and Hydraulic Modeling

Since this work focuses on evaluating the influence of different winding cooling to-
pologies, the rotor cooling arrangement remains identical across all configurations inves-
tigated. Therefore, all cooling concepts considered in this study employ the same hollow-
shaft oil cooling system to provide consistent heat extraction from the rotor and PMs.
Consequently, the thermal and electromagnetic differences observed among the investi-
gated cases can be attributed solely to the winding cooling topology.

3.1.1. Hollow-Shaft Cooling

The hollow-shaft cooling system is designed to remove heat generated within the
rotor assembly and to maintain the PM temperature within a safe operating margin dur-
ing high-speed operation. Heat transfer between the coolant and the internal shaft surface
is represented using an equivalent convective boundary condition. The corresponding
heat transfer coefficient (HTC) is determined from a Nusselt-number-based correlation
that accounts for both shaft rotation and internal oil flow. The rotational Reynolds number

is calculated as [42].
R2
Rey = p“w_Sh’ )

a

https://doi.org/10.3390/machines14070776



Machines 2026, 14, 776

9 of 22

where w is the rotor angular velocity, Rs is the shaft radius, (. and p. are the density and
dynamic viscosity associated with the rotating fluid region, respectively. The Reynolds
number associated with the fluid coolant flow through the shaft is given by:
Re; = M' ©)
Hy
where Vis the average coolant velocity, D is the hydraulic diameter of the oil path, and
yrand pr are the density and dynamic viscosity of the coolant, respectively.

The average coolant velocity is determined from the coolant flow rate as the ratio of

14
volumetric flow rate to cross-sectional flow area of the shaft nozzle (V; = A—f). The heat
f

transfer enhancement resulting from the combined effects of shaft rotation and oil circu-
lation is represented through the Nusselt number:

Nug, = 8.826 X 107*2Rey>"'Ref 7> Pro4, 4)

where Pr is the coolant Prandtl number, which is defined as Pr = (usc,/ks) with ¢, rep-

resenting specific heat capacity. Finally, the effective convective heat transfer coefficient

applied at the shaft—coolant interface is obtained from

Nugpk

%’ (5)
h

where kris the thermal conductivity of the coolant. This formulation enables the influence

HTCy, =

of both rotor speed and coolant flow rate on rotor heat extraction to be incorporated into
the thermal model, providing a realistic representation of the rotor cooling performance
throughout the operating range.

3.1.2. Slot Cooling Channels

The thermal performance of the cooling topologies depends strongly on the convec-
tive heat transfer between the coolant and the cooling channel surfaces. Therefore, the
convective heat transfer coefficient and hydraulic pressure drop are calculated prior to the
thermal finite element analysis and subsequently applied as boundary conditions in the
thermal model.

The flow passages considered in this study have a rectangular cross-section. The hy-
draulic diameter for a rectangular area is first determined as

44,

D, = Tc’ Ac=HW,, P.=2H.+W,), (6)
where Ac is the flow area and P. is the perimeter of the cooling channel, and Hcand Wcare
the channel height and width, respectively. Since the flow inside the cooling channels re-
mains in the laminar regime, the heat transfer coefficient is determined using correlations
for thermally developing laminar flow. The Graetz number is first calculated as

Dn
Gz = Res. Pr T 7)

c
where L. is the channel length. For the coolant employed in this study, the Nusselt number
is evaluated from [43].
Nu = (u_b)o-l‘* [3 66 4+ 0.0668Gz ®)
” PP 14 0.046223)
where v and pw denote the coolant viscosity at the bulk fluid temperature and wall tem-
perature, respectively. The convective heat transfer coefficient is then obtained from (5)
by replacement. The obtained HTC is applied as the convection boundary condition on
the cooling channel walls in the thermal finite element model. In addition to the thermal

analysis, the hydraulic losses associated with the coolant flow are evaluated. The aspect
min(H¢,We)
max(He,Wg)'
laminar flow in rectangular channels is calculated using [43].

ratio of the rectangular channel is defined as § = The Darcy friction factor for
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96
ff =5 (1 - 13558 + 1.946p° — 1.7016° + 0.956* — 0.2534°), ©)
f

The pressure drop along the cooling channel is subsequently determined using the
Darcy-Weisbach equation.

Lc pr .ujzf

Finally, the pumping power required to circulate the coolant through the channel is
calculated as Pyymp, = APV;.

The calculated hydraulic parameters for the investigated direct-cooling configura-
tions are summarized in Table 4. It should be mentioned that as EWC does not employ
dedicated internal cooling channels, the coolant is not subjected to the same confined flow
conditions as in slot-channel cooling or HCC. Consequently, the pressure-drop analysis

reported in Table 4 is limited to the cooling topologies that utilize internal flow passages.

Table 4. Comparison of hydraulic characteristics of the in-slot cooling systems.

Cooling (‘,3;?1() Pressure Drop (Pa) Flow Rate (m?/s) Pump Power (W)
Slot channel 1680.2 495.5 7.97 x 1075 0.04
Hollow conductor 573.4 11,685.3 7.99 x 103 0.93

As can be noticed, although the HCC enables direct heat extraction from the CLs, it
introduces a substantially higher hydraulic resistance. The predicted pressure drop
reaches approximately 11.685 kPa, compared with only 0.495 kPa for the slot-channel con-
figurations. Consequently, the required pumping power increases from 0.04 W to 0.93 W.
These hydraulic penalties are considered together with the thermal and electromagnetic
performance in the comparative assessment presented in Section 4.

3.1.3. End-Winding Heat Transfer

The thermal behavior of the end-winding region is strongly influenced by the fluid
surrounding the conductors. In the reference machine, where no oil is supplied to the end-
winding region, the surrounding medium is assumed to be enclosed inside the machine
housing. Under these conditions, the convective heat transfer coefficient is estimated us-
ing an empirical correlation relating the heat transfer coefficient to a characteristic fluid
velocity within the end-space region [44].

HT Cyy = ki (1 + kovyy), (11)

where vrs is the characteristic fluid velocity in the end-space region, and ki, k2, and ks are
experimentally derived coefficients. These coefficients are typically determined for air-
filled electrical machines and take into account the influence of rotor-induced airflow and
localized fluid motion in the end-cap cavity.

The thermal behavior of the end-winding region is considerably different when oil is
injected into the enclosure compared to the thermal behavior of an air-filled enclosure.
The higher density, thermal conductivity, and heat capacity of the oil result in better heat
extraction from the winding surfaces. Thus, HTC from (11) must be corrected to reflect
the change in the cooling medium. In order to model this effect, a fluid-dependent scaling
factor is used based on the thermophysical properties of the coolant. Assuming that forced
convection dominates the heat transfer process in the end-space region, the scaling factor
can be expressed as [45].

e\ (e ((Cpp/en)(p /)"
SF_(k_a> (Mf/#a> ( ke /kq ) ’ (12)
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where the subscript f refers to the cooling fluid used in the end-winding region. The effec-
tive end-winding heat transfer coefficient is then obtained as HTCgy, s = SF. HT Cgyy g;r. It
is worth mentioning that the investigated machine incorporates an end-region oil collector
positioned between the stator end-winding and the rotor. Besides collecting and redirect-
ing the cooling oil, this component acts as an aerodynamic barrier that largely isolates the
end-winding cavity from the rotor airflow. Thus, HTCew is only weakly dependent on the
rotor speed and is mainly determined by the thermophysical properties of the surround-
ing medium. Furthermore, this design prevents the cooling oil from reaching the rotor
surface, thereby mitigating windage effects and reducing parasitic mechanical losses dur-
ing high-speed operation.

3.2. Experimental Validation

The thermal framework was experimentally validated in a hairpin stator with natu-
ral-air cooling at a current density of 5 A/mm?. Figure 4a shows that thermocouples were
placed at different conductor layers to measure the temperature distribution along the
slot. Comparison is shown in Figure 4b. Furthermore, the experimental and the numerical
results show the same thermal trend with the highest temperatures in the intermediate
conductor layers and the lowest temperatures near the slot boundaries. The maximum
absolute temperature deviation is 6.6 °C, and the average absolute error is 5.2 °C with a
mean relative error of 4.4% over all the CLs. This level of agreement is considered satis-
factory for machine thermal analysis, considering the uncertainties related to material
properties, thermal contact resistances, and convection boundary conditions. It is im-
portant to point out that the validation was performed with natural-air cooling, which is
the most challenging case for the proposed framework because the thermal interaction
between the slot-winding and end-winding regions becomes more significant without the
direct liquid cooling. Thus, the obtained agreement provides confidence in the capability
of the thermal model to predict the CL’s temperature under different cooling configura-

tions.

130
) B Measurement @ Thermal model
;3 125
s 120
g .
§ 115
g‘ 110
105
100

CLl CL2 CL3 CL4 CL5 CL6 CL7 CL8
(b)

Figure 4. Experimental validation of the thermal modeling framework. (a) Hairpin stator test setup

and (b) temperature comparison between measured and thermal model.

4. Results and Discussion

This section presents the electromagnetic—thermal analysis of the investigated cool-
ing topologies using the finite element framework described in the previous sections. The
thermal simulations were supplied with loss distributions obtained from the electromag-
netic model, while the convective boundary conditions were determined using the ana-
lytical heat-transfer and hydraulic models developed for each cooling configuration.

A particular challenge in hairpin winding is the strong interaction between thermal
and electromagnetic phenomena. The high slot fill factor achieved by rectangular conduc-
tors reduces DC resistance and improves torque density; however, it also limits the avail-
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able space for coolant integration. Furthermore, the large conductor dimensions promote
skin and proximity effects, resulting in substantial AC copper losses at elevated electrical
frequencies. Since copper resistivity increases with temperature, the winding losses them-
selves are temperature dependent. As a result, modifications introduced to improve cool-
ing can simultaneously alter conductor geometry, current distribution, AC loss behavior,
and overall machine efficiency. Therefore, a coupled multi-physics analysis is required to
accurately evaluate the effectiveness of each cooling topology. The operating points in-
vestigated were selected to represent both low-speed and high-speed operating regions
of the traction drive. Atlow speed, winding losses are dominated by DC components, and
thermal performance is primarily influenced by conductor temperature. In contrast, at
high speed, the electrical frequency increases substantially, resulting in strong skin and
proximity effects that shift the loss generation toward the slot region. Consequently, the
relative effectiveness of each cooling topology may vary depending on the operating con-
dition.

The results are presented in several stages. First, the conductor temperature distribu-
tion and thermal gradients within the slot are analyzed to investigate the local cooling
effectiveness of each topology. Subsequently, the loss components are examined to iden-
tify how the cooling arrangement influences the distribution of copper and electromag-
netic losses. The relationship between AC and DC copper losses is then investigated to
explain the thermal behavior observed at high-speed operation. Finally, the overall ther-
mal performance, efficiency, loading capability, hydraulic requirements, and implemen-
tation complexity of the different cooling strategies are compared.

Figure 5 illustrates the temperature distribution across the eight CLs at low-speed
(1500 rpm, 10.8 kW) and high-speed (17,000 rpm, 18.6 kW) operating points. The conduc-
tor layers are numbered from CL1 at the slot bottom to CL8 near the air-gap region. As
can be noticed, the slot-channel-based cooling configurations exhibit considerably higher
temperatures than the direct cooling approaches. As shown in Figure 6a, SMC achieves
the lowest hotspot temperature among the slot-channel cooling topologies, with a maxi-
mum conductor temperature of approximately 118 °C. By comparison, SBC and SOC are
at hotspot temperatures of ~145 °C and ~162 °C, respectively. Therefore, moving the cool-
ing channel from the slot opening to the thermal center of the slot results in an almost 27%
reduction in the hotspot temperature. This enhancement can be attributed directly to the
heat-transfer path in the CLs. In SMC, the coolant is located at the center of the slot area,
which enables a more uniform removal of heat from both upper and lower CLs. In con-
trast, in SBC, the heat generated in the upper layers (CL5 to CL8) must pass through sev-
eral CLs before reaching the coolant channel that is located at the bottom of the slot. SOC
has a similar limitation, but with the direction of heat flow reversed. In this case, the CLs
closest to the slot opening are directly cooled, while the lower CLs are thermally con-
strained due to the longer conduction path. As a result, the maximum hotspot tempera-
ture and the maximum temperature difference across the slot are obtained in the SOC.
Moreover, EWC and HCC show substantially better thermal performance. The hotspot
temperature is reduced to about 55 °C and 46 °C, which is roughly a 66% and 72% reduc-
tion compared to SOC, respectively. The most important reason for such a significant en-
hancement is the decrease in the thermal resistance between the heat source and the cool-
ant. Specifically, HCC provides direct heat removal from each conductor through the in-
ternal cooling passages, resulting in the shortest thermal path and lowest thermal re-
sistance between the CLs and the coolant.

Further thermal behavior can be observed for the high-speed operating point (Figure
6b). The hotspot location shifts to the CLs near the air gap, specifically CL7 and CL8. The
trend is strongly associated with the increasing AC copper losses at higher electrical fre-
quencies. Consequently, the CLs close to the slot opening are subjected to a stronger leak-
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age flux, resulting in higher local loss densities and temperature increases. This phenom-
enon is especially observed in the EWC and HCC configurations, where the temperature
gradient between CL1 and CL8 is about 25 °C and 14 °C, respectively. Nevertheless, while
the losses are more localized to the upper CLs, HCC still offers the most uniform temper-
ature distribution among all the cooling topologies. The relatively small temperature gra-
dient across the CL demonstrates the effectiveness of the direct conductor cooling to sup-
press the thermal accumulation within the slot. In contrast, considerable thermal non-uni-
formity is maintained in the slot-channel cooling arrangements, given that the heat gen-
erated in the conductors must first move through the nearby conductors, insulation layers,
and impregnation materials before it can reach the coolant. Therefore, although the ther-
mal gradients increase at high speed due to concentration of the AC loss, direct cooling of
the conductor still shows its benefits in terms of temperature uniformity and hotspot re-
duction.
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Figure 5. Steady-state temperature contours of the investigated cooling topologies at (a) 1500 rpm
(10.8 kW) and (b) 17,000 rpm (18.6 kW).
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Figure 6. Conductor-layer temperature distribution for the investigated cooling topologies at (a)
1500 rpm; (b) 17,000 rpm.
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To further investigate the origin of the temperature distributions observed in Figure
6, Figure 7 presents the breakdown of losses into core, slot-winding, end-winding, and
PM losses. From Figure 7a, end-winding losses are the highest portion of total copper
losses in all cooling schemes. This behavior is expected because the investigated machine
has a relatively short active stack length, causing the end-winding resistance to represent
a significant portion of the total phase resistance. In the reference machine, the slot-wind-
ing resistance accounts for only approximately 34% of the total phase resistance, indicat-
ing that a substantial fraction of the copper losses is generated in the end-winding region.
The DC copper losses are much higher than other loss sources because the resistance of
copper increases approximately linearly with temperature. This creates a positive thermal
feedback mechanism in which increased losses generate additional heat, further increas-
ing winding resistance. The thermal benefit of EWC is immediately visible. By directly
cooling the end-winding region, the corresponding copper losses decrease by approxi-
mately 32% relative to SMC. In addition, HCC further reduces the total winding temper-
ature, producing the lowest total loss among all cooling configurations. The lowest losses
are observed for HCC and EWC because their superior cooling capability reduces con-
ductor temperature and therefore decreases copper resistivity. It should be noted that de-
spite the lower operating temperature of HCC, the resistance reduction caused by cooling
cannot completely compensate for the loss of copper area. As a result, HCC exhibits higher
DC copper losses than EWC under the same current loading.

At 17,000 rpm, the loss distribution changes considerably. Figure 7b shows that the
slot-winding losses become the dominant loss component, exceeding end-winding losses
in all investigated cooling schemes. The slot-winding loss increases from approximately
320-490 W at low speed to nearly 850-1370 W at high speed. For HCC, slot-winding losses
exceed 1370 W, which is approximately 59% higher than SMC. This transition is caused
by the rapid increase in AC copper loss associated with skin and proximity effects at high
electrical frequencies. Interestingly, HCC and EWC exhibit the largest slot losses despite
having the lowest temperatures. This initially counterintuitive behavior highlights the
strong coupling between electromagnetic and thermal physics in hairpin windings. These
results demonstrate that thermal improvements do not necessarily lead to lower total
winding losses at high speed. It is worth mentioning that although the HCC configuration
exhibits the highest copper losses at high-speed operation, it maintains the lowest hotspot
temperature. This is because of its significantly lower thermal resistance and approxi-
mately five times higher effective heat dissipation capability compared with the slot-cool-
ing topologies. By removing heat directly from each conductor, the increase in heat gen-
eration is negligible rather than the enhanced heat extraction, resulting in a superior ther-
mal performance.

| PM loss Slot-winding loss End-winding loss  ® Core loss
HCC HCC
- S
EWC EWC
| I
SOC SOC
| I
SBC SBC
= L
SMC SMC
| I
0 200 400 600 800 1000 0 200 400 600 800 1000 1200 1400

Loss (W) Loss (W)
(a) (b)

Figure 7. Power loss components for different cooling topologies at (a) 1500 rpm; (b) 17,000 rpm.
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Figure 8 explains the electromagnetic origin of the thermal behavior observed at high
speed. A notable difference can be observed in Figure 8a between AC loss of the cooling
schemes. HCC and EWC exhibit higher AC losses than SMC, SBC, and SOC. This behavior
is related to the lower operating temperatures achieved by HCC and EWC, which reduce
copper resistivity. According to:

6= Z_p, (13)
wp

where 6 is the skin depth, p is the electrical resistivity, w is the angular frequency, and u
is the magnetic permeability, a reduction in resistivity decreases the skin depth and inten-
sifies current crowding within the conductor cross-section. As a result, AC losses become
more pronounced. Moreover, the AC copper losses increased significantly from CL1 to
CL8 for all cooling topologies, indicating the strong influence of leakage flux near the slot
opening. Consequently, the conductors closest to the air gap experience the highest AC
losses due to skin and proximity effects. For example, in HCC, the AC loss increases from
only a few watts in CL1 to more than 350 W in CL8. Nevertheless, despite the higher AC
losses, HCC maintains the lowest CLs temperature due to the direct removal of heat from
each conductor through the internal cooling passages.

The opposite trend is observed for DC losses, as exhibited in Figure 8b. HCC and
EWC maintain conductor temperatures approximately 60 °C to 100 °C lower than the slot-
channel solutions, reducing DC resistance and therefore decreasing the DC copper losses
by approximately 20% to 30%. This trade-off becomes evident in Figure 8c, where the AC-
to-DC loss ratio increases significantly in the CLs toward the air-gap side. For SMC, SBC,
and SOC, the ratio in CL8 remains below 4. In contrast, the ratio approaches 10 for HCC
and EWC, indicating that AC losses become the dominant contributor to winding losses.
The conductor dimensions also influence this behavior, in addition to the temperature
effect. The AC loss generated by skin and proximity effects can be approximately related
to the conductor thickness as follows [46]:

B?f?H,*

7 (14)

Pyc )
where Pac is the AC copper loss, B is the local magnetic flux density, f is the electrical
frequency, and Hu is the characteristic conductor dimension perpendicular to the flux pen-
etration direction, which is the height of the conductor. Since the slot-cooling configura-
tions require a reduction in conductor height from 2.1 mm to 1.7 mm to accommodate the
cooling channels, the effective eddy-current path becomes shorter, resulting in lower AC
losses. Finally, the elevated conductor temperatures also lead to higher DC copper losses,
which further reduces the AC-to-DC loss ratio. Therefore, the lower AC loss sensitivity of
the slot-cooling topologies can be attributed to a combined effect of reduced conductor

dimensions, increased skin depth, and larger DC copper losses.
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Figure 8. Copper loss analysis across conductor layers: (a) AC loss; (b) DC loss; (¢) AC-to-DC loss

ratio.
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Figure 9 compares the hotspot temperature in the slot area and the efficiency of cool-
ing topologies at four representative operating points listed in Table 5. Evaluating both
metrics is important because the hotspot temperature determines the thermal limit and
continuous loading capability of the machine, whereas efficiency reflects the overall im-
pact of the cooling strategy on machine losses and energy conversion performance.

Table 5. Operating points used for performance evaluation.

Operating Point Speed (rpm) Peak Current (A) Power (kW)
or1 500 100 3.6
or2 1500 100 10.8
OoP3 4300 100 31
OP4 17,000 87 18.6

As shown in Figure 9a, HCC and EWC consistently achieve the lowest hotspot tem-
peratures throughout the operating range. At the base-speed operating point (OP3), the
hotspot temperature decreases from approximately 166 °C for SOC and 153 °C for SBC to
only 63 °C and 54 °C for EWC and HCC, respectively, corresponding to a reduction of
nearly 65% compared with SOC. Among the slot-channel cooling topologies, SMC con-
sistently exhibits the lowest hotspot temperature, confirming that placing the cooling
channel near the thermal center of the slot provides the most effective heat extraction path.
It is worth mentioning that the relatively low hotspot temperatures predicted for the EWC
and HCC configurations are consistent with the moderate current densities considered in
this study (13.6-16.8 A/mm?) and a coolant inlet temperature of 40 °C. For comparison,
[47] reported a hotspot temperature of 176 °C for a HCC system operating at a substan-
tially higher current density of 59.7 A/mm? and a coolant inlet temperature of 60 °C.

The efficiency comparison demonstrated in Figure 9b follows the loss trends. At low-
and medium-speed operating points (OP1-OP3), EWC and HCC achieve the highest effi-
ciencies, reaching approximately 96.1% and 95.7% at OP3, respectively, compared with
94.6% for SOC. Although the efficiency difference is less than 2%, such an improvement
corresponds to a substantial reduction in heat generation in high-power traction applica-
tions. As the operating point moves into high-speed (OP4), the efficiency difference be-
tween the cooling topologies becomes noticeably smaller. While HCC maintains the high-
est efficiency at approximately 96%, SMC, SBC, and SOC achieve efficiencies between
95.45% and 95.48%, differing by less than 0.6% from HCC. This observation suggests that,
despite their higher winding temperatures, the slot-channel cooling topologies remain
competitive in the field-weakening region where AC losses become increasingly domi-
nant.
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Figure 9. Comparison of different cooling topologies in terms of (a) hotspot temperature in slot re-
gion and (b) efficiency.
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Although the investigated cooling concepts belong to different cooling categories and
involve different implementation constraints, they are compared here under identical ma-
chine dimensions, operating conditions, and thermal limits to quantify the achievable per-
formance trade-offs associated with each cooling strategy. Figure 10 quantifies how the
available thermal margin can be translated into increased continuous power without ex-
ceeding the allowable winding temperature limits. A maximum winding hotspot temper-
ature of 165 °C was adopted as the thermal constraint for the continuous power-speed
capability analysis, corresponding to the thermal limit of a Class H insulation system.
Among the slot-channel cooling configurations, SMC achieves higher loading capability,
reaching approximately 39 kW compared with 31 kW for SOC and 33 kW for SBC. Com-
pared to SOC, this value corresponds to an improvement of nearly 26%, highlighting the
importance of cooling-channel placement within the slot. Since all three topologies em-
ploy identical channel dimensions, coolant flow rates, and machine geometry, the ob-
served improvement can be attributed solely to the more favorable thermal location of the
cooling channel in SMC. A substantially higher power density is obtained with direct
cooling approaches. EWC extends the continuous power capability to approximately 67
kW, representing an improvement of nearly 68% over SMC and more than a twofold in-
crease compared with SOC. EWC directly targets this thermal bottleneck and thereby sig-
nificantly increases the permissible continuous current loading. HCC achieves the highest
continuous power capability, approximately 79 kW. This corresponds to improvements
of approximately 100% and 155%, respectively, over SMC and SOC. The increase from
EWC to HCC is relatively slight, about 19%, though it indicates the benefit of removing
heat directly from the conductors instead of relying on conduction through the winding
structure. These results show that thermal management directly influences the achievable
continuous operating envelope of hairpin traction machines.
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Figure 10. Continuous power-speed capability of the cooling techniques under thermal constraints.

The studied cooling topologies are compared with respect to thermal performance,
efficiency, loading capability, hydraulic requirements, and implementation complexity in
Table 6. The results highlight the fundamental trade-offs of each cooling approach and
indicate that the ideal solution relies greatly on the intended application.

HCC exhibits optimal loading capability and the lowest hotspot temperatures across
all the examined topologies, which is consistent with the thermal and power-speed data
reported. HCC removes heat directly from the conductors, permits the maximum contin-
uous current density, and extends the continuous operating envelope to ~79 kW. In addi-
tion, HCC offers the maximum efficiency at high-speed operation due to its thermal man-
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agement. Nevertheless, this advantage comes at the cost of much increased hydraulic de-
mand. The pressure drop of the HCC system was roughly 23 times greater than that of
the slot-channel arrangements, increasing the pumping power from 0.04 W to 0.93 W. In
addition, HCC requires unique manufacturing techniques, reliable sealing, and homoge-
nous coolant distribution in the winding, which adds to the complexity and cost of the
production. EWC is a particularly attractive compromise between performance and prac-
ticality. Its loading capacity is roughly 19% lower than HCC but still provides a 68% in-
crease compared to SMC, with great thermal performance and comparatively minimal
implementation complexity. EWC reduces production challenges of HCC and efficiently
addresses the primary thermal bottleneck of short-stack hairpin machines, as the cooling
circuit is localized to the end-winding region. Among the various slot-channel cooling
topologies, the SMC topology demonstrates the best overall performance. The cooling
channel location at the thermal center of the slot reduces the average heat-transfer path
between the conductors and the coolant. This leads to lower hotspot temperatures and
higher loading capabilities than SBC and SOC. Moreover, all slot-channel topologies have
very low hydraulic requirements and can be realized with ordinary manufacturing pro-
cedures, making them desirable choices for applications with low-cost and moderate-
power-density requirements. The hydraulic requirement ratings reported in Table 6 are
based not only on the pressure-drop characteristics presented in Table 4, but also on the
overall complexity of the coolant circulation system. Although EWC does not employ con-
fined flow passages and therefore was not included in the pressure-drop analysis, it re-
quires oil supply, collection, recirculation, filtration, and heat-exchanger integration
within the drivetrain cooling system. Consequently, EWC is classified as having a moder-
ate hydraulic requirement despite its relatively low hydraulic losses. In contrast, the slot-
channel topologies combine very low pressure-drop penalties with relatively simple cool-
ant delivery systems, resulting in a low hydraulic requirement rating.

It is worth noting that the incremental value of each cooling enhancement is progres-
sively diminished as the primary thermal bottlenecks are addressed. The primary perfor-
mance improvement comes from the shift from slot-channel cooling to EWC, with the
additional increase from HCC being moderate. Therefore, SMC solutions are most appro-
priate for intermediate power density machines, EWC is the optimum balance between
performance and implementation complexity, and HCC is attractive only when the high-
est continuous power density is the primary design target.

Table 6. Multi-criteria comparison of the investigated cooling topologies.

Cooling Hotspot @ Efficiency @ Hotspot @ Efficiency @ Power Capability = Hydraulic = Manufacturabil-
OP3 (°C) OP3 (%) OP4 (°C) OP4 (%) (kW) Requirement ! ity
SMC 121 95 130 94.42 39 low Moderate
SBC 153.5 94.77 151.9 94.35 33 low Moderate
SOC 166.4 94.64 151.9 94.3 31 low Moderate
HCC 54 95.74 67.4 94.44 79 High Low
EWC 63.3 96.11 104.4 93.92 67 Moderate High

! Hydraulic requirement is assessed based on both the quantitative hydraulic characteristics (Table

4) and the complexity of the coolant circulation system.

5. Conclusions

This paper presented a multi-physics comparison of various winding cooling topol-
ogies for a high-power-density PM machine with hairpin windings. A coupled electro-
magnetic-thermal framework based on FEM and a thermal model is used to evaluate the
interaction between the cooling topology, the copper losses, the efficiency, the loading
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capability, and the hydraulic requirements. The main results of this work can be summa-

rized as follows:

The location of the cooling channel significantly influences the thermal behavior of
slot-cooled hairpin windings. Among the slot-channel arrangements investigated,
SMC consistently achieved the lowest hotspot temperatures due to its symmetric
cooling position near the thermal center of the winding region. Compared with SOC,
SMC reduced the hotspot temperature by approximately 27% at the investigated op-
erating conditions.

Direct cooling approaches substantially outperformed slot-channel cooling configu-
rations. At the base-speed operating point, the hotspot temperature was reduced
from approximately 166 °C in SOC to 63 °C and 54 °C in EWC and HCC, respectively,
corresponding to temperature reductions by 60%. This means that by using EWC or
HCC, the current density can be increased and hence the amount of PM can be re-
duced for a fixed output power compared to, e.g., SOC.

The dominant loss mechanism strongly depends on the operating condition. At low
speed, end-winding copper losses represented the largest fraction of the total wind-
ing loss due to the short active stack length. At high speed, AC copper losses became
dominant and shifted the loss concentration toward the CLs located near the air-gap
region.

Improved cooling does not necessarily result in lower high-speed copper losses. The
lower conductor temperatures achieved by EWC and HCC reduce copper resistivity,
thereby decreasing skin depth and increasing current crowding effects. Conse-
quently, these cooling schemes exhibited higher AC copper losses despite maintain-
ing substantially lower temperatures.

The slot-cooling topologies were less sensitive to AC loss than EWC and HCC due to
the combination of higher resistivity of the conductor, lower height of the conductor,
and lower path length of eddy currents. This indicates a strong coupling between the
cooling topology, the conductor geometry, and the electromagnetic performance.
Cooling topology directly determines the achievable continuous operating capabil-
ity. The maximum continuous power increased from approximately 31 kW for SOC
to 39 kW for SMC, 67 kW for EWC, and 79 kW for HCC. Therefore, direct cooling
enables a substantial increase in the machine’s operating envelope. In other words,
HCC can lead to a reduction in the PM amount for similar output power as, e.g., SOC.
Although HCC delivered the highest loading capability and the lowest hotspot tem-
peratures, it also imposed the largest hydraulic and manufacturing penalties. The
pressure drop increased from approximately 0.5 kPa for the slot-channel configura-
tions to 11.7 kPa for HCC, resulting in a pumping power requirement approximately
23 times higher.

The results reveal a strong coupling between cooling topology, conductor tempera-
ture, and electromagnetic loss mechanisms. Improved cooling decreases the DC cop-
per losses by reducing the temperature of the conductor but can also contribute to an
increase in the AC copper losses because of the decreased resistivity and higher cur-
rent crowding effects. The thermal and electromagnetic design of high-speed hairpin
windings cannot be optimized separately and needs to be addressed by a coupled
multi-physics approach.

Overall, the findings of this paper demonstrate that the selection of a winding cooling

topology should be based on a multi-physics assessment rather than thermal performance

alone. SMC provides the most balanced solution among slot-cooling configurations in

moderate power-density applications. EWC offers an attractive compromise between

thermal performance, loading capacity, manufacturability, and hydraulic complexity for

high performance traction machines. HCC provides the highest possible performance,
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thereby rendering it the most appropriate choice for applications where the highest pos-
sible continuous power density is the primary design objective and the manufacturing
complexity can be justified. Future work will focus on experimental validation of the pro-
posed liquid-cooling topologies and the investigation of coupled thermo-mechanical ef-
fects associated with advanced hairpin cooling concepts.
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