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Abstract: This paper proposes a new construction with a heat sink integrated into the concentrated
wound coils of an axial flux, direct liquid cooled electrical machine. A preliminary assessment
of the effectiveness of the heat sink and its position is made using computational fluid dynamics.
Lumped-parameter thermal models are also developed, thus allowing accurate comparison of the
thermal profile of the two constructions. Following experimental calibration of the model and thermal
validation, the temperature profile of the new construction is compared to that from a traditional
concentrated wound coil. The model is then used to estimate the effect of the new construction on the
current density of the stator windings. The paper demonstrates that for an axial flux motor run at a
typical operating point of 300 Nm and 1500 rpm, the maximum temperature is reduced by 87 K. The
current density can be increased by 140% before the limiting maximum coil temperature is achieved.

Keywords: electric machines; cooling; thermal modeling

1. Introduction

The demanding requirements of the electric powertrain has resulted in a continuous
research efforts to improve the current densities of electrical machines. High current density
electrical machines require the active material to be as small as possible. However, as the
machine designs become compact, space becomes more valuable. The manufacturing of small
stator windings is challenging. Concentrated windings have been shown to offer a significant
reduction in active material for machine sizes smaller than 300 kW [1]. Compared to traditional
machines with one slot per pole and per phase, concentrated windings achieve reduced Joule
losses, therefore improving the efficiency of the machine [2]. Concentrated windings also
offer a high slot-fill factor, low cogging torque and greater fault tolerance [2]. Their simple
manufacturing process lowers manufacturing costs [3]. This makes concentrated windings the
preferred type for high current density electrical machines.

However, concentrated windings suffer from a severe temperature gradient [4]. Fur-
thermore, the maximum winding temperature was shown to provide a major limitation
for increasing the current and torque densities of the machines. The I2R losses in electrical
machine windings generate heat. If not extracted, this raises their temperature. Since
the winding insulation is rated for a maximum operating temperature and degrades by
the Arrhenius chemical reaction [5], high temperatures in the stator windings limits the
life and rating of the machine. An increase in machine current density requires both the
electromagnetic and thermal aspects of the machine to be optimized [6]. This paper aims to
improve the current density by developing a new construction of a concentrated winding
in which a heat sink is integrated into the coil. This allows for a more effective cooling of
the inner coils by reducing the thermal resistance. Hence, the temperature in the windings
is reduced. For the same maximum temperature, the current flow through the windings
can be increased.
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This paper uses the geometry of the permanent magnet Yokeless and Segmented
Armature (YASA) electrical machine as a case study. This machine is derived from the
NS Torus-S topology with external rotor and internal stator. The machine design has its
stator yoke removed and the pitch of the teeth enlarged. This allows for high fill factor
short end winding concentrated coils with square cross sectioned wire wrapped around
the individual stator poles, thus reducing the iron in the stator by around 50%. The stator
is enclosed in a casing allowing liquid coolant to be injected into the stator, in direct
contact with the windings, as shown in Figure 1. When compared to other axial flux
machines, the YASA machine has its torque density increased by around 20%, with a peak
efficiency over 95% [7]. Studies of the flow distribution and the convective heat transfer
in this machine have been reported in [8,9], respectively. This architecture has received
increasing attention, and several variants are now found in the literature [10–15]. While
traditional air cooling and indirect liquid cooling are found to reach current density limits
between 15–20 A/mm2 [16], direct liquid cooling reduces the thermal resistance along the
thermal path, enabling lower winding temperature or higher current densities. Methods
for reducing the thermal resistances between the electrical coils and the coolant have been
the subject of other publications [17].
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Figure 1. Schematic of the direct liquid-cooled stator used as a test case. Highlighted section: pole
piece channel used for modelling and testing.

Semidey and Mayor presented a micro-channel integrated between two tooth-coil
sides within the same slot [18]. They show that such technology could improve the
current density from 15 A/mm2 to 25 A/mm2 under steady state conditions. Reinap
et al. produced channels within laminated windings so as to enhance forced air convective
heat transfer from the machine coil. The authors reported that this allowed them to reach
current densities as high as 30 A/mm2 [19]. Wohlers et al. [20] presented a novel cast coil
which integrateed channels to allow direct liquid cooling on every individual conductor.
When tested with deionized water, a current density of up to 100 A/mm2 was shown to
be achievable. Deionized water has a much larger specific heat capacity, lower Prandtl
number, and lower viscosity than oil, thus leading to a higher Reynolds number, which in
turn provides higher heat transfer coefficients. However, it also has a tendency to form
ions and therefore further action is required to maintain the low conductivity of the fluid.

This paper presents a means for improving current density by addressing the heat
transfer from electrical machine windings, and is organized in the following manner. A
conceptual development of the new windings with integrated heat sink is presented in
Section 2. A preliminary assessment of the concept using CFD is provided in Section 3.
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This exercise is used not only to gauge the heat sink effectiveness but also to determine
its position within the windings for maximum impact. While CFD models often provide
insight into the problem and foresight to improve future designs, this is time consuming.
Therefore, the paper also develops a Lumped Parameter (LP) thermal model in parallel.
The LP model is used to compare the temperature profile of the traditional windings and
the new winding constructions, thus investigating the effectiveness of the new design. The
LP model is presented in Section 4. The model is calibrated and validated experimentally
in Section 5. Section 6 presents the test results, while a discussion and conclusion are
presented in Section 7.

2. Conceptual Development of the Windings
2.1. The Impact of Winding Construction on Current Density

The current density of an electrical machine can be shown to be heavily dependent on
both convective and conductive heat transfer from the windings [21]. This can be reflected
by Equation (1).

J =


(

Ts − Tf

)
∑ 1

hA + x
keq A

.
(

1
ρTVc

)0.5

(1)

where Ts is the stator temperature and Tf is the coolant temperature. ∑ 1
hA is the convective

heat transfer where h is the convective heat transfer coefficient and A is the heat transfer
area. x

keq A represents the conductive term where x is the stator thickness and keq the
equivalent stator conductivity. ρT is the electrical resistivity of the coil and Vc is the volume
of the coil. It can be shown that while the convective heat transfer term can be improved by
switching to more effective cooling such as direct liquid cooling [11], further increase to the
current density will be hindered by the thermal conductivity of the coils. Although copper
wire has a thermal conductivity of 350 W/mK, it is coated by a polyamide/imide insulation
which has a very low thermal conductivity (<1 W/mK). Furthermore, the coils are grouped
together and epoxy may sometimes be injected to fill in the airgaps. This gives the coils
a heterogeneous property with the overall equivalent conductivity reduced to between
1–3 W/mK [22]. This, in turn limits the current density. Despite the fact that that there
have been efforts to improve the thermal conductivity of epoxy [23], it does not produce
the desired step increase in stator current density. Therefore, new designs are required.

2.2. A New Construction with Integrated Heat Sink

In direct liquid cooled machines, heat generated in the windings is transferred radially
outwards from one winding layer to the next, until it is eventually absorbed by the coolant.
The inner winding layers experiencing the longest thermal path (and highest thermal
resistance) suffer from the highest temperature in the windings. Therefore, to avoid
damage to the electrical insulation of the inner coils, the current density of the machine
has to be capped. The new construction presented in this paper stems from the need to
bypass the chain of inter-winding thermal resistances that the inner coils are faced with by
introducing a heat sink within the electrical conductors. This allows heat to travel along the
heat sink, maintaining the inner coils at lower temperatures. Figure 2 shows how the new
construction is formed by integrating a heat sink into traditional concentrated windings.
To assess the effectivity of the novel construction, a CFD model was developed.
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Figure 2. Concept for integrated heat sink: (a) Computer-aided design model showing traditional
concentrated windings; (b) design of heat sink to be integrated in the windings; (c) final form the
new construction.

3. A Preliminary Assessment of the Concept through CFD Modelling
3.1. CFD Analysis of the Machine Windings

CFD modelling of electrical machine windings is complex and challenging. Difficulties
mainly stem from the difference in scale between the current conductor and the insulation.
The modelling of individual insulated conductors requires an inefficient fine-meshing
process [24] which adds complexity, computational effort, and long solution times. To
simplify the problem, the windings are sometimes treated as a homogeneous material
with equivalent thermal properties [25–30]. Yet, this approach lacks detail. The technique
is also unable to analyze new designs such as the construction with an integrated heat
sink proposed here. In direct liquid cooled machines, the coil is surrounded by coolant.
Hence the heat generated by the individual pole pieces is transferred radially across the
coils and dissipated into the coolant. Therefore, by neglecting axial heat transfer, the
concentrated coil is simplified into radial layers, as shown in Figure 3. The windings used
here are AWG14, hence each turn is considered as a layer. Adjacent winding layers are then
interfaced to each other through a thermal contact resistance. The CFD process is described
in [31].
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Figure 3. Simplification of the winding geometry. (Figure showing a cross section of the pole piece
for better demonstration purposes).

3.2. Setup of the CFD Simulation

The computer-aided design (CAD) geometry of a single pole piece with representative
flow domain highlighted in Figure 1 was developed. The CAD model was developed
for traditional concentrated windings and a new construction, as shown in Figure 4. The
simulation was run with the synthetic dielectric coolant Opticool. The properties of fluid
are found to vary significantly with temperature and are described in Table 1. The pole
pieces were modelled using the thermal properties of soft magnetic compound (SMC)
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iron thermal and copper coils as shown in Table 2. The boundary conditions were set as
shown in Figure 5, having an inlet flow rate, and coolant temperature and an outlet gauge
static pressure of 0 Pa to simulate the flow-out direction. This was used as reference by
the Autodesk CFD Simulation software (Autodesk, San Rafael, CA, USA) to compute the
pressure upstream [32]. Heat loads were applied to the pole piece components.
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Table 1. Variation of coolant properties with temperature T, ◦C.

Opticool Properties Equation Equation No.

Density, ρ, kg/m3 ρ = −0.0052T2 + 0.2667T + 786.76 (2)
Dynamic viscosity, µ, Pa.s µ = 0.0079e−0.02T (3)

Specific Heat Capacity, c, J/kgK c = −0.028T2 + 6.9105T + 2044.9 (4)
Thermal conductivity, k, W/mK k = 1e−7T2 − 8e−5T + 0.1376 (5)

Table 2. List of properties for SMC and copper windings.

Material Properties SMC Iron Copper Windings

Density, ρ, kg/m3 7575 8800
Volume, m 2.008 × 10−5 1.632 × 10−5

Specific Heat Capacity, c, J/kgK 300 400
Thermal conductivity, k, W/mK 35 300

The 3D mesh was formed from tetrahedral elements with minimum refinement length
set to 0.5 the maximum size set to 1.8 at the surfaces. The boundary layer mesh was made
of 15 layers with a factor of 0.75 and gradation of 1.15. A grid sensitivity analysis was
performed. The final mesh, shown in Figure 6, consisted of 3.6 M elements. The authors
experimented with fixed and temperature-dependent coolant properties, conjugate and
segregated simulations and different advection schemes, which govern transport quantities
such as velocities and temperature through the flow domain. Details of the advection
schemes are provided in [32]. The oil coolant was found to produce low Reynolds numbers
across all channels (10 < Re < 200), and therefore the simulation was run with a laminar
model. For simulations on the new geometry, a typical thermal contact resistance of
0.2 K/W was adopted between the heat sink and the adjacent windings. The model was
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found to be most accurate when a conjugate, laminar model using ADV 4 settings and
temperature-dependent coolant properties. The simulation was repeated with tighter
mesh settings until the temperature variation of the pole piece was <2%. A solution was
produced in approximately 12 h.
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3.3. Post Processing of the CFD Model

Post processing of CFD models allows the user to visualize the results of the simulation.
This provides the thermal designer with the insight of these mechanisms and the foresight
to improve the design. The CFD model was used to compare the temperature maps of
new construction and traditional concentrated windings. The effectiveness of the heat sink
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for different locations within the winding layers was also investigated for various loads.
Figure 7 shows an example of a temperature map of the windings. It can be seen that when
applied to direct liquid cooled machines, traditional concentrated windings experience
the highest temperature at the inner windings and the iron. The effectiveness of the heat
sink on the windings was found to be highest when it was mounted between the inner and
middle windings. The design with the integrated heat sink between the inner and middle
windings was therefore the design of choice.
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losses of 11 W and copper losses of 47 W.

4. LP Modelling of Concentrated Windings

While CFD models provide an accurate visualization of the concept, they are computa-
tionally intensive. To enable an efficient way to compare the temperature profiles between
the conventional construction and the new geometry, a lumped parameter (LP) thermal
model was also developed in parallel.

4.1. Definition of the Thermal Network

The performance of the LP model is as good as the definition of the thermal network,
the location of the temperature nodes, and the governing equations. The LP model uses
the same heat flux assumptions described earlier for the CFD analysis. Thus, the windings
were simplified into layers. A temperature node was placed on the iron bobbin and each
winding layer. For symmetrical liquid cooling, the pole piece can be thermally modelled
by four nodes: one on the iron and one on each of the three winding layers, as shown in
Figure 8. Each node within the model has a uniform thermal capacitance defined by the
product of the volume, specific heat capacity and density. Each thermal node was linked
to its neighboring node through thermal resistance Rth. A MATLAB script (Mathworks,
Natick, MA, USA) was developed to solve the differential equations of the LP model using
the 4th-order Runge Kutta method.
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4.2. Adjusting the LP Model for the New Construction

The LP model was adapted for the new construction with integrated heat sink. In this
case, a new thermal node for the heat sink was introduced between the inner and middle
windings. The heat sink node had thermal capacitance CHS, and was connected to the
adjacent windings through the thermal resistances R2 and R2′ . The heat sink node was
also connected to the fluid through an additional thermal resistance RFin. Figure 9 shows a
schematic of the LP model for the new construction.
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5. Experimental Work
5.1. Manufacturing the Prototypes

Concentrated windings are simple to manufacture. Moreover, segmented stators offer
an additional benefit during the design and testing phase. as they allow for the thermal
analysis of single pole pieces [26]. A traditional concentrated winding and a prototype
of the new construction were manufactured. Each was instrumented with temperature
sensors. To manufacture the prototypes, a winding machine, shown in Figure 10, was
used. The machine is made of two main components: a lathe with controllable speed and
modified jaws to grab the pole pieces, and a copper reel clamp coupled to a fixed speed
electric motor via a clutch with controllable slip. During the winding process, the copper
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was subjected to tension caused by the electric motor holding the winding reel and the
lathe rotating in opposite directions. The tension was adjusted by adjusting the slippage
on the clutch. A mold for the bobbin was designed and 3D printed, thus allowing the jaws
of the lathe to clamp the fragile bobbin without damaging it. The pole piece was wound
with a square copper wire of size AWG14 (1.62 mm), at a tension of 30 N. To improve their
mechanical rigidity and provide ingress protection, pole pieces are sometimes treated with
epoxy encapsulation. Common techniques include vacuum pressure impregnation (VPI),
epoxy painting or coating in varnish or epoxy. VPI requires a specialist vacuum chamber
which sucks out the air and forces epoxy into the coil to fill the voids between the windings.
On the other hand, painting and coating require no specialist equipment. Epoxy painting
was adopted for this paper: a viscous layer of filler Stycast epoxy was painted on each
winding layer before the next layer was wound. The properties of Stycast epoxy are shown
in Table 3.
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Table 3. Specifications for Stycast Epoxy.

Material Properties Value

Epoxy Name Stycast Epoxy
Dielectric Strength, kV/mm 14.4

Thermal conductivity, W/mk 1.25
Coefficient of thermal expansion, K−1 35 × 10−6

Density, kg/m3 2350–2450

Thermocouple sensors were mounted midway in the coil height, on each side of the
pole piece, during the winding process; between the iron and the first copper layer, between
the first and second copper layers, and between the second and third copper layers. In the
manufacturing of the new construction, the flat state of the heat sink was designed and
produced from a copper sheet. The CAD geometry of the heat sink is shown in Figure 11.
While very thin sheets would limit the heat transfer capacity, thick sheets were found to be
very brittle when worked upon. The compromise of a heat sink thickness of 0.1 mm was
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established. The heat sink was added to the windings after the first layer. Winding was
then continued, as shown in Figure 12. The copper flat sheet was later folded into the heat
sink. The prototype, traditional, and new constructions are shown in Figure 13.
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5.2. Test Setup

To measure the temperature profile across the instrumented pole pieces, a represen-
tative experiment was set up. Each instrumented pole piece was mounted on a plastic
base and assembled in a test box. The test box was also fitted with two non-energized
half poles, one on each side of the test piece, thus recreating the flow channels between
the pole pieces, as shown in Figure 14. The plastic base acts as a thermal insulator and
limits the heat transfer to the test box. The copper windings and the SMC iron bobbin
were each connected to a DC power supply and energized separately, thus simulating the
respective Joule losses. The iron losses were kept at 20% of the total pole piece losses, as
per manufacturer recommendations. Current meters and differential voltage probes were
used to measure the current and voltage supplied to the windings. The heat input was
calculated as the product of the current and the voltage. The coolant was re-circulated
from a reservoir into the test rig, and then pumped through a heat exchanger, expelling
heat to ambient. The reservoir was also fitted with a heating element to control the inlet
temperature of the fluid into the test section. The power input to the coolant heater and
hence the coolant temperature was regulated through a transformer. The flow rate was
regulated using a globe valve and measured using a variable area flow meter, as shown in
Figure 15.
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Figure 15. Test setup with (1) oil reservoir, (2) temperature sensors, (3) test box, (4) pump, (5) heat
exchanger, (6) variable area flow meter, (7) globe valve, (8) AC power supply, (9) variable transformer
powering fluid heater, (10) and the variable transformer powering pole piece heaters.

5.3. Calibration of the Thermal Models

Calibration processes are typical to LP techniques [28,29,33]. These were achieved by
running a number of transient experiments, whereby the coil was provided with a short
heat input. The temperature of the coil was measured. The first data set was used to fully
characterize the thermal resistances of the LP model. The remaining experiments were used
to verify the calibration parameters of the model at different conditions. During these tests,
the oil flow was set and run at a fixed flow rate. The heat input to the winding and the iron
were set and energized simultaneously. The increase in the temperature of the windings
was monitored and recorded. The windings were de-energized to capture the cooling curve
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of the pole piece. The heating and cooling portions allowed us to check the heat capacity
used in the model. Details of the parameters of the transient calibration of the traditional
concentrated windings and the new construction are shown in Tables 4 and 5, respectively.

Table 4. Transient calibration of the conventional windings.

Test No. Coolant Inlet
Temperature ◦C

Flow Rate m3/s
(×10−6)

SMC Heat
Input W

Coil Heat Input
1 W

1 23.9 61.6 23.1 82.6
2 23.9 61.6 10.9 46.0
3 39.5 80.0 23.0 80.2
4 38.6 78.3 10.2 36.7

1 Heat input for the windings at time = 0 s.

Table 5. Transient calibration of the new construction.

Test No. Coolant Inlet
Temperature ◦C

Flow rate m3/s
(×10−6)

SMC Heat
Input W

Coil Heat Input
1 W

1 23.9 61.6 21.86 110.03
2 24.6 61.6 10.20 72.80
3 24.0 41.6 22.06 108.6
4 24.3 41.6 10.16 71.16

1 Heat input for the windings at time = 0 s.

5.4. Steady State Thermal Validation of the Windings

A series of steady state measurements were also recorded. These were intended to
capture the temperature gradient across the concentrated windings. Steady state tests were
run for approximately two hours to ensure that steady-state conditions were reached. The
experimental procedure was repeated for both the traditional and the new construction.
Details for the steady state experiments are shown in Tables 6 and 7.

Table 6. Transient calibration of the conventional windings.

Test No. Coolant Inlet
Temperature ◦C

Flow Rate m3/s
(×10−6)

SMC Heat
Input W

Coil Heat Input
1 W

1 21.0 58.3 10.9 48.4
2 24.8 43.3 10.9 47.4
3 24.6 61.6 24.4 114.9
4 24.8 43.3 24.4 115.8
5 41.1 81.6 10.8 47.5
6 39.9 56.6 10.6 50.6
7 40.4 80.0 24.2 114.6
8 39.9 58.3 24.3 112.4

1 Heat input of the experiment running at steady state.

Table 7. Transient calibration of the new construction.

Test No. Coolant Inlet
Temperature ◦C

Flow Rate m3/s
(×10−6)

SMC Heat
Input W

Coil Heat Input
2 W

1 24.3 61.6 9.68 48.88
2 23.9 41.6 10.18 51.8
3 25.0 63.3 21.66 108.4
4 25.1 43.3 22.16 74.62
5 39.9 80.0 10.18 53.15
6 39.6 56.6 10.21 53.54
7 40.5 81.6 21.82 112.44
8 41.6 60.0 22.28 79.86

2 Heat input of the experiment running at steady state.
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6. Test Results
6.1. Transient Calibration of the Model

An example of a thermal characterization chart of conventional concentrated windings
is shown in Figure 16. The inter-winding thermal resistances and thermal capacitances
of each winding layer and SMC bobbin were identified by fitting the model to the first
experimental data. The calibrated parameters of the conventional concentrated windings
are shown in Table 8. The calibrated parameters of the new construction are shown in
Table 9.
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Table 8. Experimental fit for Rth for conventional windings.

Description Designate Value

Rth between pole piece and inner coil, K/W R1 0.12
Rth between inner and middle coils, K/W R2 0.18
Rth between middle and outer coils, K/W R3 0.45

SMC Specific heat capacity, J/kgK 300
Copper Specific heat capacity, J/kgK 400

Table 9. Experimental fit for Rth for conventional windings.

Description Designate Value

Rth between pole piece and inner coil, K/W R1 0.8
Rth between inner coil and heat sink, K/W R2 0.14

Rth between heat sink and middle coil, K/W R3 0.15
Rth between middle and outer coil, K/W R4 0.12

SMC Specific heat capacity, J/kgK 300
Copper Specific heat capacity, J/kgK 400
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6.2. Steady State Temperature Profile of the Windings

The steady state experiment established the temperature profile across the windings.
The thermal models of the traditional and the new construction were compared to the
experimental measurements. An example is shown in Figure 17. The plotted temperature
profiles were referenced to temperature sensors mounted along the line AA’ shown in
Figure 14. The calibrated models were found to match the measurements to within 3%.
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7. Discussion and Conclusions

Having established the thermal characteristics of the thermal models and validated
their accuracy, the LP models were used to get an accurate comparison of the temperature
profile for the traditional pole piece and for the new construction for a range of coil power
ratings. The heat load in the coils and the iron were increased proportionally until the
hotspot temperature of the AWG 14 square magnetic wire with an insulation IEC60085
rating of 250 ◦C was reached. A plot of current density vs. maximum coil temperature is
shown in Figure 18. The new construction was found to reduce the maximum temperature
by 87 K. The new construction was found to improve the steady state current density of
the coil by approximately 140% before the same hotspot temperature of the conventional
construction was reached. It should be noted that this analysis is limited to matching the
maximum temperature in the overall pole piece. Due to the heat sink design, the hotspot
was now shifted to the iron.

This paper presents a new construction for concentrated windings. The new con-
struction integrates a heat sink between the inner and middle winding layers, creating a
thermal bypass across the poorer conductivity of the adjacent winding layers. The new
construction was found to reduce the maximum temperature by approximately 87 K at a
typical operating point of 300 Nm and 1500 rpm. The reduced temperature can offer three
advantages to the electrical machine, namely:

1. A reduction in coil temperature and therefore an increase in the winding life time.
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2. The reduction in coil temperatures will also produce a reduction in the winding
resistive losses and therefore an increase in machine efficiency.

3. When operated at its maximum operating temperature, the current density of the
stator is increased.
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This paper applies the new construction to an AFPM machine with a direct oil cooled
segmented stator. However, the benefits of the new construction are not limited to a
specific machine and can be applied to various machine topologies with concentrated
wound pole pieces. For example, switched reluctance (SR) machines are of great interest
to the automotive sector as they are fault tolerant, cost effective, and do not make use of
permanent magnets. However, SR machines suffer from a torque density that is about 50%
lower than that achieved by PM machines, [34]. This new winding construction may hence
be adapted to address such a challenge.

The author is aware that further analysis is required with respect to the electromagnetic
effects and eddy losses of the integrated heat sink, cost analysis, and testing with a full
motor. This is beyond the scope of this paper, which provides a route for improvement in
current density, and will be investigated in a separate study. Further improvement of the
heat sink, for example, through micro-features, is also possible, and is also the subject of an
ongoing investigation.
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