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Abstract—In this paper a Lumped Parameter Thermal
Network (LPTN) is proposed for a Yokeless and Segmented Ar-
mature (YASA) axial flux permanent magnet (AFPM) machine.
A simulation model is used to examine the machine in isolation,
with an Integrated Motor Drive (IMD), and the machine and
IMD with a remote heat sink connected using heat pipes. Losses
from electrical and magnetic Finite Element Modelling (FEM)
are used as inputs to the model. Introduction of the IMD is
found to reduce the power rating of the machine by 27%. This
performance can be returned by utilising a remote heat sink
configuration to enable enlargement of the heat sink by twice
the original volume.

Index Terms—Axial Flux, Thermal Network, Lumped Pa-
rameter, Thermal Model, Heat Transfer, Electrical Machine,
Permanent Magnet, Convection, Traction Machines

ABREVIATIONS
IMD Integrated Motor Drive
LPTN  Lumped Parameter Thermal Network
YASA  Yokeless and Segmented Armature
AFPM  Axial Flux Permanent Magnet
FEM Finite Element Method
CFD Computational Fluid Dynamics

SiC Silicon Carbide

NOMENCLATURE
Reg Rotational Reynolds Number dimensionless
w Rotational Velocity rad/s
R Machine Radius m
v Fluid Kinematic Viscosity m2s~1
Nu  Nusselt Number dimensionless
Pr  Prandtl Number dimensionless
q’ Total Heat Transfer Rate W/K
Dy  Hydraulic Diameter m
k Thermal Conductivity W/mK
T Temperature K or °C
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I. INTRODUCTION

The goal of this project is to develop a high power
density Integrated Motor Drive (IMD) based on an Axial
Flux Permanent Magnet (AFPM) motor, utilising external
air cooling as the primary cooling method. Focus will be
on the Yokeless and Segmented Armature (YASA) topology
[1], [2]. This paper presents a Lumped Parameter Thermal
Network (LPTN) for a YASA AFPM machine. Modifications
will be made to the modelling technique to include integrated
power devices relevant to the type of integration being inves-
tigated. Design choices were informed using learnings from
literature, including inverter module placement, heat sink
design and cooling system placement. The model will include
parametric cooling appropriate for single stator, double rotor
YASA machines, and a coupled air-gap and rotor model to
determine the heat transfer between the stator and rotor. Due
to the low outer surface area of YASA machines, they are
typically liquid cooled. This model will be used to predict
the effectiveness of air-cooling, with heat pipes being used to
relocate heat to areas where cooling volume is more readily
available.

IMD’s are an important development in modern electrical
machines, with benefits including increased efficiency, re-
duced total mass and volume, and in some cases, reduced
manufacturing costs [3]. As such, they are a significant step
towards increasing power density for future electrical power
systems. However, with the novelty of this concept comes a
significant challenge in terms of system cooling. The motor
and drive both produce significant thermal losses, which
require a combined thermal management system to maintain
suitable operating temperatures.

Thermal modelling of electrical machines and drives
is an important aspect of the design process. By building
computational models, it is possible to predict a large portion
of the design process that would previously have been taken
up by prototyping and experimental testing. This both reduces
costs, and increases the speed of the design process. The
most common methods of machine thermal modelling are
the Finite Element Method (FEM), and LPTNs [4]. FEM
utilises a Computer Aided Design model, which is meshed
into a cell structure for iterative calculation of the desired
physics type. FEM is typically used in combination with
Computational Fluid Dynamics (CFD) to create a more
comprehensive model of the machine [5]. However, these
methods are computationally intensive and require highly



skilled users in order to be effective. LPTN’s rely on build-
ing a representative network for the system using lumped
parameter nodes. This can be processed either through a
matrix calculation method, or using a network simulation
software. LPTN’s are an attractive alternative to FEM as they
can typically be done with far lower computational effort,
using more readily available software, and by users with less
specialist training.

Axial Flux Permanent Magnet (AFPM) machines have
recently started to be examined more closely due to their
significant benefits in terms of power and torque density
[2], [6]. This has in turn led to developments in Axial
Flux IMD’s using variations of the AFPM topology [7]. As
such, some authors have begun to develop LPTN’s for these
machines [4], [S]. The models presented in literature utilise
both mathematical and LPTN techniques for modelling of
AFPM machines. The modelled LPTN is based on the work
of Wrobel and Mellor in creating 3-dimensional analytical
thermal models of electrical machines [8]. A notable weak-
ness of LPTN modelling is the reliance on geometry specific
correlations, especially with respect to convective terms,
however for the modelling investigated, the correlations of
heat transfer are well understood, having been verified in the
literature experimentally and through CFD by Boutarfa [9],
and Howey [10] respectively.

One variation of the AFPM machine is the YASA topol-
ogy [11]. This topology is unique in that each coil core is
segmented from the rest of the stator, reducing iron content,
and thus increasing the power density. Due to the variations
between YASA machines and other AFPM topologies, the
presented models from literature are unsuitable for this anal-
ysis. YASA AFPM Machines are ideally suited to automotive
traction applications due to their high torque density. Inves-
tigations into YASA machines for automotive applications
have led to some recent developments, including a passively
air cooled machine utilising stator housing fins completed by
Winterborne et al. [11]. This method achieved a predicted
peak power of 0.7kW. Additionally a liquid cooled YASA
motor with IMD was developed by Mohamed et al. [7],
with a predicted power rating of 17kW, utilising a distributed
inverter, and water cooling channels integrated into the casing
between the machine windings and the inverter module.

One method for transfer of heat between the source and
the cooling system is heat pipes. They are used where the
cooling requirement is high, whilst the loss producing device
has a low cooling potential. Use of heat pipes additionally al-
lows for the geometry of the cooling structure to be modified
depending on the application, ensuring critical dimensions are
not compromised. In this instance it is suggested that the heat
pipes be used to redirect the thermal path around the rotor to
enable expansion of the heat sink without further increasing
the machine diameter. Heat pipes can be complicated to
model, however they can be represented as a single lumped
thermal resistance, typically in the region of 0.01-0.2K/W
[12]. Here, typical values based on off the shelf heat pipes
will be used for the thermal resistance.

II. METHODOLOGY

The investigation into LPTN’s begins with identifying the
machine and inverter topologies being analysed. These must
be investigated in order to determine the losses, which are
used as inputs to the thermal modelling. A visual represen-
tation of the process flow is given in Figure 1.
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Fig. 1: Process flow for system modelling
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Modelling

III. CASE STUDY MACHINE

A commercially available machine was selected for this
project, a representation of this is given in Figure 2. This
machine was originally a water cooled machine, and was
selected as it is a good representation of the topology being
investigated, and has good power density when compared to
similar machines from literature. The machine parameters are
detailed in Table I.

Fig. 2: Representation of the machine being examined

TABLE I: Parameters for machine examined [13]

Max. Speed
8000rpm

Peak Power
160kW

Peak Torque
370Nm

Modelling of this machine with a stator mounted heat
sink and forced air cooling gave a power rating of 11kW.
As multiple operating power levels are to be investigated,
machine efficiency will be used as the baseline for estimating
losses at each operating point.

IV. LoSS MODELLING

In order to develop the losses required for this analysis,
electrical and electromagnetic modelling was completed in
PLECS [14] and ANSYS Maxwell [15]. Representations of
the loss density in the machine, and the inverter topology are
shown in Figure 3 and Figure 4 respectively. The inverter



topology utilises Silicon Carbide (SiC) MOSFETs, with a
peak temperature rating of 175°C. For the purposes of intro-
ducing a safety factor to allow for increased life expectancy
of the devices, the analysis is conducted to assume that the
peak design temperature for the junction is 150°C.

Fig. 3: Surface view of stator iron and coils with the time
averaged loss density plot as an output from magnetic FEM of
the motor being examined. end winding losses are consistent
with observations from literature [16].
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Fig. 4: PLECS model of inverter used to calculate losses,
using 6 SiC MOSFETs in parallel per half bridge branch.

As the off the shelf power rating for the machine differs
from the expected power rating achievable using the newly
proposed air cooling method, the losses are represented in
terms of the machine and inverter efficiency.

A. Magnetic Losses

For the magnetic analysis, a 1/3 angular sector of the
machine was used for the analysis with virtual symmetry
enabled in the software. This was done to improve compu-
tation time with minimal reduction in accuracy. From the
results, as shown in Figure 5, it can be seen that the average
machine losses for the 1/3 of the machine being analysed
are 3.33kW for the copper and stator core combined, which
becomes 9.99kW for the whole machine. This corresponds to
a peak machine efficiency of 94.7%. It is also seen that the
loses are concentrated on the end winding of the coil, this is
an affect that has been observed in literature [16].

B. Power Electronics Losses

The PLECS electrical model was analysed using the ma-
chine’s off the shelf suggested power, with a device switching
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Fig. 5: Machine losses given by magnetic FEM, showing

1.07kW iron losses, and 2.26kW copper losses, for the 1/3

of the machine being analysed.

frequency of 10kHz. From the data given in Figure 6, and
multiplied by the total number of devices in the machine, the
total inverter losses at steady state can be seen to be 8.17kW.
this corresponds to a peak inverter efficiency of 95.6%.
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Fig. 6: Loss data from PLECS electrical modelling, show-
ing 84W average conduction losses (a), and 143W average
switching losses (b) per device for the inverter shown in
Figure 4

C. Loss Summary

Table II shows the losses from the machine and drive.
These will be used as inputs to the LPTN model presented
in this paper.

TABLE II: IMD component losses (NOT YASA LTD. DATA)

Component Total Power Loss  Component Efficiency
Inverter 8.17kW 95.6%
Stator Iron 3.20kW 98%
Stator Windings 6.79kW 96.4%
Total System 18.16kW 90.3%

V. DRIVE INTEGRATION

The IMD is modelled as a distributed inverter surrounding
the stator. A similar method will be employed to that utilised
by Mohamed et al. [7], where a half bridge module is placed
on each individual coil, using separate PCBs for each module.
A representation of this is given by Figure 7.
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Fig. 7: Representative view of IMD concept.

As is shown in Section IV, both the motor coils and the
drive produce significant losses. Placing the components in
close proximity raises the additional challenge of preventing
thermal runaway within either the motor or the drive. As
such, it is important to ensure that the system is sufficiently
cooled.

VI. LUMPED PARAMETER THERMAL NETWORK

The LPTN approach utilises the development of a 3-
Dimensional mesh of nodes connected by thermal resistances.
For simplicity, it is assumed that each mesh element is
cuboidal in nature [8]. For the development of this model,
a single coil segment was taken as a 20° sector of symmetry
throughout the motor. This is divided into “cells” with nodes
at the centre. The thermal resistance of each element is
not a fixed value for each element, but rather is geometry
dependent. As such, the thermal resistance must be calcu-
lated independently for each thermal path. This is given by
Fourier’s Law of Conduction [17]. It is assumed that radiative
heat transfer is negligible for this application.

A. Application to YASA topology

In order to effectively develop this model for the YASA
topology, the geometry was segmented into individual coil
sections. Each coil was then sliced into layers, for which the
LPTN was developed. This method was applied in Matlab
[18] to build the LPTN, a representation of which is shown
in Figure 8.

The model is copied into sections representing a “slice”
through the model, with thermal resistances added between
each section. It is further assumed that the primary cooling
path is through the end windings of the machine. As such,
the thermal resistance of the case must be taken into account,
along with any additional components within the cooling
path. This is added to the model as a separate network,
modelling a single element for each relative section of the
casing, and a straight thermal resistance for the path to the
cold plate. Modelling of the cooling system is discussed in
Section VII.

Included in this model is a segment of the rotor. For the
purpose of simplicity, it is assumed that the magnets are a
simple disk in the motor geometry. The magnet and rotor iron
are divided into a similar network of nodes and resistances.

Fig. 8: Lumped Parameter Thermal Network for a single
coil overlaid. Additional components are labelled: 1) Heat
sink convective model; 2) Heat pipe thermal resistances; 3)
MOSFET thermal models; 4) Copper loss input; 5) Iron loss
input; 6) Housing.

B. Air-Gap Heat Transfer

In order to properly include the rotor within the model, the
air-gap must be modelled. Air-gap heat transfer coefficients
required for the LPTN have been well developed by Howey
and Boutarfa in CFD and experimentally [9], [10]. From
Howey, the Reynolds number for the air gap is given by:

2
Reg = I )
14

In order to calculate the heat transfer for a convective
system, the Nusselt number must be known. This is a highly
geometry and condition specific value, and is most accurately
measured experimentally, as done by Boutarfa [9].

Nu = 0.044Rey ™ )

Due to the nature of the conditions in the air gap com-
pared to those investigated by Boutarfa, Equation 2 is used
to calculate the Nusselt Number for the air gap.

VII. SYSTEM COOLING

Ensuring that the drive IMD is properly cooled is essential
for maintaining lifetime and efficiency of the machine. In this
particular case, air cooling is being investigated as the method
of machine cooling. Flat plate cooling, representing the bare
outer surface of the case, as well as heat sink cooling will
be investigated. The correlations for these methods are well
understood, with significant experimental validation being
completed historically. These are detailed by Bejan [19]. For
this analysis, two air cooling methods are investigated. Firstly,
flow over a flat plate, for which it is shown by Bejan that



the formula for the Nusselt Number reduces to Equation 3,
where Pr is the Pradtl number for the flow.

Nug, = 0.332Rel/? . prt/3 (3)

Secondly, the flow of air through a heat sink is inves-
tigated. For simplification of analysis, only rectangular fin
heat sinks were investigated. As the spacing between fins
is typically much smaller than the height of the fins, it is
approximated that the flow is similar to that between parallel
plates of infinite length. In this instance, the Nusselt number
is defined as:

q"(x) D
k[To = Ton ()]

Where ¢’(z) is the total heat transfer rate, Dy, is the
hydraulic diameter of the system, 7y is the ambient tem-
perature, and T, (z) is the surface temperature of the heat
sink. These convection calculations are combined with the
conduction through the fins to create a single lumped thermal
resistance parameter to represent the heat sink behaviour. This
is integrated into the machine model.

Directly mounting the heat sink to the housing limits the
available surface area. Utilising heat pipes enables a remote
heat sink with a greater base plate surface area, which allows
for improved thermal resistance characteristics. For machine
modelling, heat pipes can be simplified to a single lumped
thermal resistance [12]. Conceptual visualisations for the two
cooling methods being investigated are shown in Figure 9.

Nu, = “4)

Fig. 9: Representative arrangements for the heat sink con-
cepts investigated in this paper (Not to scale). A single
representative portion of the heat sink is shown, with the
final model investigating this as being patterned around the
machine housing. Components are: 1) Air Flow; 2) Heat
Sink; 3) Motor Housing; 4) Heat Pipes. Left: finned heat sink
attached to stator housing; Right: Remote heat sink connected
to housing using heat pipes.

VIII. LUMPED PARAMETER THERMAL NETWORK
RESULTS AND DISCUSSION

The LPTN was used to simulate the thermal behaviour of
the of the machine in isolation with a finned stator housing,
an IMD with a finned housing, and an IMD with remote fins
connected by heat pipes. Removal of the heat sink to the

rear of the rotor allows for a change in the aspect ratio of
the heat sink, as well as for an increase in heat sink volume
that may be less impactful on the overall motor geometry.
The combination of the aspect ratio change, and the volume
increase would allow for a reduction in the thermal resistance
of the heat sink, thus improving the thermal capabilities of
the machine.

The cooling systems are analysed for air flow rates
up to 40m/s, with air inlet temperature of 27°C, as these
are comparable flows to velocities seen in automotive ap-
plications. Velocities beyond 40m/s are not investigated
due to the diminishing returns apparent at higher air flow
rates. Temperature limits for SiC devices and motor insulation
are important for determining peak power. These are shown
in the presented results, and used to calculate peak power
given in Section VIII-D.

A. YASA Machine with Stator Mounted Heat Sink

Housing fins on the machine outer diameter are used to
develop a baseline for the machine performance at varying
air flow velocities. Figure 10 shows the machine can achieve
up to 10kW in isolation from the power electronics at 12m/s
air flow rate.
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Fig. 10: Thermal behaviour of the machine various power
ratings when cooled using stator housing fins. Includes the
machine temperature limit of 180°C.

B. IMD with Stator Mounted Heat Sink

From the results shown in Figure 11, the IMD with
housing fins can operate at a maximum power rating of SkW
with 12m/s air flow rate. This increases to 7.5kW when the
air flow velocity is increased to 25m/s.

C. Optimised Remote Heat Sink

For the analysis, a heat sink was optimised for the
footprint allowable in the remote application. This was found
to have a fin height of 8cm. Figure 12 shows the results with
this heat sink. As is shown, the IMD is predicted to be capable
of achieving up to 7.5kW with air flow rates of 10 m/s, and
up to 12kW for air flow rates of 36m/s.
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D. Cooling System Sizing

As shown, the achievable power rating of the system
decreases by 27% through the integration of the drive with
the machine whilst maintaining the same cooling method.
Analysis of the results for machine temperatures at different
power ratings suggests that using the proposed configuration,
the peak performance of the machine does not increase above
10kW. This is predicted to be limited by the contact surface
area of the heat sink and heat pipes with the stator coils.
It is useful to provide a comparison of the machine power
ratings at varied air flow velocities. This is given in Figure 13.
Here, the isolated machine performance is compared with and
without a stator heat sink. A 10kW power rating is achievable
without a heat sink at 36m/s air flow rate, where 10kW is
achievable at 12m/s when the heat sink is applied, and a peak

power rating of 11kW is achievable at 36m/s. Furthermore,
the IMD configuration is investigated both using the same
heat sink as the isolated motor, and a range of heat sinks
based on the modified aspect ratio achievable using heat
pipes, with volumes between that of the ”equal volume” heat
sink, and the optimised heat sink. It is shown that the peak
power rating achievable using the stator heat sink is 8kW
at 36m/s. Using a heat sink of equal volume, but modified
aspect ratio allows the power rating to increase to 10kW at
36m/s, whilst increasing the volume of the heat sink again
achieves 10kW, but at the lower flow rate of 2.5m/s, and a
peak power rating of 12kW at 36m/s.

130km/h
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Fig. 13: Peak power for each machine configuration as a

function of air flow velocity over the heat sink, with air flow
velocity at 36m/s or 130km/h shown.

The primary aim of this model is to demonstrate that air
cooling is a viable method for cooling a YASA IMD. It is
shown that by utilising a remote heat sink at a location where
the heat sink can be enlarged, the power rating compared to
the machine in isolation can be matched, and exceeded. The
results provide evidence that this model might be used as a
starting point in the design of an air cooled YASA IMD with
high power density.

IX. CONCLUSIONS

In this paper, a LPTN is discussed and developed for a
YASA AFPM motor and IMD, including modelling of the
air-gap heat transfer correlations. Loss data from magnetic
and electrical FEM simulations are provided as inputs to the
model. The model is run using thermal resistances for heat
sinks modelled at varied air flow velocities, comparing the
machine in isolation to the IMD. Introduction of the IMD is
found to reduce the peak power of the machine by 27%, and
to achieve the same power rating as the isolated machine, the
IMD must utilise a remote heat sink with a modified aspect
ratio. It is estimated that the heat sink can be enlarged to 2x
the original volume by utilising heat pipes to redirect heat to
an alternative location. Using this configuration, it is found
that a steady state power rating equal to that of the machine
in isolation is achievable at similar air flow velocities.
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