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ABSTRACT

This paper proposes a novel self-cooling solution for surface-mounted permanent magnet machines, which are widely used in

various industry sectors. By properly designing a propeller and integrating it into the rotor structure, leading to a blade-

structured rotor design, the self-cooling capability is achieved without the need for rotor wafters or rotor mounted fans.

When rotor rotates, the cooling air (coolant) is drawn into the machine through inlets and expelled from the outlets, both inlets

and outlets can be in the endplates or in the housing. During this process, air will thoroughly contact various internal com-

ponents, such as end-windings, stator and rotor iron cores, along its flow path. As a result, internally generated heat in the

windings and in the rotor mounted permanent magnets will be removed effectively. The study focuses particularly on the hot

spots (locations with highest temperature) along the airflow path, such as the end-windings and permanent magnets. Different

factors that affect the efficacy of this self-cooling solution, such as the number of propeller blades, position and size of inlets and

outlets and rotor rotational speeds, are studied and compared. These studies are initially based on 3-dimensional computational

fluid dynamic models and later validated through a series of experiments.

1 | Introduction

Permanent magnet (PM) machines have become increasingly
prevalent in industries, such as electrical and hybrid electrical
vehicles, renewable energies and aerospace, due to their many
advantages over conventional wound field and induction ma-
chines. For example, PM machines generally boast a simpler
structure, smaller size, lighter weight and greater efficiency.
However, PM machines experience various types of operational
losses, including copper losses, iron losses, PM eddy current loss
and mechanical losses. These losses are heat sources inside
electrical machines that contribute to temperature rise within
different machine components such as windings and PMs. This
is particularly problematic for PMs as the rare earth materials

used in PMs are highly sensitive to temperature rise [1] and
high-temperature environments can degrade their magnetic
performance [2], thereby decreasing the machine's efficiency
[3]. As a result, effective thermal management for high power
density PM machines becomes critical for maintaining their
optimal performance [4-6].

It is well-established that the most widely adopted cooling so-
lutions in industry and academia are based on heat transfer
through conduction and/or convection, as for the heat radiation
to be effective, it requires large temperature gradient (> 100°C)
that often does not exist inside electrical machines. There are
two types of convection heat transfer modes, that is, natural
convection and forced convection. To enhance the heat transfer
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by natural convection, housings with additional fins are
employed to increase the interaction between the machine and
the surrounding air [7]. Potting materials are inserted into the
gap between the housing and stator to improve thermal con-
ductivity [8]. Similarly, heat pipes are embedded in the slots to
facilitate heat dissipation from the windings to the exterior [9].

In addition to natural cooling methods, forced air or liquid
cooling is also widely employed in industrial applications. This
is because high power density working conditions, such as high
rotation speeds, generate significant heat inside machines,
necessitating the use of forced cooling techniques [10]. One
effective forced cooling solution is the flooded or semiflooded
stator, where the air inside the machine is replaced with fluid,
which has a higher heat transfer coefficient (HTC) [11]. This
approach allows heat to be dissipated more efficiently. Addi-
tionally, water jacket cooling is a widely used and highly
effective method for dissipating heat by integrating it with the
machine housing, particularly for removing the heat generated
in the stator [12]. Another common forced cooling method in-
volves mounting an additional fan onto the rotor shaft. As the
rotor rotates, the fan generates an axial airflow, allowing cold air
to circulate through the machine's interior [13]. This rotor
mounted fan cooling is highly effective but requires additional
space within the machine's structure to install the cooling fan
[14]. For instance, using an extra fan for cooling necessitates
dedicated areas on both sides of the shaft, increasing the overall
axial length and hence the machine size [15, 16]. This is prob-
lematic in applications demanding high power (and torque)
density, such as electric vehicles, where space is limited. Addi-
tionally, forced cooling can introduce extra losses. For example,
a flooded stator system requires power to pump cold fluid in and
out of the machine, causing frictional head losses [17]. There-
fore, a forced cooling solution that minimises impact on power
density while maintaining an acceptable loss level is
needed [18].

To address the above challenges, a flux switching PM machines
with self-cooling capability has been developed in Ref. [15],
where extra fan blades are integrated into the rotor teeth,
leading to aerofoil shaped rotor, which helps generate axial
airflow as the rotor spins. For outer rotor PM machines, spiral
grooves on the outer rotor's inner surface create axial airflow to
dissipate heat [19]. However, these solutions are not applicable
to surface-mounted permanent magnet (SPM) machines and
interior permanent magnet (IPM) machines, which are two
main machine topologies widely adopted in machine industry.
The design of installing NASA-2412 aerofoil blade structures
inside the rotor can achieve self-cooling capability. However,
due to the limitations of the NASA-2412 aerofoil blade structure,
such as small axial length, its applicability is not widespread and
is not suitable for machines with a longer stack length [14]. This
paper explores the possibility of integrating a propeller into the
rotor iron core, essentially between the shaft and the rotor core,
in order to achieve a SPM or IPM machine with self-cooling
capability. For simplicity, only SPM machine has been chosen
for proof of concept as shown in Figure 1. The internal structure
of the propeller-like rotor draws in cold air through the inlets on
the end-cap during rotation. The airflows through machine
components such as the end-windings and the outer side of the
permanent magnets, enters the interior of the rotor and is then

N
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FIGURE 1 | Exploded view of the SPM machine with blade rotor for
self-cooling capability.

expelled through the outlets on the opposite end-cap. To
investigate its cooling efficiency, numerous computational fluid
dynamics (CFD) simulations will be conducted in this paper and
the numerical results will be validated by experiments.

2 | CFD Modelling of Self-Cooling Machine
2.1 | CFD Modelling

In CFD simulations related to engineering airflow, one of the
biggest challenges is turbulence, as the reliability of turbulence
modelling directly affects the accuracy of CFD results, making it
extremely important. Generally, there are three methods used for
establishing turbulence models: direct numerical simulation
(DNS), Reynolds-averaged Navier-Stokes equations (RANS) and
large eddy simulation (LES) [20]. These methods are applied
based on different requirements for degrees of freedom in the
solutions, and their computational costs can be simply stated as
LES < RANS < DNS. Since the fluid field within electrical ma-
chines is typically turbulent, the use of these models is unavoid-
able [21]. LES is widely used in simulating the fluid field of
electrical machines due to its relatively short computation time.
In addition to LES, this paper also employs a k-w turbulence
model with a shear stress transport (SST) formulation, which
directly acts on the wall surface of the model through the viscous
sublayer. This reduces the model's sensitivity to free-stream tur-
bulence at the inlet, thereby improving the model's stability [22].

In addition, in industrial CFD modelling, the moving reference
frame (MRF) method is commonly used to model challenges
involving rotating parts [23]. This method is efficient and re-
quires relatively low computational power, making it suitable
for most industrial applications. The MRF method is based on a
straightforward and elegant principle: during the meshing
phase, a small volume of grid cells is created around the rotating
body, forming the MRF region. During the simulation phase,
the MRF region rotates around the axis of the rotating body,
whereas the body itself remains stationary. The governing
equations are solved in a reference frame that moves at the same
speed as the rotating geometry. Physically, this approach allows
us to observe the flow field around the moving object as if we
were situated on it, resulting in a stable flow field around the
geometry [24]. These principles will be employed for the pre-
dictions of fluid behaviour of the proposed SPM machine with
self-cooling capability in this paper and will be elaborated
further in the following sections.
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It is worth noting that the CFD models developed in this paper
use cubic meshes with small volumes (< 0.5 mm) to ensure the
accuracy of the simulation results. Additionally, to save
computation time, all models were built using a 1/3 scale, and
rotational periodic boundary conditions are applied to simulate
the operation of a full motor model. To enhance the sensitivity
of components, such as the PM and end-winding to temperature
changes in the air domain, additional inflation layers are created
on their surfaces. These inflation layers are divided into seven
layers, with the smallest mesh layer being 0.1 mm.

2.2 | Machine Structure and Material Properties

The SPM machine adopted in this paper can be seen in Figure 1.
Its key specifications are listed in Table 1. The thermal char-
acteristics of the machine components are shown in Table 2 and
the coolant (air) characteristics are as follows: density is 1.185
kg/m?3, thermal conductivity is 0.0261 W/m - K, dynamic vis-
cosity is 1.831 x107°Pa-s and specific heat capacity is
1.004 x10%J/kg - K. It is worth noting that air is treated as an
incompressible fluid in the simulations. To simplify the CFD
modelling, thermally anisotropic materials were introduced in
the coils to represent the mixture of copper and impregnation in
the stator slots. The HASHIN approximation was used to
calculate the anisotropic thermal conductivity of this material
[25]. It was assumed that the slot filling factor was 0.4 for all the
machines studied, and the conductivity perpendicular to the
direction of the current was 0.65 W/m-K, whereas the conduc-
tivity parallel to the direction of the current was 160 W/m-K.
The average density is 4269 kg/m® and the average specific heat
capacity is 1174 J/kg-K.

TABLE 1 | Parameters of SPM machine.

Slot number 12
Pole number 10
Stator outer radius (mm) 45
Rotor outer radius (mm) 26.5
Airgap length (mm) 1
Magnet thickness (mm) 3
Stack length (mm) 50
DC voltage (V) 72
Rated RMS current (A) 7.07
No of turns per coil 35
Rated speed (rpm) 3000

TABLE 2 | Properties of machine solid components.

Housing Rotor/stator Magnet Shaft

p (kg/m?) 2790 7650 7500 7800
A (W/m - K) 168 30 7.6 52
¢ (J/kg-K) 833 460 7500 460

Note: p, A and c denote the density, thermal conductivity and specific heat
capacity, respectively.

Another important structural design aspect is the size and po-
sition of the inlets and outlets, which will determine the speed
and direction of the inflow and outflow of the coolant (air),
thereby affecting the cooling efficiency. This paper employs two
different inlet/outlet designs, that is, axial inlet/outlet and radial
inlet/outlet. As shown in Figure 2a, the axial design has the top
edge 8 mm from the housing boundary and the bottom edge
30 mm from the shaft centre, positioned directly in front of the
end-windings (EWs). As shown in Figure 2b, the radial design
has the top edge 12 mm from the end-cap boundary and the
bottom edge coinciding with the stator boundary positioned
directly above the EWs. Both designs effectively allow sufficient
contact between the air and the EWSs, and the comparison of
their impact on cooling efficiency will be discussed later in the

paper.

In this paper, the structure of the rotor is one of the most
important design factors. For rotors with integrated propellers
to achieve self-cooling capability, the key design factors are the
number of blades, their thickness and the span angle of each
blade. In this paper, 5 different blade thicknesses ranging from 1
to 5 mm were studied and compared. In rotor structure, all
blades are evenly distributed, with the total span angle not
exceeding 360°. This is to ensure that the blades do not interfere
with the airflow compressed by the other blades. As example,
Figure 3 shows the rotor structures with 2-5 blades, other
number of blades up to 7 will also be studied, as will be dis-
cussed later in the paper. All the blades used in this study are
2 mm thick and their height is 12.5 mm. It is also worth noting
that as the primary focus of this paper is to demonstrate the
effectiveness of the self-cooling concept, the blade shape was
simplified and derived from a basic fan design commonly used
in fan-like applications. Specifically, the blade geometry was

:Axial inlet/outlet

Radial inlet/outlet
location

®)

FIGURE 2 | Locations of (a) axial inlet/outlet and (b) radial inlet/
outlet.
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© (d

FIGURE 3 | Rotor designs with different numbers of blades. (a) 2
blades, (b) 3 blades, (c) 4 blades and (d) 5 blades.

generated by sweeping a rectangular profile along a spiral path
using SolidWorks 2023. Although more optimised and efficient
blade designs could further enhance the cooling efficiency of the
proposed system, these will be explored in future studies. In
addition, the rotor can rotate in both clockwise and counter-
clockwise directions with the same cooling efficiency.

Compared to traditional SPM machines, the addition of fan
blades inside the rotor in this design may affect the mechanical
stability of the machine at high speeds. Therefore, a study using
ANSYS mechanical to analyse the deformation and surface
pressure of blades with different thicknesses at varying rota-
tional speeds has been conducted. The results have shown that,
at speeds below 10 x 10° rpm, the rotor radial deformation is in
the nanometre range and the rotor surface pressure is well
below the material's yield stress. As a result, it is concluded that
the mechanical structure is stable at speeds under 10 x 10° rpm.

2.3 | Windage Loss

Windage loss of a machine, also known as the wind erosion,
refers to the power absorbed by the fluid surrounding the rotor
due to the relative motion between the rotor and the stator [26].
As a result, the presence of windage losses deteriorates the ef-
ficiency of the machine since these losses cannot be converted
into useful energy [27]. Another undesirable and sometimes the
most important characteristic of wind erosion is that the
absorbed energy is converted into heat, which raises the tem-
perature of the rotor [28].

In this design, as the rotor draws air in and expels it while rotating,
air drag will be produced on its surfaces, especially at the fan blade
surfaces. This air drag generates additional heat in the rotor. In a
typical SPM machine, it is challenging to cool the rotor mounted
PMs as most of the heat (generated due to PM eddy current loss)
conducts from rotor core to the shaft, which is not an effective
heat removal path. In this case, the additional heat generated due
to windage loss would make the PM cooling even harder.
Consequently, the windage loss cannot be neglected in this

design. Accurately predicting the windage losses of the proposed
machine is crucial for assessing its feasibility.

The prediction method for drag force is now very mature, with
the drag coefficient being the most vital parameter. The drag
coefficient is a number that aerodynamicists use to model
complex dependencies of drag on shape, inclination and various
flow conditions. This coefficient is derived from a rearrange-
ment of the drag equation, solving for the drag coefficient in
terms of the other variables. The drag coefficient Cq4 can be
calculated as follows:

Cq = zi’ ®
oV2A/2

where F; is the drag force (N), p is density of air, V' is the flow

velocity (m/s) and A is the characteristic frontal area of the body

(m?), referring to the area in the rotor, that is, perpendicular to

the airflow.

The drag coefficient of different objects is mostly determined
through experiments and is used to predict the drag force on
common bodies. From Equation (1), it is found that the drag
force depends on air velocity and the characteristic frontal area
of body. Although the air drag force can also be obtained from
Ansys CFX simulations, this prediction serves as a validation of
the windage loss results from the simulations. Specifically, the
windage loss was calculated and included as part of the total
thermal load in our CFD model, ensuring its influence on local
temperature fields is accurately represented.

2.4 | Boundary Conditions

The boundary conditions for the walls in the CFD model were
all set to no-slip walls, meaning there is no slip between them
(the relative velocity is 0 m/s). However, it is worth noting that
the machine's housing and end-cap are connected to room
temperature (25°C), so it is necessary to apply the heat transfer
coefficient (HTC) to the outer wall surfaces. One of the most
common ways to calculate the convective heat transfer coeffi-
cient is using the Nusselt number (Nu), which is a dimension-
less number that relates the convective to conductive heat
transfer across a boundary. The general form of the equation is
as follows:

, @)

where h is the convective heat transfer coefficient [W/(m?-K)],
Nu is the Nusselt number (dimensionless), k is the thermal
conductivity of the fluid [W/(m-K)] and L is the characteristic
length (m).

The Nusselt number can be determined using empirical corre-
lations that depend on the flow conditions. The flow type can be
determined by calculating the Reynolds number:

_pvL
"

R, 3
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where R, is Reynolds number (dimensionless), v is velocity of
the fluid (m/s), L is characteristic length (m) (such as diameter
in pipes or length in channels) and u is dynamic viscosity of the
fluid (Pa-s).

Some common correlations between Nu and R, can be seen
below [22].

1 1
0.664 - R,2 - P,3, R, < 2000

_ 1
Nu=10037.R % . P,3,2000 < R, < 4000, 4)

0.023 - R,*% - P,%3 R, > 4000

with

p=—", 5)

where C is specific heat capacity at constant pressure [J/(kg-K)].

Through calculations, the HTC of the end-cap’s outer wall is
determined to be 10.7 W/(m*K), whereas the HTC of the
housing's outer wall is 12 W/(m*K). Additionally, it is impor-
tant to note that to better simulate the room temperature
environment, an extra air domain was set up around the ma-
chine. The boundary conditions for this air domain were set to
25°C and six times the atmospheric pressure.

2.5 | Mesh Sensitive Test

It is well-established that the mesh quality is critical in CFD
modelling. Generally speaking, smaller mesh size would
improve the accuracy of the predictions. However, if the mesh
size is too small, the simulation will be prohibitively computa-
tionally expensive. To achieve a good balance between the
simulation time and accuracy, a mesh sensitive analysis has been
conducted in this section. The impact of mesh size on the nor-
malised temperature and normalised calculation time has been
investigated as shown in Figure 4. It is worth noting that the air
region is the most critical part for the CFD models, thus the
analysis focuses on the mesh size within this region. The results
indicate that reducing the average mesh size from 4 to 0.1 mm?
(with the maximum mesh length decreasing from 5 to 1 mm)
significantly increases the number of mesh elements by more
than eight times and the computation time by approximately

1.005 T T T T T 5
o

o
2 10 £
2 14 %
[ ]
g 0.995 =
£ 13 3
2 o099t T
s o
% 0.985 | J Mesh used in this paper. ‘ 12 E
E s
g 0.98 I —6— Normalized temperature {11 €
) —=&— Normalized calculation time zo

0.975 & . . . . . 0

0 12

2 4 6 8 10
Number of mesh element for air part 105
X

FIGURE 4 | Normalised maximum temperature and calculation time
at different number of mesh elements (and different mesh sizes).

3.9 times. However, the temperature variation is only 0.4%.
Therefore, the mesh size selected in this study represents a
reasonable compromise between model accuracy and computa-
tion time. As a result, a final decision has been made such that
the machine's CFD model consists of 273,920 mesh elements
and the number of mesh elements for air region is 106,869.
The time step is variable, averaging around 1-2 s. The model is
solved over 3000 iterations, requiring approximately 15 h on
eight processors.

3 | Results and Discussion

Since forced air-cooling system is employed, the temperature-
varying properties of air (especially density and dynamic vis-
cosity) can be neglected. In addition, the compressibility of air is
also negligible. A uniform fully developed airflow is introduced
into the investigated machines with a mass flow rate of 0.48
kg/s and an inlet temperature of 25°C. For the forced cooling
systems, the gravitational effect has been neglected. Therefore,
the circumferential symmetry of the SPM machine leads to a
circumferentially symmetric distribution of the flow field and
heat transfer. In this case, a one-third (120°) segment is simu-
lated for 3D CFD modelling. It is worth noting that the axial
domain lengths both upstream and downstream of the machine
are approximately 2 times and 3.5 times the machine length,
respectively, to achieve a fully developed flow profile. This
prevents the model from having unwanted ‘backflow’ that can
cause poor convergence and inaccurate results.

As an example, Figure 5 shows the CFD simulation results of 3-
blade rotor at a rotor speed of 3000 rpm. Since the flow rate is
constant, a very high air velocity is reached due to the small

Inlet side EW

Outlet side EW

524 553 582 61.2 64.1 67.0 69.9 I72.9 75.8 ‘78.7 817 846 875
P W T VS Ty v vy n .

Temperature [C]

(@

Inlet side

Outlet side

63.2 65.7 68.3 J70.9 J73.4 J76.0 J78.5 I81.1 83.6 I86.2 f38.7 91.3 93.8
" L

Temperature [C]

(®)

FIGURE 5 | (a) Winding temperature distribution and (b) rotor
temperature distribution of a 3-blades rotor.

50f 13

d ‘1 °STOT ‘6L981SLT

Y wouy

ASULIIT SUOWWO)) aANEAI) d[qedridde ayy £q pauraA0S aIe saponIe YO (AN JO SI[NI J0J AIRIQIT SUIUQ AJ[TAY UO (SUONIPUOI-PUB-SULIA) WO KI[IM" AIRIqI[RUT[U0//:sd1Y) SUONIPUO)) Pue SWISL, Y1 23S *[670T/60/6T] U0 A1e1qr duruQ KoM ‘A TAIAITHS JO ALISYAAINN Aq 8800L 2A12/6+01°01/10p/wod" Kaim-’A:



inlet and outlet areas. The stator components benefit from the
ventilated air, resulting in lower temperature, especially at the
end-windings. For instance, as shown in Figure 5a, the inlet-
facing part is more efficiently cooled, with a temperature of
52.4°C, whereas the outlet-facing part has the highest temper-
ature, reaching 87.5°C. Moreover, the rotor component shows a
slightly higher peak temperature, that is, 93.8°C as shown in
Figure 5b. It is also found that the PM temperature decreases
towards the blades, and the closer it is to the blades, the lower
the temperature will be, with the lowest PM temperature being
around 80°C. This is because the main heat-conducting path for
PMs is from the blades to the shaft. In addition to this heat
transfer through conduction, cold air from the inlet can also
remove heat from the PM through forced convection. The
presence of the blades increases the exchange surface area be-
tween the cold air and the rotor, acting as cooling fins and
helping cool the PMs.

3.1 | Comparison Between the Self-Cooling
Scheme With a Baseline External Fan-Cooled
Machine

The baseline machine is shown in Figure 6; the model depicts
the one-third representation of an external fan-cooled machine
used for comparison with the self-cooling design proposed in
this paper. To simulate the function of an external fan, the same
pressure differential generated by the self-cooling rotor at the
corresponding rotational speed is applied to the inlet and outlet
located on the machine's end cap. For instance, at a rotational
speed of 3000 rpm, the self-cooling design produces an
approximate pressure difference of 20.3 Pa between the inlet
and outlet. Accordingly, the inlet is set to a static pressure of
20.3 Pa, while the outlet is set to 0 Pa. This setup effectively
mimics the airflow driven by a fan, blowing air from the inlet
towards the outlet at a comparable velocity.

As a result, even though the inlet airflow velocity remains the
same as in the self-cooling design, the overall cooling effec-
tiveness differs due to the restricted airflow pathway.

As shown in Figure 7, the maximum PM and EW temperatures
under both cooling strategies are plotted across various rotational
speeds. It is evident that, at all speeds, the forced-air cooling
system yields higher temperatures than the self-cooling system,
and the temperature difference increases with speed. As the
machine speed increases, the thermal performance gap between
the self-cooling rotor design and the external fan-cooled system
becomes more pronounced. This divergence is primarily due to

| Normal rotor |

FIGURE 6 | 1/3 model of the baseline external fan-cooled machine.

the limited airflow passage in the external fan-cooled configura-
tion, in which the only path available for air to flow from the inlet
to the outlet is through the narrow airgap. This restricts the
effective utilization of increasing airflow at higher speeds. In
contrast, the integrated self-cooling structure not only enables
more direct and efficient airflow pathways (through the inte-
grated fan blades) but also incorporates fan blades that enhance
local heat dissipation, especially from critical components such as
the PMs and EWs. Consequently, with higher speeds and greater
heat generation, the self-cooling scheme scales more effectively,
whereas the external fan-cooled system becomes increasingly
constrained by its structural limitations.

3.2 | Influence of the Rotor Blade Dimensions

The CFD simulations have shown that varying the blade
thickness did not lead to a significant improvement in cooling
performance. For example, when using blades with a thickness
of 2 mm, the maximum PM and EW temperatures were 93.8°C
and 87.5°C, respectively. Increasing the thickness to 3-5 mm
only caused a slight temperature variation of around 2°C. This is
because, for fan-blade structures, increasing blade thickness
does not significantly change the airflow rate, but it does in-
crease blade weight and mechanical load. A 1 mm thickness was
considered structurally insufficient due to potential mechanical
weakness. Therefore, a 2 mm blade thickness was ultimately
selected as the most appropriate compromise in this study.

However, it is found that the blade height has a pronounced
impact on the self-cooling performance. As illustrated in
Figure 8, the definition of rotor height refers to the radial
dimension of the blade, with the rotor's inner surface at the PM

“w
an
<

= = =Fan cooling PM Temperature
— — —Fan cooling EW Temperature ’
Self-cooling scheme PM Temperature ’
Self-cooling scheme EW Temparature | ,

Maximum temperature (°C)

50 L L
0 1000 2000 3000 4000 5000 6000 7000 8000
Rotation speed (RPM)

FIGURE 7 | Maximum PM and EW temperatures comparison
between the proposed self-cooling scheme and the baseline fan-cooled
cooling scheme.

FIGURE 8 | Height of the rotor blade.
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remaining unchanged. Increasing the blade height effectively
reduces the solid portion of the rotor and enlarges the volume
available for airflow. As shown in Figure 9, the maximum PM
temperature initially decreases and then slightly increases with
blade height. At 0 mm height (i.e., a conventional solid rotor),
the maximum PM temperature is 150.9°C. As the height in-
creases to 10.5 mm, the temperature rapidly drops to 93.65°C,
and with further increases up to 18 mm (where the blades
directly connect to the shaft), it gradually rises to 99.3°C. For the
EW, the maximum temperature continuously decreases with
increasing height, dropping from 123.3°C at 0 mm to 86.5°C at
18 mm. This trend is due to the fact that with small blade
height, the solid core portion of the rotor blocks the airflow
path, reducing flow rate and heat transfer. As the blade height
increases, this obstruction lessens, allowing better airflow and
enhanced cooling. However, beyond a certain height (e.g.,
15 mm), further increases primarily affect the root region of the
blade and do not significantly enhance airflow. Moreover, taller
blades may reduce the direct contact area between the cold air
and the PM-facing rotor wall, which can slightly worsen PM
cooling beyond this height.

Therefore, in this paper, a blade height of 12 mm was selected as
an optimal balance, effectively enhancing the cooling of both
the PM and EW regions under the self-cooling configuration.

3.3 | Influence of Different Numbers of Blades

Blades serve a dual function in the self-cooling machines, acting
both as fan blades to generate airflow and as heat conduction
paths between the PM and the shaft. When blade number
changes, the cooling efficiency for EW and PM will be changed.
Figure 10 shows the relationship between the number of blades,
maximum PM and EW temperatures and axial airflow rate. It is
found that, when the number of blades increases, the maximum
PM temperature decreases continuously from 111.5°C to 87.5°C.
The most significant drop occurs when the number of blades
increases from 1 to 2, followed by a slower decline as more
blades are added. The EW temperature initially decreases as the
number of blades increases from 1 to 3, dropping from around
103°C-87°C. After this minimum, the temperature rises again,
peaking at 111°C with 7 blades.

The axial airflow rate behaves very much opposite to the EW
temperature. For instance, it first increases, reaching a peak of
nearly 86 L/min when the number of blades is 2 or 3, and then

T T T
—O6—PM temperature
—&—EW temperature

160

Maximum temperature(°C)

15 18

6 9 12
Rotor blade height(mm)

FIGURE 9 | PM and EW temperatures versus rotor blade height.

decreases steadily. For example, with 5 blades, the airflow rate
drops to 54.7 L/min, which is lower than the 66.6 L/min
observed with 4 blades. However, despite the reduced airflow,
the cooling effect remains stronger with 5 blades for the PM
temperature due to the increased surface area in contact with
the air (8689.5 mm? compared to 6952.4 mm? for the 4-blade
design as shown in Table 3). This increase in surface area en-
hances the heat removal capability, contributing to lower PM
temperatures.

Considering both the PM and EW temperature trends, the
optimal number of blades for this design is 3 or 4. However,
since adding more blades increases windage losses in a fan-like
structure, the final design uses 3 blades. This choice balances
cooling efficiency and minimises losses, ensuring optimal tem-
perature reduction while maintaining efficient airflow dy-
namics, leading to improved overall cooling performance.

3.4 | Influence of Different Rotor Speeds

In addition to the number of blades, the rotor speed is also an
important factor that determines the cooling capability of the
proposed design in this paper. In theory, increasing rotor speed
will increase the airflow rate, leading to enhanced self-cooling
capability. However, it also leads to increased losses, such as
stator and rotor core losses, PM eddy current losses and windage
loss within the electrical machines [29]. These losses are heat
sources inside electrical machines and will contribute to ma-
chine temperature rise. As a result, when increasing the rotor
speed to enhance self-cooling capability, special attention must
be paid to the potential impact on temperature variation of the
various machine components [30].

The total losses in a PM machine can be approximated by sum-
ming up the individual losses, that is, copper loss—P,,, core losses
—Pcore, PM eddy current loss—Peqdy and windage losses—Prech,
such as

115 ! . 20
= —6—PM temperature
[8) —&—EW temperature| /
% 110 —A— Air flow rate 8 =
E E
2105} 173
: <
g 2
£ 100 160 =
g z
E o) 1502
g =
- <
3 90f I
=

85 30

3 4 5
Number of blades

FIGURE 10 | Peak PM and EW temperatures and axial airflow
versus blade number.

TABLE 3 | Angle per blade and total blade surface area.
2-blade 3-blade 4-blade 5-blade
Blade span angle (°) 180 120 90 72
3758.6 48109 69524  8689.5

Surface area (mm?)
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Piota1 = Pey + Peore + Peddy—mag + Pechs (6)
with

Poy = 3RI?
Peore = KnB2f + Ke(Bf)* + Ke(Bf) %)
Peddy = km(Bmfd)2 ’

2
Prech = kmech s

where I is the phase rms current and R is the phase resistance;
K, K. and K, are the coefficients of hysteresis loss, classical
eddy current loss and excess eddy current loss, respectively, and
B is the peak flux density and fis the frequency; k;, is a constant
related to the material properties and geometry and d is the PM
thickness; kpnecnh iS @ mechanical loss constant and w is the
angular velocity.

The calculated losses versus motor speed are shown in
Figure 11. As for windage loss, at low speeds (< 4000 rpm), it is
very small (< 1 W) compared to the PM eddy current loss and
stator and rotor core loss. However, as the motor speed in-
creases, the windage loss increases.

As mentioned above, increasing rotor speed can increase the
rotor generated wind speed. However, in practice, this rela-
tionship is influenced by several factors, including but not
limited to the shape and size of the fan blades, the air resistance
and the turbulence [29, 31]. In this paper, a simplified empirical
formula is used to estimate the relationship between rotor speed
and the wind speed

V; = KaD, ®)

where V7 is the wind speed, K is the constant related to shape of
the fan blades and the efficiency of the fan and D is the diameter
of the fan blades.

Moreover, the flow rate created by the rotor rotation is

7D?
mysg = TVf. (9)

Figure 12 shows the flow rates in the machine against the rotor
rotation speed calculated by using Equation (9) and CFD
modelling. Both results match well, and as expected, when rotor
speed increases, the flow rate increases.

400 | —»— Core loss i
—©—PM eddy current loss

—&— Windage loss

0000-6=8=8—5"5 o ¢

0 200 4000 6000 8000 10000
Rotation speed (rpm)

FIGURE 11 | Various losses versus rotor speed.

In addition, as mentioned previously, a 3-blade design has been
used for the investigations, so the constants, such as K and D,
can be achieved, that is, K is 0.007 and D is 0.049 m. As a result,
the relationship between the rate of heat transfer and the mass
flow rates can be established such as

Q=m-C,- AT, (10)

where Q is the rate of heat transfer and m is the mass flow rate
of the air, which is my X p, where p is the air density. C,, is the
specific heat capacity of the air and AT is the temperature dif-
ference between the incoming cold air and the machine being
cooled.

Figure 13 illustrates the relationship between rotation speed and
the maximum temperatures of PM and EW. For PM maximum
temperature, it starts from high (215.3°C) at low rotation speed.
Then, as the rotation speed increases, the temperature drops
sharply, reaching its lowest value at around 2000 rpm. After
that, the temperature rises with increasing rotation speed,
reaching 286.3°C at 10,500 rpm. The EW maximum temperature
shows the same trend as the PM, it is 158.4°C at low rotation
speed, then it drops rapidly, reaching its minimum (approxi-
mately 60°C) at around 2000 rpm. The temperature gradually
increases with the rotation speed, reaching about 150°C at
10,500 rpm. It is noted that, for both PM and EW, the best
cooling effect happens within the range between 500 and
2000 rpm, where the fan blade can generate sufficient airflow
with relatively low losses in the PM and EW. In the high-speed
range, the losses generated exceed the cooling capacity of the
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FIGURE 12 | Flow rate against rotation speed calculated by CFD and
Equation (9).
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fan-blade rotor, leading to elevated temperatures in both PM
and EW.

Based on the above analyses, for the PM machines with self-
cooling capability investigated in this paper, maintaining the
speed below 4000 rpm (rated speed is 3000 rpm) achieves
optimal cooling efficiency. At this speed, the temperatures of
both the EW and PM can be maintained at relatively low levels,
whereas the resulting windage loss remain minimal.

3.5 | Inlet and Outlet Locations

The design of the inlet and outlet is also critical for thermal
management and overall cooling efficiency of the investigated
machine with self-cooling capability. These inlets and outlets
facilitate the flow of cooling air through the machine, ensuring
that heat generated by the windings and PMs is effectively
dissipated, thereby preventing overheating.

As mentioned previously, there are two main locations for
placing the inlet and outlet, that is, axial design with inlet/outlet
on the end-caps and radial design with inlet/outlet on the
housing as shown in Figure 2. For all these designs, the inlets
and outlets are directly facing the EW, minimising obstructions
and maximising the cooling effect as cool air enters and hot air
exits the machine. The shapes of these inlets and outlets are
designed to enhance airflow through the EW, maximising the
contact area between the cool air and the EW. Combining these
configurations results in four different housing designs as
shown in Figure 14.

It is worth noting that this paper also examined the shapes of
the inlet and outlet. The study found that using curved edges
(see Figure 14) for the inlet/outlet in the endcap significantly
improves airflow efficiency, thereby enhancing the cooling ef-
fect. However, as the space constraint, detailed results and ex-
planations are not included in this paper.

Figure 15 shows vector diagrams of air velocities for various
designs, with inlets being positioned on the left and outlets on
the right. In all four designs, air is drawn in from the inlet,
passes through the rotor chambers and is expelled from the
outlet. However, due to the different positions of the inlets and
outlets, the maximum air velocities vary. The highest velocity,
9.66 m/s, occurs in design III, whereas the lowest velocities,

l a ; l ;;
© (@)
FIGURE 14 | Different inlet/outlet designs. (a) Design I: radial inlet
+ axial outlet, (b) design II: axial inlet + radial outlet, (c) design III:

axial inlet and outlet and (d) design IV: radial inlet and outlet. All
inlets on the left and outlets on the right.

8.34 m/s and 8.35 m/s, are observed in designs II and IV,
respectively. This suggests that axial inlets and outlets have
superior air intake and exhaust capacities compared to their
radial counterparts. In the CFX postprocessing, the mass flow
rate monitored at the inlet on the housing and its arithmetic
mean over the entire area is calculated. For example, for the
design I, when the fan rotates at 3000 rpm (target speed), it can
draw 1.12 L air in and out per second. Moreover, the pressure
loss from inlet to outlet is 3.7 Pa.

0.0 23 46 7.0 9.3
Velocity [ms”-1]

Velocity [ms"-1]

Velocity [ms™-1]

0.0 26 52 7.8 10.3
i | | I |

Velocity [m s?-1]

@

FIGURE 15 | Air velocity streamline distribution of different designs.
(a) Design I, (b) design II, (c) design III and (d) design IV.
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However, higher air velocity does not necessarily correlate with
better cooling efficiency. For instance, comparing the velocity
vectors in Figure 15a,c, both with axial outlets but different
inlets, shows that although the airflow speed is lower in
Figure 15a, its design allows cold air to circulate in the end-
winding region before being drawn into the rotor. This
extended circulation enables more thorough contact with the
EW, stator core and rotor core near the EW region, potentially
resulting in better cooling. Therefore, to accurately assess
cooling efficiency, it is essential to examine the temperature
distributions throughout the investigated designs.

The PM and EW peak temperatures for all designs are shown in
Figure 16. Here, the totally enclosed housing has also been
included as a reference. The 4 proposed designs with self-cooling
capability achieve significantly better cooling effects compared to
a totally enclosed machine. It is also found that the maximum PM
temperature of design I is the highest amongst all the proposed
designs, whereas the others maintain a temperature of around
100°C. The maximum temperatures of the EW for all four designs
are quite similar, each being around 79°C. Comparatively, design
IIT or design IV can be considered as the best options.

To explain the results shown in Figure 16, the temperature
distributions within the investigated designs are shown in
Figure 17. Here, only the totally enclosed housing and the
design III are shown, as the other designs have similar char-
acteristics as the design III. As the totally enclosed housing
design has no connection between the machine interior and the
external environment, its cooling relies solely on heat radiation
and natural convection on the housing and endplates. This is
why it has the highest temperature, located on the PM, reaching
224.8°C as shown in Figure 17a. Figure 17b depicts the design
III, where cool air is drawn in from the axial inlet on the left and
directly expelled through the axial outlet. The highest temper-
ature in this setup is 97.4°C on the PM. Comparing these two
designs, it is evident that the design III achieves much better
cooling effect inside the machine.

4 | Experiment Validation
4.1 | Prototype Machines and Test Rig

To expedite the experiment preparation, an existing 12-slot
stator (see Figure 18a) was used to verify the accuracy of the
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FIGURE 16 | Temperature comparison of different designs.

CFD simulation results, with its key parameters listed in
Table 4. It is worth noting that the rated speed of the designed
motor used in the CFD simulation is 3000 rpm. However, the
prototype was tested at 400 rpm due to hardware limitations.
The purpose of the experiment is to validate the self-cooling
concept and the relative trends observed in simulation, partic-
ularly the airflow behaviour and thermal distribution, rather
than to replicate the absolute temperatures at rated conditions.

174 177 181 184 187 190 193 196 200 203 206 209 212 216 219 222 225

Temperature [C]

25 29 34 38 42 47 51 55 60 64 68 73 77 81 86 90 94

_ Temperature [C1

(®)

FIGURE 17 | Temperature contour of different designs. (a) Totally
enclosed housing and (b) design IIL

Iron

Plates

FIGURE 18 | 12-slot SPM prototype machine with self-cooling
capability inner view. (a) Modular stator with housing, (b) 3D-printed
3-blade rotor without shaft and (c) outlet side endcap.
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In addition, due to the complex blade structure, a 3D-printed
plastic rotor without PMs was used as a substitute for the
rotor core and PMs as shown in Figure 18b. Here, the rotor shaft
has been removed to facilitate the observation of the blade
structure. The 3D-printed rotor features a 2 mm thick 3-blade
design. Additionally, to maintain the same airgap length, the
outer and inner radii (blade radius) of the 3-D printed rotor
were matched to those of the actual rotor with PMs. Figure 18c
shows the one of the endcaps with outlets. The endcap with
inlets is the same as the one shown in Figure 18c. It is worth
noting that this setup was specifically designed to simplify the
manufacturing of the integrated rotor blade structure. However,
it still helps validate the accuracy of the CFD modelling and the
effectiveness of the proposed self-cooling concept on the stator
and EW regions, where most losses occur in the real machine.
Due to the absence of PMs and thermal conductive rotor ma-
terials, the 3D-printed rotor does not generate heat and thus
rotor temperature measurements were not relevant or mean-
ingful in this specific context.

It is also worth noting that the existing stator has flux gaps in
alternate stator teeth, resulting in a modular structure. A simple
way to prevent the flux gaps in the modular stator from affecting
the airflow is to use six iron plates inserted into these gaps to
block the air passage as shown in Figure 18. Here, the iron
plates were solely used to transfer heat between the modular
stator segments and had no effect on the iron loss as the rotor is
nonmagnetic. In addition, the heat source was solely generated
by copper losses in the stator windings.

TABLE 4 | Parameters of prototype modular SPM machine.

Slot number 12
Pole number 10
Stator outer radius (mm) 50
Stator inner radius (mm) 28.5
Airgap length (mm) 1

Rotor outer radius (mm) 27.5
Number of turns per coil 132
Stack length (mm) 50
Rated phase current (A) 7.34
Rated speed (rpm) 400

The complete test rig is shown in Figure 19. The prototype
machine was driven by a dynomotor. To measure the temper-
atures at various parts of the prototype machine, six thermo-
couples were attached to the 3-phase active windings and EWs,
that is, three for the active windings and three for the EWs.
Additionally, some thermocouples were placed on the machine
housing and in its surrounding environment to monitor the
housing and the ambient temperatures, respectively. It is also
noteworthy that the flow rate at the machine outlet was deter-
mined by measuring the average wind speed at the outlet using
an anemometer and then multiplying it by the cross-sectional
area of the outlet. The hot-wire anemometer assesses gas ve-
locity by detecting variation in the electrical resistance of its
heated wire, which changes with the passage of gas through it.
Moreover, the temperatures of coils in the tested machines were
monitored using T-type thermocouples, and the temperature
was recorded by a data logger. The anemometer used in the
experiment is testo 425—Thermo-anemometer with flow probe,
and the thermocouples used are T-type with a temperature
range of —270°C to 370°C.

4.2 | Measured Results

Figure 20 illustrates the relationship between the airflow rate at
the outlet and rotor speed. The measurements were conducted
at intervals of 100 rpm during the experiments. In general, the
measured results match well with the simulation results,
proving the accuracy of the 3D CFD models developed in this
paper. The slight difference between the simulated and
measured results might be due to the accuracy of the
anemometer used. It is worth noting that the resolution limit of
the instrument may cause uncertainty, the anemometer has a
measurement accuracy of 0.03 m/s + 4.0% of measured velocity
for a speed range of 0.01 to +20 m/s. As expected, when the
rotation speed is O rpm, the airflow rate is 0 L/min. As the rotor
speed increases, the airflow rate increases almost linearly,
reaching 23.9 L/min at a speed of 1000 rpm.

Figure 21 shows the temperature variation of the EW and active
coil with rotor speed. During the experiment, as three sets of
thermocouples were placed on the EW and active coil of the
machine's three phases, the average temperature across the
three phases have been used. This is to avoid the impact of

Tested

] AN Driving
Machine

Inverter

FIGURE 19 | Test rig for the machine with self-cooling capability.

Machine
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FIGURE 20 | Simulated and measured airflow rates versus rotor
speed.
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FIGURE 21 | Simulated and measured temperatures versus rotor
speed.

placement uncertainty of the thermal couples. The measured
results indicate that the temperatures of both the EW and active
winding decrease with increasing rotor speed, dropping from
74.1°C to 80.4°C and from 60.3°C to 72.0°C, respectively. The
EW temperature is generally lower than that of the active coil
because, compared to the active coil, this novel rotor design
allows direct contact between cold air and the EW during
rotation, resulting in more effective cooling of the EW section.
The measured results confirm that, as anticipated, the blade
rotor design enables the machine to achieve self-cooling
capability.

5 | Conclusion

The paper introduces a self-cooling solution for SPM machines
by adopting fan-blade shaped rotor core. To investigate its
cooling effectiveness, 3D CFD models were established for
simulations under various operating conditions such as different
rotational speeds. The results indicate that this solution signif-
icantly improves the cooling of both the EW and PM by
comparing to the baseline external fan-cooled machine. The
study carefully examines the influence of the rotor blade height
and the number of blades in the rotor structure (ranging from 1
to 7) and compares the temperatures of the EW and PM at the
same rotational speed with different blade counts. The results
show that 12 mm height of rotor blade is the most suitable for

self-cooling effect on PM and EW. Besides, although increasing
the number of blades can lower the temperature of the PM, it
also reduces the airflow intake, thus decreasing the cooling
effectiveness for the EW. As a compromise, the paper recom-
mends using a rotor structure with 3 blades.

Additionally, the paper has investigated the positions of the
inlets and outlets on the housing and end-cap. To achieve better
cooling for the EW, axial or radial inlets/outlets directly above
and in front of the EW were used. The cooling effectiveness of
four different inlet/outlet configurations was compared.
Although the temperature differences in the EW among these
configurations were minimal (< 3°C), there were significant
differences in the cooling effectiveness for the PM. Among
these, the axial inlet configuration resulted in the lowest PM
temperature, and it was found that the choice of outlet had little
impact on the temperature. Therefore, the paper suggests using
an axial inlet, whereas the outlet choice can be flexible. The
simulations and conclusions in this paper have been validated
by tests.

In summary, the self-cooling capability in SPM machines en-
ables efficient cooling performance without the need for addi-
tional space to accommodate rotor-mounted fans or air pumps.
This feature makes the proposed structure particularly suitable
for small to medium-sized SPM motors operating in the range of
1000-6000 rpm. Within this speed range, the self-cooling
mechanism shows notable effectiveness, especially below
4000 rpm where the temperature reduction rate is more pro-
nounced. Such motors can be utilised across a wide range of
industrial applications, including domestic appliances, air
compressors and electric vehicles, among others. However, it is
also worth noting that, to prevent impurities from entering the
air gap, dust covers and filters may need to be installed at the
inlets and outlets. This is a common practice in devices, such as
power tools and food blenders; therefore, no significant increase
in manufacturing complexity is expected.
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