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Abstract: This paper presents guidelines for determining the initial shape and specifications of a
high-speed axial-flux permanent-magnet (AFPM) machine in a hybrid-electric propulsion system
in two steps based on previous studies and product review results related to high-speed AFPMs.
In the first step, three characteristics to be considered when designing AFPMs were classified as:
electromagnetic, thermal, and mechanical. Then, the factors that should be considered in the design
process to satisfy each characteristic were organized. In the second step, “the speed–output power”
relationship was defined to predict the limits of applying AFPMs to high-speed applications, allowing
an estimation of the limits of the speed range that can be used within the proposed output power.

Keywords: axial-flux permanent-magnet machine (AFPM); high-speed electric machine; air mobility;
design key issues; dynamic performance limit

1. Introduction

Recently, since the international interest in resolving global warming issues has in-
creased, the United Nations has set requirements for industries that emit a lot of carbon,
one of the main causes of global warming, to reduce their carbon emissions. Accordingly,
many researchers have been actively conducting research to satisfy this requirement [1–3].

The transportation industry is one of the highest carbon-emitting industries. Accord-
ingly, to reduce carbon emissions, the transportation industry is actively trying to utilize
electric power instead of fuel power for the propulsion systems of various vehicles [1,3,4].

Among the land, sea, and air vehicles used in the transportation industry, electric
power propulsion systems for land vehicles have been commercialized beyond the research
and development (R&D) stage, but the electric power propulsion systems for sea and air
vehicles are still in the R&D stage. In particular, R&D and the commercialization of electric
power propulsion systems for air vehicles are progressing at a slower speed compared with
other vehicles because the required stability and power density levels are relatively high
compared with other vehicles [5,6].

Engines and generators are the main power sources for hybrid electric propulsion
systems used in air vehicles. Recently, their operating speeds have been gradually increased
to achieve high power density [7–9]. In addition, to increase space utilization, a flat-type
generator with a diameter similar to that of an engine and a short axial length is required [7].

As generators that suit these requirements, axial-flux permanent-magnet (AFPM)
machines have been attracting much attention. An AFPM is a permanent magnet machine
in which the rotor and stator are arranged perpendicular to the rotation axis so that the
magnetic flux direction passing through the air gap is the same as the axial direction [8].
Therefore, it is known that the AFPM has a higher torque per unit area of the rotor and
a shorter axial length than the radial-flux permanent-magnet (RFPM) machines [10–12].
However, there are also some disadvantages due to the structural characteristics of AFPMs.
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For example, due to the large diameter, a strong centrifugal force is applied to the rotor,
which makes the rotor easy to deform, and the permanent magnets are easy to break or
detach from the rotor. More details are provided in a later section. Although many papers
discussed the superiority of the electromagnetic characteristics of AFPM machines, there
are only a few cases in which AFPM machines were commercialized. This is because, in
order to commercialize AFPM machines, not only the electromagnetic characteristics but
also the thermal and mechanical characteristics required by air transport systems must be
satisfied [13].

In this paper, based on the papers that manufactured the AFPM and presented the
test results, guidelines for determining the initial shapes and specifications of the AFPM
machines used in high-speed generators are presented in two steps.

In the first step, the three characteristics to consider when designing an AFPM machine
as a high-speed generator were categorized as: electromagnetic, thermal, and mechanical
characteristics. Then, to satisfy these characteristics, the key issues to consider in the design
process are summarized in Sections 2–5. First, Section 2 briefly describes the types, shapes,
and characteristics of AFPM topologies to help understand AFPM machines. In Section 3,
the standard speed for determining the high-speed region is defined, the papers on the
AFPM products operating in the high-speed region are explored, and the topology of
AFPM machines are arranged and presented. Section 4 reviews the papers investigated
in Section 3 and presents key issues that occur at high speed by classifying them as three
characteristics: electromagnetic, thermal, and mechanical. Section 5 presents some cases
from the papers which deal with the key issues discussed in Section 4.

In the second step, the “speed–output power” characteristic was defined and analyzed
to predict the limit when applying the AFPM to high-speed applications. This step is
covered in Section 6, which also defines a function that determines the limit of the “speed–
output power” of the high-speed AFPM machines presented in the collected literature.
Through this definition, it is possible to estimate the limit of the speed range that can operate
within the required output power range. Additionally, by comparing and analyzing the
speed–output power limit curve of the AFPM and the speed–output power limit curve of
the RFPM, the advantages and disadvantages were identified, and the limits of the AFPM
were presented more objectively.

2. AFPM Topologies

In this section, the shape and characteristics of the AFPM topology are briefly explained
to help understand AFPMs.

As shown in Figure 1, the topology of the AFPM can be classified into four types
according to the rotor–stator combination: single-stator single-rotor (SSSR), double-stator
single-rotor (DSSR), single-stator double-rotor (SSDR), and multistage AFPM [12,14].
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SSSR is the most basic structure of the AFPM, and it is composed of one rotor and one
stator, as shown in Figure 1a. This topology is relatively easy to manufacture and has the
thinnest structure among AFPM topologies [15]. Thus, it is often used for driving small
fans. However, it is difficult to maintain the gap between the rotor and stator due to the
strong axial attraction force. To solve this problem, it is necessary to consider using thrust
bearings instead of ball bearings or using a coreless stator.

DSSR is a structure composed of two stators and one rotor, as shown in Figure 1b.
In this topology, the attraction force is balanced because the rotor is between the two
stators. Therefore, unlike other AFPM topologies, this topology does not require mechanical
measures to withstand axial attraction forces [16]. However, since there are two stators
through which current flows, the length in the axial direction is relatively long, making it
difficult to implement the flat-type generator, which is characteristic of the AFPM.

SSDR is a structure composed of one stator and two rotors, as shown in Figure 1c.
Since this topology has two rotors, it has more magnets than the previous two topologies.
As a result, relatively high power can be achieved compared with the topologies that only
use one rotor. In addition, this topology can eliminate the yoke of the stator depending on
how the poles of the permanent magnets attached to the two rotors are arranged, thereby
reducing the loss and weight compared with other topologies [16].

Multistage AFPM is a structure composed of two or more stators and rotors, as shown
in Figure 1d. This topology can produce the highest power among AFPM topologies [8].
However, its disadvantage is that the axial length is long, making it unsuitable for the pur-
pose of this paper: determining the design specifications of disk-type generators. Therefore,
starting from the next section, this paper does not discuss this topology.

3. Definition of High-Speed AFPMs and Characteristics of The AFPM Topology

To review high-speed AFPMs (HSAFPMs), “high-speed” must be defined. Many
papers dealing with high-speed electric machines define whether a machine is a high-speed
machine or not based on its rotational speed [10,17,18]. However, there are papers that
define high-speed machines based on linear speed [19]. This is because mechanical analyses
are required not only for high-speed defined machines (due to their small rotor diameter
and high rotational speed) but also for the machines with low rotational speeds but large
rotor diameters. In ref. [19], the authors defined whether a machine is high speed or not
based on a linear speed that not only reflects the rotational speed of the machine, but
also its structural characteristics, such as the rotor diameter. The linear speed definition is
described by Equation (1):

V = r
2π

60
N (1)

where r denotes the rotor’s radius, and N denotes the rotor’s rotational speed.
Within the same machine volume, the AFPM has a structural characteristic where

the rotor diameter is relatively larger than that of an RFPM. Thus, the AFPM may have
a structural problem due to its large linear velocity even if the rotational speed is slow.
Therefore, in this paper, whether the AFPM is high speed or not is defined based on the
linear speed.

To determine the standard value defining the high speed based on the linear speed,
the relationship between the rotational speed and linear speed was summarized, as shown
in Figure 2, by calculating the linear speed of the RFPM prototypes presented in ref. [20–29],
which defined high speed based on the rotational speed. It can be confirmed that the linear
speed of an RFPM with a rotational speed of ~10,000 rpm or more is 50 m/s or more. Thus,
in this paper, the linear speed of 50 m/s is defined as a standard speed for an HSAFPM.
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The papers that manufactured and tested AFPM prototypes with a linear speed of
50 m/s or more were collected and listed in Table 1, which is arranged in descending order
based on the linear speed, and the main characteristics, such as topology, output power,
cooling method, and RPM

√
kW, are also arranged. RPM

√
kW is the figure of merits that

evaluates the dynamic performance of machines. Additionally, this is discussed in detail in
Section 6. To more intuitively analyze the main characteristics arranged in the table, the
main characteristics are shown in Figure 2.

Table 1. Summary table of references related to HSAFPM.

Reference
No. Topology Power

(kW) N (krpm) V (m/s) RPM
√

kW
Cooling
Method

[30] SSSR 0.1 45 330 14,230 -
[10] SSDR 50 9 188 63,640 Oil cooling
[31] DSSR 90 12 170 113,842 Water cooling
[32] DSSR 45 12 170 80,498 Water cooling
[33] DSSR 85 9 141 82,976 Water cooling
[34] SSDR 60 8 123 62,000 -
[35] SSDR 20 15 121 67,082 -

[36] SSDR 210 4.5 82 65,211 Air + water
cooling

[37] SSSR 15 6 74 23,238 Air cooling
[38] SSDR 0.4 14 73 8854 -

[39] SSDR 62 5.5 66 43,310 Air + water
cooling

[40] DSSR 36 5.6 64 33,600 Water cooling

[41] SSDR 30 6.5 64 35,602 Air + water
cooling

[42] SSDR 107 4.5 63 46,548 Air + water
cooling

[43] SSDR 70 3 58 25,100 -
[44] SSDR 60 4 52 30,984 Water cooling

Figure 2 organizes the relationship between the rotational speed and linear speed of
high-speed RFPM machines. By indicating the relationship between the rotational speed
and linear speed of the AFPM products listed in Table 1, the difference between the relative
speed ranges of the RFPM and AFPM can be observed. That is, in terms of the linear speed,
both the RFPM and AFPM are equally distributed between 50 m/s and 200 m/s. However,
the RFPM is mostly located on the right side of the graph, showing a rotational speed of
10,000 RPM or more. Conversely, the AFPM, which has a relatively large rotor diameter,
is mostly located on the left side of the graph, showing a rotational speed of 10,000 RPM
or less.
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4. Key Issues in HSAFPM Design

In this section, by analyzing the HSAFPM-related papers and products summarized
in Table 1, the key issues to be considered when designing the HSAFPM are presented by
classifying them based on three characteristics: electromagnetic, thermal, and mechanical.
Since the solution of the design process presented in the literature for each proposed
key issue is summarized in Section 5, this section focuses on defining the key issues to
understand the solution.

4.1. Electromagnetic Key Issues

The electromagnetic key issues to consider when designing the HSAFPM are the core
losses and the eddy current losses of the permanent magnet. The magnitude of these
losses is proportional to the frequency and output power, and the larger these losses, the
higher the temperature of the machine or the lower the efficiency of the machine [38,44]. In
addition, when a Nd-based PM vulnerable to high temperature is used to obtain a high
power density, the PM may be demagnetized or oxidized by heat due to losses. Therefore,
it is essential to reduce these two losses when designing the HSAFPM.

4.1.1. Core Losses

The core losses can be classified into several terms. However, most fundamentally,
they can be explained by classifying them as two terms: hysteresis loss and eddy current
loss [45]. Additionally, core losses are defined by Equation (2) [46]:

Ph + Pe = kh f Bn + keh2 f 2B2 (2)

where kh is a constant that depends on the material type and dimensions, f denotes the
electrical frequency, B is the flux density amplitude within the material, n is a material-
dependent exponent that is usually between 1.5 and 2.5, h is the material thickness, and ke
is a material-dependent constant.

The hysteresis loss, which is the left term of Equation (2), is caused by the magnetomo-
tive force (MMF) applied to the iron core, and the magnitude of this loss is proportional to
the inner area of the hysteresis loop.

The eddy current loss, which is the right term of Equation (2), is caused by the change
in the MMF applied to the iron core, and the magnitude of this loss is proportional to the
length of the current path flowing in the iron core.

4.1.2. Eddy Current Loss of the Permanent Magnet (PM)

The eddy current loss in the PM can be calculated by the Joule loss formula using the
eddy current flowing through the PM and the resistance determined by the eddy current
path. The definition of the Joule loss is explained by Equation (3) [47]:

Pem = I2RPMRPM = ρPM
LPM
APM

(3)

where I is the eddy current flowing through the PM, RPM is the resistance of the eddy
current path of the PM, ρPM is the electrical resistivity of PM, LPM is the length of the eddy
current path of the PM, and APM is the cross-sectional area of the PM.

4.2. Thermal Key Issues

The mechanical and electromagnetic losses in electric machines generate heat, which
reduces the efficiency of electric machines. Thus, to increase this efficiency, it is necessary
to reduce the mechanical and electromagnetic losses or to quickly remove the generated
heat inside the machines through cooling.

The mechanical losses in the HSAFPM are very low compared with the electromagnetic
losses, or they can be due to the bearing or assembly characteristics. Thus, they are not
discussed in this section. The main heat source, electromagnetic loss, is dealt with separately
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in the “Electromagnetic Key Issues” section, and the “Thermal Key Issues” section only
deals with cooling.

Cooling utilizes a heat transfer mechanism. Therefore, here, the three basic laws of
heat transfer, conduction, convection, and radiation, are summarized.

4.2.1. Conduction

Through heat conduction, the heat present in a solid is transferred from the high-
temperature side to the low-temperature side. “Fourier’s law of heat conduction” is
defined by Equation (4):

QCD = kAsur
∆T
∆x

(4)

where k is a material’s conductivity, Asur is the cross-sectional surface area, ∆T is the
temperature difference between the ends, and ∆x is the distance between the ends.

4.2.2. Convection

Through heat convection, heat is transferred through the movement of a fluid, and
“Newton’s cooling law” for convection is defined by Equation (5):

QCV = hcv Acont∆T (5)

where hcv is the convection heat transfer coefficient, Acont is the contact area between the
solid and fluid, and ∆T is the temperature difference.

4.2.3. Radiation

Through heat radiation, heat is directly transferred from a hot object to the surrounding
air through electromagnetic waves. The “Stefan–Boltzmann law” for radiation is defined
by Equation (6):

QRA = εσARA

(
Ts

4 − Ta
4
)

(6)

where ε is the emissivity, σ is Stefan’s constant, ARA is the radiating area, Ts is the material
temperature, and Ta is the temperature of the surroundings.

As shown in Equations (4)–(6), the heat transfer mechanism through conduction,
convection, and radiation is proportional to the temperature difference between the two
materials. It can also be seen that heat conduction is proportional to the cross-sectional area
of the material and that heat convection and radiation are proportional to the surface area
of the material. Therefore, to increase the cooling efficiency, it is necessary to use the coolant
at a much lower temperature than the internal temperature of the machine and increase
the cross-sectional area and surface area of the internal parts of the machine. However, if
the temperature difference between the coolant and the internal components is too large,
thermal deformations may occur in the internal components. Therefore, in the high-speed
machines that generate large losses, an appropriate cooling method must be applied, and
the use of thermal analyses is essential.

4.3. Mechanical Key Issues

The key mechanical issues to consider when designing the HSAFPM are the attractive
and centrifugal forces. The definition of each force and its effect on the HSAFPM are
explained below.

4.3.1. Attractive Force

The attractive force is a force acting between two objects made of a ferromagnetic
material, and it acts in the direction of their attraction to each other. In the AFPM, it occurs
between the PM attached to the rotor and the stator or between the two rotors. Therefore, if
the magnitude of this force is large, the PM may fall from the rotor core. Additionally, this
force makes it difficult to keep the distance between the rotor and stator constant, and it
can cause deformations in the rotor or stator. Furthermore, an axial force is applied to the
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bearings supporting the rotor and stator, which may cause problems, such as vibrations. As
a result, when designing the HSAFPM, it is necessary to design the structure considering
the attractive force.

4.3.2. Centrifugal Force

The centrifugal force is defined as the inertial force that appears in a rotating object,
and the direction of this force is the radial direction of the rotor. The PMs of the AFPM
are generally arranged in the circumferential direction of the rotor core’s surface and are
adhered with an adhesive substance or inserted inside. The centrifugal force acts as a radial
tensile force on the PM. The permissible tensile strength of the PM is ~10 times lower than
the compressive strength. Thus, if the centrifugal force is large, a problem may occur with
regard to the stability of the PM.

5. Solutions for the Key Issues in HSAFPM Design

This section describes the investigations and analyses of the representative literature
that provided solutions to the key issues classified in Section 4: electromagnetic, thermal,
and mechanical characteristics.

5.1. Solutions for the Electromagnetic Key Issues
5.1.1. Hysteresis Core Loss

Z Wang et al. [38] proposed a method for reducing the hysteresis loss by fabricating
stator cores using amorphous magnetic materials (AMMs). Unlike crystalline materials,
which have a regular arrangement of atoms, AMMs have relatively short hysteresis loops
due to their irregular arrangement of atoms. The authors of this paper compared the
hysteresis losses of Si-Fe, soft magnetic composites, and Fe-AMM, and confirmed that
Fe-AMM has the lowest hysteresis loss. Based on the comparison results, the authors
fabricated the HSAFPM using a stator core made from an AMM material and showed that
the efficiency of the fabricated machine increased by using a performance test.

5.1.2. Eddy Current Loss of the Core

The authors of [9] used a coreless SSDR to reduce the eddy current loss. Coreless
(ironless) stators have no cores or are made of nonmagnetic materials. Thus, magnetic
flux paths are either not created or are very short. Therefore, there is almost no eddy
current loss in the stator. However, if a coreless stator is used, the leakage of the magnetic
flux flowing from the PM to the stator is large. Thus, its disadvantage is that it may lead
to a lower power density than that of a cored SSDR. The authors of [48] used a wound
core stator to reduce the eddy current losses in an SSDR AFPM. Unlike stacked cores,
which are manufactured by stacking steel sheets, as shown in Figure 3a, wound cores are
manufactured by rolling steel sheets, as shown in Figure 3b. In the AFPM, the magnetic
flux flow is in the axial direction. Therefore, a wound core that is laminated in a direction
perpendicular to the magnetic flux, i.e., a radial direction, is more advantageous than a
stacked core that is laminated in the axial direction.
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5.1.3. Eddy Current Loss of the PM

The authors of [16,49] reduced the eddy current loss by separating the PM in the
radial direction. With a separated PM, the eddy current loss is reduced because the eddy
current path on the surface of the PM is shortened. Furthermore, in ref. [16], the rotor heat
distribution, which varies according to the number of separated PMs, was comparatively
analyzed using the lumped parameter method and finite element method. The authors
proved that the method of separating the magnet significantly reduces the eddy current
loss and that it is quite effective in reducing the temperature of the PM.

However, when PMs are segmented, as proposed in the above works, a repulsive
force is generated between the segmented magnets. Therefore, if a permanent magnet is
separated excessively to reduce the eddy current loss, it is difficult to fix it to the rotor
due to the repulsive force generated between the separated magnets. Thus, the method
of reducing the eddy current loss by separating permanent magnets must consider the
repulsive force generated between the separated magnets.

5.2. Solutions for the Thermal Key Issues

All cooling methods of the HSAFPM prototypes listed in Table 1 are schematically
shown in Figure 4. Of the 16 prototypes, 27.5% have an unknown cooling method, 5.5% use
air cooling, and the remaining 67% use liquid cooling. The main advantage of air cooling is
its simple structure. However, its cooling performance is inferior to that of water cooling.
Although liquid cooling has a relatively good cooling performance, it makes it difficult to
form a flow path and increases the machine’s weight.

Energies 2022, 15, 6099 8 of 16 
 

 

Figure 3. Stator core types. (a) is a stacked core, which refers to a core in which steel sheets are 
stacked in the vertical direction of the axis; (b) is a wound core, which refers to a core in which steel 
sheets are stacked in the radial direction of the axis. 

5.1.3. Eddy Current Loss of the PM 
The authors of [16,49] reduced the eddy current loss by separating the PM in the 

radial direction. With a separated PM, the eddy current loss is reduced because the eddy 
current path on the surface of the PM is shortened. Furthermore, in [16], the rotor heat 
distribution, which varies according to the number of separated PMs, was comparatively 
analyzed using the lumped parameter method and finite element method. The authors 
proved that the method of separating the magnet significantly reduces the eddy current 
loss and that it is quite effective in reducing the temperature of the PM. 

However, when PMs are segmented, as proposed in the above works, a repulsive 
force is generated between the segmented magnets. Therefore, if a permanent magnet is 
separated excessively to reduce the eddy current loss, it is difficult to fix it to the rotor due 
to the repulsive force generated between the separated magnets. Thus, the method of re-
ducing the eddy current loss by separating permanent magnets must consider the repul-
sive force generated between the separated magnets. 

5.2. Solutions for the Thermal Key Issues 
All cooling methods of the HSAFPM prototypes listed in Table 1 are schematically 

shown in Figure 4. Of the 16 prototypes, 27.5% have an unknown cooling method, 5.5% 
use air cooling, and the remaining 67% use liquid cooling. The main advantage of air cool-
ing is its simple structure. However, its cooling performance is inferior to that of water 
cooling. Although liquid cooling has a relatively good cooling performance, it makes it 
difficult to form a flow path and increases the machine’s weight. 

 
Figure 4. All cooling methods of HSAFPM prototypes listed in Table 1. 

Among the various liquid cooling methods with good cooling performance, three 
design cases for a new cooling method applied to the HSAFPM are herein introduced. 

As a first case, Zhouran Zhang et al. [9] proposed an ironless stator structure with 
excellent cooling performance. The proposed stator structure consists of windings, an 
epoxy support engraved with a waterway, and an epoxy sheet. First, the authors fixed the 
front and back sides of the windings with epoxy supports to increase the strength and 
rigidity of the windings. Thereafter, a cavity was formed in the stator by covering both 
sides of the epoxy support with an epoxy sheet, where the cavity serves as the entrance or 
exit to the waterway. Therefore, this structure has good cooling performance because the 
coolant flows very close to the stator. 

As a second case, Wei Le et al. [44] proposed a cooling method that combines a flat 
heat pipe and housing through which coolant flows. The flat heat pipe absorbs the exter-
nal heat and vaporizes the fluid inside the pipe. The authors installed flat heat pipes be-
tween each stator tooth so that they absorb the heat inside the stator. As the flat heat pipes 
absorb heat, the fluid flowing inside the pipe is vaporized and expanded. Then, the ex-
panded hot vapor moves toward the housing and is condensed through cooling. The au-
thors performed thermal property experiments and computational fluid dynamics (CFD) 
analyses to confirm the performance of the proposed cooling method. However, they did 
not demonstrate how this method is superior to the methods that only use housing 
through which coolant flows. 

Figure 4. All cooling methods of HSAFPM prototypes listed in Table 1.

Among the various liquid cooling methods with good cooling performance, three
design cases for a new cooling method applied to the HSAFPM are herein introduced.

As a first case, Zhouran Zhang et al. [9] proposed an ironless stator structure with
excellent cooling performance. The proposed stator structure consists of windings, an
epoxy support engraved with a waterway, and an epoxy sheet. First, the authors fixed
the front and back sides of the windings with epoxy supports to increase the strength and
rigidity of the windings. Thereafter, a cavity was formed in the stator by covering both
sides of the epoxy support with an epoxy sheet, where the cavity serves as the entrance or
exit to the waterway. Therefore, this structure has good cooling performance because the
coolant flows very close to the stator.

As a second case, Wei Le et al. [44] proposed a cooling method that combines a flat heat
pipe and housing through which coolant flows. The flat heat pipe absorbs the external heat
and vaporizes the fluid inside the pipe. The authors installed flat heat pipes between each
stator tooth so that they absorb the heat inside the stator. As the flat heat pipes absorb heat,
the fluid flowing inside the pipe is vaporized and expanded. Then, the expanded hot vapor
moves toward the housing and is condensed through cooling. The authors performed
thermal property experiments and computational fluid dynamics (CFD) analyses to confirm
the performance of the proposed cooling method. However, they did not demonstrate how
this method is superior to the methods that only use housing through which coolant flows.

As a last case, [50] proposed a cooling method by inserting a copper tube through
which cooling water flows into a yokeless stator. The method proposed by [50] can quickly
dissipate the generated heat in the winding by attaching the copper tube to the stator
winding. Moreover, the empty space inside the stator is filled with an epoxy material with
high thermal conductivity to reduce thermal resistance and increase stability and rigidity.
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The authors of [50] analyzed the performance of the proposed cooling structure through
CFD in the same way as in ref. [44]. However, this study did not analyze how superior the
performance of the proposed cooling method was compared with that of the conventional
cooling method.

5.3. Solutions for the Mechanical Key Issues
5.3.1. Attractive Force

Junquan Lai et al. [16] proposed a method in which a rotor cover is attached to the
rotor to protect the permanent magnet from the attractive force between the rotor and the
stator core in the DSSR topology. The authors of [16] calculated the attractive force between
the rotor and stator and calculated the deformations of the rotor and rotor cover due to the
attractive force through FEM. Through these calculations, the structural stability of this
method was verified by proving that the deformations of the rotor and rotor core are within
the allowable ranges.

B. Zhang et al. [50] reduced the influence of the attractive force through proper bearing
selection and an adhesive performance test in the SSDR topology. First, the authors
firmly fixed the rotor with two fixed bearings (spindle bearings) that were fixed in the
axial direction and one floating bearing (grooved ball bearing) that was fixed in the radial
direction. The performance of the adhesive used to attach the permanent magnet to the rotor
core was tested to confirm the possibility of the PM’s detachment by the attractive force.

Unlike [50], which used an adhesive to fix the PM, Zhouran Zhang et al. [10] fixed
the PM through a special PM shape and slot pins, as shown in Figure 5. The authors fixed
the magnet so it does not move in the axial direction by inserting a slot pin into the slot
opening of the PM.
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5.3.2. Centrifugal Force

Because the centrifugal force causes the same problem in a high-speed RFPM as in a
high-speed AFPM, many studies have relatively been conducted as compared with other
key issues. As a result, methods for solving the above problems have been proposed in
many papers, and the proposed methods can be divided into two methods.

The first method is to install a retaining ring on the outer surface of the PM and apply
compressive stress to the PM, subjecting it to tensile stress due to the centrifugal force. The
advantages of this method are the easy manufacturing process of the rotor and that it is
low cost, as there is no need to manufacture a rotor with a special structure. However, if
the retaining ring applies too much compressive stress to the PM, the PM may be damaged.
Conversely, if the compressive stress that is applied is too weak, the tensile stress cannot
be reduced.

The second method is to insert a PM inside the rotor [30]. This method easily prevents
the PM from being destroyed, as the PM is inside the rotor. However, its disadvantage is
that it is difficult to manufacture the rotor compared with the previous method. Thus, the
manufacturing cost is high [30].



Energies 2022, 15, 6099 10 of 16

6. Dynamic Performance Limit Curve of AFPM
6.1. Dynamic Performance Limit Curve of HSAFPM

This section describes the second step to consider when designing an HSAFPM. In
particular, it defines and analyzes the “speed–output power” relationship to predict the
speed limit when the AFPM is applied to high-speed applications.

The authors of [51] presented a figure of merit indicating the speed–power (dynamic
performance) limit of a rotating machine from a mechanical point of view. The proposed
figure of merit is RPM

√
kW, and it is defined by Equation (7):

RPM
√

kW = N ×
√

P (7)

where N is the rotational speed (rpm) of the machine, and P is the output power (kW) of
the machine.

In ref. [4,51], the authors presented dynamic performance limit curves for each topol-
ogy of electric machines. However, for PM machines, only dynamic performance limit
curves for the detailed topologies of the RFPM, and not for the AFPM, were presented.
Therefore, this paper presents the dynamic performance limit curve of the HSAFPM with
reference to [4,51].

To find the function for the dynamic performance limit curve of the HSAFPM, the
maximum speed and maximum output power values of the 16 prototypes in Table 1 were
calculated by substituting them into Equation (7). Among the AFPM prototypes, [31] has
the largest RPM

√
kW value. Thus, the function of the dynamic performance limit curve

becomes RPM
√

kW = 1.14× 105. In Figure 6, it can be seen that the speed–output power
points of the 16 prototypes in Table 1 are located within the defined dynamic performance
limit curve.
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To objectively evaluate the dynamic performance limit curve of the HSAFPM, a
relative comparison was performed. In other words, to compare the dynamic perfor-
mances of the AFPM and RFPM, the dynamic performance curve of the RFPM was also
reviewed. In ref. [4], the dynamic performance limit curve of the RFPM was presented as
RPM

√
kW = 8 × 105. However, it was necessary to check whether this limit curve is still

valid since it was published in 2014. Therefore, we first checked whether the dynamic
performance limit curve of the RFPM presented in ref. [4] is valid by investigating the
high-speed RFPM (HSRFPM) papers conducted since ref. [4] was published. Afterward,
RPM

√
kW was calculated and listed in Table 2. Among the 10 prototypes investigated, the

RPM
√

kW value did not exceed the dynamic performance limit of the RFPM presented in
ref. [4]. Therefore, it was confirmed that the dynamic performance limit curve of the RFPM
presented in ref. [4] is still valid.
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Table 2. RPM
√

kW of HSRFPM.

Reference No. Topology Power (kW) N (krpm) RPM
√

kW

[18] RingPM 120 60 657,267
[21] SPM 1120 18 602,395
[27] SPM 15 120 464,758
[25] SPM 800 15 424,264
[20] SPM 100 32 320,000
[22] RingPM 110 20 209,762
[23] SPM 100 20 200,000
[24] SPM 400 10 200,000
[19] SPM 360 7 132,816
[26] SPM 66.6 11.8 96,298

Figure 6 shows the speed, output power point, and dynamic performance limit curves
of the HSAFPM listed in Table 1 and the HSRFPM listed in Table 2. It can be seen that the
dynamic performance limit of the AFPM is ~5 times lower than that of the RFPM. This
means that the maximum drive speed range is relatively low compared with the RFPM
when using the AFPM topology for the same output power.

6.2. Analysis of the Causes of the Differences in the Dynamic Performance Limit Curves

To analyze the main factor that makes the dynamic performance limit of the AFPM
lower than that of the RFPM, additional papers were investigated and analyzed, and it was
inferred that the centrifugal force and attractive force are the main factors.

6.2.1. Centrifugal Force

To analyze the centrifugal force effect on the AFPM and RFPM, the hoop stress acting
on the retaining ring was calculated. The hoop stress refers to the normal stress acting in
the radial direction on the cylinder affected by the internal pressure, and it is expressed by
Equation (8) [21]:

σθT = 3+ν
4 ρRlmωm

2
[

RRo
2 +

(
1−ν
3+ν

)
Rmo

2
]
+ Pri

RRo
2+Rmo

2

RRo2−Rmo2

Pri =
ρmωm

2(Rmo
2−Rmi

2)(Rmo
2+Rmi

2)
4Rmo

(8)

where ν is Poisson’s ratio of the retaining ring, ρR is the density of the retaining ring, lm
is the length of the retaining ring, ωm is the angular velocity of the magnet, RRo is the
outer radius of the retaining ring, Rmo is the outer radius of the PM, and Pri is the pressure
developed at the inner radius of the retaining ring from the magnet.

The centrifugal force acting on the PM was assumed to be the internal pressure, and the
retaining ring was assumed to be the cylinder. In addition, it was assumed that the materials
of the PMs and retaining rings of the AFPM and RFPM are all the same. Based on these
assumptions, the hoop stresses for the AFPM prototypes listed in Table 1 and the RFPM
prototypes listed in Table 2, which provide calculable information, were calculated and
shown in Table 3. The magnitude of the hoop stress applied to the PM has various values
depending on the linear speed and output power, regardless of the topology. However, if
the hoop stress of the machine is plotted against the RPM

√
kW, as shown in Figure 7, it

can be seen that the AFPM receives high hoop stress at a low RPM
√

kW compared with
the RFPM. That is, the AFPM cannot increase the speed at the same output power because
the magnitude of the hoop stress according to RPM

√
kW is larger than that in the RFPM.
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Table 3. Calculation Results of Hoop Stress.

Reference No. Topology Power (kW) N (krpm) Hoop Stress
(MPa)

[28] AFM 0.1 329.7 110
[10] AFM 50 188.4 75.9
[23] RFM 100 147 66.6
[20] RFM 100 111 32
[25] RFM 800 160 27.3
[42] AFM 60 52 24
[22] RFM 110 91 15.7
[24] RFM 400 120 14
[38] AFM 36 64 8.6
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6.2.2. Windage Loss

The windage loss is the loss due to the air resistance generated when the rotor rotates,
and it is proportional to the square of the rotor diameter/axial length (D2/L) and rotor
speed [52]. To compare the windage losses of the AFPM and RFPM, D2/L was calculated for
the RPM

√
kW of the HSAFPM and HSRFPM, as shown in Tables 1 and 3. The calculation

results are shown in Figure 8. It can be seen that the AFPM has a similar D2/L value at a
lower RPM

√
kW than the RFPM. This is because the AFPM has a relatively shorter axial

length and a larger diameter than the RFPM. Therefore, it can be concluded that at the
same speed, a greater windage loss occurs in the AFPM than in the RFPM, resulting in a
lower drive speed range.
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6.2.3. Attractive Force

In the RFPM, the attractive force acts in a radial direction. Thus, the PM can be
firmly fixed with a retaining ring in the direction of the attractive force, and in the case
of an outer rotor type, it can be offset with the centrifugal force to some extent. In other
words, the RFPM can use various structural safeguards to avoid problems caused by the
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attractive force. However, in the AFPM, since the attractive force acts on the rotor in the
axial direction, if a retaining ring is used to protect the permanent magnet, it must be
installed in both directions of the attractive force and centrifugal force. Moreover, since
the directions of the attractive force and centrifugal force are perpendicular to each other,
they do not offset each other out. Therefore, the structural safeguards to prevent problems
caused by the attractive force in the AFPM are relatively limited.

7. Conclusions

This paper presents guidelines for determining design specifications when designing
AFPM machines as high-speed generators for air vehicles in two steps. Through the litera-
ture and product analyses, the key issues to be considered when designing an HSAFPM
were described by classifying them as electromagnetic, thermal, and mechanical character-
istics, and a dynamic performance limit curve that can estimate the maximum operating
speed limit was also presented. By comparing the characteristics of an AFPM and RFPM
with the content inferred based on the literature that presented test and evaluation results,
it was concluded that the characteristics of the two topologies are inevitably different.

We hope that this paper can be helpful in determining initial design directions when
reviewing AFPMs, not only in air vehicles but also in high-speed applications.
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Nomenclature

AFPM Axial-flux permanent-magnet machine
R&D Research and development
RFPM Radial-flux permanent-magnet machine
SSSR Single-stator single-rotor
DSSR Double-stator single-rotor
SSDR Single-stator double-rotor
HSAFPM High-speed AFPM
V Linear speed
r Rotor radius
N Rotor’s rotational speed
RPM

√
kW The figure of merits that evaluates the dynamic performance of machines

Pcore Core loss
Ph Hysteresis loss
Kh Hysteresis loss coefficient
f Frequency
B Flux density amplitude within the material
n Material-dependent exponent
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Pe Eddy current loss
Ke Eddy current loss coefficient
Pem Joule loss
PM Permanent magnet
RPM The resistance of the eddy current path of the PM
ρPM Electrical resistivity of PM
LPM The length of the eddy current path of PM
APM Cross-sectional area of PM
QCD Fourier’s law of heat conduction
k Material’s conductivity
Asur Cross-sectional surface area
∆T Temperature difference
∆x The distance
QCV Newton’s cooling law for convection
hcv Convection heat transfer coefficient
Acont Contact area between the solid and fluid
QRA Stefan–Boltzmann law for radiation
ε Emissivity
σ Stefan’s constant
ARA The radiating area
Ts Material temperature
Ta Temperature of the surroundings
AMMs Amorphous magnetic materials
CFD Computational fluid dynamics
Dynamic Performance Speed–output power characteristics
P Output power
ν Poisson’s ratio
ρR Density of the retaining ring
lm The length of the retaining ring
ωm The angular velocity of the magnet
Rro Outer radius of the retaining ring
Rmo Outer radius of PM

Pri
Pressure developed at the inner radius of the retaining ring from
the magnet

D Rotor diameter
L Rotor axial length
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