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ABSTRACT
This study introduces a new outer‐rotor dual‐permanent magnet (PM) excited flux‐switching generator with an overhang
structure for direct‐drive wind turbine applications. The proposed generator incorporates flux barriers and ferrite PMs in the
stator while utilising neodymium PMs in the rotor segments. Contrary to ferrite PMs, neodymium PMs are prone to demag-
netisation in high‐temperature conditions. Given that the operating temperature of the stator is nearly double that of the rotor in
this study, ferrite PMs are strategically positioned in the stator to mitigate this issue. The main goal of this paper is to provide a
fast and accurate method to study the electromagnetic‐thermal performance of the generator. Hence, a two‐dimensional finite
element analysis (2‐D FEA) electromagnetic analysis is coupled with a 3‐D FEA thermal analysis. Moreover, a precise thermal
circuit of each generator's element is displayed. Finally, the accuracy of the method is confirmed through a comparison of the
simulation results with experimental data, indicating a small margin of error.

1 | Introduction

Green energy production has become more and more popular in
the last decades since the majority of electricity production re-
lies on fossil fuels, leading to more greenhouse gases, carbon
emissions and a climate change crisis [1, 2]. Also, the cost of
fossil fuels and possible shortages are other reasons for inter-
national communities to consider renewable energies [3].
Among all the green energy technologies, wind power genera-
tion has received considerable attention due to its accessibility,
low maintenance requirements and commercial prospects [4]. It
is noteworthy that the theoretical maximum efficiency of a wind

turbine is 59.3% according to the Betz–Joukowsky limit [5] due
to aerodynamic losses. Hence, to increase efficiency, direct drive
systems are preferable to gear drive systems. Eliminating me-
chanical transmission elements such as chains, belts or gear-
boxes leads to higher system efficiency, less mechanical
maintenance, less heat production and more area capacity [6, 7].
For direct drive applications, flux‐switching permanent‐magnet
(FSPM) machines are suitable candidate owing to their high
power/torque density and efficiency [8, 9]. FSPM machine was
first introduced as a single‐phase generator in 1955 [10]. The
rated speed and power for this generator were 50,000 rpm and
3 kW, respectively. Also, a three‐phase FSPM machine was first

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). IET Electric Power Applications published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

IET Electric Power Applications, 2025; 19:e70042 1 of 17
https://doi.org/10.1049/elp2.70042

https://doi.org/10.1049/elp2.70042
https://orcid.org/0009-0001-1724-113X
https://orcid.org/0000-0001-9121-3746
https://orcid.org/0000-0002-5388-8280
https://orcid.org/0000-0003-2954-5242
mailto:amir_ebrahimi@email.kntu.ac.ir
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1049/elp2.70042
http://crossmark.crossref.org/dialog/?doi=10.1049%2Felp2.70042&domain=pdf&date_stamp=2025-05-12


mentioned in 1997 [11]. In conventional FSPM machines, the
armature windings and PMs are installed in the stator, resulting
in a simple and robust rotor structure. This topology has its pros
and cons. One advantage is that this machine is an appropriate
candidate for high‐speed applications thanks to its simple rotor
structure. Also, the conventional FSPM machine has a high air
gap flux density due to the stator structure. However, the ma-
chine's doubly salient nature leads to high cogging torque,
which has always challenged the designers.

Furthermore, the thermal management and demagnetisation of
PMs as a result of heat generation in the stator is another
concern for them. In ref. [12], an inner‐rotor FSPM machine
with an aerofoil‐shaped rotor has been investigated. This ma-
chine included radial housing inlets to maximise self‐cooling.
3‐D finite element analysis (FEA) was employed to validate
electromagnetic performance, while the computational fluid
dynamics (CFD) model of the machine was utilised for thermal
analysis. Although these methods have high accuracy and low
error, they are also quite time‐consuming. Moreover, the CFD
method requires a supercomputer, which is not available in
most research labs. In refs. [13, 14], the lumped‐parameter
thermal network (LPTN) model of the proposed FSPM ma-
chines has been presented to measure the temperature of
different components. In ref. [13], an outer‐rotor FSPM machine
under driving cycles was studied, whereas in ref. [14], a double‐
rotor structure was investigated. Nevertheless, the LPTN
method is fast, the accuracy is not precise and the margin of
error is significant [15]. In refs. [16, 17], both LPTN and CFD
methods were utilised to evaluate the thermal behaviour of
FSPM machines. In ref. [17], the LPTN model of the machine is
only constructed in the radial direction, while the axial direction
has been ignored, which results in a higher margin of error in
calculations. A segmented PM consequent pole flux switching
machine has been developed In ref. [18]. The stator incorporates
several cooling channels (ducts) to prevent PM demagnetisation
and enhance heat dissipation. A 3‐D model of the proposed
machine has been used based on finite element analysis, to
assess the electromagnetic performance and temperature dis-
tribution. However, it is worth noting that this method is
considered time‐consuming. Moreover, the hottest spot of the
machine has occurred in the coils, which is 46°C, and this value
is unreasonably low for an air‐cooled machine. A bidirectional
coupling model of an inner‐rotor FSPM machine was investi-
gated in ref. [19]. 2‐D FEA and a 3‐D asymmetric minimum
element of the discussed machine have been established to
reduce the computation time. However, the research only
covered the machine's performance in a cold state, with no in-
formation available about its performance in a hot state. Addi-
tionally, the 3‐D temperature distribution model of each
component has not been analysed separately. In ref. [20], the
LPTN method of the generator was discussed. However, this
method requires extensive manual calculations, resulting in a
significant margin of error. In contrast, this study does not face
such issues. Moreover, ref. [21] presents a 3‐D FEA model of the
generator. While employing a 3‐D FEA model for electromag-
netic analysis results in substantial computational time, this
paper proposes the use of a 2‐D FEA model to address this issue
effectively and to investigate other aspects and features of the
proposed generator. This methodology not only ensures
adequate accuracy but also significantly reduces computational

time. Based on a thorough review of previous studies, this
research aims to conduct a comprehensive analysis of electro-
magnetic and thermal behaviour in a new outer‐rotor dual‐PM
flux‐switching generator. For electromagnetic performance, a
2‐D model, and for thermal analysis, a 3‐D model of the pro-
posed machine will be used through finite element analysis.
This method can be considered a fast and accurate technique
due to the comparative results between the simulation and
experimental data, which will be discussed later. Moreover, to
improve the accuracy of the thermal behaviour, the electro-
magnetic and thermal performance will be analysed in two
stages. First, the resistance of the winding and the properties of
the PMs will be calculated in the cold state (ambient tempera-
ture), and the generator's behaviour will be analysed based on
the cold state data. Then, in the next stage, the generator's
electromagnetic and thermal performance will be examined
based on the winding's resistance and PMs' properties in the hot
state (operating conditions). Unlike ferrite PMs, neodymium
magnets are susceptible to demagnetisation in high‐temperature
conditions. Therefore, the proposed generator utilises ferrite
magnets in the stator yoke and neodymium magnets in the rotor
segments, as the rotor operates at lower temperatures. Hence,
this generator is known as a dual‐PM excited flux switching
generator (DEFSG). Additionally, the stator benefits from
several barriers to enhance heat dissipation. Furthermore, an
overhang rotor is implemented to minimise cogging torque.
Thanks to this design, this generator can operate under high‐
temperature conditions and provides high power density. In
the following section, the generator structure is expressed,
encompassing the machine topology, wind turbine characteris-
tics, and analytical design.

Furthermore, the 2‐D electromagnetic performance is evaluated
in Section 3. The initial part outlines the no‐load specifications,
while the subsequent part presents the full‐load characteristics
for loss calculation. Section 4 analyses the steady‐state and
transient thermal behaviour of the proposed generator, whereas
Section 5 compares the basic topology with the proposed to-
pology. Also, Section 6 examines the prototyped generator's
performance and reports the results. Finally, the findings of the
study are concluded in Section 7.

2 | DEFSG Structure and Design

Figure 1 illustrates the 3‐D model of the components of the
proposed generator including the moving and stationary shaft,
front and rear cap, front and rear bearing, stator and rotor. It is

FIGURE 1 | 3‐D model of each element of the DEFSG.
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noteworthy that shafts, caps, and bearings are nonmodelled
elements in this study. Moreover, the procedural sequence of
this study is shown in Figure 2. It can be seen that the process
analysis includes two parts: 2‐D electromagnetic analysis and 3‐
D thermal analysis.

Thermal analysis can also be divided into two categories: steady‐
state and transient analysis. However, the electromagnetic and
steady‐state thermal analysis will be repeated to adjust the
winding resistance and properties of PMs.

2.1 | Machine Topology

A 2‐D cross‐section view of a new outer‐rotor DEFSG is shown
in Figure 3. Since the temperature of the stator is higher than
the rotor, ferrite PMs have been chosen to be installed inside the
stator yoke due to their low demagnetisation in high‐
temperature conditions, while neodymium PMs are sand-
wiched between rotor segments to increase the torque density of
the proposed machine.

As can be seen, the ferrite and neodymium PMs are magnetised
clockwise and anticlockwise, respectively. Moreover, the stator
is equipped with a three‐phase concentrated winding and
various flux barriers to have better heat management. Different
components of the prototyped DEFSG are shown in Figure 4.
The stator core and the rotor segments are made of laminated
silicon steel M600, while the stationary shaft is constructed from
stainless steel 316. The stator yoke houses AC‐8 ferrite PMs, and
NdFeB 35 PMs are attached to the rotor segments.

2.2 | Wind Turbine Characteristics

Wind turbines can be categorised into two groups based on their
axis of rotation: vertical‐axis wind turbines (VAWT) and
horizontal‐axis wind turbines (HAWT). Although VAWT is
known for its higher efficiency, this study focuses on HAWT
due to its self‐starting capability [22]. Moreover, the output
power of the wind turbine can be calculated as follows [23]:

P =
1
2
ρπr2U3CP(λ, β) (1)

where ρ is the air density (kg/m3), r is the blade's radius (m), U
is the wind speed (m/s), and CP(λ, β) is the power coefficient
which can be determined by the tip speed ratio (λ) and the blade
pitch angle (β). Hence, the tip speed ratio can be presented as
follows [24]:

λ =
ωrr
U

(2)

where ωr is the turbine's angular velocity (rad/s). Furthermore,
the wind turbine power coefficient curve is depicted in Figure 5.
It is noteworthy that the blade pitch angle for this curve is zero.
Before proceeding with the generator design, a study was con-
ducted to select a realistic rated speed and power. Figure 6
shows the operating points of various commercial or reported
direct‐drive wind turbines taken from [25]. Based on the dis-
tribution of these points, 750 rpm and 2.3 kW were selected as
the operating point for the proposed design.

2.3 | Analytical Design

The first step in the design process of an electric machine is
obtaining and extracting its fundamental equations based on
valid sources. FSPM machines are not excluded from this rule.
Rotor pole pair number plays an important role in this type of
machine. The electrical frequency of FSPM machines can be
defined as follows [26]:

fe = Nr fm (3)

FIGURE 2 | Analysis flowchart of the proposed generator. FIGURE 3 | 2‐D cross‐section of the DEFSG.
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where fe and fm are the electrical and mechanical frequencies
and Nr is the rotor pole pair number. Additionally, the stator
pole number can be determined as follows:

Ns = 2(Nr ± i) (4)

where Ns is the stator pole number and i is a positive integer.
Moreover, the output generator's power can be calculated as
follows:

PG =
m
2
EmIm cos φ (5)

where m, Em and Im are the phase number, the amplitude of the
induced voltage and the current, respectively, and cos φ is the
power factor. According to Faraday's law of induction, the
induced voltage can be written as follows:

e = −nphωr
dϕ
dθ

(6)

where nph and ωr are the number of turns per phase and the
angular speed of the rotor (rad/s). Also, ϕ is the flux linkage that
passes through the coils. Hence, the induced voltage can be
rewritten as follows [27]:

e = nphωrNrϕmax sin(Nrθ) = Em sin(Nrθ) (7)

As a result:

Em = nphωrNrϕm (8)

where:

ϕm = Bg max
πDsoL
Ns

kdCs (9)

where Bg max, Dso, L, kd and Cs are the peak flux density (T),
stator outer diameter (m), machine's active length (m), leakage

FIGURE 4 | Different elements of the prototyped generator (a) stator core and ferrite PMs, (b) stationary elements, (c) rotating elements and
(d) assembled generator.

FIGURE 5 | Wind turbine power coefficient curve.

FIGURE 6 | Operating points of direct‐drive wind turbines.
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factor and rotor pole arc coefficient, respectively. So, the
maximum value of the induced voltage can be expressed as
follows:

Em = nphNrBg max
πDsoL
Ns

kdCsωr (10)

Moreover, the peak current Im can be defined as follows:

Im =
̅̅̅
2

√ AsπDso

2mnph
(11)

where As is the specific electric loading (A/m) of the machine.
Finally, by substituting Equations (10) and (11) into Equa-
tion (5), the output power can be determined as given below:

PG =
̅̅̅
2

√
π3

120
Nr
Ns
D2
soLAsBg maxkdCsn cos φ (12)

where n is the speed of the rotor (rpm). Furthermore, the rotor
pole arc coefficient can be presented as follows:

C =
pole arc

pole pitch
≈
wtrNr
π

(13)

where wtr is the rotor tooth angle. The parameter characteristics
of DEFSG are shown in Table 1.

3 | 2‐D Electromagnetic Analysis

In this section, the electromagnetic performance of the DEFSG
is studied using 2‐D FEA. The electromagnetic performance can

be classified into two stages: no‐load and on‐load conditions. It
is important to note that to analyse the thermal behaviour of
the machine, first, electromagnetic performance should be
conducted to calculate losses that act as heat sources. As
mentioned in Figure 2, the electromagnetic performance is
analysed in two stages. First, the proposed generator has been
analysed using the ambient properties for winding and PMs to
reach the operating data; then, by replacing the new data, the
generator is analysed once more to have precise thermal
modelling.

3.1 | No‐Load Specification

In this part, the no‐load characteristics of the DEFSG are
illustrated including air‐gap field, back‐EMF and its harmonics,
and cogging torque. One way to assess the accuracy of the
design is by examining the no‐load characteristics. It is clear
that in this part, the DEFSG is only excited by PMs, and the
winding is opened. The flux density at no‐load conditions is
demonstrated in Figure 7. Figure 7a, shows the no‐load flux
distribution in the stator core and rotor segments. Also, in
Figure 7b the maximum value of the air‐gap flux density is
about 1.64 T. As shown in Equations (10) and (12), the
maximum value plays a critical part in back‐EMF and output
power. Moreover, the no‐load back‐EMF waveforms are plotted
in Figure 8a. It can be seen that the peak value of the open‐
circuit voltage is about 403 V (FEA), whereas the measured
value in the lab is around 387 V, indicating a 4% error. In
addition, the harmonics spectrum of the open‐circuit back‐EMF
measured in the lab is presented in Figure 8b. It is noticeable
that in the DEFSG only odd harmonics can influence the
fundamental voltage waveform. Also, the total harmonic
distortion (THD) for this voltage waveshape is approximately
5%. Cogging torque is an undesirable torque undulation at no‐
load conditions and low speeds, resulting from force in-
teractions between PMs and salient teeth [28]. This adverse
torque creates vibrations and acoustic noise and also reduces the
useful life of the machine's components [29]. The cogging tor-
que can be determined as follows [30]:

Tcogg =
∂W
∂θ

(14)

where W and θ are the no‐load magnetic energy and mechanical
angle of the rotor, respectively. Equation (14) can be rewritten
as follows [31]:

Tcogg = −
1
2
ϕ2
g
dR

dθ
(15)

Where ϕg and R are the air‐gap flux and reluctance, respec-
tively. One method to lower the cogging torque is to utilise an
overhang rotor instead of a standard one. Hence, the prototyped
DEFSG has been manufactured with this consideration in mind,
so the rotor length is 70 mm up to the end‐windings while the
stator length is 60 mm. Since 2‐D FEA is not able to differentiate
the depth of each machine's components, 3‐D FEA is used to
illustrate the effect of the overhang rotor on cogging torque. In
Figure 9, the overhang structure is shown. In Figure 10, the
cogging torque waveshapes are presented. As can be seen,

TABLE 1 | Main design parameters.

Parameter Value Unit
Phase number 3 —

Stator slot number 24 —

Rotor pole pair number 10 —

Turns per coil 200 —

Rotor outer radius 100.35 mm

Stator outer radius 85 mm

Shaft radius 45 mm

Stator length 60 mm

Rotor length 70 mm

Air‐gap length 0.65 mm

Volume of NdFeB35 PMs 67.2 cm3

Volume of ferrite PMs 51.84 cm3

Winding resistance (cold state) 5.2 Ohm

Winding resistance (hot state) 7.8 Ohm

Phase current (RMS) 3.1 A

Rated speed 750 rpm

Efficiency 0.871 —

Rated power 2300 W
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before using an overhang rotor, the peak cogging torque value
was about 0.52 N.m., while this value after using an overhang
rotor decreased to 0.45 N.m., which indicates a 13.46%
reduction.

3.2 | On‐Load Specification for Loss Calculation

In order to calculate the machine's total loss, including iron loss,
PM loss and winding loss in hot state conditions serving as heat
sources, the electromagnetic performance of the DEFSG should
be analysed in full‐load terms. The analysis comprises flux and
loss distributions, full‐load voltage and rated torque. The flux
density at full‐load conditions is demonstrated in Figure 11. It is
apparent in Figure 11a, that the maximum flux density is
concentrated in the stator teeth (~2.3 T) illustrates the air‐gap flux
density and its peak value is about 1.97 T. Furthermore,
Figure 11b illustrates the air‐gap flux density and its peak value is
about 1.97 T. It is important to note that there is no magnetic
saturation in this machine due to the magnetic properties of the
rotor and stator laminations. Furthermore, 2‐D FEA is employed
to compute the iron loss in the DEFSG. The iron loss consists of
eddy current and hysteresis loss. Although both eddy current and
hysteresis loss arise from a time‐varying magnetic field, hyster-
esis loss occurs only in ferromagnetic parts, whereas eddy current
loss happens in all metallic parts [32]. Consequently, to reduce
the eddy current loss, the DEFSG is constructed using thin steel
laminations (0.5 mm). Furthermore, the loss density distribution
of different components of DEFSG is presented in Figure 12. As

shown in Figure 12a, the stator teeth have higher loss density
compared to the stator yoke. Since ferrite PMs have high elec-
trical resistance, the stator PMs' loss is not considered in this part.
Figure 12b,c, illustrates the loss density in rotor segments and
PMs. It is evident that the maximum rotor PMs' losses have
occurred in front of the air‐gap side. Since the varying magnetic
flux passes through rotor segments and leaks into the cover, it
induces voltages that create an eddy current in the cover. Hence,
the loss density in the aluminium cover is shown in Figure 12d. In
addition, the precise value of each loss is demonstrated in Table 2.
The rated torque of the DEFSG is illustrated in Figure 13. In
Figure 13a, the average measured torque from FEA is approxi-
mately −33.6 N.m., whereas the corresponding value obtained in
the lab is around −31 N.m. as shown in Figure 13b. This results in
an error of about 8%. Additionally, the torque ripple is approxi-
mately 12%. Figure 14a shows the full‐load phase voltage of the
proposed generator. The highest measured voltage value in the
lab is about 335 V, while the FEA indicates 351 V, resulting in a
4.7% error. Moreover, the harmonics spectrum of the full‐load
voltage, measured in the lab, is presented in Figure 14b. There-
fore, THD for the full‐load voltage is about 2.34%.

4 | 3‐D Thermal Analysis

To comprehend the thermal behaviour of electrical machines, it
is essential to introduce thermal specifications. Such specifica-
tions encompass heat transfer coefficients, thermal resistances,
heat capacitances and heat sources. In the preceding section,

FIGURE 7 | Average no‐load magnetic flux density: (a) stator core and rotor segments and (b) air gap at rated speed.
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heat sources were calculated using 2‐D FEA. However, the
determination of other characteristics requires the use of
mathematical equations. Heat transfer can be defined as energy

exchange between matters due to temperature variances and
can be classified into three categories: radiation, convection and
conduction. Radiation occurs when heat shifts from one object
(higher temperature) to another (lower temperature) without
direct contact.

It is noteworthy that in the proposed generator, the radiation
heat transfer is minimal and can be disregarded. Convection
refers to the heat transfer process due to the movement of a fluid
across a surface. This movement can be either natural or forced.
The equations for convection heat transfer coefficients for
rotating discs, such as the caps with ambient air and rotating
cylinders, like the cover with ambient air, are comprehensively
defined in ref. [33]. Conduction can be defined as heat transfer
within an object or among objects in direct contact. An example

FIGURE 8 | (a) No‐load back‐EMF waveshapes and (b) harmonic
spectrum of no‐load back‐EMF.

FIGURE 9 | Side view of the 3‐D model of the proposed generator.

FIGURE 10 | Cogging torque waveforms.

7 of 17

 17518679, 2025, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/elp2.70042 by Fabrizio M

arignetti - C
ochraneItalia , W

iley O
nline L

ibrary on [23/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



of this type of heat exchange can be observed between the shaft
and the stator in the DEFSG. The conduction heat transfer co-
efficient can be defined as follows:

λi =
1
ρLi

(16)

where ρ is the thermal resistivity of the matter (m.°C/W), and
Li is the length of the heat path (m). Furthermore, the
thermal conduction resistance can be expressed as fol-
lows [34]:

FIGURE 12 | Loss density: (a) stator, (b) rotor segments, (c) NdFeB PMs and (d) cover at full load.

TABLE 2 | Average loss at various elements of the DEFSG.

Element Stator Rotor PMs Cover Winding
Loss (W) 32.85 5.69 15.98 40.84 203.22

FIGURE 11 | Average full‐load magnetic flux density: (a) stator core and rotor segments and (b) air gap at rated speed.
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Ri =
1

λiAi
(17)

Where Ai is the cross section area of the heat path (m2),
respectively. Moreover, the convection heat transfer coefficient
varies depending on the shape of the element. For instance, the
equation for rotating discs differs from that for rotating cylin-
ders. Additionally, calculating this coefficient for stationary el-
ements, such as the stator core, can be challenging. As a result,
it is typically estimated to be between 5 and 25 (W/m2.°C) for
these stationary components [21]. The convection heat transfer
coefficient for rotating discs such as caps can be calculated as
follows:

λj =
Nud
ρairRd

(18)

Where ρair and Rd are the thermal resistivity of the air and the
radius of the discs (m), respectively. Also, Nud is the average
Nusselt number for the rotating disc. Furthermore, the con-
vection heat transfer coefficient for rotating cylinders such as
the cover can be calculated as follows:

λj =
Nuc

ρairDo
(19)

Where Do is the outer diameter of the cylinder (m) and Nuc is the
average Nusselt number for the rotating cylinders. It is note-
worthy that the Nusselt number equations have been thor-
oughly defined in refs. [21, 33, 35]. In addition, the thermal
convection resistance can be defined as follows [34]:

Rj =
1

λjAj
(20)

Where Aj is the cross‐section area of the heat path (m2). Finally,
the heat capacitance equation can be written as follows:

C =mCp (21)

Where m and CP are the mass of the matter (kg) and specific
heat of the matter (J/K.kg), respectively. Plotting a thermal
circuit for the DEFSG is critical for understanding the thermal
behaviour of different components. Hence, Figure 15 illustrates
the thermal circuit of the DEFSG, with the rotating parts shown
in green blocks and the nonrotating parts in orange. The figure
also labels the copper loss, stator yoke loss, stator teeth loss,
rotor segments loss, rotor PMs loss and cover loss, as Pc, Pi1, Pi2,
Pi3, Pe1 and Pe2, respectively. It is noted that the stator PMs' loss
is minor and can be ignored. These losses, which perform as
heat sources, were calculated in the previous part using 2‐D
FEA. Also, the heat transfer coefficients are denoted by the
symbol λ, where λ12 and λ13 are conduction factors, while the
rest of them are convection factors. In terms of heat resistance,

FIGURE 13 | Electromagnetic torque at full load: (a) FEA and
(b) measured.

FIGURE 14 | (a) Full‐load terminal voltage waveshapes and
(b) harmonics spectrum of the full‐load terminal voltage.
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R1, R2, R3 and R4 are the conduction heat resistors in the stator,
and R5, R6 and R7 are the conduction heat resistors in the rotor.
Moreover, to gain a more accurate thermal analysis by 3‐D FEA,
it is necessary to consider nonmodelled parts such as the caps
and the shaft. Therefore, R8 and R9 are the convection heat
resistors for the nonmodelled components, and R10 is a con-
duction resistor for the mentioned components. Finally, the
heat capacitances for the nonmodelled components are referred
to as C1 and C2. The thermal characteristics of the DEFSG are
listed in Table 3. Also, the thermal properties of the generator
are summarised in Table 4.

4.1 | Steady‐State Thermal Analysis

In this section, the thermal behaviour of the DEFSG is
assessed utilising 3‐D FEA. Similar to the electromagnetic
analysis, the steady‐state thermal analysis includes two steps.

As depicted in the flowchart in Figure 2, this analysis is
initially carried out under cold state conditions. Subsequently,
to achieve a more precise thermal model, the analysis is
repeated under hot state conditions by replacing the new data.
Notably, the following findings are in operating mode (hot
state). The 3‐D steady‐state thermal distribution of different
components of the generator is shown in Figure 16. The rotor
segments and NdFeB PMs are illustrated in Figure 16a, and it
is evident that the inner parts in front of the air gap have a
higher temperature than the other parts. Figure 16b depicts
the stator core, highlighting that the stator teeth are in a hotter
state than the stator yoke.

Also, the same phenomenon exists for the stator teeth‐tips
compared to the end parts of the teeth. Subsequently,
Figure 16c, demonstrates the temperature distribution in the
cover, indicating that the edges in direct contact with the rotor
segments are hotter than the rest of the cover. Finally, in
Figure 16d, the thermal behaviour of the coil is shown. Since the

FIGURE 15 | Thermal circuit of the proposed generator.
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end‐winding cannot be represented in 2‐D FEA, and the elec-
tromagnetic and thermal analysis are coupled together, the coil
is shown in a rectangular cube shape. To account for the end‐
winding effect, the lengths of the winding with and without
the end‐winding are calculated. Given the direct relationship
between electrical resistance and the length of the coil, the
electrical resistance values for both configurations can be
determined.

The ratio of these resistances serves as a correction factor, which
is then applied to the heat sources in JMAG software to

adequately incorporate the impact of the end‐winding. It is
worth noting that the correction factor is about 1.14, also the
copper loss represented in this paper has been adjusted by this
factor. Furthermore, the centre of the coil appears to be cooler
than its edges. In summary, the coils represent the hottest spot,
while the cover is the coolest area in the operating mode.
Moreover, for the initial analysis, an ambient temperature of
20°C is assumed, yielding a cold‐state winding resistance of
approximately 5.2 Ω. This initial assessment is performed using
JMAG software, which implements the following equation for
its calculations:

TABLE 3 | Thermal characteristics of the DEFSG.

Characteristics Symbol Definition Value
Heat capacitances [J/°C] C1 Shaft 3226

C2 Caps 3830

Thermal resistances [°C/W] R1 Winding to stator yoke 0.021

R2 Stator PMs to stator yoke 0.054

R3 Stator yoke to stator teeth 0.005

R4 Winding to stator teeth 0.012

R5 Rotor segments to rotor PMs 0.022

R6 Rotor PMs to cover 0.066

R7 Rotor segments to cover 0.01

R8 Shaft to inner air 1.32

R9 Caps to inner air 0.86

R10 Shaft to caps 0.024

Heat transfer coefficients [W/m2.°C] λ1 to λ4 Stator teeth, winding, rotor segments and PMs to air gap 127.2

λ5 Winding to inner air 18.62

λ6 Stator PMs to inner air 15.87

λ7 Stator yoke to inner air 18.65

λ8 Stator teeth to inner air 13.72

λ9 Rotor segments to inner air 22.88

λ10 Rotor PMs to inner air 20.32

λ11 Cover to inner air 52.84

λ12 Stator core to shaft 376.7

λ13 Cover to caps 345.9

λ14 Shaft to outer air 32.2

λ15 Caps to outer air 29.06

λ16 Cover to outer air 54.87

TABLE 4 | Thermal properties of the DEFSG.

Material [20°C] Density [kg/m3] Specific heat [J/kg.°C] Thermal resistance [m.°C/W]
Air 1.204 1007 39.777

Aluminium 2698 900 0.0048

Copper 8930 385 0.0025

Steel M600 7750 460 0.0303

Steel 316 7980 502 0.0617

Neodymium N35 7500 460 0.1316

Ferrite AC‐8 4900 810 0.2222
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Rhot = Rref (
CF + Thot

CF + Tref
) (22)

Where Rhot and Rref are the corrected and reference resistances,
respectively. Also, Thot and Tref are the corrected and reference
temperature of the winding (°C), and CF is the correction factor
for copper (~234.5). Upon completion of the first analysis, the
winding temperature is observed to reach nearly 105°C, result-
ing in a winding resistance of approximately 6.94 Ω. In the
second analytical stage, the reference temperature and resis-
tance are adjusted to 105°C and 6.94 Ω, respectively. Following
this analysis, the winding resistance is found to increase to
approximately 7.13 Ω, while the temperature of the coils esca-
lates to 114.5°C, which will be discussed in Section 4. Further-
more, the same procedure is implemented for the PMs. Initially,
the reference temperature for the PMs is established at 20°C,
after which an analysis is conducted. It is observed that the
temperature of the ferrite magnet reaches approximately 96.5°C,
while the temperature of the neodymium magnet rises to
around 56°C. Subsequently, the reference temperatures of the
magnets will be adjusted to these measured values, and the
analysis will be performed again. The rationale for this pro-
cedure lies in the fact that, by aligning the reference tempera-
ture with the actual operating conditions, the software will
automatically modify the B‐H curve of the magnets. This
adjustment results in a more precise determination of the
operating point for the magnets, thereby enhancing the reli-
ability of the output data.

It is noteworthy that the following results are in operating mode
(hot state).

4.2 | Transient‐State Thermal Analysis

In Figure 17, the temperature profile of various elements of the
generator is presented. It is clear that the simulation duration is
300 min, with the initial temperature set to the ambient level. The
thermal behaviour of nonrotating parts is visualised in Figure 17a,
while the same graph for rotating parts is in Figure 17b. As
indicated in Figure 17, the coil temperature has increased to
almost 114°C, establishing it as the hottest spot in the generator.
In terms of permanent magnets, the ferrite PM temperature went
up to ~95°C, while the neodymium PM temperature rose to
~58°C. That is the reason behind the placement of ferrite PMs in
the stator yoke and neodymium PMs in the rotor since the oper-
ating temperature of ferrite PMs is high, while the neodymium
PMs are prone to demagnetisation in high‐temperature condi-
tions. It is evident that the nonrotating elements are approxi-
mately twice as hot as the rotating elements. Also, the exact
temperature value of each element is shown in Table 5.

5 | Comparison of Basic and Proposed Topologies

This section compares the electromagnetic performance and
thermal behaviour of the basic topology with the proposed

FIGURE 16 | Temperature distribution in the DEFSG: (a) rotor segments and NdFeB PMs, (b) stator core and ferrite PMs, (c) cover and
(d) winding.

12 of 17 IET Electric Power Applications, 2025

 17518679, 2025, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/elp2.70042 by Fabrizio M

arignetti - C
ochraneItalia , W

iley O
nline L

ibrary on [23/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



topology. As shown in Figure 18, the rotor segments and the
cover are identical for both topologies; however, the stator
core is where the key difference lies. The basic topology
employs a simple structure for the stator core, whereas the
proposed topology (DEFSG) incorporates ferrite magnets in
the stator core along with flux barriers, as previously
mentioned. The use of flux barriers is intended to improve
thermal management and to separate the positive and nega-
tive cycles of flux linkage between the stator teeth and the
rotor segments. Furthermore, it is evident that the utilisation
of ferrite magnets enhances the power density of the machine.
The electromagnetic characteristics of both topologies are
summarised in Table 6. It is evident that the output power of
the DEFSG is approximately 2.5% higher than that of the
basic topology, which can be attributed to its use of ferrite
magnets. Additionally, the proposed topology shows improved
performance in terms of THD and back‐EMF values. More-
over, the thermal characteristics of the stator core for both
configurations are depicted in Figure 19. As shown in
Figure 19a, the maximum temperature of the stator core is
observed in the stator teeth, reaching approximately 115.5°C

for the basic topology. In comparison, the proposed topology
exhibits a maximum temperature of around 108.5°C, demon-
strating that the stator core of the DEFSG operates at a
temperature that is 7°C lower than that of the basic config-
uration. This enhanced thermal performance can be attributed
to the incorporation of flux barriers within the stator core,
which significantly improves the thermal management of the
machine.

6 | Experimental Validation

After conducting an analysis of the electromagnetic‐thermal
performance of the generator using 2‐D and 3‐D FEA, it is
essential to evaluate the performance of the prototyped gener-
ator in the lab. The electromagnetic experimental performance
was displayed in Section 3, and in this section, the focus is on
the thermal experimental test of DEFSG. Hence, as shown in
Figure 20, two thermal sensors were fixed in the stator to
compute the temperatures of the hottest spots in DEFSG. The
pale blue circle indicates the position of the thermal sensor in
the stator tooth‐tip and the orange one denotes the location of
the thermal sensor between the coils. Moreover, a laser ther-
mometer was employed to gauge the temperature of the cover at
the specific location shown by the green circle. Subsequently,
Figure 21 illustrates the test bench of the proposed generator. It
is apparent that the prototyped generator was coupled to an
induction motor which acts as the generator's mover through a
torque transducer. Also, an inverter and a tachometer were
employed to control and check the mover's speed. Furthermore,
the generator was linked to a three‐phase resistive load with a
star connection. The experimental test lasted 5 h under rated
load conditions at ambient temperature. The temperatures of
the case study spots were recorded every minute. Furthermore,
the waveforms including transient temperature, no‐load voltage,
on‐load voltage, cogging torque and rated torque, which have
been calculated in the lab, are recorded by the data acquisition
system (DAS). Figure 22, indicates the comparison between the
measured lab temperatures and temperature results by 3‐D
FEA. It is evident that after ~3 h, the generator's thermal
behaviour stabilises, reaching a steady‐state mode The coil and
stator tooth‐tip measured temperatures by thermal sensors are
displayed in Figure 22a,b. In the steady‐state mode, the
measured temperature of the coils reaches 122.6°C, while the
FEA reported result is ~114°C, showing an error of about 8.5°C.
Moreover, the maximum measured temperature of the stator
tooth‐tip is approximately 118°C, while the FEA registered
temperature is ~107°C, indicating a temperature difference of
around 10°C. Additionally, the temperature of the rotating cover
measured by a laser thermometer is depicted in Figure 22c. The
peak temperature value of the cover in the lab is ~60°C, while
the FEA value is around 55°C, resulting in a difference of 5°C.
Furthermore, the highest recorded temperatures of the case
study points in the lab and by 3‐D FEA are listed in Table 7. The
results obtained from Figure 22 and Table 7 demonstrate a
strong agreement between the laboratory calculations and the
3‐D FEA. This indicates that this approach is an effective
technique that not only reduces computational time but also
enhances calculation precision.

FIGURE 17 | Transient temperature graph of different generator's
elements: (a) nonrotating elements and (b) rotating elements.

TABLE 5 | Temperature of different elements of the DEFSG.

Element Temperature [°C]
Coil 113.98

Stator 101.02

Ferrite PM 95.41

NdFeB PM 57.84

Rotor 56.69

Cover 54.63
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7 | Conclusion

This paper introduced a new outer rotor dual‐PM excited flux‐
switching generator with an overhang structure for wind tur-
bine applications. The proposed generator utilised ferrite PMs in
the stator yoke and neodymium PMs in the rotor segments. In
this study, a 2‐D FEA electromagnetic analysis coupled with a 3‐
D FEA thermal analysis reached an accurate and fast method
based on the comparison between the simulation results and the

experimental data. It is noteworthy that the simulation duration
for 2‐D FEA electromagnetic analysis coupled with 3‐D FEA
steady‐state thermal analysis was about 1 hour. Also, the
transient‐state thermal analysis took about 6 h. This notable
efficiency underscores the classification of this method as a
rapid analytical approach. In terms of electromagnetic behav-
iour, the generator demonstrated strong electromagnetic per-
formance, with a no‐load voltage THD of less than 5% and a full‐
load voltage THD of less than 2.5%. Also, the overhang rotor

TABLE 6 | Electromagnetic characteristics of the basic topology and DEFSG.

Parameter Basic topology Proposed topology
Power (W) 2243 2300

Back‐EMF (V) 281.4 285

THD (%) 6.5 5

Rated torque (N.m) −32.8 −33.6

FIGURE 18 | Configurations of basic and proposed topologies.

FIGURE 19 | Thermal distribution in the stator core for: (a) basic topology and (b) proposed topology.
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contributed to a reduction in cogging torque of almost 13.5%.
Moreover, the 2‐D magnetic flux density of the generator did not
exhibit any signs of magnetic saturation. The recorded rated

torque was around 31 N.m. at 750 rpm, making it an excellent
candidate for direct‐drive wind turbines due to its compact di-
mensions. In terms of the thermal behaviour, a precise thermal

FIGURE 22 | The measured lab temperature compared to the 3‐D FEA transient results: (a) coils, (b) stator tooth‐tip and (c) cover.

FIGURE 20 | Location of different sensors in the DEFSG.

FIGURE 21 | Experimental test validation of the prototyped generator.
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circuit of the generator was introduced, with each element being
separately modelled in this circuit. A comprehensive thermal
analysis was conducted to assess the steady‐state and transient
thermal performances of the key components. It revealed that
the temperature of the stator is nearly double that of the rotor.
This is why the neodymium PMs were placed in the rotor, as
they are susceptible to demagnetisation at high temperatures.
Furthermore, the temperature of each element was within an
acceptable range, and there was a small deviation between the
measured and the simulation temperatures, demonstrating the
successful implementation of the proposed coupled method.
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