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Abstract

This paper reviews recent advances in modular permanent magnet (PM) machines and
their associated thermal management strategies. It begins by examining developments in
conventional PM machines and highlighting their limitations, particularly in fault tolerance
and manufacturability. To overcome these challenges, modular stator configurations have
been extensively investigated over the past decade. The review discusses the key advan-
tages of modular PM machines, including improved torque density, efficiency, operational
reliability, and enhanced fault-tolerant capability, supported by findings from recent studies.
The paper then presents a comprehensive review of state-of-the-art thermal management
techniques for PM machines, emphasizing their importance in maintaining performance,
reliability, and durability under increasingly high-power densities and thermal stresses.
Both passive and active cooling approaches are considered, including air cooling, liquid
cooling, heat pipes, oil-spray cooling, shaft cooling, and emerging ferrofluid-based cooling
technologies. Advances in thermal modelling and coupled electromagnetic-thermal opti-
mization are also highlighted as important enablers for improving machine performance
and efficiency. Furthermore, the review explores the interaction between stator modularity
and thermal management, with particular attention to how modular machine architectures
affect heat generation, thermal paths, cooling integration, and overall thermal performance.
Finally, the paper identifies key research challenges and outlines future opportunities for
the development of high-performance, thermally robust PM machines for next-generation
energy and transportation applications.

Keywords: active cooling; multiphysics modelling; passive cooling; permanent magnet
machines; stator modularity; thermal management

1. General Introduction

Electrical machines have played a pivotal role in modern life since the construction of
the direct current (DC) electrical machine by Thomas Davenport in 1834 and the patenting
of the alternating current (AC) induction machine by Nikola Tesla in 1888. These innova-
tions have endowed electrical machines with immense significance, especially in industrial
applications, including electrical /hybrid electrical vehicles (EVs/HEVs), aerospace ap-
plications, renewable energy. Various types of electrical machines have been developed,
such as induction machines (IMs), reluctance machines (RMs), and permanent magnet
(PM) machines [1]. Among the pivotal advancements in electrical machines, permanent
magnet synchronous machines (PMSMs) hold a prominent position. In contrast to other
synchronous machines that adopt DC current to establish a constant magnetic field over
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time within the rotor, PMSMs generate a constant magnetic field through the excitation
provided by PMs [2]. Benefiting from the high energy density that rare-earth magnets
exhibit, PMSMs have gained significant popularity over the past few decades, owing to a
range of attractive features, such as their high efficiency, high torque and power density,
and excellent overload capability. Numerous research studies on PMSMs have been un-
dertaken to improve their electromagnetic (EM) performance, with a particular focus on
improving the torque/power density, increasing fault-tolerance capability, and minimizing
volume and cost. A PM machine with a modular stator is a type of PMSM. Research
studies have revealed that the introduced flux gaps/flux barriers between stator segments
holds significant potential for improving machine EM performance. The advantages and
shortcomings of modular machines will be detailed in this paper.

Although PM machines offer significant advantages over other types of electrical
machines, their permanent magnets are susceptible to demagnetization at elevated operat-
ing temperatures, which can lead to degraded electromagnetic performance. To address
this challenge, advanced thermal management has become increasingly important in PM
machine design, particularly in response to the growing demand for higher power density
and improved power output [3]. A well-designed cooling system can effectively reduce
machine temperatures, enabling higher current densities, improved reliability, and greater
resistance to demagnetization. This paper will provide a comprehensive overview of the
state of the art in PM machines and their associated thermal management strategies, with
particular emphasis on modular PM machine technologies. The aim is to provide machine
designers and practitioners in the electrical machine community with valuable insights into
current design practices, key challenges, and emerging opportunities in high-performance
PM machine technologies and thermal management.

2. Conventional Permanent Magnet (PM) Machines

The basic characteristics which are often required for electrical machines encom-
pass [1]: (a) high torque and power densities, (b) high efficiency, (c) intermittent overload
capability, and (d) high reliability and robustness. Compared with IMs and switched or
synchronous reluctance machines, PM machines have higher power density and efficiency,
as well as lower mass, and shorter machine active length [4,5]. Nevertheless, additional
costs are incurred due to the high expense associated with PMs. Additionally, the PM
machines are attractive for their low-maintenance operation, precise controllability, and
exceptional robustness. However, the high cost and volatile supply of rare-earth materials
pose significant challenges, potentially inflating the overall machine cost. Therefore, lots of
research efforts have been directed towards improving the performance of PM machines
and minimizing PM material consumption, as will be detailed in the following sections.

2.1. Rotor-Mounted PM Machines

Various PM machine topologies have been proposed over the past few decades for
a wide range of industrial applications, including electric vehicles, renewable energy
systems, and aerospace technologies. One of the most popular PM machine topologies is
the rotor-mounted PM machine, including, surface-mounted PM (SPM) machines, inset
SPM machines, and interior PM (IPM) machines, as shown in Figure 1. It is noteworthy
that SPM machines, shown in Figure 1a, feature non-salient rotor cores where arc-shaped
PMs are affixed to the rotor’s surface. In such configurations, the electromagnetic torque
is solely generated by the magnet torque. This is because the d- and g-axis inductances
of SPM machines are identical, so no reluctance torque is generated. In contrast, both the
inset SPM machines [see Figure 1b] and the IPM machines [see Figure 1c] exhibit a certain
level of magnetic saliency, i.e., the difference between d- and g-axis inductances, resulting in
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reluctance torque [6]. As reluctance torque is generally less expensive to generate because
it does not rely on expensive high-performance rare-earth magnets, inset SPM and IPM
machines can potentially achieve a similar torque output while requiring less magnet
material. This reduced magnet consumption can lead to a lower overall system cost.

Figure 1. Topologies of rotor-mounted PM machines. (a) SPM, (b) inset SPM, and (c) IPM.

Numerous research has undertaken a comparative study between SPM and IPM
machines. In [7], it was highlighted that IPM machines exhibit better overload capabilities
compared to SPM machines, both at low and high speeds. Notably, IPM machines achieve
substantial reductions in PM losses, especially under high-speed conditions. This is mainly
because the magnets in IPM machines are embedded within the rotor iron core, which
provides magnetic shielding from the harmonic fields generated by both the permanent
magnets and the armature MMEF. As a result, the eddy-current losses in the magnets are
significantly reduced. This assertion was corroborated by [8], which also acknowledged that
while SPM machines tend to generate higher PM losses, they achieve a notable reduction
in iron losses, leading to higher efficiency. Ref. [9] noted that SPM machines experience
additional copper losses during flux-weakening operation at high speed. This is mainly
due to the relatively low d-axis inductance of SPM machines, which requires a larger d-axis
current to achieve the same level of flux weakening as in an IPM machine. Consequently,
the copper losses increase during flux-weakening operation. On the other hand, ref. [10]
emphasized the advantage of SPM machines, particularly their better dynamic responses
and fault-tolerant capabilities, mitigating unbalanced magnetic forces, particularly in the
presence of rotor eccentricity. However, a concern with SPM machines pertains to PM
separation due to centrifugal forces under high-speed conditions. This is mainly because
the magnets are typically bonded to the outer surface of the rotor. Under high-speed
operation, the resulting centrifugal forces can cause the magnets to detach, potentially
damaging the rotor. However, this issue can be mitigated by incorporating a rotor sleeve to
provide additional mechanical support [11]. Meanwhile, IPM machines face more serious
mechanical stress, as noted in [5], since their rotor iron bridges are subjected not only
to centrifugal forces, but also to magnetic forces generated by the magnets. In contrast,
ref. [12] showed that SPM machines can achieve higher torque density due to lower magnet
leakage flux, while lower vibrations and acoustic noise due to smoother air-gap flux density
distribution and more uniform effective air gap. Additionally, ref. [13] proposed that the
SPM machines have smaller phase voltage distortion, as well as lower torque ripple than
IPM machines, generally due to lower local saturation. In [14], a comparison between SPM
and IPM machines using large-scale 7MW PM generators was conducted, and the authors
concluded that SPM machines offer advantages in terms of reduced weight and cost, as well
as improved demagnetization withstand capability, again due to lower d-axis inductance.
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IPM machines provide more degree of freedom for machine designs when it comes to
rotor structures, a factor that affects several important EM characteristics. These charac-
teristics include torque density, cogging torque, and torque—speed range. Thus, different
IPM machines can be implemented to meeting various requirements during industrial
applications [6]. Evolving from basic concept of flat magnets [15], as shown in Figure 1c,
IPM machines have developed into a diverse array of rotor configurations. These various
rotor configurations and their associated advantages are listed in Table 1. Remarkably,
certain IPM machine designs are capable of achieving exceptionally high reluctance torque,
often reaching values in the range of 40% to 50% or even higher of the total torque [15,16].
These machines typically employ IPM rotors with multiple magnet layers per pole, which
increase the difference between the d-axis and g-axis inductances, thereby enhancing the
reluctance torque component. It should be noted that modifying the rotor structure alone
is often insufficient to maximize reluctance torque; the rotor design must be complemented
by an appropriate stator winding configuration. For example, although fractional-slot
concentrated windings generally exhibit a lower saliency ratio and may not exploit re-
luctance torque as effectively as optimized integer-slot distributed windings. A similar
phenomenon is observed in sensorless control applications, where the saliency ratio of
fractional-slot concentrated-winding IPM machines is often close to unity, limiting the effec-
tiveness of high-frequency signal injection methods. Nevertheless, despite these limitations,
the combination of high torque density, wide constant-power speed range, and reduced
permanent-magnet material requirements has contributed significantly to the widespread
adoption of IPM machines, particularly in electric vehicle applications.

Table 1. Cited advantages of different rotor configurations for IPM machines.

Types of PM  Advantages Reference
V-shaped e Improved average torque [17,18]
e High torque with low torque ripple
U-shaped e Low PM losses [17-20]
e High efficiency
V-shaped High machmfe efficiency [20-22]
e Low torque ripple
e  High torque density
Spoke-shaped ' podyced back-EMF harmonics [20]
e  Low back-EMF harmonics
VV-shaped e High-power density [17,23]
e  Minimized machine size
e  Doubled back-EMF
UV-shaped e  Reducing harmonic eddy-current losses [24,25]
e  Reducing torque ripple and high-speed core losses

e Low coreloss
VU-shaped e Low torque ripple [22]
e High efficiency

Note: The advantages summarized in this table are reported in the respective references and may have been
obtained under different machine specifications, operating conditions, and optimization objectives. There-
fore, the table provides a qualitative overview rather than a direct quantitative comparison among different
rotor topologies.

2.2. Stator Mounted PM Machines

In addition to the rotor-mounted PM machines, various stator-mounted PM machines
have seen significant development, including the double salient PM (DSPM) machines, the
flux-reversal PM (FRPM) machines, and the flux-switching PM (FSPM) machines, and their
topologies are shown in Figure 2. In contrast to the rotor-mounted PM machines, where the
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PMs are situated on the rotor, stator-mounted PM machines place windings and PMs on
the stator, with the rotor primarily consisting of iron core. This simplified rotor structure
results in enhanced robustness and reliability, especially in high-speed applications. As
highlighted in [26], stator-mounted machines offer improved thermal performance. This
improvement arises from the fact that dissipating heat from the rotor for rotor-mounted
PM machines is a challenge due to the limitation in the poor thermal conduction within the

air-gap region.

Figure 2. Topologies of stator-mounted PM machines. (a) DSPM, (b) FRPM, and (c) FSPM.

All three types of stator-mounted PM machines exhibit distinctive characteristics,
determined by the location of their PMs. For example, the DSPM machine [see Figure 2a]
produces unipolar flux linkages—that is, as the rotor rotates, the polarity of the phase flux
linkage does not change. Consequently, its phase EMF is significantly lower than that of the
other two stator-mounted PM machines, which exhibit bipolar flux linkages. This results in
lower torque and power density for DSPM machines compared with their counterparts.
The FRPM machine [see Figure 2b], to some extent, similar to the SPM configuration, has
magnets placed adjacent to the air gap and mounted on the surface of the stator teeth. Due
to this arrangement, the magnets are typically small and therefore more susceptible to
demagnetization. In contrast, the FSPM machine [see Figure 2c] overcomes these limitations,
as its magnets are sandwiched between stator segments, which act as magnetic shields
and prevent demagnetization during the flux-weakening operation. Furthermore, owing
to the flux-focusing effect and bipolar flux linkage, the FSPM machine generally exhibits
the highest torque and power density among stator-mounted PM machines, although its
relatively high magnet usage remains a concern.

3. Modular PM Machines

In addition to the advances in conventional PM machines discussed in Section 2,
various stator and rotor configurations, particularly those incorporating modular (also
referred to as segmented) designs, have been developed to further enhance machine perfor-
mance while simplifying manufacturing and assembly processes. For example, Spooner
et al. [27-29] introduced a new machine topology, involving a modular arrangement of
stator and/or rotor, as shown in Figure 3, for a 166-pole/180-slot radial-field PM machine.
Another study on a modular PM machine featuring both segmented stator and rotor struc-
tures was reported in [30]. However, the flux gaps introduced in the modular rotor are
located directly within the main magnetic flux path, resulting in an increased effective
air-gap length and consequently degraded torque performance. Despite these drawbacks,
these modular designs are specifically implemented in generators with power ratings more
than 1 MW. In contrast to the non-modular, continuous core designs, modular configura-
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tions offer distinctive advantages in terms of assembly and maintenance. Moreover, these
modular designs have the potential to reduce both the machine’s mass and its active length.

Figure 3. Topology of a radial-field PM machine with modular (also called segmented) stator and
rotor [29].

Another modular stator structure was explored and presented by Zhu et al. in [31]. A
closed-slot stator with segmented teeth and yoke is implemented for a 10-pole/12-slot IPM
machine as shown in Figure 4. Additional stator gaps between stator teeth and yoke with
nonuniform gap width are introduced due to manufacturing tolerances. This topology
effectively minimizes the cogging torque, which is a primary contributor to torque ripple,
while having a negligible influence on the back-EMF waveform. The concept of modular
technology extends to the stator design of FSPMs [32,33]. In this approach, the PM is
selectively removed from alternate stator teeth, as shown in Figure 5. Research findings
revealed that, the modular stator exhibits significantly enhanced fault-tolerant capability
but comes at the cost of reduced power density. However, by maintaining the same PM
volume, it becomes possible to achieve higher torque and power density in this design [34].
Another modular stator surface-mounted PM machine employing E-core stator modules
with surface-mounted PMs on the central teeth was reported in [35]. For a 12-slot/13-pole
configuration, the introduction of flux gaps was found to increase the back-EMF and
average torque by 21.6% and 7.1%, respectively. These improvements were attributed to
the enhanced winding factor and flux-focusing effect resulting from the incorporation of
flux gaps in alternate stator teeth.

Figure 4. Topology of an IPM machine with a closed-slot stator featuring segmented teeth and
yoke [31].

A number of studies by Li et al. [36-42] further investigated the influence of flux
gaps on the electromagnetic performance of modular PM machines, as shown in Figure 6.
Their research explores the influence of flux gaps on the electromagnetic performance of
12-slot/14-pole and 12-slot/10-pole SPM machines with stator modularity, as detailed
in [38]. By inserting flux gaps in alternative stator teeth, this topology effectively prevents
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the flux of one phase from crossing into other phases. This configuration brings about
significant reductions in mutual inductance (almost 0 mH at large flux-gap width of
5 mm) between phases, leading to enhanced fault-tolerant capabilities. The findings from
this study reveal that the introduction of flux gaps in alternative stator teeth has several
significant effects. It not only improves the winding factor to unity for fractional-slot
concentrated windings, (more precisely, the pitch factor) but also enhances the open-circuit
air-gap flux density. This is mainly because the introduction of flux gaps allows the coil
pitch to be adjusted (by varying the flux-gap width) to match the pole pitch, resulting in a
unity pitch factor while maintaining a unity distribution factor. In addition, the presence
of flux gaps modifies the air-gap permeance; similar to a magnetic gearing effect, certain
harmonic flux components are effectively converted into the fundamental component,
thereby increasing the fundamental air-gap flux density. Additionally, it introduces an
extra flux focusing effect for the machines, but only when their pole number (2p) is larger
than the slot number (Ns). These threefold effects in modular machine with 2p > N result
in higher torque and power densities that are more than 10% higher than those of their
non-modular counterparts. It is noteworthy, however, that these threefold effects have
a negative impact on modular machines with 2p < Ns. In such cases, flux defocusing,
together with a reduced pitch factor and decreased open-circuit air-gap flux density, leads
to a reduction in electromagnetic torque. Another analytical modelling study of a modular
PM machine was reported in [43]. Unlike conventional modular machines employing
E-core stator segments, this machine incorporates additional flux gaps within the wound
stator teeth. However, these flux gaps do not extend through the entire tooth height,
which is the case for the C-core modular stator; the tooth-tip region remains continuous
and unsegmented. Consequently, they do not create slot openings, which distinguishes
them from the flux gaps commonly found in most modular machine topologies. In other
studies, the introduction of flux gaps in modular machines has been shown to improve
demagnetization withstand capability [39]. Similar to its impact on torque and power
density, flux gaps can also mitigate magnet demagnetization for the modular machines
with 2p > Ns. In contrast, for modular machines with 2p < N, the introduction of flux
gaps exacerbates magnet demagnetization.

Figure 5. Topology of FSPM with stator modularity.

Modular machines also exhibit improvements in vibrations and acoustic noise. A
study referenced in [37] investigated the influence of flux gaps on machine vibrations and
acoustic noise, revealing noteworthy findings. Despite the reduction in resonant frequency
due to the stator modularity, the decrease in radial force and magnetic pressure within the
air gap contributes to a reduction in vibrations by 71% and in the sound pressure level by
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85%. A related study was reported in [44], which investigated the vibration characteristics
and optimization of a novel E-core modular stator permanent magnet synchronous motor
from the perspective of stator tooth modulation. Unlike the machine presented in [37],
the E-core stator segments incorporate dummy slots in the stator teeth while retaining
continuous iron bridges and windings, thereby enhancing the flux modulation effect. The
use of dummy slots for flux modulation enhancement was also explored by Yu et al. [45]
in a Vernier machine developed for electric vertical takeoff and landing (eVTOL) aircraft
propulsion. Their results showed that the combination of dummy slots and flux gaps can
further strengthen the flux modulation effect.

Figure 6. Topology of SPM with stator modularity [38].

Li et al., as investigated in [36], have further formulated the design guidelines for
fractional-slot multi-phase modular PM machines. Embracing stator modularity offers
several advantages, including easing the manufacturing process, notably the winding
process, and providing additional flexibility for cooling designs. Furthermore, the modular
topology has the capacity to reduce the sub-harmonics of air-gap MME, thereby mitigating
their adverse impact on machine EM performance. These advantages of introducing flux
gaps can be extended to multiphase machines, such as four-phase, five-phase, or higher-
phase configurations. In another study on multiphase modular PM machines, Dajaku [46]
investigated an 11-phase modular PM machine (with single-layer windings) and compared
its performance with that of a conventional non-modular 12-slot/10-pole PM machine
employing double-layer windings. The results demonstrated that the multiphase modular
PM machine achieved a higher average torque while maintaining minimal torque ripple.

Research on the influence of flux gaps on SPM machines is not limited to a specific
type of rotor structure. Similar findings have been established for other rotor structures.
For instance, Zhou et al., as presented in [42], investigated two types of modular stators
designed for consequent-pole PM machines. One design, as shown in Figure 7a, is referred
to as the E-core stator, while the other, depicted in Figure 7b, is known as the C-core stator.
Their findings have demonstrated that the E-core modular stator for consequent-pole
PM machines contributes to enhancements in electromagnetic torque, increased machine
efficiency, and improved flux-weakening capability. Conversely, the C-core modular stator
design helps reduce the torque ripple, minimizing the on-load unbalance magnetic forces
and enhancing the power factor. The consequent pole modular PM machine concept was
further investigated in [47,48]. Both studies showed excellent electromagnetic performance
improvement due to the introduction of flux gaps in either alternate stator teeth—E-core
modular machine or in all stator teeth—C-core modular machine.
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Figure 7. Topology of modular consequent-pole PM machines and SRM with stator modularity.
(a) E-core modular stator [42], (b) C-core modular stator [42], and (c) modular SRM [49].

The literature also encompasses an analysis of iron losses in modular inset SPM
machines, as detailed in [40]. The introduction of flux gaps has been shown to result in
a substantial reduction in onload iron losses for these modular inset SPM machines. For
example, for the 12-slot/14-pole modular inset SPM machine, its onload iron loss is reduced
by more than 20% from 0 mm flux-gap width (non-modular) to 5 mm flux-gap width. In
addition, the presence of flux gaps has also led to improvements (by >10%) in machine
electromagnetic torque.

Stator modularity has also been applied to IPM machines [50-52]. The findings align
with Li’s research, demonstrating that introducing flux gaps, also known as flux barriers by
Gerling, results in the improvement of machine EM performance, particularly when the
machine’s pole number is larger than the slot number. Stator modularity is not limited to
PM machines either; it also offers advantages for SRMs [49,53,54]. Modular 12-slot/14-pole
and 12-slot/8-pole SRMs were developed in [49]. It is found that, modular 12-slot/14-pole
SRM exhibited a high average torque. Its reduced sensitivity to magnetic saturation in the
back iron allows it to generate high torque under overload conditions. Furthermore, similar
to stator modularity in PM machines, modular SRMs demonstrated lower iron losses and
radial force compared to their non-modular counterparts.

In this section, various machines with different levels of modularity are reviewed, and
their advantages are investigated and analysed, as listed in Table 2. In summary, all the
reviewed literature consistently highlights several general advantages associated with the
modular structure in machine design, which include:

e Improved electromagnetic torque due to increased winding factor (by more than 3%).

e  Mitigation of mutual inductance (to almost 0 mH due to flux gap between adjacent
coils), leading to improved fault-tolerant capability.

e  Simplified manufacturing process, including assembly and winding process.

e  Reduced machine maintenance and replacement costs.

e  Decreased overall machine weight by up to 10%.

However, several trade-offs must be considered in the design of such modular ma-
chines. For example, when flux gaps are introduced into alternate stator teeth, the iron
section width of those teeth should be maintained to avoid excessive magnetic saturation.
If the overall stator tooth width is kept unchanged, inserting flux gaps reduces the effective
iron area in the affected teeth, leading to higher local saturation and reduced overload
capability. Conversely, maintaining the same iron section width requires a reduction in the
slot area, which results in smaller conductors (for a fixed number of turns) and therefore
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increased copper loss. For this reason, it is important to evaluate the average torque-to-
copper-loss ratio, rather than average torque alone, when designing modular machines.
The results in [38] indicate that although copper loss increases with the introduction of flux
gaps, the average torque also improves. With proper design optimisation, it is possible to
achieve lower copper loss for a given torque level.

Table 2. Cited advantages of machines with different modularity components.

Machine

Modularity Advantages Reference

Spoke-type PM
machine

Stator & Rotor

Simplified assembly and maintenance
Reduction of machine weight [27-29]
Reduction of machine active length

IPM

Stator teeth e  Minimized cogging torque [31]

FSPM

E-core stator

Enhanced fault-tolerant capability

Reduction of PM usage [32-34]

SPM with 2p > Ns

E-core stator

Increased torque and back-EMF

Mitigation of mutual inductance

Improved fault-tolerant capability

Improved demagnetization withstand capability
Mitigation of radial displacement, vibrations, and
sound pressure level

e Improved withstand capability of segment radial
displacement

[37-39,41]

Multiphase SPM

E-core stator e  Reduced sub-harmonic of air-gap MMF [36]

Consequent-pole

Enhanced average torque

E-core stator e Increased machine efficiency [42]

Improved flux-weakening capability

Consequent-pole

e Reduced torque ripple

C-core stator e Lowered on-load unbalance magnetic force [42]

Improved power factor

Inset SPM

Reduced iron losses

E-core stator [40]

Increased torque

IPM

E-core stator

Increased torque

Reduced iron losses and PM losses
Reduced sub-harmonic

Improved field weakening capability

[50-52]

SRM

Increased torque

Less sensitive to magnetic saturation

Reduced torque ripple [49]
Reduced iron losses

Reduced radial force

E-core

Note: The advantages summarized in this table are reported in the cited references and may have been obtained
under different machine topologies, specifications, operating conditions, and optimization objectives. Therefore,
the table is intended to provide a qualitative overview of the reported benefits of different modular machine
configurations rather than a direct quantitative comparison based on a unified benchmark.

Other issues, such as structural stiffness and manufacturing tolerances, also require
careful consideration during the manufacturing and assembly of modular stator segments.
One typical approach is to insert prefabricated stator segments with windings into cor-
responding slots on the inner surface of the housing. One example can be found in [38].
However, unlike conventional shrink-fit assemblies, the contact between the stator seg-
ments and the housing may be relatively loose, resulting in larger assembly tolerances
and potential segment radial displacement. In a study by Ren et al. in [41], the impact
of manufacturing (assembly) tolerances on segment radial displacement was comprehen-

https://doi.org/10.3390/en19122887


https://doi.org/10.3390/en19122887

Energies 2026, 19, 2887

11 of 33

sively investigated. The analysis included back-EMF, on-load torque, cogging torque, and
unbalanced magnetic force in modular SPM machines, in order to evaluate the tolerance of
the machine to segment displacement. The results indicate that the modular structure, par-
ticularly for machines with 2p < N, is relatively insensitive to segment radial displacement.

In summary, although PM machines, particularly modular PM machines, offer dis-
tinct advantages over other types of electrical machines, their rotor- or stator-mounted
permanent magnets are susceptible to irreversible demagnetization at elevated operating
temperatures. This can limit their performance and reliability in high-power-density appli-
cations. To address this challenge, advanced thermal management has become increasingly
critical, as effective cooling can extend machine lifespan, further improve torque and power
density, and enable PM machines to fully realize their potential in demanding applications
such as electric vehicles, wind power, and aerospace systems.

4. Thermal Managements for PM Machines

The preceding sections have analysed a number of studies concerning the designs
and investigations of modern PM machine topologies. These studies are primarily focused
on improving machine EM performance, such as increasing torque and power density,
minimizing machine size and mass, and improving the efficiency. However, a notable
constraint in the pursuit of improved EM performances lies in the realm of thermal man-
agement. Elevated temperatures, beyond the desired range, lead to irreversible damage for
machines. The damage includes derating of power electronics components, irreversible
demagnetization of PMs, and the deterioration or expedited aging of wire insulation. As a
rule of thumb, a 10 °C increase in operating temperature reduces the lifespan of winding
insulation by half, with a similar effect observed on bearing life.

Cooling technologies adopted for machine thermal management can be categorized
into two main aspects: passive cooling methods and active cooling methods. Passive
cooling methods work without additional pumps or devices to circulate coolant. Some
of them aim to improve heat conduction within machines, particularly between the end-
windings and the machine housing. Others focus on improving heat convection and
radiation at the surface of machine components or its external surfaces. On the other
hand, active cooling methods represent another category of cooling technology. They
involve the incorporation of additional pumps or devices to establish either a close-loop
coolant circulation or throughflow ventilation for machine cooling. This section reviews
and compares the existing literature on cooling technologies for both conventional and
modular PM machines. It is worth noting that all conventional cooling methods could be
applied to modular PM machines. However, owing to their modular structure, modular
PM machines can also accommodate novel cooling strategies that further enhance their
thermal performance.

4.1. Passive Cooling Technology
4.1.1. Natural Passive Cooling

The outer surface of the machine housing serves as the primary path for transferring
heat from the inner components to the surrounding environment. The objective of the
natural passive cooling method is to optimize this mechanism to improve the rate of heat
dissipation. Finned housing, as shown in Figure 8, employs cooling fins on the frame to
enlarge the contact surface area of housing and enhance the convection coefficient. The
cooling efficiency of finned housing is affected by different parameters, including the
number of fins, fin width, fin height, fin pitch, fin angle, etc. These parameters play a
crucial role in determining the effectiveness of finned housing.
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Figure 8. Topology of a finned-housing machine and fin parameters [55].

A study on optimizing the finned housing was conducted in [55]. In this study,
2600 cases of finned housing with various parameters were compared. It was found that
the finned housing with higher number of fins tended to exhibit better cooling efficiency.
Specially, the study indicated that finned housing with nine fins exhibited the best cooling
efficiency in this research. A further increase in the number of fins cannot boost the cooling
efficiency. It is worth noting that further increasing the number of fins did not yield
enhanced cooling efficiency, as this led to a larger portion of the cooling channel being
obstructed. Furthermore, this study highlighted the importance of the outer contour of
the finned housing, suggesting that it is better to follow a circular shape. Deviating from
a circular shape may result in significant temperature differences within finned housing,
potentially leading to additional heat flow from the inner cooling circuit.

The orientation of fins is also important for designing a finned housing. In a study con-
ducted by [56], two orientations of fins were investigated and compared: axial longitudinal
fins and radial fins, as shown in Figure 9. For both fin configurations, an increase in fin
height led to lower housing temperature. Moreover, a comparison of housing temperatures
for these two designs under different housing masses demonstrates that radial fins exhibit
lower housing temperatures when compared to axial longitudinal fins.

(b)
Figure 9. Finned housing with different fin orientations [56]. (a) Axial longitudinal fins and (b) radial fins.

It is essential to highlight that the orientation of fins should be carefully considered to
avoid disrupting the airflow [57]. Consequently, the cooling efficiency of finned housing
with axial longitudinal fins, radial fins, or other configurations will be different under
different operating conditions. The finned housing is commonly integrated into totally
enclosed fan-cooled (TEFC) machines [58-60]. In the TEFC machines, axial airflow is
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prevalent, making axial longitudinal fins a more attractive choice due to their compatibility
with axial airflow.

4.1.2. Potting Materials

Particular attention must be given to addressing the two primary areas of concern
with electrical machines. One is the rotor, especially in rotor-mounted PM machines, where
the issue arises due to a poor heat transfer rate in the air-gap region. The other is the
end-windings, which characterized by poor heat transfer path between the end-windings
and the housing [61].

To improve the heat transfer in end-winding regions, potting materials have been
employed to serve the purpose of replacing the air within the end space as shown in
Figure 10. The potting material establishes highly effective heat conduction between the
end-winding and the housing, a process that would be notably inefficient if air were
retained. The main reason is the significantly higher thermal conductivity of potting
materials in comparison to air. Moreover, low air velocity and limited turbulence around
end-windings render it less effective at facilitating heat convection. It is worth noting
that, the cooling efficiency of potting materials is impacted by its thermal conductivity
and density. Additionally, the choice of potting materials should consider the allowable
temperature limits of these materials. A summary of these properties for various potting
materials is listed in Table 3.

| Endwindings | I Stator I
d /

Potting materials

Figure 10. Cut away view of the machines with potting materials.

Moreover, various liquids, including liquid hydrogen (LH), liquefied natural gas
(LNG), or liquid nitrogen (LNy) [62], as well as nanofluids [63], ferrofluid (also known
as thermomagnetic liquid) [64,65], and phase change materials (PCMs) [66] can also be
introduced in end-space regions to improve the heat transfer rate from end-windings to
housing. Compared with air, these liquids can provide higher conductive heat transfer.
Additionally, the presence of gravity significantly aids in establishing a more efficient
coolant circulation when employing liquids.

It is worth noting that, amongst these coolants, LH, LNG and LN, stand out for
their ability to provide much lower coolant temperatures, specifically —253 °C, —161 °C
and —196 °C, respectively. This enables highly effective cooling systems, particularly in
scenarios such as in superconducting machines where maintaining low operating temper-
atures is crucial. Furthermore, it is worth noting that, ferrofluids have thermomagnetic
convection to create a novel coolant circulation system. This phenomenon occurs when
ferrofluids experience a magnetic body force in the presence of magnetic field gradients or
discontinuities, enabling efficient heat dissipation and cooling. These represent emerging
cooling technologies, and considerable research is currently underway to develop them
into commercially viable solutions for a range of industrial applications.
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Table 3. Physical properties of potting materials.

Materials Thermal Conductivity (W/m/K) Density (kg/m®) Allowable Temperature (°C)  Reference
Air 0.026 1.185 - [67]
Lord SC-320 3.2 2810 - [68]
AIN Compound 3.8 2470 - [69]
Stycast 2762 1.37 - - [70]
Electrolube ER2218 0.28 1160 —50°C to 150 °C [71]

4.1.3. Back-Iron Extension and Heat Guides

The previous section focused on improving the heat transfer from end-windings to
the housing, primarily aiming to reduce the end-winding temperature. On the other hand,
other cooling technologies are focused on reducing the temperature of the active coils. Back-
iron extension is one of these cooling technologies, as shown in Figure 11 [72]. This method
offers a simple and cost-effective means to reduce winding temperature, particularly the
active coil. The extended back-iron enhances the heat transfer rate from the coils to the
stator. However, it is important to consider its potential influence on slot fill factor and
end-winding length. The research in [72] demonstrated a significant temperature reduction,
with a remarkable decrease of 26.7%.

’ Back-iron Extension |

Figure 11. Back-iron extension in machine stator slots [72].

A similar structure is proposed and investigated in [73]. In contrast to the back-iron
extension, the approach utilizes detachable thermal conductive heat guides (HGs) within
the slot. There are two types of HGs: passive type and active type. The mechanism of the
passive HGs is similar to the back-iron extension by improving the heat dissipation from
windings. However, due to their detachability, they offer advantages in terms of ease of
manufacture, assembly, and maintenance. The incorporation of additive manufacturing,
commonly known as 3D-printing, is introduced to fabricate different HGs. This technology
allows for achieving a lighter weight, reduced power loss, and improved heat transfer rate
in the HG design. The active type of HGs is more like a heat pipe, which provide a cooling
channel for forced cooling systems [74,75].

These HGs can be employed not only within the slot but also inside the stator, as
shown in Figure 12 [76]. In this design, a highly thermal conductive bar, which made of
copper as seen in [76], is embedded through the stator iron core. This arrangement allows
for more effective transfer of heat generated in stator teeth to the external frame, usually
embedded with a water jacket. The placement of these thermal conductive bars aligns
with the magnetic flux, resulting in negligible eddy-current losses. However, it is worth
considering potential mechanical reliability problems associated with this design.
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Figure 12. Machine topology with highlighted thermal conductive bars [76]. (a) Entire machine;
(b) stator and thermal conductive bar.

4.2. Active Cooling Technology

Passive cooling technologies improve machine thermal performance without requiring
an external power supply. However, compared with active cooling methods, passive
approaches generally provide lower cooling capability, as outlined in Table 4. Consequently,
active cooling is often necessary in high torque- and high-power-density applications, such
as electric vehicles and wind power systems. In active cooling system design, the physical
properties of the coolant must be carefully considered to achieve an effective balance
between cooling performance, system volume and mass, and the maximum pressure or flow
rate that can be supplied by external pumps or auxiliary devices. The physical properties of
several commonly used coolants for active cooling of electrical machines are summarized in
Table 5. The following sections will review established active cooling systems widely used
across various industries, as well as several emerging cooling technologies for electrical
machine applications.

Table 4. Typical performance for different cooling technologies [57,77,78].

Cooline Method Linear Current Current Density Convection Coefficient
8 Density (kA/m) (A/mm?) (W/m?2/K)
Natural Convection - 15to5 51030
Forced gas Air <80 5to 10 20 to 300

cooling Hydrogen 70-110 71012 100 to 1000

Indirect contact 90 to 130 7 to 20 100 to 10,000
Forced liquid cooling -

Direct contact 100 to 200 10 to 30 200 to 25,000

Table 5. Physical properties of coolants [61,79,80].

Thermal Specific

. . . Densi Dynami
Coolant Conductivity  Heat COpAcity (i) Viscosity (Pas)
Air 0.026 1004 1.185 1.83 x 107
Gases Helium (20 °C) 0.154 5193 0.16 1.98 x 1075
Hydrogen (20 °C) 0.181 14,360 0.083 8.9 x 107°
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Table 5. Cont.
Coolant Cozlléir?ﬁiflity HeastpCe:IIflaCcity 3(2/1;:%, Vis]c)o}:ilt;ng’cas)
(W/m/K) (J/kg/K)

Water 0.607 4182 997 8.90 x 1074
Engine oil (50 °C) 0.142 2006 870.6 0.143
Liquid ATL 134 fluid (50 °C) 0.135 2200 822 0.017
Brayco Micronic 756 (50 °C) 0.134 1997 828.4 0.012

EGW 50/50 (50 °C) 0.405 3420 1059 1.97 x 1073

PGW 50/50 (50 °C) 0.375 3675 1019 2,55 x 1073

4.2.1. Forced-Air Cooling

Force air cooling technology employs a fan or a blower to create airflow. The airflow
can either pass through the machine outer frame, namely totally enclosed fan-cooled (TEFC)
machine, or flow through the machine internal components, as observed in a through-
flow ventilation machine. The airflow patterns for these two machine configurations are
shown in Figure 13. In comparison to the passive cooling systems, the forced-air cooling
systems significantly enhance heat convection. Various machine designs utilize fans in
different locations to generate different airflow patterns. For example, the enclosed fan
cooled (EFC) machine implements a fan outside the totally enclosed machine, as shown
in Figure 13a [60,81-84]. It achieves a significant enhancement of convection coefficient
at the outer surface of the frame. However, the cooling efficiency of the EFC machines is
constrained by the heat transfer within the machines.

(a) (b)

Figure 13. Airflows for an electrical machine with forced-air cooling systems. (a) TEFC and (b) Through-
flow ventilation machine.

To maintain the isolation of the machine from surrounding debris while enhancing the
internal heat transfer rate, inner fan blades are employed and mounted on the shaft in the
EFC machines, as shown in Figure 14 [57,85]. In addition, wafters can also be integrated
onto the rotor, as shown in Figure 15 [86-88]. Both shaft mounted fan blades and rotor-
mounted wafters establish new air circulation within the machines, improving heat transfer
from the inner components to the housing frame. However, it is worth noting that the
cooling efficiencies of these designs are limited by the machine rotor speed and they are
not particularly effective at relatively low rotor speeds.
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@) (b)

Figure 14. Topology of an EFC machine with inner fan blades. (a) EFC machine with inner fan blades
and (b) shaft design.

(b)

Figure 15. Topology of an EFC machine with rotor-mounted wafters. (a) EFC machine with rotor-
mounted wafters and (b) Shaft design.

The EFC machines offer advantages such as reduced acoustic noise and lower mainte-
nance cost [85]. However, the totally enclosed frame design constrains the effectiveness of
forced cooling systems, as the overall heat dissipation still depends on the cooling mecha-
nism applied to the outer surface of the housing. To address this limitation, a new machine
configuration, known as the throughflow ventilation machine, has been introduced [89,90],
as shown in Figure 13b. In throughflow ventilation machines, air is continuously drawn
from the ambient environment into the machines without recirculation. However, this
exposure to the surrounding environment means that ventilated machines are vulnerable
to contaminants. To mitigate this issue, inlet and outlet grills and guards are commonly
used to shield ventilated machines from direct exposure to surrounding particles and mois-
ture [57]. Nevertheless, grills and guards raises concerns regarding potential reductions in
cooling efficiency, increased system flow resistance, and fan losses [91].

In addition to air, other gases, such as hydrogen and helium, can also be employed as
coolants in forced cooling systems with machine configurations similar to those discussed
in this section. These gases provide better cooling efficiency compared to air, primarily
because of their lower density, reduced dynamic viscosity, and higher heat conductivity, as
listed in Table 5 [80].
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4.2.2. Indirect Forced Liquid Cooling

Liquids are another category of fluid in machine cooling. Typically, liquid cooling
systems tend to offer better cooling efficiency than gas cooling systems, as indicated in
Table 4. This achievement is mainly attributed to the higher thermal conductivity of liquid.
Indirect forced liquid cooling technology is widely used not only for its good cooling
efficiency but also because it prevents direct contact between the coolant and machine
components, thereby avoiding potential corrosion issues. In addition, adopting a totally
enclosed design allows the machine to achieve high ingress protection (IP) ratings, such as
IP67 or IP68, ensuring effective protection against environmental factors and contaminants.

Housing water jackets are commonly employed in automotive traction motors [92-95].
The heat generated in the windings and stator is conducted to the cooling housing and
transferred to the surrounding environment via the coolant within the water jacket. This
approach significantly improves convection coefficient at the housing surface, leading
to a reduction in machine temperature. The cooling efficiency of a housing water jacket
is related to the properties of the coolant employed. The ethylene Glycol based water
(EGW) are typically implemented for traction motors [96]. In addition, for aerospace
applications [97], aviation turbine fuel and lubricating oil may be implemented as coolants,
considering the specific operating conditions of these applications.

The cooling efficiency of a housing water jacket is also influenced by the design of
the flow channel. One of the flow channel designs is the circumferential flow design,
which is employed in the Nissan-leaf electric motor. In this design, circumferential flow
channels are connected by axial channels, and when combined with external flow channels
and heat exchanger, a closed-loop coolant circulation is established to effectively reduce
machine temperature. It is worth noting that, in this system, the convection coefficient is
non-uniform, and there is a non-uniform temperature distribution of coolant and housing,
as shown in Figure 16.

Temperature

Temperature
80

[cl

(a) (b)

Figure 16. Temperature distributions for the water jacked cooled machine with a flow rate of
6.5 L/min. (a) Housing and (b) coolant.

The concept of spiral flow channel was proposed in [96]. Compared with a circumfer-
ential flow channel, utilizing a spiral flow design leads to a noticeable reduction in flow
resistance. For instance, when both designs are subjected to a water flow rate of 6.5 L/min,
the pressure loss for circumferential flow channel amounts to 103 Pa, while the pressure
loss is reduced to 61 Pa for the spiral flow channel. The bends in the circumferential
flow channel result in higher coolant velocity in the bending area, as shown in Figure 17.
Nevertheless, it is important to note that these bends can also introduce additional pressure
losses [91].
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Figure 17. Coolant velocity distribution for different design of flow channel with a flow rate of
6.5 L/min. (a) Circumferential flow channel and (b) spiral flow channel.

The housing water jacket has a significant ability to improve the rate of heat dissipation
from the machines to the ambient environment. However, the poor heat transfer rate from
the end-windings to the housing frame can limit the overall cooling efficiency. Particularly,
the end-winding is typically the region where the hottest spots are located. To address
this challenge, the passive methods discussed in Section 4.1 for enhancing heat transfer
within the end space can be combined with water-jacket cooling to improve the overall
cooling efficiency of the machine. Moreover, some active cooling technologies have also
been developed to achieve the same purpose.

Inserting a dedicated liquid cooling pipe into the end-windings offers a direct means
to efficiently transfer the heat generated by the end-winding out of the machines. Refer-
ence [98] proposed a new cooling technology that combines this direct end-winding cooling
method with a housing water jacket. This combined system has been demonstrated to sig-
nificantly reduce machine temperature, particularly in the end-winding regions. Different
materials for the dedicated liquid cooling pipe, including metallic pipe, thermoformed
polymer, and silicone rubber, have been investigated and compared. The comparisons
reveal that silicone rubber exhibits the best cooling efficiency among these materials. This
superiority can be attributed to the expansion of the silicone rubber pipe, when carrying
pressurized fluid.

The additive manufactured (AM) heat guides discussed in Section 4.1.3 are similar
to the cooling effect of heat pipes, connecting to an external pump or device to provide
effective cooling efficiency. For instance, a polycarbonate aluminium flake (PC-AL) heat
pipe, serving as a direct heat exchanger, can be placed within a slot to improve the heat
dissipation of windings [74]. Moreover, heat pipes can be placed inside stator slots, the
shaft, rotor, end-windings, and end-region cavities [75].

Heat dissipation in machine’s rotating components is more critical than in station-
ary components, especially in the rotor-mounted PM machines. In these machines, PM
eddy-current losses are conducted through the shaft and dissipated primarily by air-gap
convection. To enhance heat dissipation from the shaft, a hollow shaft topology is em-
ployed [99-101], resulting in a significant temperature reduction due to this shaft cooling
method. In addition, the rotation of the shaft introduces additional coolant velocity in the
tangential direction, caused by the rough wall and coolant viscosity. As the rotation speed
increases, the convection coefficient at the shaft surface is enhanced [101].

It should be noted that the indirect forced liquid cooling methods presented in this
section generally lower machine temperatures and minimise corrosion risks. Nevertheless,
challenges related to coolant leakage and the maintenance of the machine and its cooling
system require careful consideration.
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4.2.3. Direct Forced Liquid Cooling

In contrast to indirect forced liquid cooling systems, direct forced liquid cooling
technologies bring the coolant closer to the heat sources, typically the stator iron losses and
winding copper losses. Thus, higher cooling efficiency is expected from direct forced liquid
cooling systems.

Semi-flooded cooling is one of the direct forced liquid cooling methods, in which the
coolant is forcibly directed through the components, typically the stationary components
such as the stator iron core and windings. This approach involves several flow pathways,
as shown in Figure 18. These flow paths include annular gaps between the stator and
the housing [102], stator axial ducts [103], gaps between each conductor in slots [104],
gaps in tooth tips for semi-closed slots [103], and flux gaps (FGs) in machines with stator
modularity [105]. The latter will be detailed further in Section 4.3. It is worth noting that the
viscosities of the coolants employed in semi-flooded cooling systems are typically higher
than that of air. To prevent increases in friction losses and coolant leakage, a sleeve is often
employed to separate the machine into an oil-flooded stator part and an oil-free rotor part,
as shown in Figure 19.

Stator ducts

Figure 18. Layout of the flow pathways in the stator. FGs represent flux gaps in this figure.

Semi-flooded cooling achieves significant temperature reductions in machine station-
ary components. However, it presents a challenge in cooling the rotating components,
particularly the PMs in rotor-mounted PM machines, as they cannot be directly cooled
by the flooded coolant. To address this issue, the concept of a totally immersed electrical
machine was investigated in [106]. In this approach, both the rotational and stationary
components are directly cooled by coolant. However, it is important to note that this
introduces additional friction losses. To make this concept work effectively, the coolant
must be an electrically non-conductive and non-magnetic material with a high specific heat
capacity and high thermal conductivity. In addition, to mitigate the influence of increased
friction losses, the viscosity of the coolant should be low.

Oil spray and oil jets represent another form of direct forced liquid cooling [107-109].
For these cooling methods, oil is atomised and breaks into droplets, which are then im-
pinged onto the surfaces of the end-windings. The impinging oil mitigates the thermal
resistance and improves the heat transfer rate between the end-windings and the housing.
The impingement heat transfer contributes to the high convection coefficient observed
in oil-spray and oil-jet cooling systems [110]. However, it is worth noting that oil atom-
isation requires much higher pumping pressure than other active cooling technologies.
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This high-pressure atomised oil raises concerns about the potential damage to the winding
insulation [96]. Careful consideration of the design and operational parameters is crucial to
mitigate these concerns.

| Ducts, FGs or slots |
t

Figure 19. Coolant flow of an electrical machine with direct forced liquid cooling. FGs represent flux
gaps in this figure.

4.3. Cooling Technology for Modular PM Machines
4.3.1. Rotor-Mounted Modular PM Machines

As reviewed in Section 3, PM machines incorporating stator modularity have been
extensively developed and investigated because of their advantages in enhancing elec-
tromagnetic (EM) performance. However, the introduction of flux gaps in these modular
machines not only affects the EM field distribution but also provides additional opportuni-
ties and design flexibility for thermal management and cooling integration.

In a study by Zhou et al., a ventilation cooling system (see Figures 18 and 19 when
FGs are used) was implemented in a consequent PM machine with stator modularity [111].
They investigated the heat transfer characteristics and flow profiles, and found that the
presence of flux gaps enhances convective heat transfer, resulting in a significant reduction
in machine temperature from 91 °C in the non-modular machine to 83 °C in the mod-
ular counterpart at a flow speed of 2.5 m/s. This reduction in winding peak (hot-spot)
temperature is mainly attributed to the increased heat transfer surface area introduced
by the flux gaps. For example, in the non-modular machine investigated in [111], the
coolant primarily flows through the air gap, and the corresponding stator-side air-gap
surface area is approximately 8953.5 mm?. In contrast, for the modular machine with
a 2 mm flux-gap width, an additional heat transfer surface area of about 12,900 mm? is
introduced. This corresponds to an increase of approximately 145%, which contributes
to the observed temperature reduction. In addition, the presence of flux gaps reduces
flow resistance for the whole machine, leading to lower pressure losses by as much as 70%
compared to the non-modular machine. This reduction is also attributed to the presence of
flux gaps. For example, in the non-modular machine, the coolant channel (i.e., air gap) has
a cross-sectional area of 179 mm?2, whereas the introduction of flux gaps in the modular
machine provides an additional cross-sectional area of 258 mm?. This corresponds to an
increase of approximately 145%. In addition to the forced-air cooling, the semi-flooded
cooling system can also benefit from the introduced flux gaps for the same reason, resulting
in much lower pressure losses and reduced machine temperature [105].

Similarly, a new ventilation cooling using flux gaps and rotor ducts in a modular
SPM machines as extra cooling channels have been proposed in [112]. In this method,
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cooling air is pumped into the stator flux gaps and rotor ventilation ducts to enhance
heat dissipation. The introduction of airflow through the modular structure leads to
a considerable reduction in machine temperature, e.g., >10 °C reduction in maximum
winding temperature compared to non-modular machine design. This is mainly because
the stator flux gaps not only create additional coolant flow paths that significantly alter the
internal airflow distribution but also increase the heat exchange surface area between the
machine and the cooling medium, thereby improving the overall heat transfer capability.

In addjition to forced-air cooling using flux gaps as cooling channels, further research
has extended this concept to forced liquid cooling. In [113], a semi-flooded cooling ap-
proach was proposed for modular machines to enhance their thermal performance and
increase power density. In this configuration, a polyether ether ketone (PEEK) sleeve is
employed to isolate the stator from the rotor, while coolant oil is circulated around the
stator windings and iron core to achieve substantial temperature reduction. This design
also prevents coolant leakage into the rotating components, thereby avoiding additional
friction losses. 3D computational fluid dynamics (CFD) results demonstrated that, owing to
the significantly higher thermal conductivity and density of the coolant compared with air,
the semi-flooded cooling strategy can reduce the end-winding temperature of the modular
SPM machine by approximately 80 °C compared with that of a non-modular machine.

Nollau et al. established a new water jacket for machines with stator modularity [114].
The coolant channel is extended into flux-gap region, as shown in Figure 20. The bent chan-
nel design in the flux gaps not only increases the cooling area but also induces turbulent
flow, leading to 10% higher cooling efficiency than a standard water jacket. These innova-
tions demonstrate how flux gaps in stator-modular machines can significantly improve
cooling and overall machine performance.

Figure 20. Water jacket design for the modular machine [114]. (a) Machine configuration and
(b) coolant channel design.

It is worth noting that the cooling methods discussed above for modular PM machines
use conventional coolants, either air for forced-air cooling or liquid for semi-flooded
or water-jacket cooling. A somewhat unconventional magnetic liquid, i.e., ferrofluid,
has also been proposed as a coolant for a modular PM machine in [115]. In this work,
ferrofluid is injected into in the cavity around the end-windings and flux gaps in alternate
stator teeth. The multiphysics analysis based using COMSOL software (Multiphysics 6.0)
package presented in this study demonstrates that flux gaps affect the thermal behaviour
of the modular PM machine through two main mechanisms. First, the gravitational effect
enables greater self-driven circulation of the coolant through the flux gaps, enhancing heat
transfer to the housing and lowering the machine temperature by approximately 5 °C
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when the flux-gap width is 2 mm. Second, the magnetic body force, also referred to as
the thermomagnetic effect, significantly improves cooling performance in non-modular
machines. However, its effectiveness is slightly reduced in modular machine configurations
because the thermomagnetic effect adversely influences the self-circulation of the ferrofluid
within the flux gaps that is induced by gravity.

4.3.2. Stator-Mounted Modular PM Machines

In the previous section, the flux gaps were shown to be highly effective in cooling the
stator components. However, in rotor-mounted permanent magnet (PM) machines, the
PMs are located relatively far from the cooling channels within the flux gaps (separated by
an air gap) and are therefore cooled less effectively than the stator windings. To overcome
this limitation in PM thermal management, researchers have proposed both forced-air
and liquid-cooling approaches for stator-mounted modular PM machines, as shown in
Figure 21. In these configurations, the PMs and windings are both positioned on the stator,
allowing them to benefit from a similar cooling effect provided by the coolant flowing
through the flux gaps located in alternate stator teeth.

Figure 21. Modular flux switching PM machines with forced-air or liquid cooling using flux gaps as
cooling channels [116,117].

Zhang et al. proposed a forced-air cooling method for a 12-slot/10-pole modular
FSPM machine in [116]. To evaluate the effectiveness of this cooling approach, 3D CFD
simulations were conducted for FSPM machines with flux-gap widths ranging from 0 to
8 mm. Here, 0 mm flux gaps mean a non-modular machine. The results show that under a
fixed inlet air velocity, the minimum operating temperature occurs with a 1 mm flux gap,
whereas under a constant pressure-drop condition, the best cooling performance is obtained
with a 4 mm gap. Although excessively small or large flux gaps reduce cooling effectiveness,
modular FSPM machines still demonstrate superior thermal performance compared with
non-modular designs. The influence of rotor speed was also investigated, showing that
higher rotational speeds enhance airflow turbulence and lower machine temperatures,
especially above 2800 rpm, though at the expense of increased pressure losses.

In addition to the modular FSPM machine, a forced liquid cooling concept has been
adopted for other stator-mounted PM machines, such as doubly salient PM (DSPM) and
flux-reversal PM (FRPM), in [117]. A conventional surface-mounted PM (SPM) machine
is included as a benchmark for comparison. Preliminary analysis using a conventional
water-jacket cooling arrangement reveals that stator-mounted topologies maintain lower
magnet temperatures than the rotor-mounted SPM machine. Among them, the modular

https://doi.org/10.3390/en19122887


https://doi.org/10.3390/en19122887

Energies 2026, 19, 2887

24 of 33

FSPM machine exhibits additional thermal advantages because the flux gaps between stator
modules promote heat transfer and improve cooling capability under liquid-cooling condi-
tions. In addition, the modular structure of the FSPM machine allows the implementation
of a semi-flooded cooling method, where the flux gaps act as dedicated coolant passages
between stator segments. The findings demonstrate that water delivers considerably better
cooling effectiveness than oil in this configuration. It is also observed that the optimum
flux-gap dimension for achieving the best thermal performance is influenced by the coolant
characteristics and inlet operating conditions.

4.4. Current-Constrained Control Strategies for Thermal Management

For all PM machines, including the modular PM machines reviewed in this paper,
thermal limitations impose restrictions on the allowable current loading of the machine.
Consequently, control strategies must not only satisfy torque and speed requirements but
also ensure that current levels remain within safe operating limits to prevent excessive
losses, localised overheating, and insulation degradation.

To improve efficiency under current-limited operation, ref. [118] proposed a maximum
torque per ampere (MTPA) control strategy for an unconventional permanent magnet
reluctance hybrid-rotor dual-stator synchronous machine employing a sliding-mode speed
controller. Sliding-mode control is widely recognised for its robustness against parameter
uncertainties and external disturbances, as well as its fast dynamic response. By generating
the required torque with the minimum stator current, the MTPA strategy reduces copper
losses and associated heat generation. As a result, MTPA control is particularly attractive
for PM machines operating under stringent electrical and thermal constraints.

The interaction between thermal behaviour and control performance is, however,
bidirectional. While current-constrained control can limit temperature rise, variations in
operating temperature can also influence control accuracy. Changes in magnet temperature
alter the permanent magnet flux linkage, while winding heating increases phase resis-
tance. These parameter variations may cause deviations from the predetermined MTPA
trajectory, resulting in suboptimal torque production and reduced efficiency [119]. Fur-
thermore, thermal-induced parameter drift can degrade the performance of conventional
field-oriented control (FOC) schemes and may ultimately necessitate torque derating to
maintain safe operating temperatures [120]. These studies highlight the importance of
incorporating thermal effects into the design of advanced control algorithms.

The coupling between thermal management and control becomes even more critical
during fault-tolerant operation. Multiphase PM machines, such as six-phase and nine-
phase topologies, are widely employed in marine propulsion systems because they can
continue operating after phase or winding-set failures [121]. However, the isolation of a
faulted winding set introduces magnetic field asymmetry and redistributes the current
demand among the remaining healthy phases, increasing local copper losses and creating
thermal hotspots. To ensure safe post-fault operation, vector-control-based fault-tolerant
strategies have been developed, in which the maximum permissible torque is determined
according to asymmetric thermal constraints and load requirements. Appropriate derating
actions are then applied to the healthy winding sets to maintain hotspot temperatures
below insulation limits while minimising torque pulsations.

A similar approach was reported for a dual three-phase machine in [122]. Following
an open-phase fault, the resulting current redistribution among the healthy phases can lead
to excessive phase currents, elevated copper losses, and localised overheating. To address
these issues, an analytical optimisation method was developed to maximise the torque-to-
total-loss (TTL) ratio while simultaneously enforcing current constraints on the healthy
phases. The proposed strategy suppresses hotspot formation, improves post-fault torque
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capability, and maintains acceptable current waveforms without introducing significant
harmonic distortion.

More recently, ref. [123] proposed a model-free predictive current control (MFPCC)
strategy for dual three-phase permanent magnet synchronous motor (DTP-PMSM) drives
operating under open-circuit fault conditions. Combined with Vector Space Decomposition
(VSD), the controller determines optimal current references in real time without requiring
detailed machine parameter estimation. By minimising copper losses and constraining the
asymmetric current redistribution caused by the fault, the proposed method reduces wind-
ing thermal stress while maintaining operation within safe current limits. Consequently,
both the thermal performance and fault-tolerant capability of the machine are enhanced.

Overall, the studies reviewed in this section demonstrate that thermal management
and control strategy design are strongly interconnected. Current-constrained control meth-
ods can effectively reduce losses and mitigate overheating, while thermal variations directly
influence machine parameters and control performance. Therefore, future PM machine
designs should adopt an integrated electro-thermal-control framework in which thermal
behaviour, current limitations, and control objectives are considered simultaneously.

5. Challenges and Opportunities

As discussed earlier, numerous PM machine designs have been developed over the
past few decades, offering significant potential due to their distinctive characteristics. Re-
searchers continue to push the limits of these machines to achieve higher torque and power
densities, as well as broader operating ranges for electric vehicles, aerospace, and renewable
energy applications. However, these advancements present a critical challenge: as power
density increases, heat generation rises while allowable temperature margins shrink. This
issue is particularly severe for PM machines, as PMs are vulnerable to demagnetization
at elevated temperatures. In addition, excessive heat significantly reduces the lifetime
of winding insulation and bearings—typically, insulation life is halved with every 10 °C
increase in temperature. The following section outlines key challenges and promising tech-
nical opportunities identified based on the authors’ current understanding; this summary
is not intended to be exhaustive.

5.1. Key Challenges in Thermal Management

One of the most significant challenges is that, traditionally, thermal design has received
far less attention than electromagnetic design in electrical machines. Moreover, electrical
machine designers often have strong backgrounds in electrical engineering but limited
expertise in thermal sciences, particularly fluid dynamics. Compounding the problem,
thermal management tools are often highly specialized and require substantial knowledge
of heat transfer to be used effectively.

Even if an accurate thermal model is developed using lumped parameter thermal
network (LPTN), finite element analysis (FEA), or CFD, parameters such as the equivalent
thermal conductivity of the stator slots and the contact thermal resistance between the
stator core and housing are challenging to quantify and depend heavily on empirical data.
This empirical data is generally suitable for mass-produced electrical machines, where the
characteristics of one unit can represent the others in the same series. However, during the
early design stage—when many machine parameters and manufacturing practices are still
undetermined—empirical data from existing machines may not be directly applicable.

In addition to the challenges discussed above, other more technical challenges are
listed below:

e Localized hotspot and uneven temperature fields. End-winding cooling remains
a major challenge in the thermal management of electrical machines. Various
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approaches—such as potting materials, ferrofluid cooling, embedded cooling channels
in end-windings, and oil-spray cooling—have been explored and proven effective
to some extent. However, these methods often increase machine mass, potentially
reducing power density, and may cause erosion of end-winding insulation, par-
ticularly in oil-spray systems. In addition, losses such as PM eddy-current losses
are spatially non-uniform, resulting in localized hotspots within the magnets and
partial demagnetization.

Limited internal access for cooling. The drive to increase torque and power density
leads to smaller machine dimensions, which reduce the available surface area for
heat removal. Consequently, even machines designed for high efficiency can face
thermal challenges, as increased power ratings result in greater losses that push
component temperature limits. Furthermore, compact machine structures restrict the
space available for direct liquid cooling, which is one of the most effective cooling
techniques. For example, directly cooling the rotor and stator interiors in high-power-
density machines is particularly difficult without using complex sealing systems,
which in turn require additional space.

Material and manufacturing constraints. All materials used in electrical machines—
including winding insulation, thermal interface materials between the stator core and
housing, and permanent magnets—have specific operating-temperature limits. Efforts
to enhance thermal pathways inevitably require the redesign of these materials or their
manufacturing processes. For example, incorporating nanoparticles into insulation can
improve thermal conductivity but may significantly increase cost or pose challenges
for large-scale production.

Last but not least, there are inherent trade-offs between cooling effectiveness and elec-
tromagnetic performance. For example, using flux gaps as cooling ducts in a modular
PM machine reduces the slot area, as additional space is required to accommodate the
flux gaps within the stator teeth. This creates direct competition between thermal and
electromagnetic performance. A similar challenge exists in direct slot cooling, where
the introduction of heat guides or heat pipes into the stator slots reduces the available
conductor area.

5.2. Opportunities in Thermal Management

Although the thermal management of PM machines faces several key challenges, there

are also exciting opportunities and emerging developments with the potential to deliver a

step change in thermal performance. Some examples are outlined below.

Advanced materials, such as high-thermal-conductivity insulation enhanced with
nanomaterials and engineered fluids like ferrofluids, offer promising solutions. The
former can increase the effective thermal conductivity of stator slots, thereby improv-
ing cooling performance in the active winding region. The latter can be used to fill
end-winding cavities, significantly improving the end-winding cooling by enhancing
the heat transfer between the end-windings and the housing. Ongoing research aims
to reduce the cost of these materials, which could enable large-scale adoption and
cost-effective production.

Additive manufacturing and novel topologies. 3D printing enables conformal cool-
ing channels, optimized thermal pathways, and integrated structures, allowing the
co-optimization of electromagnetic and thermal performance. These capabilities can
be incorporated into novel machine topologies that simultaneously consider manufac-
turability, electromagnetic design, and thermal management during the design and
optimization process.
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e  Al-driven digital twins for CFD simulations. Traditional CFD simulations offer de-
tailed insights into complex heat-transfer and fluid-flow phenomena, but they are
computationally intensive and impractical for real-time applications. By integrating
CFD models with machine-learning techniques, it is possible to develop surrogate
models that accurately capture the key thermal behaviour of a machine while dras-
tically reducing computational cost. This approach can greatly improve the thermal
management of electrical machines that employ forced-air or liquid cooling, as typi-
cally required by modern PM machines with high power or torque density.

6. Conclusions

This paper has reviewed typical modern PM machine topologies, including rotor-
mounted and stator-mounted configurations used in applications such as electric vehicles,
aerospace, and renewable energy systems. A comparative analysis was conducted to
evaluate their respective advantages and limitations. Particular attention was given to
modular PM machine concepts, where stator modularity offers notable benefits over con-
ventional continuous stator structures. These include simplified manufacturing, reduced
iron waste, enhanced electromagnetic performance (e.g., higher torque density, improved
efficiency, and lower iron and magnet losses), reduced noise and vibration, and improved
fault tolerance. Such advantages make modular PM machines highly suitable for demand-
ing applications requiring both high-power density and reliability, such as aerospace and
offshore wind power systems.

Thermal management strategies for these machines were also reviewed. This is be-
cause thermal performance is critical, as PMs are susceptible to demagnetization at elevated
temperatures. However, the drive toward higher torque and power density inherently
reduces machine size and the available surface area for heat dissipation, demanding more
advanced cooling solutions—from forced-air to liquid cooling and from indirect to direct
cooling techniques. Among these, end-winding cooling remains particularly challenging
due to poor thermal conduction paths between the windings and the housing. Various
approaches, including high-thermal-conductivity potting materials, embedded cooling
channels, ferrofluid-based cooling, and oil-spray systems, have demonstrated promise,
though each introduces trade-offs in mass, complexity, or durability.

Despite significant advances, thermal management in modern PM machines remains a
major challenge. In general, thermal design has received less attention than electromagnetic
design, and limited expertise in thermal sciences among machine designers impedes
progress. Accurate modelling is further hindered by uncertainties in parameters such as
contact resistance and equivalent thermal conductivity, which depend heavily on empirical
data. Additionally, localized hotspots, restricted internal access for cooling, material and
manufacturing constraints, and inherent trade-offs between electromagnetic and thermal
performance complicate the design of compact, high-power-density machines with reliable
thermal characteristics.

Nevertheless, emerging opportunities in advanced thermal management are promis-
ing. Developments in high thermal conductivity materials, engineered fluids (such as
ferrofluids), additive manufacturing, novel machine topologies, and Al-driven digital
twins for thermal and CFD simulations have the potential to deliver a step change in the
thermal performance of future PM machines.
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