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Abstract: Given the fact that the operation of electrical machines generates various loss components

that finally become heat, developing advanced thermal management technologies is essential to

control temperature increases and to guarantee safe operations. Meanwhile, the armature winding

can stand larger currents when the machines are equipped with advanced cooling systems, which

directly improves torque/power densities. This paper aims to provide a systematic review of the

latest developments of advanced thermal management technologies of electrical machines. According

to different heat dissipation mechanisms, the cooling systems studied in this paper are categorized

into five major types: enclosed housing cooling, enhanced conductive cooling, embedded heat

pipe cooling, direct oil cooling, and enhanced rotor cooling. The advantages and disadvantages of

these cooling systems are researched and compared comprehensively. This study contributes to the

revelation of insights on the thermal management of electrical machines and offers good guidance

for the thermal management of electrical machines.

Keywords: conductive cooling; direct oil cooling; electrical machine; jacket cooling; thermal manage-

ment; torque density

1. Introduction

With increasing concerns on energy shortage and environmental pollution, electrical
machines are attracting significant attention because of their zero-emission feature. The
principle applications of electrical machines include electric vehicle (EV) propulsion [1],
renewable energy generation [2–4], industrial drive [5], and home appliances [6], etc. The
development of electrical machines has a history of more than one hundred years, and
various electrical machines have been investigated to meet the requirements of different
applications, such as DC machines, induction machines, permanent magnet (PM) machines,
and switched reluctance machines, etc. The power rating of the electrical machines used
in our modern society ranges from watts to megawatts. Renewable energy systems and
industrial automation are the two major stimulators of the fast development of electrical
machines. Despite the fact that the success of industrial automation relies on advanced
data exchange, machine learning, and artificial intelligence, electric motors are always
the actuators that turn many intelligent thoughts into reality, such as driving automated
production lines, robots, and autonomous vehicles.

The design of electrical machines has a multi-physical nature, which involves elec-
tromagnetic design, mechanical analysis, and thermal management. The operation of
electrical machines generates various loss components, such as copper loss, iron loss, mag-
net loss, and mechanical loss, all of which turn to be heat and cause temperature increases.
Therefore, thermal management is essential to guarantee the safe operation of electrical
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machines. Meanwhile, since the toque of electrical machine is proportional to armature
currents, advanced thermal management techniques that allow for larger armature current
contribute to the improvement of the torque/power density of electrical machines. The
typical components of electrical machines, such as the air-gap, stator and rotor laminations,
windings, winding insulations, and magnets, have different thermal properties, which
renders thermal analysis complicated. Meanwhile, a significant portion of effort has been
made on developing advanced machine concepts over the past decades [7–13], such as
dual stator/rotor machines, magnetic geared machines, flux switching machines, doubly
salient machines, and vernier machines. The performance of electrical machines has been
significantly improved; on the other hand, the machine structure is also becoming more
complicated, which provides more challenges on thermal management.

The thermal analysis of electrical machines has been widely conducted by researchers,
which mainly includes the lumped parameter thermal method (LPTN) [14–16], numerical
methods [17], and experimental calibration [18]. The heat inside the machine can be ex-
tracted by utilizing conduction, convection (natural and forced), and radiation. Based on the
machine topologies and practical application requirements, various thermal management
technologies have been developed. This paper aims to provide a comprehensive review of
the state-of-the-art of thermal management technologies of electrical machines. The paper
will be organized as follows: Sections 2–6 will review enclosed housing cooling, enhanced
conductive cooling, embedded heat pipe cooling, direct oil cooling, and enhanced rotor
cooling, respectively. Finally, Section 7 will summarize and compare the characteristics of
the cooling systems reviewed in this paper.

2. Enclosed Housing Cooling

Enclosed housing cooling is the primary choice to dissipate heat from electrical ma-
chines, because it does not influence the internal structure. The heat generated by different
loss components of electrical machines is transferred through the stator core to the housing
and then dissipated to ambient air. Cooling fins have been widely used in the housing cool-
ing systems, for which its major principle is to enlarge the heat dissipation area. Figure 1
shows a fin-cooled electric tail motor used in a medium sized helicopter [19], which uses
modular winding arrangement to ensure that each phase coil occupies its own stator slot
and has a distinct cooling path to the outer casing via the stator core. The heat transfer
coefficient between the fins and the surrounding air was investigated in [20], which demon-
strated a difference of as much as 20% when different numbers and dimensions of the
fins are used. Therefore, optimizing the fins is of great importance to effectively manage
the temperature increase in electrical machines. A 2-D conjugate heat transfer model was
proposed in [21] to optimize the cooling fins of a completely enclosed fin-cooled electrical
machine, which can be used to study a large parameter set and to determine the candidates
of computational fluid dynamic (CFD) analysis. This approach showed a higher accuracy
than the lumped circuits and was less computationally expensive than CFD. The results
in [21] demonstrated that the fins can neither be designed too thick nor too thin, because
a large portion of the cooling channel is blocked in thick fins while thin fins will reduce
the cross-sectional area available for air flow. Piezoelectric Fan Cooling was developed
in [22,23], which indicated that an average convective heat transfer coefficient enhancement
of 364.8% on the fin base and an enhancement of 53.6% on each of the fin side walls were
attainable.
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Figure 1. A fin-cooled electric tail motor [19]. 
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shows the configuration of a jacket-cooled electric motor, for which the series number of 
the water channel was optimized in [24] to realize the best performance of heat dissipation 
as well as mechanical protection. The coolant inside the water jacket can flow at different 
directions [25], such as circumferential, axial, and spiral, as shown in Figure 3. The 
circumferential one is a hollow jacket, which encloses the stator and allows the coolant 
water to circulate along the circumferential direction. In the axial water jacket, axial 
channels and ribs are introduced to make the coolant flow along the axial direction. The 
spiral water jacket can be considered as a combination of the circumferential water jacket 
and axial water jacket. Compared to circumferential and axial jackets, the spiral cooling 
jacket has superior thermal performance demonstrated by the increased heat transfer 
coefficient, larger surface area, and lower winding temperature. In [26], water jacket 
cooling was employed on a PM synchronous in-wheel motor. The optimization on the 
jacket configuration showed that the axial jacket can achieve a 1.6-times convection heat 
transfer coefficient for the circumferential counterpart. Generally, the enclosed housing 
cooling method has a good function to control overall temperature increases, but it has 
limitations in terms of cooling internal hotspots. 
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Figure 1. A fin-cooled electric tail motor [19].

Using a water jacket is another important housing cooling method. The heat gen-
erated inside the machine is transported to the cooling jacket through conduction and
convection, and then it is dissipated to the outside environment by the coolant. Figure 2
shows the configuration of a jacket-cooled electric motor, for which the series number of
the water channel was optimized in [24] to realize the best performance of heat dissipation
as well as mechanical protection. The coolant inside the water jacket can flow at different
directions [25], such as circumferential, axial, and spiral, as shown in Figure 3. The circum-
ferential one is a hollow jacket, which encloses the stator and allows the coolant water to
circulate along the circumferential direction. In the axial water jacket, axial channels and
ribs are introduced to make the coolant flow along the axial direction. The spiral water
jacket can be considered as a combination of the circumferential water jacket and axial water
jacket. Compared to circumferential and axial jackets, the spiral cooling jacket has superior
thermal performance demonstrated by the increased heat transfer coefficient, larger surface
area, and lower winding temperature. In [26], water jacket cooling was employed on a
PM synchronous in-wheel motor. The optimization on the jacket configuration showed
that the axial jacket can achieve a 1.6-times convection heat transfer coefficient for the
circumferential counterpart. Generally, the enclosed housing cooling method has a good
function to control overall temperature increases, but it has limitations in terms of cooling
internal hotspots.
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major obstacle of cooling interior hotspots is the low thermal conductivity of the air-gap 
and winding insulation, which makes it difficult to transport heat from armature winding 
to the housing. Inserting heat conductors into the slot is an effective method to increase 
heat dissipation efficiencies. Figure 4 shows an aircraft wheel actuator with an inserted T-
shaped copper path in each stator slot [27]. Because of the high thermal conductivity of 
copper, the T-shaped path is more effective to transfer the heat generated by in-slot 
winding to the stator core. A similar idea was implemented in a tubular linear permanent 
magnet machine [28], which demonstrated a reduction of approximately 40% in the slot 
hot-spot temperature for the same current loading. The increased capability of heat 
dissipation enables the electrical machines to be designed with larger current densities 
and achieve higher torque/power density accordingly. In [29], heat guides were inserted 
between the two layers of the in-slot windings, as shown in Figure 5. The heat guides have 
similar functions as the T-shaped copper plate, which demonstrated an improvement of 
55–85% heat transfer from the in-slot windings to the stator core. 
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Figure 3. Cooling water jacket concepts [25]. (a) Circumferential. (b) Axial. (c) Spiral.

3. Enhanced Conductive Cooling

The inside hotspots of electrical machines are most likely to appear on armature
windings and the stator core, which generate copper loss and iron loss, respectively. One
major obstacle of cooling interior hotspots is the low thermal conductivity of the air-gap
and winding insulation, which makes it difficult to transport heat from armature winding
to the housing. Inserting heat conductors into the slot is an effective method to increase
heat dissipation efficiencies. Figure 4 shows an aircraft wheel actuator with an inserted
T-shaped copper path in each stator slot [27]. Because of the high thermal conductivity of
copper, the T-shaped path is more effective to transfer the heat generated by in-slot winding
to the stator core. A similar idea was implemented in a tubular linear permanent magnet
machine [28], which demonstrated a reduction of approximately 40% in the slot hot-spot
temperature for the same current loading. The increased capability of heat dissipation
enables the electrical machines to be designed with larger current densities and achieve
higher torque/power density accordingly. In [29], heat guides were inserted between the
two layers of the in-slot windings, as shown in Figure 5. The heat guides have similar
functions as the T-shaped copper plate, which demonstrated an improvement of 55–85%
heat transfer from the in-slot windings to the stator core.
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In addition to in-slot windings, end-windings also generate a significant part of heat,
especially for electrical machines with distributed windings. The gap between the end-
windings and the housing makes thermal management a challenging problem. Employing
potting materials that have a high thermal conductivity is an effective method [30], as shown
in Figure 6. The potting material can significantly increase heat conduction’s efficiency. In
addition to remove heat from the end-windings, the potting material also prevents rotor
magnets from being over heated. The investigation on a 100 kW radial flux PM electrical
machine showed that potting materials can reduce the temperature of end-windings and
rotor magnets by 7 K and 6 K, respectively. Similarly, an extended end-winding cooling
insert was developed for electrical machines with concentrated windings [31], as shown
in Figure 7. The stator lamination was extended in both axial directions, and the thermal
conduct surface between the stator windings and the machine housing significantly in-
creased. Compared with a reference cooling system which employs epoxy potting material
on the end-windings, the extended end-winding insert was able to increase continuous
current densities from 19.0 A/mm2 to 26.5 A/mm2; hence, a significant improvement of
power density can be achieved accordingly. It should be noted that materials with high
thermal conductivity generally also have high electrical conductivity; therefore, enhanced
conductive cooling may introduce additional eddy current loss. Meanwhile, the potting
material and cooling insert will increase the weight of electrical machines as well.
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4. Embedded Heat Pipe Cooling

In enhanced conductive cooling systems, the heat is firstly transported to the stator
core and machine frame, and then dissipated by the cooling fins or the coolant in the
water jackets. The heat dissipation process is indirect. Embedding heat pipes at the
positions of hotspots is more efficient, which removes the heat directly from the hotspots.
Figure 8 shows a thermal design with an annular heat pipe directly installed on the end-
windings [32]. The end-winding temperature can be reduced by 25% when the heat pipe
was employed on one side of the end-windings, and further temperature reductions can
be achieved when both sides of end-windings are equipped with the heat pipe. The heat
pipe can be constructed using different materials, such as metal, polymer, composite, and
silicone rubber, among which silicone rubber demonstrated the best cooling performance.
A U-shaped heat pipe was developed in [33], and one leg was inserted into the stator slots
and the other leg was inserted into the fins, as shown in Figure 9. Different from the in-slot
copper plate in conductive cooling systems, the U-shaped heat pipe transferred heat from
in-slot windings to the ambient air axially. A maximum winding temperature less than
100 degrees was observed on a 167 W machine when the current density was 12.5 A/mm2.
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Various heat pipes have been developed to remove heat from the in-slot windings.
In [34], axial cooling channels were introduced to the slot openings of a switched reluctance
machine, as shown in Figure 10. Instead of passing through the stator core to the machine
frame, the heat of the windings can be directly removed axially through the cooling chan-
nels. The simulation results showed that a maximum temperature reduction of 90 degrees
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and 65 degrees can be achieved on the coil and the stator lamination, respectively. A direct
winding heat exchanger was developed in [35], which used a microfeature-enhanced heat
exchanger that was inserted between the stator winding bundles, as shown in Figure 11.
This technique is especially suitable for concentrated winding electrical machines. The
microchannels significantly reduced the thermal resistance between the windings and the
ambient; hence, the current density can be substantially increased with the same wind-
ing insulation. For class F insulation, a maximum current density of 24.7 A/mm2 and
40 A/mm2 can be achieved for steady-state and transient conditions, respectively. Slot
water jacket cooling systems for hairpin windings were investigated in [36], as illustrated
in Figure 12. The water jackets can be installed at the slot openings or at the bottom of the
slots. To fit the installation of water jackets, either the winding height was reduced to keep
the same slot area or the slot depth was increased to maintain the original winding size.
The investigation on an induction motor and a PM motor revealed that placing a water
jacket at the slot opening produced better thermal performance due to the proximity of the
coolant to the machine’s hotspots.

Energies 2022, 15, 3249 7 of 17 
 

 

 
Figure 9. An electrical machine with U-shaped heat pipes [33]. 

Various heat pipes have been developed to remove heat from the in-slot windings. 
In [34], axial cooling channels were introduced to the slot openings of a switched 
reluctance machine, as shown in Figure 10. Instead of passing through the stator core to 
the machine frame, the heat of the windings can be directly removed axially through the 
cooling channels. The simulation results showed that a maximum temperature reduction 
of 90 degrees and 65 degrees can be achieved on the coil and the stator lamination, 
respectively. A direct winding heat exchanger was developed in [35], which used a 
microfeature-enhanced heat exchanger that was inserted between the stator winding 
bundles, as shown in Figure 11. This technique is especially suitable for concentrated 
winding electrical machines. The microchannels significantly reduced the thermal 
resistance between the windings and the ambient; hence, the current density can be 
substantially increased with the same winding insulation. For class F insulation, a 
maximum current density of 24.7 A/mm2 and 40 A/mm2 can be achieved for steady-state 
and transient conditions, respectively. Slot water jacket cooling systems for hairpin 
windings were investigated in [36], as illustrated in Figure 12. The water jackets can be 
installed at the slot openings or at the bottom of the slots. To fit the installation of water 
jackets, either the winding height was reduced to keep the same slot area or the slot depth 
was increased to maintain the original winding size. The investigation on an induction 
motor and a PM motor revealed that placing a water jacket at the slot opening produced 
better thermal performance due to the proximity of the coolant to the machine’s hotspots. 

 
Figure 10. A thermal system with axial cooling channels at slot openings [34]. Figure 10. A thermal system with axial cooling channels at slot openings [34].

Energies 2022, 15, 3249 8 of 17 
 

 

 
Figure 11. An electrical machine with in-slot microchannel heat exchangers [35]. 

 
Figure 12. Four different slot designs with water jackets [36]. 

Figure 13 shows the schematic of hollow conductors developed in [37], in which the 
phase change material (PCM) was placed inside the hollow conductors. Because of the 
significant capability of transferring energy of PCM, this technique resulted in a reduction 
of 8% in winding temperature increases and a 18% decrease in winding weight. Similarly, 
a direct liquid cooling system was developed in [38] for an axial-flux PM machine, as 
shown in Figure 14. Helical tooth coil winding was employed, which was formed from a 
hybrid conductor comprising a stainless-steel coolant conduit tightly wrapped with a 
stranded Litz wire. Although the cooling channel occupied a certain area of the wire, the 
torque density of the machine can still be substantially improved since the current density 
can be increased 3.5 times. The investigations on a proof-of-concept showed a temperature 
reduction of more than 50 degrees when compared with indirect cooling systems. The 
problem of this design is that the integrated cooling channel increases the bending radius 
of the windings, which makes the end-windings very long and leads to a winding 
proportion that is not useful accordingly. 

Figure 11. An electrical machine with in-slot microchannel heat exchangers [35].



Energies 2022, 15, 3249 8 of 17

Energies 2022, 15, 3249 8 of 17 
 

 

 
Figure 11. An electrical machine with in-slot microchannel heat exchangers [35]. 

 
Figure 12. Four different slot designs with water jackets [36]. 

Figure 13 shows the schematic of hollow conductors developed in [37], in which the 
phase change material (PCM) was placed inside the hollow conductors. Because of the 
significant capability of transferring energy of PCM, this technique resulted in a reduction 
of 8% in winding temperature increases and a 18% decrease in winding weight. Similarly, 
a direct liquid cooling system was developed in [38] for an axial-flux PM machine, as 
shown in Figure 14. Helical tooth coil winding was employed, which was formed from a 
hybrid conductor comprising a stainless-steel coolant conduit tightly wrapped with a 
stranded Litz wire. Although the cooling channel occupied a certain area of the wire, the 
torque density of the machine can still be substantially improved since the current density 
can be increased 3.5 times. The investigations on a proof-of-concept showed a temperature 
reduction of more than 50 degrees when compared with indirect cooling systems. The 
problem of this design is that the integrated cooling channel increases the bending radius 
of the windings, which makes the end-windings very long and leads to a winding 
proportion that is not useful accordingly. 

Figure 12. Four different slot designs with water jackets [36].

Figure 13 shows the schematic of hollow conductors developed in [37], in which the
phase change material (PCM) was placed inside the hollow conductors. Because of the
significant capability of transferring energy of PCM, this technique resulted in a reduction
of 8% in winding temperature increases and a 18% decrease in winding weight. Similarly, a
direct liquid cooling system was developed in [38] for an axial-flux PM machine, as shown
in Figure 14. Helical tooth coil winding was employed, which was formed from a hybrid
conductor comprising a stainless-steel coolant conduit tightly wrapped with a stranded
Litz wire. Although the cooling channel occupied a certain area of the wire, the torque
density of the machine can still be substantially improved since the current density can
be increased 3.5 times. The investigations on a proof-of-concept showed a temperature
reduction of more than 50 degrees when compared with indirect cooling systems. The
problem of this design is that the integrated cooling channel increases the bending radius of
the windings, which makes the end-windings very long and leads to a winding proportion
that is not useful accordingly.
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(b) stator configuration.

The stator core is the major heat conductor between the windings and the machine
frame. Meanwhile, stator core loss generates a significant part of heat. Therefore, the stator
core may suffer from a high temperature increase, particularly for high-speed machines for
which their high frequencies greatly increases core losses. Figure 15 shows the structure
of a linear PM machine, which employed a cooling channel with uniformly distributed
water pipes in the stator yoke [39]. Under the same limitation of a temperature increase in
windings, a 2.76-times result of the original thrust force density can be achieved due to the
substantial heat dissipation capabilities of the water pipes. The water pipes contributed to
the cooling of magnets as well, and a temperature reduction of 72 K was observed, which
has a significant value in protecting PMs from being demagnetized by high temperatures.
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5. Direct Oil Cooling

In order to achieve full contact between the stator and the coolant, a semi-flooded
oil cooling system has been proposed for high-power-density electrical machines [40],
as shown in Figure 16. An oil sleeve was implemented in the air-gap, and the electrical
machines were separated into two enclosed chambers: a stator chamber formed by the oil
sleeve, two end flanges, and the machine frame; and a rotor chamber formed by the rotor
shaft, two end flanges, and the oil sleeve. This electrical machine was directly coupled
with a gear box, for which its high-pressure lubricant oil was used as the coolant and no
additional oil supply system was needed. The oil was injected into the stator chamber
through the holes around the end-windings and impinged on the end-windings directly. In
order to minimize the impact on electromagnetic performance, the cooling channels at the
stator core were created close to the outer surface. The oil was forced to pass through the
cooling channels and then cooled the stator core and coils. This semi-flooded oil cooling
system allowed the coolant have complete contact with the windings and stator core; hence,
they had higher cooling efficiencies. The oil-flooded cooling method can be applied to
axial-flux machines as well, as reported in [41], in which a glass fiber casing was used to
enclose the stator, and this allowed oil to be injected into the stator chamber and to have
direct contact with windings and core. A temperature reduction of 13 degrees at the hotspot
was observed when compared with the original machine without oil-flooded cooling.
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Figure 16. Schematic of a semi-flooded oil cooling system [40].

Instead of cooling the entire stator, Figure 17 shows the schematic of direct oil cooling
for the end-windings of core-wound Torus-type machines [42]. An external fiberglass cover,
as shown in light green in Figure 17b, was used to seal the end-windings and avoid the oil
from leaking into the air-gap. The outer end-windings were specially designed to channel
an axial flow of oil and to maximize the heat exchange surface to achieve an optimal heat
extraction accordingly. In this cooling system, the heat generated by the copper loss only
flows through the copper and enamel before reaching the oil, and thermal resistance was
significantly reduced. Compared with the indirect water cooling, this direct oil cooling
method can achieve heat extraction capabilities up to 2.87 times, and the torque and power
densities were doubled when it was applied to an axial-flux permanent magnet machine.



Energies 2022, 15, 3249 11 of 17

Energies 2022, 15, 3249 11 of 17 
 

 

 
Figure 16. Schematic of a semi-flooded oil cooling system [40]. 

Instead of cooling the entire stator, Figure 17 shows the schematic of direct oil cooling 
for the end-windings of core-wound Torus-type machines [42]. An external fiberglass 
cover, as shown in light green in Figure 17b, was used to seal the end-windings and avoid 
the oil from leaking into the air-gap. The outer end-windings were specially designed to 
channel an axial flow of oil and to maximize the heat exchange surface to achieve an 
optimal heat extraction accordingly. In this cooling system, the heat generated by the 
copper loss only flows through the copper and enamel before reaching the oil, and thermal 
resistance was significantly reduced. Compared with the indirect water cooling, this direct 
oil cooling method can achieve heat extraction capabilities up to 2.87 times, and the torque 
and power densities were doubled when it was applied to an axial-flux permanent magnet 
machine. 

 
(a) (b) 

Figure 17. Schematic of the direct oil cooling for the end-winding [42]. (a) Slot 
configuration; (b) axial cross section. 

Recently, hairpin windings have attracted increasing attention in electric vehicle 
propulsion areas due to the advantages of a high-fill factor, reduced manufacturing time, 
and shorter end-windings. The conductors of hairpin windings are precisely arranged, 
and the gap between the conductors of end-windings is regularly and accurately defined. 
This geometric feature introduces new challenges and opportunities for heat dissipation. 
Oil spray cooling is ideal for the cooling of hairpin windings, which can achieve a good 
balance between the heat dissipation, fluid inventory, and robustness. Figure 18 shows 
two examples of oil spray cooling. The oil can be injected through the nozzle close to the 

Figure 17. Schematic of the direct oil cooling for the end-winding [42]. (a) Slot configuration; (b) axial

cross section.

Recently, hairpin windings have attracted increasing attention in electric vehicle
propulsion areas due to the advantages of a high-fill factor, reduced manufacturing time,
and shorter end-windings. The conductors of hairpin windings are precisely arranged,
and the gap between the conductors of end-windings is regularly and accurately defined.
This geometric feature introduces new challenges and opportunities for heat dissipation.
Oil spray cooling is ideal for the cooling of hairpin windings, which can achieve a good
balance between the heat dissipation, fluid inventory, and robustness. Figure 18 shows
two examples of oil spray cooling. The oil can be injected through the nozzle close to the
housing or through a hollow shaft, which directly removes heat from the end-windings.
Therefore, oil spray cooling can achieve a much higher convective heat transfer coefficient
than air cooling. Compared with water jacket cooling, oil spray cooling can almost double
the current density and power of electrical machines [43]. A 3-D lumped parameter thermal
network (LPTN) of the oil spray cooled hairpin windings was proposed in [44], which
considered the slot configuration, winding connection, and sprayed oil characteristics.
This LPTN had been validated through experimental investigations and can be used as a
good reference for electrical machine researchers to investigate the thermal performance
of such windings. The estimation of heat transfer coefficient of oil spray cooling system
was investigated in [45], which was based on reduced-parameter models that can be easily
used by other electrical machines.
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6. Enhanced Rotor Cooling

All the aforementioned cooling methods focused on the cooling of the stator, for which
its copper loss and core loss are the major heat sources of electrical machines. However,
it is also significant for managing the thermal conditions of the rotor, especially for PM
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machines since PMs may inevitably be demagnetized by high temperatures. Forced air
cooling is the most popular method of rotor cooling, in which a fan is implemented co-
axially with the rotor and takes away heat when the rotor rotates. Figure 19 shows the
configuration of an axial flux PM machine with a centrifugal fan attached on the rotor [46].
This fan cooling was used as a secondary cooling method in addition to water cooling for
the purpose of boosting machine performances even further. The rotor was designed with
an opening at the center and a single outlet on the radial cover. When the rotor rotates,
a pressure gradient will be created and the air will flow inside through the center inlet
and flow outside through the side outlet. The air flow will remove heat from the rotor and
increase the machine’s continuous power by 43% and the torque by 20%.
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on the rotor [46].

Another rotor cooling method is to employ hollow shafts with inside cooling channels,
which has a superior heat dissipation performance because the coolant can remove heat
from the rotor directly. Figure 20 shows the configuration of a hybrid cooling system
with both hollow shaft rotor cooling and housing cooling [47]. The coolant flowed inside
the machine through the inlet and then circulated in the housing jacket, end cap, and
hollow shaft before exiting through the outlet. Compared with air-cooled and housing
jacket-cooled designs, this hybrid cooling system could reduce the coil temperature by
50% and 38%, respectively, and decrease the outer stator’s temperature by 42% and 10%,
respectively. The temperature reduction leads to a larger current density that can be applied
in the windings, and the torque and power densities can be improved accordingly. The
major challenge is that hollow shaft will reduce the mechanical strength, and excellent
sealing is needed to prevent oil leakage.
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7. Summary and Conclusions

Thermal management technologies have a great impact on the operation and perfor-
mance of electrical machines. This paper reviews advances in the thermal management
technologies of electrical machines, with a specific focus on cooling system configurations.
For the literature reporting the same configuration, only the representative ones are cited
and discussed. The findings in this paper provide good guidance for cooling system designs
and can inspire new ideas on the research and development of future thermal management
technologies of electrical machines. Overall, the heat of electrical machines is mainly dis-
sipated through conduction and convection. Different cooling systems have their unique
features, and various factors should be considered, such as the machine configuration,
operation environment, and cost, to achieve the best overall performance. Most research
focused on stator cooling, since stator core loss and winding copper loss are the principal
heat sources of electrical machines. Enhanced rotor cooling is mainly implemented on PM
machines to protect the magnets from being demagnetized by the high temperature. The
summary and comparison of different cooling systems are provided in Table 1.

Table 1. Comparison of different cooling systems.

Cooling System Type Typical Configurations Features

Enclosed housing cooling
• Cooling fins
• Water jackets

• Has no influence on internal
structure

• Easy to implement
• Suitable for all kinds of

electrical machines
• Good in controlling the

overall temperature rise
• Has limitations in cooling

the inside hotspots

Enhanced conductive cooling

• Inserted heat path
• Potting material
• Extended end-winding
• insert

• Mainly used to cool the
windings

• Good heat dissipation
capability

• Increases machine weight
• Introduces additional eddy

current loss

Embedded heat pipe cooling

• Heat pipes
• Microchannel heat
• exchangers
• Hollow conductors

• Flexible implementation
• Direct cooling of the heat

sources
• Excellent heat dissipation

capability
• Complex structure

Direct oil cooling
• Oil flooded cooling
• Oil spray cooling

• Full contact between the
coolant and the stator
hotspots

• Direct cooling of the heat
sources

• Excellent heat dissipation
capability

• Superior sealing

Enhanced rotor
cooling

• Forced air cooling
• Hollow shaft with inside

cooling channels

• Mainly used to protect the
rotor magnets

• Forced air cooling is easy to
implement

• Hollow shaft reduces
mechanical strength

The key parameters of different cooling systems are listed in Table 2, which aims
to provide a more quantitative comparison. There are some unavailable parameters in
the references that are notated as “N/A”. One can observe that the enclosed housing
cooling system has the poorest hear transfer coefficient (HTC). By comparison, using
direct oil cooling brings better thermal conditions as the oil has higher HTC than air.
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However, enclosed housing cooling is generally used as the primary thermal management
technique of electrical machines, because it does not influence the machines’ internal
structure; therefore, it is is easy to implement. The research mainly focuses on increasing
the heat dissipation area of cooling fins, designing novel configurations of water jackets,
and optimizing water flow inside the jackets for the purpose of increasing heat dissipation
efficiency. This cooling method shows a good performance in controlling the overall
temperature increase and can be implemented in almost all types of electrical machines.
However, it has limitations in cooling the inside of hotspots.

Table 2. Key parameters of different cooling systems.

Cooling System Type Flow Rate Power
Heat Transfer

Coefficient (HTC)
Reference No.

Enclosed housing cooling

N/A 97–239 W 6.37–7.65 Wm−2 K−1 [48]

3.5–12.2 m/s
(air speed)

189.3–192.2 W 26.6–49 Wm−2 K−1 [49]

Direct oil cooling

1–6 L/min N/A 400–600 Wm−2 K−1 [41]

5.5 L/min N/A 300–600 Wm−2 K−1 [50]

1–2 L/min 80–150 W N/A [51]

0.3–0.9 L/min 100 W
1000–6000 Wm−2 K−1

(oil HTC)
[42]

Enhanced rotor
cooling

10 L/min 557 W (rotor loss) N/A [52]

Enhanced conductive
cooling

300–800 m3/h (air flow
rate)

2400–3600 W
(total loss)

N/A [27]

5–35 L/min
3400–5630 W

(total loss)
0–7000 Wm−2 K−1

(convection HTC)
[30]

Embedded heat pipe
cooling

4 L/min N/A N/A [32]

Enhanced conductive cooling generally serves as a secondary thermal management
technique in addition to enhanced housing cooling, which employs materials with high
thermal conductivity to reduce thermal resistance between the heat source and the ma-
chine frame. Since materials with high thermal conductivity usually have good electrical
conductivity, this method may introduce additional eddy current loss.

Embedded heat pipe cooling and direct coil cooling aim to remove heat from the source
directly. The heat pipe can be designed into flexible configurations and be implemented at
different locations, such as the stator core, slots, in-slot windings, and end-windings. With
a proper design, the cooling oil can reach all hotspots as well. Therefore, both methods
have excellent heat dissipation capabilities. The challenge is that heat pipe increases the
complexity of the structure, and superior sealing is needed in the direct oil cooling system
to prevent oil leakage.
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