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Abstract: This paper gives a comprehensive review of advanced cooling schemes and their applications to the permanent magnet synchronous motors (PMSMs), as well as investigating the electrical
motor’s topologies its thermal design issues, materials and performances. Particularly, the electromagnetic and electric performances, machine sizing, together with the structural design, are given.
In addition, the work addresses the motor’s material design and properties along with its insulation
performance, which is the main goal of optimization. Mainly, thermal mapping with analysis is
provided according to the different cooling methods, including air-cooling, water-cooling, oil-cooling,
heat-pipe-cooling, potting silicon gelatin cooling, and as well as cooling strategies for tubes and
microchannels. The most common special features and demands of the PMSMs are described in
the appearance of the motor’s failures caused by uncontrolled temperature rise. In addition, heat
sources and energy losses, including copper loss, core loss versus motor speed, and output power, are
analyzed. The review of the proposed cooling methods that will achieve the required heat transfer of
the PMSM is presented with numerical simulations and measurements data. A review of numerical
methods and results, including the finite element methods (FEM), such as the Ansys CFD software, to
obtain a high-accuracy thermal mapping model of the PMSM system is given. The revived methods
and design requirements due to PMSM temperature profile and cooling flow at different rotor speeds
and torque loads are investigated. Finally, the motor design recommendations, including the newly
developed cooling solutions, which enable it to effectively redistribute the temperature and heat
transfer, increasing the efficiency of the PMSM machine, are laid out.
Keywords: thermal mapping; traction motor; PMSM; thermal management; temperature analysis;
thermal design; thermally conductive materials; cooling scheme; temperature sensors
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Electric vehicles are replacing conventional internal combustion engine vehicles, which
are an important part of meeting global goals on climate change. The propulsive force
created in the electric vehicle is due to the friction between the road and tire. Traction
control in electric vehicles has gained tremendous attention because, relative to traditional
internal combustion engines, traction control can generate very rapid and reliable torques,
improving drive performance, protection and stability [1]. The traction motor is the core
of electric vehicles, converting electricity into mechanical energy or vice versa, thereby
interfacing the battery source with the wheels of the vehicle. Traction motors are to be

Energies 2021, 14, 1472. https://doi.org/10.3390/en14051472

https://www.mdpi.com/journal/energies

Energies 2021, 14, 1472

2 of 32

designed to realize up to five times the base speed, with a great torque-power density and
good efficiency map for highway cruising and hill climbing. For multi-quadrant operation
and multiple-motor synchronization, traction motors require good controllability, greater
steady-state precision, and the best dynamic efficiency [2]. In addition, the traction motor
should have low acoustic noise, and greater consistency and strength for the vehicular
setting. The high-speed electric motor achieves the mentioned traction requirement. The
typical advantages of high-speed traction motors include higher efficiencies, more compactness, and low cost due to reduced mechanical transmission. However, there are various
electrical, thermal and mechanical limitations in high-speed traction motors [3]. The maximum speed of a system is constrained by the centrifugal force and critical speed-related
elastic instability. On the other side, the stator and rotor temperature is restricted, and thus
the peak power, maximum power, and constant power can be maintained [4].
In general, high speeds also imply high voltages and fluxes, which are to be taken
into account in electromagnetic as well as electrical design [5]. The mechanical limitations
in high-speed electrical motors mainly include bearing friction, ventilation losses due to
non-linear friction, and vibrations caused by hysteresis [6]. Similar to the mechanical stress
on high-speed motor drives, the thermal stress influences the performance and life span of
the system because of the higher loss of densities arising from a smaller surface area and
volume [7]. The conventional method of optimization, considering only electromagnetic
and mechanical factors for a given particular electrical loading, can no longer be taken into
consideration in order to design a stable and optimal system, and the thermal design must
be part of the machine design process [8]. Importantly, the thermal augmentation of an
electric motor affects the core, insulation and permanent magnets, which deteriorates the
machine’s performance and life span. Iron losses are the common term for loss occurrences
associated with the presence of non-constant magnetic fields in laminated ferromagnetic
materials [9]. The iron losses are caused by the magnetic hysteresis loop, termed hysteresis
loss, and spatial eddy currents termed eddy current losses. The current redistribution
generates internal eddy currents at higher frequencies due to higher speeds, which plays a
critical role in iron losses. This happens because of ferromagnetic compounds that conduct
electricity as well. It is easy to heat up the core material made of stacked iron, which implies
the thin insulating coatings on the plate are destroyed. Due to high temperatures, the
insulation across the conductors has its lifespan decreased; a constant over the temperature
of 10 ◦ C halves the existing lifetime [10,11]. Similarly, at a higher temperature, permanent
magnets can be irreversibly demagnetized, and thus a temperature profile of the motor
(thermal mapping) has to be estimated.
Thermal mapping is estimating the temperatures of the components of an electric traction
motor in particular. This is essential because the components are made of different materials
and their individual thermal expansion may lead to thermo-mechanical stresses. Heating
in the motor through copper, magnet, lamination and bearing frictional losses is a cause of
concern. Thermal gradients set due to these heat sources could lead to stresses in the radial
and axial directions, causing uneven deformations. As such, thermal mapping is a very
important parameter to assess the performance of any electric motor [12]. Electric motor
temperature variations in rotors, stators and windings are analyzed under constant motor
torque and speed (80 Nm and 2500 rpm). This in general represents a situation wherein an
EV has to move on an inclined surface. Researchers observed that the double layer interior
permanent magnet motor works effectively over a wide range of speed and load. The motor
temperature was observed to be under the safe limits, in spite of a temporary overload
condition, as it is thermally stable, as given in the illustration in Figure 1 [13].
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Figure 1. Rise in temperature under instantaneous load scenario [13].

The accurate cooling of the electrical motor is not easy. Most of the standard electrical
machines are air-cooled, often with a ventilator mounted on the shaft, with external cooling
fins. At higher speeds, the motor can be very noisy and take up a reasonable amount
of torque, so it needs independent cooling. It is still very tough and complicated to
quantify the cooling of the spinning parts, as this must be done by the airflow in the air
gap and in the end-winding area. For this purpose, the cooling fins are often placed at
the ends of the rotor [14]. The cooling system’s challenge is to effectively eliminate this
heat and retain the temperature of the motor within the specified range, while reducing
energy consumption. In addition, in military ground vehicles, it is important to consider
the design, the requisite reliability, and stringent operating conditions. Therefore, smart
thermal management control with compact design and dynamic heat transfer capability is
essential for traction motors [15]. Based on the power level, the operating conditions and
the system environment, the cooling method should be adapted. Usually, the industrial
motors are air-cooled, which cools the machine through natural or forced convection by
employing a fan mounted on its shaft. However, this type of cooling will not be suitable
for traction motors due to the inadequate space for radial fins, the waterproof design, and
the uncertain ambient temperature and humidity. Moreover, for traction, the high-power
density motors are preferred, which generate much heat; hence the selection of cooling
must be done properly.
Liquid cooling is one of the most efficient cooling approaches for traction motor
drives which contain a pump, radiator, and assorted hoses. The heat is transferred by
the coolant through heat pipes inside the motor and passed through the radiator. The
effectiveness of liquid cooling has been expansively analyzed in [16]. Soparat et al. built
a liquid cooling system based on an electric motor to substitute a traditional fan-cooled
configuration with enhanced cooling ability. Farsane et al. checked the efficiency of a
liquid cooling system experimentally for an enclosed electric motor [17]. In addition to
device architecture, control theory has been applied to minimize the energy consumption
of the thermal management system. In order to manage the electro-mechanical actuators
(e.g., fans and pumps), Tao et al. introduced optimum control theory to preserve the
temperature of the e-motor for a hybrid electric vehicle (HEV), as well as to reduce power
consumption [18]. Moreno et al., by ultra-capacitors and neural networks, established
and confirmed an energy storage system for the HEV [19]. The real-time achievability of
thermal control optimization algorithms in wired and autonomous hybrid electric vehicles
has been investigated by Zhu et al. [20].
Advanced materials with high thermal conductivity and cutting-edge electric motor
cooling structures were explored with the development of revolutionary manufacturing
technologies [21]. A motor cooling system by means of heat pipes was realized in [22]. To absorb heat, the heat pipe evaporator was implanted into the motor housing; however, the condenser was mounted in a heat rejection cooling chamber. A heat pipe-based thermal bus for
motor cooling was developed by Shoai-Naini et al., with system efficiency studied for different drive cycles [23]. A motor refrigeration system with L-shaped heat pipes was proposed
by
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Putra et al. [24]. Furthermore, new internal mechanisms of the motor that benefit from a
device cooling have been studied. A permanent magnet motor concept with a hollow shaft
that allows coolant movement to help facilitate cooling was proposed by Lee et al. [21].
Air-cooling is simple and provides a simple foundation, but the cooling efficiency might
not be satisfactory. In addition, a cooling fan is normally attached to the motor shaft, which
absorbs energy and could be operated indirectly. Liquid cooling is efficient, but operating
the coolant pump and radiator fan consumes electricity. On the other hand, owing to
the cooling sides, liquid cooling adds additional weight and complexity. Heat pipes can
work passively with the temperature gradient; nevertheless, there are heat transmission
restrictions because of the operating temperatures, fluid properties, capillary limit, etc. [25].
The proposed review design is shown in Figure 2; this article predominantly focuses on
thermal design approaches that were applied in different kinds of ultra-high-speed traction
motors. It also discusses electromagnetic failure analysis due to heat generation at various
hot spots of the motor and cooling flow fluid dynamics. We present a comprehensive review
of electromagnetic functional failure processes and the directions of heat transmission
inside the system. This article outlines and evaluates the strengths and limitations of these
thermal design methodologies through loss calculation and life estimation that would affect
the performance of the motor. Finally, the improved and successful ways of conducting
traditional cooling methods were taken into account.

Figure 2. Proposed review perception.
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2. Topologies of Electrical Motors
There are several categories and groupings of electric motors, such as DC and AC
motors, linear and rotating motors, synchronous and asynchronous (induction) motors [26].
The most common motor topologies used in electric vehicles (EVs) are induction machines
(IM), permanent magnet synchronous machines (PMSM) and switched reluctance machines (SRM). Comparing different topologies, interior PM (IPM) motors for passenger car
applications have higher overload capability and efficiency than IM and surface-mounted
PM (SPM) machines [27].
Lastly, the traditional surface inset PM synchronous machines (SIPMSM) and the
novel SIPMSM have been trial-manufactured and compared [28]. The permanent magnet
in the novel SIPMSM is a magnetic pole of unequal thickness with different inner and outer
radians, which results in the uneven distribution of the radial air-gap flux density and a
remarkable magnetic congregate effect.
In addition, different approaches have been discussed for an AC armature employing
conventional copper coils on the stator. Superconducting AC homopolar motors for highspeed applications, which employ a high-temperature superconductor (HTS) DC excitation
coil, are analyzed and constructed [29].
In recent years, the consideration of the lack of rare-earth PMs compared to the PMSM
has attracted researchers to study synchronous reluctance motors (SynRM) for traction
applications [30]. Another motor type is the permanent magnet synchronous reluctance
motor (PMSynRM), which benefits from a ferrite-magnet. The performance of PMSynRM
is competitive with PMSM, and is attracting the attention of motor manufacturers.
DC motors, such as brush (BDC) motors or brushless (BLDC) motors, are more suitable
for low-power and low-speed applications, such as electric carts. A general overview of
electrical motor topologies is presented in Figure 3.

Figure 3. Electrical motors and the selected topologies used in electric vehicles (EVs).
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Advanced electric machine topologies, such as stator permanent magnet (stator-PM)
motors [31], hybrid-excitation motors [32,33], flux memory motors and redundant motor
structures [34], are currently considered in electric motor design and manufacturing.
3. Design Analysis of Electrical Motors
The design principles represent the accumulated wisdom of researchers, designers
and related fields. Many common aspects, which include the physical properties, cost and
availability of materials, and the ease of manufacturing, are involved. The design goals
are also numerous, i.e., efficiency, torque, back-electromotive force (EMF) waveform, cost,
minimum weight, reliability regarding high temperature and mechanical stress. Therefore,
some broad design approaches could be mentioned in terms of diverse fields of knowledge.
For making a computer-aided design (CAD) and an analysis of electric motors, some
commercial and high-cost electromagnetic tools, such as the Ansys Motor-CAD, COMSOL
Multiphysics, as well as free non-commercial software, are available. The majority of software is only for 2D problems. If 3D electromagnetic simulation is needed, then the choice is
among COMSOL or Ansys software. The comparison of the main features is presented in
Table 1. Ansys Motor-CAD packages contain permanent magnet-based electric machines,
asynchronous electric machines with an induced rotor field, and synchronous electric
machines without permanent magnets. COMSOL Multiphysics can be used for designing
permanent magnet motors, brushless DC motors, and induction motors. MotorAnalysis
currently supports induction motors and generators, permanent magnet synchronous
motors (PMSM) and generators, and brushless DC (BLDC) machines. SyR-e (synchronous
reluctance–evolution) is an open source tool for synchronous reluctance SynRM, PMSynRM
as well as permanent magnet SPM and IPM machine designs. It requires Matlab/Octave
and Finite Element Method Magnetics (FEMM) software installed. As an example, in publication [35], a design methodology and a design flowchart using a free Motor Analysis-PM
software are explored and analyzed for a 50 kW permanent magnet (PM) motor, employed
in an industrial electrical vehicle (Toyota Prius).
3.1. Electromagnetic and Electrical Performance
The working principle of electrical motors is grounded in electromagnetic theory. The
electromagnetic design relies on computing several electromagnetic and electric parameters
using numerical and analytical methods. In our study, the calculation of magnetic flux
density distribution and current density in the electrical machine is executed (see Figure 4).
For this purpose, the analytical methods [36,37], as well as the 2D or 3D finite element
(FE) numerical methods, are used [38–40]. Numerical methods, i.e., a magneto-static FE
analysis and a transient FE analysis, are performed. The analytical methods are based
on models in D-Q domain (direct axis and quadrature axis). They are symbolized by a
steady-state D-Q analysis and a dynamic D-Q analysis. The time plots, air gap distribution
plots or cross-section distribution plots (maps) of the selected quantities can be obtained
by performing a magnetostatic FE analysis. A combination of analytical and numerical
methods is used in the software to obtain steady-state performance characteristics (torque–
rotation speed) and efficiency maps, including field-weakening operations [35]. The
numerical data are calculated from the FE analysis solution, including voltages, inductances,
torque ripple percentage, motor constants, short circuit current, and power factor. Thus,
power losses and efficiency can be analyzed. The power losses mostly consist of mechanical
loss, core loss, stray loss and copper loss [40].
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Table 1. The comparison of motor design software.
Features

Ansys
Motor-CAD

Comsol
Multiphysics

Motor Wizard
Solidworks

Motor
Solve

Altair
Flux Motor

Geometry templates

Yes

Yes

Yes

Yes

Yes

Import CAD files

dxf

dxf, dwg,
sldprt

dxf, dwg

dxf

dxf

Automatic winding
patterns generation

Yes

Yes

Yes

Yes

Yes

Customize and select materials

Yes

Yes

Yes

Yes

Yes

Magnetostatic fields analysis

Yes

Yes

Yes

Yes

Yes

Transient electromagnetic
field analysis

Yes

Yes

Yes

Yes

Yes

3D electromagnetic simulations

Yes

Yes

No

No

No

Analytical analysis

Yes

Yes

Yes

Yes

Yes

Parametric simulation

Yes

Yes

Yes

Yes

Yes

Motor characteristic curves

Yes

Yes

Yes

Yes

Yes

Efficiency maps

Yes

Yes

Yes

Yes

Yes

Free software

No

No

No

No

No

FEMM

Motor
Analysis

SyR-e

JMAG-Express
Online

Emetor

Geometry templates

No

Yes

Yes

Yes

Yes

Import CAD files

dxf

dxf

dxf

No

No

Automatic winding
patterns generation

No

Yes

Yes

Yes

Yes

Customize and select materials

Yes

Yes

Yes

Yes

Yes

No

Yes

No

No

Features

Magnetostatic fields analysis

Yes

Yes

With XFEMM
support

Transient electromagnetic
field analysis

With
scripting

Yes

With XFEMM
support

3D electromagnetic simulations

No

No

No

No

No

Analytical analysis

No

Yes

Yes

Yes

No

Parametric simulation

No

No

Yes

Yes

No

Motor characteristic curves

With
scripting

Yes

With XFEMM
support

Yes

No

Efficiency maps

No

Yes

With scripting
out of GUI

Yes

No

Free licence software

Yes

Yes

Yes

Yes

Yes

3.2. Thermal Design and Machine Sizing
The purpose of thermal design is to obtain the thermal distribution in a motor. To this
aim, all heat transfer paths must be considered in the network, and appropriate algorithms
should be applied to estimate the thermal resistances for such paths. An example is a
commercial software package Motor-CAD, which uses the lumped parameter thermal
network scheme [41]. It is based on motor geometry and cooling types selected by the user.
The operating temperatures can vary in different locations. This can also have an influence
on the electromagnetic performance of the electric motor. This investigation is central in
a motor design procedure to precisely envisage demagnetization, insulation failure and
cooling performance. An example is the IPM motor, wherein the permanent magnets
may fail if the estimated temperature is greater than 150 ◦ C due to the demagnetization
effect. Therefore, the complete analysis requires a coupling of electromagnetic and thermal
calculations. This helps to find the structural design for removing heat generated inside
the motor to the outside, with a minimum heat transfer and radiation area [42].
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Figure 4. Magnetic flux density (T) and stator current density (A/m2) distributions for the surface-mounted
permanent magnet (SPM) motor (power 10 kW, speed 2500 rpm, RMS supply current 208 A).

The heat network method and the finite element method are two common methods that can be used for thermal analysis. In this way, the thermal maps of magnet (or
winding) temperature can be created. This is important when considering the process of
machine sizing, as given in Figure 5. The machine stack length can be analyzed under the
maximum temperature limit. For each cooling type, the winding (or magnet) temperature can be simulated for each defined point of power (copper and core) losses and stack
length combination.
3.3. Structural (Mechanical) Design
The structural design considers machine stresses and strains. The analysis methods
for structural design are spin analysis, static stress analysis, fatigue analysis and rotor
dynamics analysis [43]. The commonly used material properties in stress and fatigue
analyses are density, yield strength, ultimate tensile strength, Young’s module, Poisson’s
ratio, and stress–life (S-N) curve. A precise stress analysis identifies the locations where the
stresses are maximum and where consequent fatigue analysis could be explored. Fatigue
performance depends on raw material form, material orientation, machining process,
surface finish, surface hardness and final coatings. The result of the simulation is the life in
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the number of cycles to failure, which is estimated under the given load torque variation
and material properties.

Figure 5. Flow diagram of classic sizing methodology used in the designing of electric motors.

Dynamics and vibration analyses are other issues in motor design. The electromagnetic
analysis is executed on the motor and the vibration loads from this analysis are used in a
structural analysis [44]. This approach is used for the optimization of magnetic torque and
for reducing the noise radiated by the motor. The mechanical causes of the unbalanced
magnetic forces (UMF) are mainly induced by the air gap eccentricity between the stator
and the rotor. The electromagnetic causes can be condensed into four categories: winding
topology asymmetry, magnetization unevenness, short circuit and open circuit. Normally,
the air gap flux and the electromagnetic force dissemination are even and proportioned. A
short circuit in the rotor or stator slot can change the magnetic flux of the air-gap. Thereby,
the UMF is generated, leading to radial vibration.
3.4. Material Design
Selecting a proper material is an important issue while creating the electromagnetic,
thermal and structural designs of electrical machines. Motors are typically made from
silicon steels. Another group of materials is the powder metal magnetic materials, which
can be classified as either sintered (for DC applications) or soft magnetic composite (SMC)
types (for AC applications). The SMC, amorphous and nanocrystalline materials show
better characteristics, such as high saturation flux density and low losses [45]. Besides
this, the newly developed metal amorphous nanocomposite materials (MANCs) are a class
of soft magnetic materials that are resourceful at converting energy at high frequencies,
allowing smaller motors to provide similar power [46]. They can be used for designing
motors with new topologies, greater efficacy and lower manufacturing cost.
3.5. Energy Management System Design
The powertrain transfers the mechanical energy of the motor to the wheels of the
electric vehicle. The powertrain constituents of an EV are the battery pack, on-board
charger, DC–AC converters, controller, and motor. The power transfer is managed by the
electronic control unit (ECU) that regulates the frequency and magnitude of the voltage
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delivered to the electric motor in order to manage the speed and acceleration, which
are communicated with the use of acceleration/brake pedals. The ECU can reverse the
direction of rotation of the motor for the reverse movement of the vehicle. In addition, the
ECU can control the conversion of kinetic energy into electricity and recharge the battery
during braking. The communication between different ECUs in a vehicle is usually carried
out via CAN protocol. The aim of energy management systems (EMS) in electric vehicles is
to raise battery life by enhancing thermal stability, and to distribute the optimum power
among the powertrain constituents. Some reviews on EMS in EV can be found in [47].
More advanced systems, e.g., a multi-stage energy management system (MS-EMS) for a
hybrid electric vehicle (HEV), are designed and simulated. This research aims to minimize
the operating costs of a multi-source HEV. The properly optimized MS-EMS defines the
most appropriate power split among the remaining energy sources due to their availability
and operating constraints [48].
4. Insulation Materials and Performance
Next-generation electric machines are in pursuit of identifying electrically insulating
polymer materials. In order to achieve a better cooling performance and thereby increase
the power density and torque density, those insulating materials have to have a good
“k”, or thermal conductivity. Secondly, to compensate for the stresses developed by the
high temperatures caused by the hot spots of the motor, those insulating materials must
also have a good “Y”, elastic modulus. In fact, the next-generation electronic devices are
also seeking a similar kind of material with a good “k” and “Y”. Extremely high thermal
conductivity and elastic modulus are shown by carbon nanotubes (CNTs). For better
performance, multiwalled CNT (MWCNT)/polyamide-6 (PA6)/poly(p-phenylene sulfide)
(PPS) composites, having great “k”, electrical insulation and “Y”, were designed and
fabricated. Nano-sized PPS domains (MWCNT-PPS nano domain-linked structure) were
used to cap the MWCNT ends to thwart electrically conductive tracks from developing.
MWCNT-PPS nano domain-linked configurations were evenly disseminated in the PA6
matrix, for boosted elastic modulus and heat resistance, thermal conductivity (k) and
electrically insulating properties. Composites of this kind are highly capable of electrically
insulating materials for the great output of electric motors [49]. Figure 6 shows the materials
used for insulation in electric motors.

Figure 6. A survey of different materials used for insulation in electric machines.

Nano-fillers are mixed with epoxy resin for using the nanocomposite as a dielectric/insulator in power apparatus. SiO2 and TiO2 are mixed in appropriate proportions
with epoxy resin, and divergent electric fields are used in experimentation. Classical
tests, such as switching impulse tests, lightning impulse tests, and DC voltage and AC
power frequency tests, are carried out on epoxy dielectrics. A non-classical tests, the highfrequency high voltage breakdown test, is carried out to assess the possibility of using the
nanocomposite in high-speed switching devices. The nanocomposites are found to have
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better voltage endurance characteristics and may function as a credible shielding substance
for power apparatus [50]. Epoxy resin was doped with SiO2 particles to fabricate the
insulation used in high-voltage motors. At different temperatures, AC breakdown strength
was measured. Conductivity and surface morphology tests were conducted. It was shown
that the doped nano-SiO2 particle in dielectric composite improved electrical breakdown
strengths, and this composite is suitable for insulating high-voltage motors [51].
A carbon fiber magnesium oxide (CF–MgO) hybrid was developed, since it is thermally conductive but electrically insulating, as the filler for the polymer mix. When this
filler was introduced into Nylon6, the highest thermal conductivity was obtained. The
insulation was found to be higher with a 10 wt. % addition of the hybrid fiber [52]. The
mica-epoxy-based composite has compatible thermal characteristics and insulation properties. The thermal characterization of mica composite; its components, zinc naphthenate,
epoxy resin, anhydride methylhexahydrophtalic and mica tape, are provided. The intrinsic
properties of this composite give a great thermal and electrical performance [53].
5. Thermal Mapping and Analysis
Thermal mapping is the scientifically proven technique for creating accurate temperature profiles of the machine. Thermal mapping helps designers to measure the temperature
of the motor components under steady-state and intermittent operating conditions for
the precise modeling of thermal behavior. Through mapping, it is possible to detect the
components that are likely to heat up and deploy the tools to sustain the system under
secure operating conditions. Understanding the key paths of heat transfer offers possibilities for motor manufacturers to dramatically increase the power performance of motor
efficiency and make design decisions. As the automotive sector begins to migrate toward
more electrically dominated propulsion systems, thermal management is crucial for electric
motors. The complexities associated with thermal management for electric motors are
increasing, aiming to minimize the size of the component, and reduce weight and costs
without compromising reliability and efficiency. An optimized thermal architecture will
help to significantly increase the rated capacity of the unit, almost without any increase in
its production costs. The thermal control of electric motors is a dynamic task, because of the
multiple thermal transfer pathways within the motor, i.e., multiple materials and thermal
interfaces, from which the heat must travel to be expelled. There are various methods for
obtaining the thermal information from the machines, such as the infrared thermography
(contactless) method and thermistor (contact) method [54–56].
5.1. Infrared Thermography
The identification of infrared radiation emitted by the machine with a temperature
above absolute zero is the basis of infrared thermography. This radiation is transformed by
thermography into visible light, which results in a thermal image. The surface temperature
field of the machine is mapped, which makes it possible to assess the strength of radiation.
Thermal vision cameras allow the digital measuring of the temperature distribution of the
test machine. This temperature map is graphically represented. Since all temperatures
are allocated a different color, the thermal picture of the machine is seen in the viewport.
In reality, when the data are stored as a temperature chart, based on the adopted color
scale and the relationship to the temperature scale, the same entity can appear different.
Thermo-vision is an efficient and non-invasive diagnostic way of obtaining the surface
temperature field of the tested objects in the form of photographs using thermographic
cameras.
5.2. Thermistor
Thermistor is a conjunction of the words “thermally sensitive resistor”. A thermistor
is a specific category of resistor that changes its physical resistance during temperature
change. Thermistors are made of semiconductor material of a ceramic form using metal
oxide processing, such as nickel, manganese, cobalt, etc. The thermistor is normally pressed
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into small discs or balls that are sealed up to provide a rapid reaction to temperature
changes. It is a passive resistive device, meaning that to achieve a measurable voltage
output, we need to transfer a current through it. Thermistors are then wired in series via
an appropriate biasing resistor to form a voltage divider circuit, with the resistor chosen to
achieve a voltage output at a pre-determined temperature value. Their key advantage over
forms of snap-action is their reaction speed to any temperature, their accuracy, and their
repeatability adjustments. Major thermistor types have a negative temperature coefficient
of resistance, that is, their resistance value decreases with a temperature rise.
5.3. Resistive Temperature Detectors
Precision temperature sensors manufactured from high-purity conducting metals such
as titanium, copper, or nickel, wrapped into a coil and whose electrical resistance varies as
a function of temperature, analogous to a thermistor, are known as resistive temperature
detectors. Resistive temperature detectors have positive temperature coefficients, but
their performance is highly linear in contrast to the thermistor, providing very precise
temperature readings. However, they have very low thermal sensitivity, which means that
a temperature rise only causes a very slight change in performance. Resistive temperature
detectors are passive resistive devices that create an output voltage that increases linearly
with temperature by passing a constant current through the temperature sensor. As
the resistive temperature detector is a resistive device, a current should pass through it
for observing voltage. Even then, as the current passes through it, some differences in
resistance due to the self-heating of the resistive wires, the I2 R law, produces an error in
the readings. To prevent this, the resistive temperature detectors are normally wired into a
Wheatstone Bridge network with additional wires for lead compensation and/or access to
a continuous current source.
5.4. Fiber Optic Temperature Measurements
Even in dangerous environments, fiber optic temperature sensors without external
effects (radio signals, magnetic fields, microwaves) can operate rapidly and easily. They
can be used conveniently to calculate an engine’s stator winding temperature or the
temperature of the bearing. The sensors help to easily sense variations in temperature
to record the real conditions and trigger preventive steps [54–56]. Table 2 shows the
comparison of different measuring techniques against operating parameters.
5.5. Permanent Magnet Synchronous Motor
Electric motors with greater power density and a proven record of extended running
period are the best resources for meeting the demands. They are the prime movers in the
automotive, rail, marine, and aerospace conveyance sectors [57]. The synchronous motor
and induction motor are the two types of traction that motors mostly utilize in EVs [58].
In hybrid drives, basic recommendations have been made for the design of a traction
motor, such as that of the spatially constricted space and the necessity for a high power
density and high torque density. This allows the motor to support greater power inside a
smaller volume, resulting in an increase in the generation of heat within the engine and a
decrease in the productive cooling space. With a high power density, high performance,
high reliability and compact size (Figure 7), the PMSM is a popular option for the growing
electric vehicle industry, as well as for vehicle energy and power applications [59–61].
PMSMs are also known for their slight vibration noise, great torque density, decent torque
stability and intense control accuracy [62].
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Table 2. Comparison of different thermal mapping techniques against operating parameters.
Parameters

Resistive Temperature
Detectors

Thermistor

Infrared
Thermography

Measurement Type

Contact type

Contact type

Non-contact type

Cost

High

Low

Costlier

Accuracy

Low

Less

Higher

Range

High, up to 660 ◦ C

Low, up to 130 ◦ C

Very high, up to 2000 ◦ C

Mapping

Need calculation

Need calculations

Easy

Reuse

Not possible

Not possible

Possible

Response

Slow, 1 to 7 s

Fast, less than 1 s

Faster, 1 to 250 ms

Measurement area

Both internal and
external temperature

Both internal and
external temperature

Only surface
temperature

Materials

Metals

Semiconductor materials

Glass and plastic

Loss

Less

Medium

Very much less

Temperature coefficient

Positive
temperature coefficient

Negative
temperature coefficient

Not applicable

Temperature
Characteristics

Linear

Nonlinear

Accurate

Sensitivity

Less sensitive

High sensitivity

Accurate

Size

Large

Small

Immaterial

Hysteresis effect

Less

More

No

ceramic materials
easily damaged

Very high
No risk of
contamination and
mechanical effect, no
wear and tear.

Reliability

Highly reliable

Figure 7. Special features of permanent magnet synchronous motor (PMSM).

Currently, the enclosed PMSMs have been swiftly industrialized across the globe.
Rotor cooling is a challenging assignment in motor design, as the heat dissipation is
unidirectional [63]. On the thermal design side, the PMSM has many limitations, such as its
vulnerability to coil insulation failures and magnet demagnetization under extreme thermal
environments [59,60]. The normal motor has deprived conditions of heat dissipation that
are constrained by the spatial and environmental challenges, and a great rise in operating
temperature boosts torque and power densities [64].
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An investigation has shown that the stator winding is the most heated unit of the motor,
the rotor winding is the next most heated, and the frame is the least heated unit. It is also
known that the highest temperature value of both stator and rotor windings is reduced by
about 70% of its length from the supply of cooling air [65]. It is important to avoid such harm
in order to envisage a precise temperature distribution in various elements of the electric
motor. Therefore, it is important to have effective cooling for greater heat dissipation in
PMSMs [59]. Despite their high performance, electric motors are thermally restricted by
many forms of losses in some operating points. The essential components of temperature
overheating decrease efficiency (derating), and suitable cooling must be implemented to
decrease the derating. The design of effective electric motor cooling models in traction drives
with improved torque and power densities is difficult because the heat release in various
parts of the motor differs significantly from the operative conditions [66,67].
5.6. PMSM Thermal Analysis
Electric motor effectiveness is estimated by its electromagnetic configuration and
thermal design. A detailed thermal analysis is still in operation, with emphasis on the
temperature captured by the sensors kept in the vicinity of the copper windings, to recommend potential methods to lessen the motor working temperatures. Although the
electromagnetic losses of the windings depend on temperature, improving overall cooling
often means achieving enhanced motor output in terms of torque supplied, the power
developed and the efficiency achieved, as that is the real objective. In view of the electrical
power densities, an effective thermal simulation of the engine and the combined cooling
system is crucial for the efficient thermal control of the engine. In fact, high temperatures
are unfavorable in terms of the efficiency and life of many materials, so good cooling
systems are necessary. Excessive heat lowers the battery life, weakens the motor magnets’
rare earth, and facilitates the dissipation of the copper windings by Joule heating. It is
mainly important to determine the heat sources in a thermal model and also to predict
the heat transfer mechanisms across the entire motor. The mechanism of heat transfer
could be conductive, convective, or radiative, identified by the type of cooling system. The
electromagnetic eddy current loss, hysteresis loss in magnets and laminations, and Joule
heating are the primary sources of thermal energy. The objective was to lessen the running
temperatures of the motor’s hot spots (to be precise, in the copper windings) through the
optimizations of the most critical factors for a safe operation and long lifetime [14].
The problem of overheating is most likely to arise with the deficiency of the radiation
flow path, eventually causing operation issues or even loss. Overheating would demagnetize the PM and would reduce the PMSM’s dynamic efficiency. The cooling system can
be disabled by an overly high coil temperature. In addition, the lubricating property and
resilience of the bearings are reduced by overheating, curtailing the durability of a PMSM.
Overheated hot spots in the parts of the electric motor often threaten to deteriorate the
capability of the rotors, which are vital. Investigations identified that longitudinal rotor
extension due to uncontrolled temperatures resulted in significant safety problems and
added expenses in the making of PMSMs [62] (Figure 8).

Figure 8. An overview of failures caused by uncontrolled temperature.
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The most overriding stator/rotor core losses were estimated by 2D FEA for all the
components of an electric motor. The analysis of the stator and rotor core losses was
investigated for an uninterrupted power situation, Figure 9. Core losses for the elements of
the motor increased with the speed of the rotor, as predicted, but the losses of the stator
yoke were the least responsive compared to others. The copper losses under continuous
power functioning settings were another main loss factor (Figure 10). These losses were
calculated at 180 ◦ C, and the performance, output power and torque of the electric motor
under continuous speed power were estimated (Figure 11) [68].

Figure 9. Core component losses with speed [68].

Figure 10. Copper loss under continuous power with speed [68].

Figure 11. Electric motor efficiency, output power and torque under continuous power with
speed [68].

6. Cooling Methods
The operating stability and durability of the PMSM are constrained by greater temperatures at the hot spots and the inefficient heat dissipation, as discussed earlier. The proper
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quantification of electric motor heat generation and sophisticated coupled motor cooling
practices are topics of considerable importance [69]. Generally, air-cooling, water-cooling,
oil-cooling, water–glycol-cooling and phase change evaporative-cooling are the active
cooling strategies for the thermally stable operation of an electric motor. The active cooling
system structures, such as a housing with fins, housing with water jacket, oil spray end
winding cooling, etc., were integrated into the thermal scheme to envisage the precise
temperature. The simple and economical air-cooled motor (ACM) with a fan at the end
of the shaft influences the air inside and promotes heat exchange with the environment.
The air-cooling system, however, does not completely meet the increasing demand for
heat dissipation [14,58,62]. Investigations were done thoroughly on the temperature control approaches, such as an oil spray end winding cooling, liquid cooling by automatic
transmission fluid (ATF), forced air-cooling, cooling through phase change materials, and
the potting of stator windings with high thermal conductivity materials [57]. Researchers
across the globe have analyzed various PMSM structures, such as the rotor and stator
stacks, and the rotor and stator cooling ducts, of a PMSM [70].
6.1. Air-Cooling
If the airflow in the end-space could be improved by wafters, in a self-ventilating
cooling system, the cooling efficiency of the rotor would be improved. A modern inclined
flow deflector was intended to promote the effectiveness of the rotor’s cooling. The
difference in air pressure generated across the rotating rotor facilitated the airflow through
the vent holes [63]. Researchers across the globe designed and analyzed a popular aircooling system wherein the fan is fitted externally at the end of the shaft. Normal rotor,
winding and PM temperatures were reported to be substantially reduced by air convection
and the effect of the airflow path on the motor temperatures [71–74]. The external fan can,
however, raise the electric motor volume and decrease the power density, and this was
not acceptable to fully sealed motors [63]. The rotor is the essential factor when it comes
to temperature. Temperature sensors detected spikes with the increase in high-frequency
current-borne iron losses, and the thermally insulating air gap at greater speeds of the
traction drive. The integrated rotor internal air-cooling system was examined, and the
potential load was calculated to maximize the thermal use of the electric motor [75].
In the recent past, with just a resin–varnish layer, a fully sealed fan-cooled induction
motor was tested with two separate impregnating ingredients, such as epoxy and silicone
potting. The products covered and over-molded the total area between the end winding
and the metal housing’s inner surface. The novel cooling method was based on a vortex
tube that generated a cold air stream to cool the unit. This strategy was evaluated and
compared with a typical water-cooling technique. A simulation was conducted to offer
insight into the possibilities of the modern technique of cooling. A finite volume CFD
was used to evaluate the cooling path in terms of fluid velocity, pressure drops and flow
volume in order to make the simulation quite precise and comprehensive in the traction
motor [59].
6.2. Water Jacket Cooling
Thermal analysis was explored for an efficient brushless synchronous electric traction
motor with PMs and with cooling of the water jacket. The effect of the water mass flow rate
on the temperature of different electric motor components has previously been studied. As
the mass flow rate of the water increased, it was observed that the temperature of all the
system’s heat sources decreased with the rise in the pressure drop across the water jacket
(Figure 12) [14].
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Figure 12. Brushless PMSM and water jacket cooling [14].

The cooling system with flux barriers was investigated to improve the cooling effect
with proper heat dissipation as a part of the thermal optimization scheme in the PMSM
stator. The results were compared to those of the standard cooling jacket by incorporating
temperature-measuring sensors. This is presented in Figures 13 and 14. This method of
cooling was similar to the traditional design of a water-cooling jacket around the stator.
As there was no sheet between the water jacket and the flux barriers, the chilling liquid
circulating within the flux barriers substantially increased the chilling field. The flux
barriers were isolated from the air-gap by a thin aluminum layer to avoid cooling liquid
flowing through the air-gap and creating a short circuit. A more turbulent flow was
developed, leading to greater heat dissipation. This cooling technique may be a decent
substitute for the traditional jacket in a limited and harsh setting because of the turbulent
flow and the increased cooling area [60].

Figure 13. Temperature profile in flux barrier cooling of PMSM [60].

Energies 2021, 14, 1472

18 of 32

Figure 14. Temperature profile for a standard cooling jacket [60].

Using different techniques, such as flat wire winding, oil spray end winding cooling
and aluminum winding, performance enhancement or cost savings could be accomplished.
Based on cooling systems with integrated spiral stator water jackets, a spiral shaft groove,
and oil spray components, the performance of the electric motor was predicted. At a 50 ◦ C
inlet temperature, with a fluid flow rate of 6.5 L/min and 50–50% water and ethylene glycol
mixture, forced convection heat extraction was enacted on both elements. In addition,
using an epoxy-type material, the stator end winding region was potted. The entire cooling
model was implemented and evaluated for its viability [76].
The external surface of the driving motor stator was cooled by cooling water flowing
through the water jacket in an innovative cooling method. In addition, airflow caused by
an axial cooling fan mounted at the end of the rotor was used to cool the inner stator and
rotor. With an innovative helical flow channel, the water jacket enveloped the stator. The
arrangement was such that the cooling air reached the engine through the radial holes
across the left end coil, and the other through the tiny stator–rotor gap. Therefore, via the
stator and rotor of the motor, an effort was made to boost the water jacket’s cooling system
through the forced cooling air, as presented in Figure 15 [77].

Figure 15. Cooling flow velocity distribution in PMSM at a rotor speed of 35 krpm [77].

Element heat losses and the subsequent temperature distribution of the water jacketcooled motor were calculated against electromagnetic output, i.e., efficiency. The winding
temperature was calculated using compatible sensors at a higher current density. Higher
coolant flow rate tests were performed with higher forced convection heat transfer coefficients of up to 5000 W/(m2 ·K). The
∙ results indicated a substantial reduction in the winding
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∙
temperature [69]. The water-cooled model was examined considering both the radial heat
flow in the active portion of the system and the axial heat flow through the end-winding
area and the shaft [78].
The PMSM’s water jacket is not only essential for heat dissipation, but also for mechanical safety. In the PM drive motors of EVs, the water jacket is easily damaged while
starting, accelerating and climbing in a harsh environment. To ensure steady EV function, the optimal configuration of the PMSM’s water jacket was investigated. In order
to determine the optimum volume and scale of the water channel in the water jacket
optimization system, a convection heat transfer factor was examined. Secondly, through
mechanical optimization design, the mechanical stress on the water jacket was investigated
via calculating the optimal thickness of the inner layer of the water jacket. A thorough
thermal analysis of the PMSM was done to achieve the best water-cooling jacket [79].
Numerical results for thermal simulations were obtained using CFD software ANSYS
Fluent for a BMW i3 PM synchronous motor. Outputs such as torque, winding and stator
losses, and peak winding temperatures were analyzed for direct stator cooling (rectangular
and circular channel) and a direct winding heat exchanger with the conventional jacketcooling technique. The direct winding heat exchanger was proven to be more effective
in lowering the winding temperature, because it offers double the surface area and much
less thermal resistance compared to the other cooling methods at the same heat transfer
coefficient (Figure 16) [80].

Figure 16. Comparing direct winding heat exchanger cooling with direct stator cooling [80].

Researchers inserted water cold plates (WCP) radially into the core laminations such
that hot spots in laminations and windings were close to the coolant. The heat transfer
path in the WCP is in an axial direction with better thermal conductivity, and it is in the
radial direction in WJ with lower thermal conductivity. The performance of the PMSM
with WCP and with WJ was analyzed using CFD, and the results were compared. The
winding and PM temperatures with the WCP were less than those with the WJ. In addition,
at higher torques, the PMSM with WCP displayed a better thermal advantage compared to
WJ (Figure 17). It was observed that the winding temperature could be reduced by over
20 ◦ C with WCP compared to WJ at the rated condition [81].

Figure 17. Thermal advantage with the water cold plates compared to water jacket-cooling [81].
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6.3. Liquid/Oil-Based Cooling
In motors, liquid-cooling is designed to transfer the heat produced by stators and
windings through the water jackets to the cooling fluid. Using encapsulating varnish
or Epoxylite, the heat dissipation of the end winding could be dissipated through the
casing [16,17,82]. A 30,000 rpm speed automotive traction motor oil-based shaft cooling
system was investigated. Thermal analysis was done analytically and experimentally. The
results in Figure 18 indicate that the shaft temperature decreased despite the rise in the
speed of the shaft for different iron losses with oil-based cooling. The results in Figure 19
also show that the shaft temperature decreased as the oil flow rates increased for different
iron losses with oil-based cooling [83].

Figure 18. Variation in temperature with different speeds as regards iron loss [83].

Figure 19. Variation in shaft temperature with different flow rates as regards iron loss [83].

The oil-cooling configuration for the end winding and stator core was investigated as
the inner rotor motor was considered to be the research focus. The results revealed that
the heat inside the motor was carried away by the lubricating fluid via heat conduction
and convection. The analysis comparing this with the water-cooled motor revealed that
the rate of temperature increase of the oil-cooled motor was slower than that of the watercooled motor. It was also found that the temperature difference across the motor front
and back decreased by 18 ◦ C in half an hour (Figure 20). In general, because of complex
pipeline connections, water jacket-cooling was challenging. It was also found that with
the water-cooled circuit, the sealing structure had insulation concerns and issues. The
oil-cooled system was tested for its cooling effect on the core of the stator. Investigations
found that not only was the cooling effect viable, but it also worked for extended periods
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under rated conditions. For the end winding or stator core cooling, the cooling structure
and cooling methods were configured as the motor losses were primarily concentrated
there. The cooling structure was designed in such a way that the cooling oil and the heat
source were kept closer for a better cooling effect. Therefore, coolant oil was transmitted
through the holes of the end oil cover and the stator core. The oil-immersed end winding
and the axial oil passage cooling of the yoke of the stator and stator core were investigated
for their effectiveness as regards cooling, and so too were the enhanced hub motor power
density and torque density [64].

Figure 20. Contrast between water-cooled motor and oil-cooled motor based on the test results [64].

To increase the performance of the EV motor for greater power density, the optimization of the liquid cooling system is vital. Following the design assessment of parts such
as lubricating oil and the motive seal of electric cars, revolutionary cooling topologies of
electrical machines were investigated. Different winding insulation schemes were studied,
such as impregnation using standard varnish only, as well as potting with a standard epoxy
and a highly thermally conductive potting silicon gelatin (PSG) material. A stator winding
fixed cooler structure was also investigated for its effectiveness on cooling and service life.
There were jacket openings on the fixed coolers for the stator winding. The jacket was
supplied with oil through gravity, whereas the stator was supplied through pressure-based
injection. Stator winding rotary coolers would enhance the end winding heat transfer.
Under the operation of centrifugal force, the liquid would enter the stator winding rotary
cooler. For the customized design of the electric motor cooling system, the stator winding
rotary cooler and the air-gap cooling cavity were found to be convenient. This is one of
the innovative designs of the cooling topologies for EV electric motors that could uphold
efficacy at high speeds and substantial loads [84].
6.4. Oil Spray Cooling
The best way to lessen the temperatures of an electric motor is to keep the heat sinks in
the vicinity of the heat sources. In modern PMSMs, three types of parallel strategies were
implemented and tested (Figure 21): the injection of oil into the revolving shaft through
holes; oil injection into the housing through nozzles; external cooling jacket. Direct spray
cooling was undertaken with rotor shaft nozzles equipped for the cooling of end windings.
The cooling oil (dielectric fluid) was injected into the electric motor’s (mostly air-filled)
interior with a jet at variable volume flow speeds through the revolving shaft’s holes [66].
The end winding is in general considered to be one of the prime heat sources in
the electric motor. Spray nozzles were used to spray oil to cool the stator end windings
(Figure 22). Investigations were done and various cooling schemes were analyzed for
their effectiveness in bringing down the temperature of the heat sources. End winding
spray cooling with water jacket cooling is considered to be the best, as the temperature
rise permitted through this scheme is slower compared to the other cooling schemes as the
rotor speeds increase (Figure 23). In addition, in comparison to the other cooling schemes,
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such as microchannels and cooling tubes, end winding oil spray cooling is proven to be the
best (see Figure 24) [68].

Figure 21. Direct oil injection into the shaft, housing and cooling jacket—schematic [66].

Figure 22. Oil spray-cooling at the end winding [68].

Figure 23. Rise in temperature with cooling schemes under 30 kW rated power [68].
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Figure 24. Variation in continuous torque with spray-cooling and without spray-cooling [76].

The uninterrupted performance of the electric motor was investigated, and the results
indicated a significant improvement and gain was achieved with the oil spray-cooling (SC)
in contrast to stator spiral water jacket (WJ)-cooling (Figure 24). The stator spiral WJ system
has a strong but minimal heat removal capability, hence it was suggested to be utilized
in combination with SC. The results also indicate that the maximum value of continuous
torque was greater than before, increasing from 185 Nm to 315 Nm when both cooling
systems were involved. In addition, the maximum value of continuous power was greater
than before, increasing from 68 kW to 98 kW with the combination of both the cooling
systems (Figure 25). Oil spray-cooling systems were found to be economical to establish,
and were recommended for utilization as a secondary mode. This strategy was suggested
to remove the heat and to enhance the performance of a traction motor considerably. The
oil spray-cooling showed great potential in dissipating the heat as a single unit as well [76].

Figure 25. Variation in continuous output power with spray-cooling and without spray-cooling [76].

6.5. Cooling Tubes and Microchannels
Researchers across the globe are investigating various cooling schemes in an attempt
to bring down the temperatures at the hot spots of PMSMs. In order to obtain a better
cooling effect, one of the cooling schemes investigated was cooling via cooling tubes inside
the stator slots, along with a cooling jacket (Figure 26). This cooling scheme could fulfil the
objectives, but was found to be complex. Another cooling scheme investigated involved
having a cooling jacket, with circumferential cooling passages, shrunk-fit at the stator outer
diameter (Figure 27). These cooling schemes were compared to microchannels with end
winding oil spray-cooling (Figure 28) [68].
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Figure 26. Structure of cooling tubes inside stator slots [68].

Figure 27. Stator cooling with micro channels [68].

Figure 28. Comparison of cooling schemes [68].

A compact microchannel thermal management cooling jacket was investigated for
cooling the stator core. In this cooling scheme, hollow conductors were employed in direct
winding cooling. The cooling jacket’s ring-shaped construction was such that the inner
surface fit closely to the core of the stator, and the outer surface fit closely to the control
electronics. Inside the cooling jacket, a complicated fluid path was built to bring down
the values of pressure drop and pumping strength, and to raise its thermal efficiency. As
the stator winding was known to be a hot spot, hollow conductors enabled the coolant to
directly access the end windings, to overcome the thermal resistance between the stator
and the winding. The same coolant and cooling loop could be shared by the jacket and
the winding cooling mechanism, minimizing the complexity of the pumping, radiator and
reservoir structures [85].
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6.6. Heat Pipe-Cooling
An innovative phase-change heat pipe-cooling scheme for PMSMs has been investigated. A heat pipe-based straight-embedded module (SEME) (Figure 29), a threedimensional rounding module (RM) (Figure 30), and thermal management modules for
ACMs were analyzed. The experimental results indicate that the operative time required to
control the temperature of a PMSM could be extended by 28.6% (under high speed) and
21.4% (under high torque) with this phase-change heat pipe-cooling scheme. In addition,
the power density of the PMSM was enhanced while reducing the peak temperature by
22.3% (under rated conditions) (Figure 31) [62].

Figure 29. Heat pipe-based air-cooling with straight-embedded module (SEME) [62].

Figure 30. Heat pipe-based air-cooling with 3D rounding module (RM) [62].
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Figure 31. Temperature change with time using heat pipe-based air-cooling under rated conditions [62].

6.7. Potting Silicon Gelatin (PSG) Cooling
Investigations into air-cooling for electric motors in EVs are complicated in certain
areas with poor heat transfer abilities. Secondly, concerning electric motor topology, the direct liquid-cooling of traction motors could be difficult to introduce. The decay of oil at hot
spots inside the windings is a major problem in direct liquid cooling, which would impact
the heat exchange. Forced air-cooling and direct liquid-cooling approaches, therefore, face
both spatial and inherent issues. Investigators identified and tested liquid-cooled motors
with thermally conductive potting materials. The electric motor end winding was permeated with a conventional epoxy-based substance and potted with thermally conductive
epoxy. A single material was impregnated with common resins in the global potting motor.
The results indicated that the heat transfer was improved considerably by moving from
the copper winding to the cooling ducts’ fitted housing. Investigations established that
enhancing the heat transfer resulted in a higher power density and enhanced motor life
with lower winding temperatures. The end winding potting was designed and applied
to a real size PM water-cooled traction motor by researchers. On a potted motor and an
unpotted motor, the test findings were examined under steady-state, running and duty
cycle conditions. The results indicated a substantial enhancement in the thermal efficiency
of the traction motor under both steady-state and duty cycle applications. Furthermore,
in the stator and rotor, potting lessened the temperature substantially. The optimal direct
heat transfer from the hot spot (end winding) to the coolant-fitted frame by conduction
was facilitated by the stator potting (Figure 32) [16,21,57].

Figure 32. Stator potting effectiveness of conductive heat transfer from end winding [57].

The temperature analysis findings for the prototypes revealed that the winding temperature was lessened considerably by both potting methods. The same thermal effect as
with the end winding potting could be achieved with global potting using resins with con-
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siderably poorer thermal conductivity. The positions of temperature sensors are denoted
by line patterns in Figure 33.

Figure 33. Rise in temperature with and without end winding potting [57].

7. Future Scope
The design of an effective electric traction motor is very much the need of the hour,
as the demand for EV is gaining momentum all over the globe. Improved and more
efficient motor development is possible with a well-designed thermal model and with an
effective thermal simulation. The thermal model should also consist of cooling schemes
in the pursuit of enhanced output power, torque density and efficiency. An improvised
thermal model of an electric traction motor is used to predict and investigate heat release
in various parts of the motor, as they differ significantly with the operative conditions of
the motor (see Figure 34). Highly thermally conductive and electrically insulating polymer
materials, with good elastic modulus, are hugely sought after for the next generation of
electric machines and electronic devices.

Figure 34. Futuristic permanent magnet synchronous motor with highly conductive composites [86].

Future research into this topic may consist of advanced thermo-mechanical and
thermo-electrical analyses of the PMSM motors in order to verify the optimal solutions
of the cooling schemes and to minimize the hot spots. In addition, future investigations
would extend proposed and reviewed thermal mapping approaches for the high-speed
motor spindles and high-power motors, with included uncertainties. Another topic for
future research is to compare the different motor topologies and their performances, which
depend on the most suitable cooling system.
8. Summary and Conclusions
In this paper, a review of the thermal mapping and cooling solutions has been undertaken for the permanent magnet synchronous machines (PMSMs). The major results of the
motors’ thermal analysis, structure design and optimization are presented based on the
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review of the recent most important research works and reports. Particularly, this literature
review discussed thermal and structural design methodologies and cooling schemes for the
PMSM traction machines, with an emphasis on the efficiency improvements over output
powers and rotor speeds. The following outcomes are highlighted:

•

•

•

•

•

•

•
•
•

•

•

•

•
•

•

Traction motors for multi-quadrant operation and synchronization need a high controllability which, due to their high power, is a challenging task. In this context, the
thermal augmentation of the motor core, insulation and permanent magnets are the
main factors that influence the machine’s performance and life span;
Thermal mapping is an essential tool providing thermal motor optimization in order
to meet the energy efficiency requirements of modern motors, wherein the PMSMs are
mainly developed with novel topologies, namely stator-core solutions, multiphase,
and reconfigurable windings;
Nowadays, there are noticeable trends towards higher maximum speeds and motor power density, which cause increased heat losses. These losses cause a number of undesired thermal, thermo-mechanical, thermos-electrical, and tribological
effects/uncertainties;
The high-power motor needs an effective cooling system wherein air-cooling is combined with the more effective liquid-cooling. In order to achieve a high motor performance, the effective cooling system must be managed with the smart thermal control
system using multiple temperature sensor feedbacks;
Many factors, such as motor topology, geometry, structural design, materials, insulation, etc., have a major influence on motor efficiency and electromagnetic/
electrical performance;
Effective numeric simulation tools enable the calculation, modeling, design and simulation of the motor operations in different operating environments. This practice
speeds up motor optimization, whereby many motor numeric models can be tested
very fast and easily;
The major trend in motor topologies is toward the adoption of permanent magnet
synchronous machines with high power density and cost reductions;
Active cooling approaches have become established in PMSM motors due to their
fundamentally higher cooling potential than passive cooling solutions;
Fluid-based cooling systems are mainly used for cooling both the stator and the rotor,
and are more effective in comparison with air-cooling methods. In particular, the
indirect cooling of these components by means of cooling channels in the shaft is
widely applied;
Air-based cooling is only applied if the occurring heat losses are low. The main
advantage of air-based cooling systems is the considerably lower requirement for
space of the peripheral equipment. However, as the air warms up, the cooling effect
is small, and in addition, this approach leads to increased acoustic pollution due to
turbulent airflow;
Liquid cooling around the stator and through the rotor enables direct operation with
a high performance for high-power motors. Using axial channels between the stator
windings, the winding temperatures can be reduced up to 60–80%;
The rate of temperature increase of the oil-cooled motor is slower than that of the
cooled water-cooled motor. However, these methods have a lower potential in dissipating the heat in comparison with the oil spray-cooling solution;
The cooling solutions using cooling tubes and microchannels enable us to bring down
the temperatures at the hot spots and to increase motor thermal efficiency;
In order to increase the heat transfer intensity from the copper winding to the cooling
medium, the electric motor’s end winding is potted with thermally conductive epoxy,
wherein potting silicon gelatin (PSG) cooling is the most promising solution;
The fast development of advanced and new insulation materials based on carbon
fibers (CF–MgO), Nylon6, and mica-epoxy, enable us to achieve better and better
motor temperature robustness and efficiency values. These new materials are able to
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•

•

offer improved prospects for the design of great performance and/or low-cost motors
with innovative manufacturing approaches;
Thermal mapping is an essential tool providing thermal motor optimization in order
to meet the energy efficiency requirements of modern motors, whereby the PMSMs
are mainly developed with novel topologies, namely stator-core solutions, multiphase,
and reconfigurable winding;
Design optimization achieves both high manufacturing quality and low manufacturing costs, whereby assembling errors can be cleared out, and the low-cost manufacturing technology employed can be used to achieve robust design optimization,
incorporating manufacturing tolerances and motor production costs.
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