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Abstract: This study provides an overview of new trends in the development of cooling systems
for electric motors. It includes a summary of academic research and patents for cooling systems
implemented by leading motor manufacturers at TRL9. New trends in the cooling management of air
and liquid cooling systems are discussed and analyzed with a focus on temperature distribution and
its influence on the power-to-dimension ratio of electric motors. The prevailing cooling method for
synchronous and asynchronous motors is air cooling using external fins, air circulation ducts, air gaps,
and fan impellers to enhance efficiency and reliability. Internal cooling with rotor and stator ducts,
along with optimized air duct geometry, shows potential to increase the power-to-dimension ratio
and reduce motor size. Liquid cooling systems offer a power-to-dimension ratio of up to 25 kW/kg,
achieved through redesigned cooling ducts, stator heat exchangers, and cooling tubes. However,
liquid cooling systems are complex, requiring maintenance and high ingress protection ratings. They
are advantageous for providing high power-to-dimension ratios in vehicles and aircraft. Discussions
on using different refrigerants to improve efficient motor cooling are underway, with ozone-friendly
natural refrigerants like CO2 considered to be promising alternatives to low-pressure refrigerants
with high global warming potential.

Keywords: electric motor; cooling system; vehicle; coolant; refrigerant; power-to-dimension ratio

1. Introduction

The design of electric motors differs depending on the application, while the power
varies in the range between 0.06 kW and 1000 kW (or even higher). The operation of electric
motors is linked to loss in the form of thermal energy. One main reason is the electric
current, which heats the conductive metal parts of the motor, including the windings
and metal parts of the stator. An additional factor is friction from moving elements,
for example, the rotor [1]. Such heat release can be considerable, particularly for high-
speed motors in vehicles, aircraft, and industry, for example, the high-speed motors of
turbocompressors. The winding temperature is also increased when on/off switching
occurs frequently [2]. If the temperature of the windings is above the temperature limit
(see standard requirements [3]), the electric motor can become inoperative in a short
time. Exceeding the temperature limit leads to a decrease in electrical and mechanical
performance.

As a consequence, the service life of the windings decreases by 50% for every 10 ◦C
increase above the allowable temperature limit [4,5]. In addition, the temperature increase
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results in the reduction of motor efficiency and power. The motor’s power correlates with
its dimensions (size and weight): high power means a large and heavy motor. At the same
time, a high-power motor requires higher heat rejection to maintain the optimal operating
temperature. This dependence generates technical limits in developing and producing
high-power motors with small sizes and weights.

The basic trends in today’s motors are not only towards high efficiency but also to-
wards a high power-to-dimension ratio (relation of motor power to motor weight, kW/kg),
which is in agreement with the concepts of sustainable use of energy and resources and
the circular economy [6]. The power-to-dimension ratio value becomes even more im-
portant when considering the necessary volume for motor installation. The higher such
performance, the lower the volume and weight of the electric motor, which is important for
vehicles and airplanes.

Table 1 summarizes the dependence among power (kW), the power-to-dimension
ratio (kW/kg), and the application of electric motors in different areas. It can be observed
that electric motors used in robotics, pumps, and power stations have the lowest power-
to-dimension ratio irrespective of the total power of the electric motor (Figure 1). The
value varies in the range between 0.02 and 0.65 kW/kg. At the same time, electric motors
used in aviation and vehicles show power-to-dimension ratios in a wide range from 1.1 to
25.3 kW/kg. It should be noted that manufacturers of electric motors can declare the power-
to-dimension ratio concerning the total size of the system (auxiliary pumps, compressors,
fans, electronics, etc.) or the weight of the electric motor only. In Table 1, all data are
normalized to the total size of the system.

Table 1. The power-to-dimension ratios of modern electric motors.

Type of Motor Power,
kW Cooling Type

Power-to-
Dimension Ratio,

kW/kg
Application Reference

ABB M3BP 71 MA 2 0.37 Internal and external forced
air ventilation 0.03 Industry [7,8]

Turncircles AF24PM–S 0.39 n/a 1.34 Aircraft [9]

WEG W22 143T 0.75 Internal and external forced
air ventilation 0.02 Industry [10,11]

Marathon Motors TCA
80MA02 0.75 Internal and external forced

air ventilation 0.04 Industry [12,13]

ABB M3AA 80 E 4 0.75 Internal and external forced
air ventilation 0.05 Industry [7,8]

Siemens Simotics GP
1LE1001 80M 0.75 Internal and external forced

air ventilation 0.08 Industry [14,15]

Brook Crompton
WU-DF80M 1.1 Internal and external forced

air ventilation 0.07 Industry [16–18]

Schneider Electric
BMH1001P 1.3 Internal forced air ventilation 0.65 Robotics [19]

Schneider Electric
BMH1403P 4.5 Internal forced air ventilation 0.28 Robotics [19]

Schneider Electric
BMH1903P 7.75 Internal forced air ventilation 0.18 Robotics [19]

Sonata HSG 23 2012 8.5 Motor housing with oil circulation 1.9 Vehicles [20]
Sonata 2011 30 Motor housing with oil circulation 1.1 Vehicles [20]

Toyota Prius 2004 50
Oil circulation with oil squirters for

stator and water/glycol
heat exchanger

1.1 Vehicles [20,21]

Toyota Prius 2017 53 Motor housing with oil circulation 1.7 Vehicles [20]

WEG W22 364/5TS 55 Internal and external forced
air ventilation 0.06 Industry [10,11]
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Table 1. Cont.

Type of Motor Power,
kW Cooling Type

Power-to-
Dimension Ratio,

kW/kg
Application Reference

Marathon Motors TCA
225MB02 55 Internal and external forced

air ventilation 0.11 Industry [12,13]

ABB M3BP 250 SMA 2 55 Internal and external forced
air ventilation 0.14 Industry [7,8]

Siemens Simotics SD
1LE1501 250M 55 Internal and external forced

air ventilation 0.15 Industry [14,15]

ABB M3AA 250 SMA 4 55 Internal and external forced
air ventilation 0.18 Industry [7,8]

GE Global Research
IPMSM 55

Liquid cooling of the housing jacket
and shaft and spray cooling to end

windings of the motor
1.5 Vehicles [22]

DOE Targets 2022 55 n/a 1.6 Vehicles [20]
Toyota 2010 Prius

IPSMSM 60 Oil circulation 1.6 Vehicles [21]

Toyota Camry 2007 70 Oil circulation and water/glycol
heat exchanger 1.7 Vehicles [20,21]

Brook Crompton
WU-DF250ME 75 Internal and external forced

air ventilation 0.18 Industry [16–18]

Nissan Leaf IPMSM 2012 80 Housing jacket with ethylene glycol 1.4 Vehicles [20,23]
Siemens Simotics SD

1LE1501 315S 110 Internal and external forced
air ventilation 0.15 Industry [14,15]

Lexus LS600h 2008 110 Oil circulation and water/glycol
heat exchanger 2.5 Vehicles [20,21]

Honda Accord 2014 124 n/a 2.9 Vehicles [20]

BMW i3 IPMSM 2016 125 Specially shaped ducts in
the housing 3.0 Vehicles [20]

Integral Powertrain
SPM150-88 200 High velocity radial and axial water 12.1 Aircraft [24]

Siemens Simotics SD
1LE1501 315L 200 Internal and external forced

air ventilation 0.18 Industry [14,15]

Emrax 268 210 Combined cooling liquid-air 11.6 Aircraft [25]
Tesla Roadster AC IM

2012 215 Internal and external forced
air ventilation 4.05 Vehicles [22]

Tesla S60 AC IM 225 Liquid cooling of the housing jacket
and shaft 6.26 Vehicles [22]

H3X HPDM-250 250 Housing jacket 15.1 Aircraft [26]
Siemens SP260D 260 Oil circulation 5.2 Aircraft [27]
Brook Crompton

WU-DF355S 280 Internal and external forced
air ventilation 0.14 Industry [16–18]

WEG W22 586/7TS 330 Internal and external forced
air ventilation 0.08 Industry [10,11]

Marathon Motors TCA
355LD02 375 Internal and external forced

air ventilation 0.19 Industry [12,13]

Integral Powertrain
SPC242-110 500 High velocity radial and axial water 15.0 Aircraft [24]

ABB M3BP 355 LKA 2 500 Internal and external forced
air ventilation 0.22 Industry [7,8]

WEG W22 588/9T 550 Internal and external forced
air ventilation 0.11 Industry [10,11]

Integral Powertrain
SPM150-88 650 High velocity radial and axial water 25.3 Aircraft [24]

ABB M3BP 450 LC 2 1000 Internal and external forced
air ventilation 0.23 Industry [7,8]
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Figure 1. The application areas of motor cooling systems.

Table 1 indicates that the power-to-dimension ratio also depends on the type of the
cooling system. An efficient cooling system is one way to approach a high value for the
power-to-dimension ratio when intensive heat rejection maintains the optimal tempera-
ture for the motor’s operation [28]. The type of cooling system strongly depends on the
application area, ambient temperature, occurrence of partial load, off-design operation, etc.
Modern trends in the development of new small-size and high-power motors require the
development of advanced thermal management systems to support the motor’s sustainable
operation. Hence, there is a strong need for an overview and analysis of the recent trends
in thermal management and cooling methods for electric motors. The current review
discusses the following topics:

1. Overview of the temperature distribution in the electric motor;
2. Comparative overview of the influence of the temperature on electric motor perfor-

mance, especially on the power-to-dimension ratio;
3. Overview and discussion of cooling methods and systems, including patent analysis

and recent trends.

2. Analysis of the Temperature Influence on the Performance of Electric Motors
2.1. The Temperature Distribution in Electric Motors

Motor efficiency is always below 100% [10,11]. The difference between input and
output represents the loss, which is transformed into heat. Heat losses for modern motors
can be up to 10% of motor power. The heat distribution in electric motors is as follows:
windings (copper in stator), 40–65%; rotor, 10–25%; and iron (metal plates in stator),
25–35% [29–31]. The total heat loss of the stator is the largest and accounts for up to 80–85%,
which determines the cooling system design. At the same time, a temperature gradient
occurs in electric motors due to the thermal resistance of the motor’s elements, with the
highest temperatures observed at the rotor and winding elements (see Figure 2). The
temperature field of the electric motor can be divided into several zones with respect to the
heat loss:
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Figure 2. Example of the temperature gradient of the motor’s stator and housing, adopted from [10].

A—Hotspot temperature, which determines the insulation class of the electric motor
and operation parameters.

AB—Area of high heat transfer. The winding’s hottest spot is in the center of the slots
where heat is generated as a result of losses in the conductors. A drop in temperature
occurs due to heat transfer from the hottest spot to the outer wires.

B—Area of low heat transfer due to slot insulation and contact between the insulating
material, conductors, and core laminations.

BC—Area of high heat transfer due to transmission through the stator’s lamination
material.

C—Area of low heat transfer due to contact between the stator core and frame.
CD—Drop in temperature due to conduction through the frame’s thickness.
D—Temperature in the area of the outer surface of the housing.
DF—Drop in temperature due to convective heat transfer between the housing, fins,

and ambient air.
F—Ambient temperature.
As can be seen from Figure 2, the internal temperature distribution in the electric

motor’s stator occurs due to conduction and depends on the thermal properties and thick-
nesses of materials, including metals, insulation, air gaps, etc. The external temperature
drop is influenced by convection and radiation. The main components of the electric motor
are made of metal, which can tolerate high temperatures. However, the electric insulation,
which is formed by organic polymers, is part of the windings (Point B in Figure 2). This area
is exposed both to high temperatures and thermal stresses. Exceeding the temperature limit
leads to degradation of the insulating material and a significant decrease in the working
life of the motor [32]. Electric motors can be classified by insulation class with respect to
the hotspot temperature. Motor standards specify a maximum allowed ambient temper-
ature, as well as a maximum allowed temperature rise for each insulation class [32–34].
The allowable temperature profile for the hottest spot is shown for each insulation class
in Table 2.
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Table 2. Temperature composition as function of insulation class, IEC 60034-1 [10].

Parameter
Insulation Class

A E B F H

Maximum ambient temperature, ◦C 40 40 40 40 40
Permissible temperature rise, ◦C 60 75 80 105 125
Hotspot temperature margin, ◦C 5 5 10 10 15

Maximum winding temperature, ◦C 105 120 130 155 180

The maximum permissible temperature rise of the windings is determined based on
the thermal (insulation) class temperature limit due to the occurrence of hotspots in the
windings, while the lower temperature limit (permissible temperature rise) is specified for
the insulation material [35]. For example, the Marathon Electric Motors company [12,13]
produces motors using insulation class F with a winding temperature rise in accordance
with class B (max 80 K). This means that the motors have a temperature reserve of 25 K. This
reserve can be utilized for short-term overload, higher ambient temperature (above 40 ◦C),
supply voltage/frequency fluctuations, etc. These materials are specified in thermal classes
referenced as Y, A, E, B, F, H, and C. Every thermal class has a temperature limit. Each
material of a specific class needs to retain its mechanical and electrical properties within
the temperature limit. Ambient temperature should not exceed 40 ◦C, as per the standard;
above this value, working conditions are considered to be special operating conditions.

2.2. The Influence of Coolant Temperature on the Motor Power and Efficiency

The temperature regime significantly affects engine efficiency and service life [36]. The
impact of the cooling system on the main motor parameters was determined and compared
for asynchronous motors (motor power, 55 kW; speed, 1470–1488 rpm; IC code, IC411).
These motors had insulation class F, the type of cooling system was IC411 (air cooling), and
the basic design was identical. Data for analysis (relative power ratio, coolant temperature,
ambient temperature, and other characteristics) were taken from sources published by
motor manufacturers [7,8,10,13,14,17,37,38]. The nominal characteristics were given to
an ambient temperature of 40 ◦C. Based on an analysis of the literature, the following
dependences between power and efficiency were established (Figure 3). A clear trend
toward an increase in efficiency with decreasing ambient temperature (Point F in Figure 2)
was observed. For, example, a decrease in the coolant temperature (tc) by 10 ◦C resulted in
an increase of the motor power (∆Ne) by 3–8%. The efficiency of the motor increased by
0.2–0.4% with a temperature (tc) decrease of 10 ◦C, respectively.

It is worth noting that the values of efficiency and power differed with respect to the
motor’s design, even if the same type of cooling system was used. The greatest difference
in efficiency was determined at low cooling temperatures. For example, at a temperature
tc = 10 ◦C, the power increased by ∆Ne = 15–30% (8–16 kW) when compared to that at
tc = 40 ◦C (PE3 250M-4 and 250MA4, respectively). This occurred due to differences in heat
rejection and vending temperatures, which occurred in the motor when the coolant tem-
perature (tc) was 10 ◦C. Although the cooling method and type of cooling system was the
same for all seven electric motors, the efficiency of the cooling system was different. Thus,
an efficient cooling system is one of the key factors influencing the working parameters
of electric motors. At the same time, the high temperature gradient inside the motor and
limited heat transfer surface with ambient air creates significant challenges for efficient
thermal management. As a result, a cooling system may consist of several cooling circuits
and combine cooling with internal or external heat exchangers [22,36].
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3. Overview of the Cooling Methods of Electric Motors and Their Application in
Different Areas

The architecture of the thermal management system depends on the motor type and
area of its use, as well as on the available cooling system type. Based on a literature analysis
and technical information from manufacturers of modern motors, the following main
trends in cooling systems were determined (Table 3).

The data presented in Table 3 show that air cooling dominates motor thermal manage-
ment when considering the areas of application. This method is the simplest in application,
use, and maintenance, and is cheap in terms of running and investment costs [5]. External
cooling has some limitations in terms of area of application, with fan cooling or self-cooling
being the dominant solutions for this method. Passive air cooling occurs in most types of
electric motors with a few exceptions, like when direct access to air is limited in the electric
motor of a vehicle. Water and oil cooling are in second place in terms of use and research
interest because they requires more complicated instrumentation and infrastructure. How-
ever, these methods allow the highest power-to-dimension ratio to be obtained when a
compact system is a requirement [22]. The past 10 years have witnessed high interest in
new internal cooling systems with different types of cooling agents. These have become the
most used methods in all application areas. The use of cooling channels can be considered
to be part of internal cooling systems. The method will be introduced separately in this
paper to show the high importance of cooling channels reflected in recent research. The
injection method of cooling is an efficient method due to direct contact between the coolant
and the motor’s interior. Oil and refrigerant are the working fluids for this method, which
creates significant challenges in terms of preventing leakage and return system.
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Table 3. Areas of application for motor cooling methods.

Application Area Motor Type Cooling Methods Coolant Reference

Power plants, power
generation plants Synchronous Motor

External cooling (fan, self-cooling)

Air

[39–48]
Internal cooling (open system, fan) [36,49–62]

Cooling channels in the stator [42,63]
Cooling channels in the rotor [42,64–75]

Air-cooled heat exchanger [59]
Tubular heat exchanger in the

stator and/or in the
stator windings Water

[30,76]

Motor shaft cooling channels [77,78]

Industry: technological
plants and

production lines

Synchronous Motor
Three Phase Induction Motor

Brushed DC Shunt Motor
Brushed DC Compound Motor

External cooling (fan, self-cooling)

Air

[7,8,10,13–18,37–48]
Internal cooling (closed

system, fan) [7,8,10,13–18,37,38,57,79]

Internal cooling (open system, fan) [36,49–51,55–62]
Cooling channels in the stator [42,63,80–82]
Cooling channels in the rotor [42,64–75]
Tubular heat exchanger in the

stator and/or in the
stator windings

Water [30,76]

Pumping and expansion
machines: pumps,
compressors, fans,

air blowers

Synchronous Motor
Brushless DC Motor

Brushed DC Series Motor
Brushed DC Shunt Motor

External cooling (fan, self-cooling)

Air

[39–48]
Internal cooling (open and closed

system, fan)
[57,79]

[36,57–62]
Cooling channels in the rotor [42,73–75]
Contact cooling by injection Refrigerant [83–88]

Industrial robots,
machines

Single Phase Induction Motor
Brushless DC Motor

Brushed DC Shunt Motor
Brushed DC Compound Motor

External cooling (fan, self-cooling)

Air

[7,8,10,13–18,37–48]
Internal cooling (open and closed

system, fan)
[7,8,10,13–18,37,38,57,79]

[50,51,55–62]
Cooling channels in the rotor [42,64–75,79]

Household equipment
Single Phase Induction Motor

Brushless DC Motor
Brushed DC Series Motor

Permanent Magnet DC Motor

External cooling (self-cooling)
Air

[41–45]
Internal cooling (open system, fan) [57–62]

Tools: repair of equipment
for various purposes,

construction

Single Phase Induction Motor
Brushed DC Shunt Motor

Permanent Magnet DC Motor

External cooling (self-cooling)
Air

[41–48]
Internal cooling (open system, fan) [57–62,89]

Construction: elevators,
cranes, hoists

Three Phase Induction Motor
Brushed DC Series Motor

Brushed DC Compound Motor

External cooling (fan, self-cooling)

Air

[7,8,10,13–18,37,38,40–48]
Internal cooling (opened and

closed system, fan)
[7,8,10,13–18,37,38,57,89]

[49–51,57–62]
Cooling channels in the rotor [42,64–75,79]

High power fans Three Phase Induction Motor

External cooling (fan, self-cooling)

Air

[7,8,10,13–18,37,38,40–48]
Internal cooling (open and closed

system, fan)
[7,8,10,13–18,37,38,57]

[57–62]
Cooling channels in the stator [42,63]
Cooling channels in the rotor [42,74,75,79]

Industrial control Brushless DC Motor
External cooling (self-cooling)

Air
[41–45]

Internal cooling (open system, fan) [57–62]

Automation systems Brushless DC Motor
External cooling (self-cooling)

Air
[41–45]

Internal cooling (open system, fan) [57–62]

Healthcare equipment Brushless DC Motor
External cooling (self-cooling)

Air
[41–45]

Internal cooling (open system, fan) [57–62]

Electric vehicles, hybrid
vehicles, and

electric bicycles

Brushless DC Motor
Induction Motor

Brushed DC Series Motor

Internal cooling (closed
system, fan)

Air
[57]

Internal cooling (open system, fan) [57–62]
Cooling channels in the rotor [42,90–94]

Motor housing jacket Water, oil,
ethylene

glycol

[1,2,10,11,21–23,35,42,95–
108]

Tubular heat exchanger in the
stator and/or in the

stator windings
[30,76,92,93,109–113]

Motor shaft cooling channels [1,80–82,90,91,96,109,114]

Contact cooling by injection Oil [95,109,115–127]
Refrigerant [128]

Railway, sea, and
air transport

Brushless DC Motor
Induction Motor

External cooling (fan, self-cooling)
Air

[40–45,129]
Internal cooling (open system, fan) [57–62,129]

Cooling channels in the rotor [42,129]
Motor housing jacket Water, oil [10,11,107,108,130]

Contact cooling by injection Oil [117–124,127,131]
Refrigerant [117,128,132]
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The use of refrigerants for direct cooling purposes in electric motors is not well
established due to the high risk of leakage and special requirements for pressure levels. At
the same time, boiling and condensation provide the highest heat transfer rates, especially
when internal cooling is applied [84].

4. Overview of Principle Solutions for Cooling Electric Motors
4.1. The Air Cooling System

Air cooling is the most common cooling method for synchronous and asynchronous
motors. It should be noted that several cooling media can be utilized instead of air, like
nitrogen, hydrogen, noble gases, etc., but air still dominates as a cooling media. Due to low
convective heat transfer in air cooling, thermal management is applied both in the interior
and exterior of the motor with the aim of increasing the heat exchange area. The design
of the cooling system includes a few main elements alone and in different combinations:
external fins on the motor housing, ducts for air circulation in the stator and rotor, an air
gap between the rotor and stator, an air gap between the stator and housing, and internal
and external fan impellers (Figure 4) [42]. The design and location of the elements is the
subject of research and patent protection.
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Figure 4. The method of air cooling for electric motors.

The external cooling of motors occurs through the finned surface by natural or forced
convention. Forced convection is provided by an external fan impeller installed on the
rotor shaft, ensuring the movement of airflow along the finned surface ducts of the motor
housing (Figure 3) [46–48]. In some cases, an independent fan impeller can be utilized
for external cooling [15,89,133]. One-sided external cooling naturally results in uneven
temperature distribution inside the electric motor [10]. Therefore, the fan characteristics
and fin geometry of the motor housing are of great importance. Improved design and
optimization of these elements can increase the cooling system efficiency in the range of
10–30% [44,45]. The fin geometry of the housing can be organized, for example, with axial
or radial deployment [43]. The axial arrangement is the most efficient, while the radial
arrangement is common for small-size electric motor [41,42]. Numeric modeling has been
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intensively used to improve the blade profile design of the external fan in order to reduce
noise and increase the cooling air speed at the motor’s surface [31,55,56,59,61,89,134].

Kindl et al. [62] presented external cooling of the stator through the ducts in the
housing of an electric motor (open system). This provided noise reduction due to changes
in the configuration of the airflow circuit and an increase in the area of heat exchange.

Internal air circulation (in the motor’s interior) is provided by blades installed directly
on the rotor. At the same time, the rotor’s blades or shaft impeller are common for closed
electric motors [57,79]. This cools, in particular, the stator winding heads, the rotor winding,
and the drive-end bearings. In the case of open electric motors, the fan impeller is utilized.
Efficient heat transfer from the interior of the motor (heat from rotor) to the ambient air
can be provided by air circulation in the gap between the stator and housing (closed
system) [40].

Recent research has mostly focused on the intensification of internal cooling by includ-
ing ducts in the structure of the rotor and stator. The air ducts (Figure 4) intensify internal
heat transfer and, therefore, lower the working temperature in the motor and stabilize
the temperature regime during motor operation [31]. The resulting reduction in thermal
loading increases the operating reliability and prolongs the service life [33]. The internal
airflow channels (see Figure 4, cooling ducts in the stator and rotor) increase the ventilation
efficiency, which means that the external airflow can be reduced. The lower volumetric
flow and optimized airflow of all guide channels result in a low level of fan noise. There are
numerous solutions for the design and locations of ducts in the interior of electric motors
when the air circulation is provided by rotor/shaft blades and/or internal/external fans.

Determining the air duct geometry for open-type motors can help to increase the
power-to-dimension ratio and reduce the motor size by up to 5–10% [36,89]. For example,
in one patent for invention [79], the axial duct between the rotor and shaft was utilized.
There are designs in which the cooling air circulates through the axial channels in the
rotor itself (see Figure 4, cooling ducts in the rotor) to increase the cooling efficiency of
the rotor. The ducts in the rotor vary from a simple shape, like axial ducts with a circular
cross-section [42], to complicated designs with multi-segments (for magnetic motors) [94].
The main aim of multi-segment designs is to increase the heat transfer area.

The study by Kung L. et al. [58] utilized a cooling circuit consisting of cooling ducts
in the rotor with air distribution in the axial direction and through the radial ducts. The
solution increased the cooling system efficiency by 10%. The air gap between the rotor
and stator was used for air distribution. It should be noted that the air gap is utilized
for cooling only for large-size electric motors (50.0 kW and more) when the gap exceeds
2.5 mm. A smaller size of the gap results in high pressure loss, which significantly reduces
the airflow [1,33].

Ducts designed with a certain geometry using polycarbonate-aluminum flake for
the windings can be used to increase the cooling efficiency. The use of three-dimensional
printed direct winding heat exchanger (DWHX) technology provided good control of the
stator temperature regime in motors with high power-to-dimension ratios [113].

Direct shaft cooling by airflow was reported. In this case, the internal design of the
shaft included an air distribution system [71]. This method was applied when high loads
(> 1 MW) were used at power plant generators.

For high-power motors with an open-type cooling system (Figure 4), a fan impeller is
installed inside the motor housing, which is common for electric motors in vehicles. The
fan impeller can be installed on the motor shaft or as a separate unit. The design of the
fan impeller is a crucial part of efficient cooling. It was shown [55,56] that the use of axial
fans with forward sweep and inclined blades reduced aerodynamic resistance, increased
airspeed and, accordingly, reduced the stator winding temperature by 30%. More effective
cooling was achieved by mounting a separate constant-speed fan, which was especially
beneficial at low speeds. In recent years, there have been several attempts to improve such
cooling systems [1,36]. Selecting the optimal fan motor speed and fan design to deliver a
stronger cooling effect than that achieved with a standard motor at nominal speed can give
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an improved cooling effect over the entire speed range [14,15]. Figure 5 shows internal axial
flux fan designs for rotor cooling, such as in the case of permanent magnet machines. The
design with radial aerofoil blades was concluded to be more efficient when compared with
other types. It provided a heat transfer coefficient for the cooling air of over 100 W/(m2·K)
at 1500 rpm (Figure 5) [60].
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Thermal management of the motor housing is focused on the number and geometry of
the ventilation holes, as well as the distance between the fan and cover. These parameters
are of great importance because they determine the turbulence airflow and, therefore, the
air distribution and pressure drop in the ducts [36]. Proper design of the fan blades and
wheels should ensure lower noise levels. For example, the noise levels of Sirocco redial
fans are 5 dBA lower than those of other fans of the same type [135].

It is important to note that the use of one-circuit air cooling is not sufficient for efficient
thermal management. Air cooling methods are used in combination. For example, dual-
circuit cooling technology is one of the solutions that results in high motor power and
better reliability [22,38,60,135]. The cooling system consists of primary and secondary
circuits. The primary cooling circuit provides air cooling of the electric motor housing by
the shaft-mounted external fan impellers, which direct the airflow over the stator body
fins and cool the motor by forced convection and radiation (see Figure 4, external cooling
(fan, self-cooling)). The secondary internal cooling circuit consists of a rotor with vent
holes, aluminum rotor blades, and ventilating ducts on the inner side of the stator housing
(see Figure 4, cooling ducts in the stator). The air inside the motor passes through the
ventilating ducts in the stator, then the air passes through the rotor vents, absorbs heat,
and the cycle repeats. The advantages of this technology include a lower temperature rise
at the windings’ ends, reduced temperature gradient between the stator and windings’
ends due to uniform distribution of heat, and increased working life of the insulation and
motor reliability.

The abovementioned advantages of dual-circuit cooling technology are utilized in
train transport [129] in which an external fan impeller and system of closed cooling ducts
are used (metro trains, locomotives, and high-speed electric trains). This method is applied
when it is necessary to provide high acceleration in a short time, with high peak torques
and power-to-dimension ratios and relatively low noise levels. The speed range in modern
trains can be in the range of 200–350 km/h. For example, aiming to keep the rotor speed
below 6500 rpm, the resulting gear ratios are in the range of 2.6–4.5. Such gear ratios result
in higher torque levels for a given tractive effort, which necessitates continuous forced
ventilated cooling. Despite the drawback of decreased cooling at lower speeds (<1000 rpm)
and higher noise levels at high speeds (>4000 rpm), open self-ventilation is a popular
cooling method for trains.

Increasing the cooling efficiency can be achieved by replacing the primary circuit by
indirect cooling when the hot air from the interior of the motor is cooled down in the
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external heat exchanger on top of the motor housing. In this case, heat exchange is not
limited by the geometry of the motor itself. This allows high specific power values for
the motor to be achieved, which is of great importance for electric vehicle motors of all
types [94]. For example, this concept is used in the BMW i3 (IPMSM motor), Toyota Prius
(IPSMSM motor), Sonata (PMSM motor), Tesla Roadster (AC IM motor), and Nissan Leaf
(IPMSM motor), making it possible to increase the power-to-dimension ratio by up to
2.5–2.7 kW/kg.

Different motor types are used for transport, in particular, outer-rotor motors. In such
motors, in addition to air cooling, water and oil cooling of the rotor can also be used, which
effectively increase the power-to-dimension ratio. At the same time, it is important to
correctly determine the cooling duct’s geometric characteristics [92,93].

4.2. Liquid Cooling Systems

Liquid cooling systems in their various types have one common element—an external
heat exchanger with liquid circulation provided by a pump. The design and type of the
external heat exchanger strongly depends on the motor application area and size. For
example, for car motors, the design of such heat exchangers is similar to that of standard
radiators in the cooling systems of classic petrol and diesel engines. The literature does not
pay great attention to this element of cooling systems. However, the design of the external
heat exchanger can potentially influence the heat rejection from the motor interior and the
performance of electric motors.

The thermal management of electric motors is organized via systems of ducts, channels,
pipes, and gaps between the motor’s elements (Figure 6). The simplest and most common
liquid cooling method is a housing jacket or “water jacket” [136]. The housing jacket is
made of different alloys, and liquid distribution inside the jacket is provided by axial or
tangential cooling ducts with rectangular cross-sections [42,104–106]. The most common
technology used to manufacture the housings of such motors is casting using aluminum
alloys [137]. The design utilizing an axial arrangement of the ducts decreases the motor’s
temperature, but the load on the circulation pump is greater due to greater hydraulic
losses (pressure drop) in the ducts (Figure 7) [35,102,103]. At the same time, the hydraulic
resistance for axial channels is 10–15% higher than that for tangential ones.
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The housing jacket cooling performance depends less on the power load and rpm
of the shaft than it does in air cooling systems with rotor blades, thus guaranteeing the
high performance of electric motors in a large range of operations when compared with
air cooling only. The study by Zheng et al. reported that a circular 12-duct water cooling
system reduced the stator winding temperature by 13 ◦C [138]. The power-to-dimension
ratio increased as a result.

It is important to note that air circulation is necessary in the interior of the motor when a
housing jacket is applied (Figure 7). Thus, most housing cooling solutions can be considered
to be combined cooling systems [81,82,133]. This combination is widely used for electric
cars, motors, and cars with a hybrid installation [2,22,100,101]. The use of specially shaped
ducts in the body of the BMW i3 IPMSM motor to distribute coolant flow is considered to
be one of the most effective from the point of view of ensuring intensive heat transfer [20].
A motor housing jacket cooled by oil is used in the Toyota Prius IPSMSM [21,99]. Thermal
management is utilized in the Sonata PMSM motor [139]. Combined air cooling (internal
and external forced ventilation with heat transfer intensification) is used in the Tesla
Roadster AC IM motor, which showed a 4.1 kW/kg power-to-dimension ratio for this
motor [22]. Ethylene glycol [140,141] can also be used as a coolant in the cooling system
using a housing jacket, and such a system is successfully used in the Equipmake APM 200
(2018), Rimac C (2018) [1], and Nissan Leaf IPMSM [23] motors.

Housing jackets are used in variable-speed motors since cooling is optimized even at
reduced speeds and where space is limited motor placement [10]. Water-cooled electric
motors for marine vessels are an example of this effect at a large scale, with the motor
operating for a long time at very low speeds (Figure 8) [10,11]. In addition, this solution
significantly reduces the noise level (decreasing from 80–85 dBA to 40 dBA or less) and
virtually eliminates heat transfer from the motor to the environment, as compared to
fan cooling, resulting in a uniform temperature distribution inside the motor [96,130].
It is reported that motors of Norwegian Electric Systems vessels successfully utilize the
IC7A1W7 cooling system for heavy-duty marine applications in which space is limited and
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natural ventilation is one of the key factors [130]. These electric motors create five times
less noise than conventional air-cooled motors.
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Several studies have investigated the replacement of ducts in the housing by tubes.
The small-diameter heat exchange tubes helped to increase the power-to-dimension ratio
by 2.76 times when maintaining the set (standard) temperature regime. The suggested
diameter of tubes varied from 4 to 8 mm with respect to the permanent magnet linear
motor’s design and power. The use of capillary tubes inside the jacket was also proposed.
The temperature withstanding capacity of a 1.1 kW (test prototype), three-phase, 50 Hz
squirrel cage induction motor at 1450 rpm was decreased by 15.5% (reduction of 8 ◦C) [142].
In the work by Deriszadeh and Monte [143], it was proposed to use nanofluids in the
cooling coil in the housing jacket. The study showed an increase in heat transfer by 40%.
However, the placement of tubes inside the housing jacked is still not well developed for
commercial purposes.

Instead, the installation of pipes and tubes in the stator is more common (Figure 6,
Point 3). This reduces the weight and increases the power-to-dimension ratio when com-
pared with other housing jacket solutions. The tube coils are installed directly in the stator
on the outer or inner surface of the stator or between the stator’s winding coils. The cooling
tubes installed between the windings and at the inner surface of the stator are shown in
Figure 9 [110].

The installation of a cooling coil between the housing and inner surface of the stator
helped to maintain the permanent magnet temperature of the in-wheel motor (25 kW) at
156.9 ◦C [144]. The coil tubes could be equipped with vortex generators to increase the
convective heat transfer coefficient from the inner side of tubes (up 23%), which could
increase the thermal performance of the heat exchanger by 6.5%. However, the pipes, tubes,
and microchannels in(at) the stator required internal air cooling. For example, the study
by Sikora et al. [30] suggested a cooling method in which the stator for a small induction
motor (7.5 kW) was cooled by a coil-type tubular heat exchanger, which was installed in
special slots at the outer surface of the stator (Figure 10). Air circulated in the gap between
the stator and rotor and then passed into the gap between the stator and housing. The
stator from the outer side was equipped with fins, which enhanced the air cooling by the
coil-type tubular heat exchanger. The combined solution provided lower temperatures at
high motor loads when compared with air cooling only. The rotor temperature decreased
from 130 to 80 ◦C and the temperature of the stator windings decreased from 155 to 80 ◦C
as a result.
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The housing jacket cooling method can be combined with tubing installed in the stator
(Figure 6). In the study by Madonna et al. [112], the end-winding cooling method was
combined with housing jacket cooling. Multi-shaped tubes were installed on the stator
windings’ frontal parts (inside the windings). This method helped to increase the overall
cooling performance and decreased the hotspot temperature by 25%. By reducing the
hotspot temperature, the electric current density could be increased whilst maintaining
the wire insulation thermal limit, preserving the machine’s lifetime. Also, it was shown
that the developed torque could be increased by 11.4% while keeping the same machine
geometry, or the machine axial length could be reduced by 10% while maintaining the
same torque. The axial arrangement of the coil heat exchanger at the inner surface of the
stator and simultaneous cooling by water in the housing jacket of the automotive switched
reluctance motor held the peak winding and stator temperatures below 90 ◦C, while the
average stator and winding temperatures decreased to 65 ◦C and 90 ◦C, respectively [111].
Oil can easily replace water as a cooling media. For example, a synchronous motor stator
was cooled by liquid circulating through coaxially arranged tubes installed between the
stator windings [84]. A comparison was performed when the 60 kW electric motor (AFMM)
was cooled using three different liquid cooling methods. The reference case utilized
housing jacket cooling combined with cooling by a coil installed at the surface of the stator,
using water as the cooling media. The other two cases utilized the cooling coil (4 mm
diameter) installed directly between the winding wires, with polyalphaolefin oil and water
used as the cooling media. The results revealed that the reference case had a maximum
temperature in the windings of 137 ◦C, while the water and oil cases showed 57 and 86 ◦C,
respectively [145]. The direct integration of the cooling coil inside the windings reduced the
system’s weight and ensured motor compactness when compared with the water-cooled
housing jacket [146].

Direct winding heat exchanger (DWHX) technology uses a heat exchanger with mi-
crochannels, which are installed between the stator winding bundles. This cooling method
increases the power-to-dimension ratio by providing heat transfer coefficients of up to
30,000 W/(m2·K). This technology was applied to permanent magnet synchronous motors.
It was claimed that the method helped to achieve a current density of 40 A/mm2, reduced
the hotspots, and significantly increased the steady-state and transient current density
limits [147].

In the case of small-size motors, cooling of the rotor can be provided via cooling pipes
mounted inside the motor shaft only (Figure 6, Point 4). One of the most effective methods
of cooling motors in modern electric vehicles is simultaneous cooling of the motor housing
and shaft (rotor), which is utilized in the Tesla S60 AC IM motor (Figure 11) [96,114]. The
same principle was applied in the Audi e-tron (2018), Mercedes EQC (2019), and Audi
e-tron S (2020) motors [1]. The SFD study by Arbab et al. proved the efficiency of shaft
cooling a 10 kW electric motor combined with the housing jacket cooling method (circular
ducts used in both methods). However, the method did not secure the temperature of the
windings at the frontal part of the stator [80].

Direct liquid cooling assumes direct contact between the liquid coolant and the interior
of the electric motor (Figure 6). It was reported that a power plant of 300 MW combined
liquid cooling of the rotor with air cooling of the stator [72]. The liquid cooler (water) was
delivered to the rotor section via a system of pipes in the shaft from one side. It is important
to note that the construction of high-power motors allows separation of the rotor from the
stator by a wall (sleeve) due to the large gap between the rotor and stator (water does not
have direct contact with the stator). The return flow of water was also provided via a pipe
system in the motor’s shaft. Direct intensive cooling of the rotor windings was combined
with partial cooling of the inner surface of the stator through the separation wall. Air was
circulated in the gap between the housing and stator by centrifugal fans. Cooling of the
frontal parts of the stator windings also occurred.
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Mineral oil is utilized as a cooling liquid for most applications due to its safety and
dielectric properties [116,118–120,127,145]. The oil can circulate in the channels of the stator
(between the stator and housing) or it can be sprayed directly into the interior of the motor
(Figure 6, Points 5 and 6 and liquid layer). In both cases, the hot oil is removed from the
motor through passes at the bottom.

Contact cooling by liquid injection is a solution for closed systems. It includes nozzles,
liquid (oil), a buffer tank for the liquid, and a high-pressure pump [148]. A significant
disadvantage of such systems is the uneven temperature distribution, which is associated
with the number and location of nozzles and spraying systems [149]. Therefore, it is
advisable to use high-pressure nozzles for highly viscous liquids. For example, oil injection
by high-pressure nozzles multiplied the dissipation power by a factor of 2.5 to 5.0 [116].
High-pressure injection allows the spray droplets to cover the surface more uniformly,
which increases the oil film’s cooling impact. Oil spray cooling provided better cooling
performance and temperature uniformity when compared with air cooling and indirect oil
cooling methods [117]. Similar oil injection systems for cooling electric motors have been
applied in aircraft power systems [131].

One of the methods used to increase oil spraying cooling efficiency is the use of
injection through tubular rings (Figure 12) to cool the lower part of the stator and rotor
windings [121]. The use of this method significantly intensifies the heat transfer process
at high values of motor relative power. Oil spray cooling of the stator and rotor ends was
implemented using a relatively simple system for the “wound field synchronous motor”
(190.55 Nm, 79.6 kW, 4000 rpm). Coiled copper piping with one closed end was connected
to the pump system. The spray hole system consisted of two sets of 16 holes (1.15 mm
diameter) offset by 30 degrees, with one set cooling the rotor end windings and the other
cooling the stator end windings [117,119,120].

The work by Xu et al. [150] presented the concept of semi-flooded direct oil cooling for
a high-speed aircraft motor. The oil was injected in the specified gap between the stator and
rotor to divide the electric machine into a stationary submerged part of the stator and a dry
rotor part. The use of oil for contact cooling allowed not only high values of specific power
to be obtained but also ensured high efficiency and reliability during operation [118].

Sindjui et al. [95] suggested the design of a system with simultaneous water cooling
(housing jacket) and oil injection. A significant decrease in the coil end-winding temper-
ature (around 50 ◦C) was observed at an operating point of 6000 rpm (partial load) and
50 kW power.



Energies 2023, 16, 7006 18 of 31Energies 2023, 16, x FOR PEER REVIEW 19 of 32 
 

 

 

 

 

Figure 12. Spray cooling of rotor and stator end windings [121]. 

The work by Xu et al. [150] presented the concept of semi-flooded direct oil cooling 
for a high-speed aircraft motor. The oil was injected in the specified gap between the stator 
and rotor to divide the electric machine into a stationary submerged part of the stator and 
a dry rotor part. The use of oil for contact cooling allowed not only high values of specific 
power to be obtained but also ensured high efficiency and reliability during operation 
[118]. 

Sindjui et al. [95] suggested the design of a system with simultaneous water cooling 
(housing jacket) and oil injection. A significant decrease in the coil end-winding tempera-
ture (around 50 °C) was observed at an operating point of 6000 rpm (partial load) and 50 
kW power. 

Both direct and indirect oil cooling can also be used for hybrid car motors. It was 
suggested to inject oil through the ducts located between the stator and housing [115], but 
oil return was complicated in such a design. Making 2 mm channels between the stator 
and housing decreased the produced torque by only 1%. But the average temperature rise 
was decreased by 1.5–3.0 °C when compared with indirect liquid cooling. Therefore, direct 
cooling enables higher current loading capacity of the electric machine and, as a result, 
higher power density. For example, for the GE Global Research motor, the power-to-di-
mension ratio at maximum speed (14,000 rpm, 30 kW) was doubled using this method 
[109]. However, this required a new rotor design, the “squirrel cage,” which ensured good 
distribution of oil in the interior of the motor at different loads. In addition, use of this 
new rotor design required more frequent maintenance, especially when the motor was 
operated at partial loads for a long time. The combined use of a motor housing cooling 
jacket (water), direct liquid injection cooling (oil), and intensive forced air cooling of the 

Figure 12. Spray cooling of rotor and stator end windings [121].

Both direct and indirect oil cooling can also be used for hybrid car motors. It was
suggested to inject oil through the ducts located between the stator and housing [115], but
oil return was complicated in such a design. Making 2 mm channels between the stator and
housing decreased the produced torque by only 1%. But the average temperature rise was
decreased by 1.5–3.0 ◦C when compared with indirect liquid cooling. Therefore, direct cool-
ing enables higher current loading capacity of the electric machine and, as a result, higher
power density. For example, for the GE Global Research motor, the power-to-dimension
ratio at maximum speed (14,000 rpm, 30 kW) was doubled using this method [109]. How-
ever, this required a new rotor design, the “squirrel cage,” which ensured good distribution
of oil in the interior of the motor at different loads. In addition, use of this new rotor design
required more frequent maintenance, especially when the motor was operated at partial
loads for a long time. The combined use of a motor housing cooling jacket (water), direct
liquid injection cooling (oil), and intensive forced air cooling of the rotor are involved in
the cooling system of the Porsche Panamera E-Hybrid 416 horsepower motor [96], which
allows the temperature regime to be maintained while doubling the power of the electric
motor when compared to the previous model of the hybrid car. Similar to air cooling of
the “squirrel cage” rotor, contact cooling by oil injection can be used to cool the wheel
motor [125,126].

One study investigated the evaporative cooling mechanism for an outer-rotor perma-
nent magnet machine, revealing that the principle of the heat pipe can be utilized when the
stator acts as an evaporator and the rotor acts as a condenser. Methanol and propanol were
suggested as the working fluids [126]. It should be noted that heat pipe-based thermal
management of electrical machines has received significant attention in recent years as it
enables targeted heat removal from motor subassemblies and has been used in wide range
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of applications, including vehicles and aircraft. Such technology allows current densities of
up to 20 A/mm2 to be achieved. However, this high level of cooling system integration
imposes several issues associated with electrical, electromagnetic, thermal, and mechanical
compatibility [28].

4.3. Overview of Patents for Cooling of Electric Motors

Selected patents for the cooling of electric motors are presented in Tables 4–6. A
significant number of patents also include a secondary cooling system.

Table 4. Selected invention patents for liquid cooling systems.

Company/Inventor

Type of Cooling Method Coolant

Ye
ar
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H S R F FH Sh I W HS

Pr
im
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y

Se
co
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y

Task Corporation, Anaheim, CA, USA • • • Oil – 1966 [151]
English Electric Company Limited,

London, UK • • n/a – 1971 [152]

Westinghouse Electric Corp.,
Pittsburgh, PA, USA • Water – 1973 [153]

Westinghouse Electric Corp.,
Pittsburgh, PA, USA • • Oil Air 1981 [154]

General Electric Company, NY, USA • • • Aviation fuel – 1993 [155]
Westinghouse Electric Corp.,

Pittsburgh, PA, USA • • • • • Oil Air 1996 [156]

Aisin Ltd., Japan • • Oil Air 1999 [69]
Swatch Group Management Services

AG, Biel • • • • Water Air 2001 [68]

Swatch Group Management Services
AG, Biel • • • Water Air 2001 [77]

Hamilton Sundstrand Corporation,
Rockford, IL, USA • • Water Air 2004 [72]

Nissan Motor, Yokohama, Japan • Oil Air 2007 [157]
Tesla Motors, Inc., San Carlos, San

Carlos, CA, USA • n/a – 2009 [158]

Siemens Aktiengesellschaft, München,
Germany • • • Ethyl alcohol Air,

water 2010 [159]

Deere & Company, Mannheim,
Germany • • glycol, water,

oil – 2010 [160]

Caterpillar Inc., Peoria, AZ, USA • • • Water, glycol Air 2011 [90]
Remy Technologies, LLC, Pendleton,

OR, USA • • • • • Glycol, water,
oil – 2012 [161]

Fiji Heavy Ind. Ltd. • • • Oil – 2015 [162]
Fanuc Corporation, Yamanashi, Japan • • • n/a Water 2015 [163]
Shanghai Superconductor Technology,

Tsinghua, China • • n/a – 2015 [164]

Tesla Motors, Inc.; Palo Alto, CA, USA • • • Oil Water 2015 [165]
Tesla Motors, Inc., Palo Alto, CA, USA • • • Oil – 2017 [166]

Puls, Rainer; Puls, Olive, Karlsruhe,
Germanyr • • • • Water, oil,

glycol Oil 2017 [167]

BorgWarner Inc., Auburn Hills, MI,
USA • • Oil – 2017 [168]

Shenyang University of Technology,
China • • • Water – 2017 [169]

Keihin Corp., Japan • • n/a – 2019 [170]
Mazda Motor Corp., Japan • Water Oil 2019 [171]

Novares France, Lion, France • • Oil, water – 2021 [172]
Renault S.A.S., Nissan Motor Co., Ltd.,

Japan • • • • Oil – 2021 [173]
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Table 4. Cont.

Company/Inventor

Type of Cooling Method Coolant
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y

Dana Belgium N.V., Bruges, Belgium • Oil, water – 2021 [174]

Novares France, Lion, France • Water, oil,
glycol – 2021 [175]

Toshiba Products & System corp., Japan • Air Oil 2022 [176]
Porsche AG, Stuttgart, Germany • • • n/a – 2022 [177]

Brusa Elektronik AG • Oil – 2022 [177]
Fira S.P.A., Irtalia • Water – 2022 [178]

Vacon Oy • •
Water,

methanol,
acetone

Air 2022 [179]

Huangfu Company, China • • Oil – 2022 [180]
Zhejiang Panggood Power technology

Co., Ltd., Jinhua, China • • Water, oil – 2022 [181]

Footnote: H—housing jacket; S—stator (cooling ducts or cooler); R—rotor (cooling ducts or cooler); F—fan
(impeller, rotor blades); FH—fins on the housing; Sh—shaft; I—inject; W—winding; HS—cooler or cooling
between housing and stator.

Table 5. Selected invention patents for air cooling systems.

Company/Inventor

Type of Cooling Method Coolant

Ye
ar

R
ef
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en

ce

H S R F FH Sh I W HS

Pr
im

ar
y

Se
co

nd
ar

y
Westinghouse Electric Corporation,

Pittsburgh, Pa, USA • • • Air – 1971 [79]

Aktiebolaget Electrolux Stockholm,
Sweden • • Air – 1971 [182]

General Electric Company, Schenectady,
NY, USA • • • Air – 1973 [54]

General Electric Company, Schenectady,
NY, USA • • Air – 1973 [53]

General Electric Company, Schenectady,
NY, USA • • • • Air Water 1981 [70]

Wilhelm Gebhardt GmbH, Waldenburg,
Germany • • • Air – 1986 [71]

Schorch GmbH, Munchen Gladbach,
Germany • • • Air – 1992 [183]

Ford Motor Company • Air – 1998 [184]
Reliance Electric Industrial Company,

Cleveland Ohio, USA • • Air – 1998,
1999

[50,
51]

ABB Business Services Ltd., Germany • • • Air – 2000 [73]
Roper Holdings, Inc., Wilmington, US • Air Water 2001 [39]

ABB AB, Vasteras, US • Air – 2002 [67]
Alstom, Paris, France • • • Air – 2003 [49]

Alstom Ltd., Baden, Switzerland • • Air Air 2003 [63]
Bombardler Transportation GmbH,

Berlin, Germany • Air – 2008 [75]
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Table 5. Cont.
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Kabushiki Kaisha Toshiba, Tokyo,
Japan • • • Air – 2008 [74]

Mitsubishi Denki Kabushiki Kaisha,
Chiyoda-Ku, Tokyo, Japan • • • Air – 2009 [40]

Traktionssysteme Austria GmbH, Wien,
Austria • • Air – 2009 [185]

Turbo Power systems Limited, UK • Air – 2009 [66]
Siemens Aktiengesellschaft, Munich,

Germany • Air – 2010 [65]

Toshiba Industrial Products, Tokyo,
Japan • • Air – 2011 [64]

ABB Oy, Helsinki, Finland • • • • Air – 2012 [186]
Honeywell Internatl. Inc., Japan • • Air – 2015 [187]

Luo Shouyuan, China • Air – 2017 [188]
Magneti Marelli S.P.A. • • • Air – 2017 [189]

Alstrom Transport Technologies • • • • Air Water,
Air 2017 [190]

General Electric Company,
Svhenectady, NY, USA • • • Air – 2019 [191]

Brose Fahrzeugteile GmbH & Co.
Kommanditgesellschaft, Würzburg,

Germany
• • • Air – 2019 [192]

Ebara corp., Japan • Air – 2021 [193]
Mitsubishi Ekectric Corp., Japan • • Air – 2022 [194]

Alstom Holding SA • • • Air – 2022 [195]

Table 6. Selected invention patents for cooling systems using refrigerant.

Company/Inventor

Type of Cooling Method Coolant
Ye

ar

R
ef

er
en

ce
H S R F FH Sh I W HS

Pr
im

ar
y

Se
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nd
ar
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Louis Allis Company, Milwaukee,
WI, USA • Freon Air,

water 1969 [196]

General Electric Company, NY, USA • • • R11 Air 1972 [52]
Carrier Corporation, New York,

NY, USA • • • Freon Air,
water 1972 [88]

Ebara Corporation, Tokyo, Japan • • n/a Air,
water 1987 [132]

Caterpillar Inc., Peoria, IL, USA • • • • •

R134a, R290,
R728, R704,

R718, glycol,
oil

Air,
oil, 2010 [91]

General Electric Company, NY, USA • • •
Refrigerant,

water, glycol,
oil

– 2011 [197]

The patents related to liquid cooling systems (Table 4) include methods and technical
solutions related to the housing jacket, stator, rotor, and shaft. Liquid injection is also of
interest. Water and oil are mainly used as the coolants. Liquid cooling is utilized for vehicles
and aircraft mainly due to the need to increase the power-to-dimension ratio. At the same
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time, liquid cooling systems are relatively expensive in service as they include additional
elements like pumps, compressors, filters, etc., and require higher ingress protection ratings
(IP) for the electric motor.

Robotics and industrial electric motors mainly utilize forced air cooling, with the
cooling method or design of the fan, stator, and rotor being the main subjects of patents
(Table 5).

A characteristic feature of refrigerant cooling systems is the direct evaporative cooling
of the stator and rotor via injection (Table 6). This cooling method requires an additional
refrigeration unit to maintain cooling of the electric motor.

4.4. The Cooling Systems Using Refrigerant

Direct evaporation of cooling media from the hot surfaces of electric motors is ben-
eficial in terms of a high heat transfer coefficient. The following properties should be
considered when using refrigerant as cooling media for the electronics of hybrid vehi-
cles: dielectric strength, dielectric constant, flammability, auto-ignition temperature, lower
explosive limit, atmospheric lifetime, ozone depletion potential, and global warming poten-
tial. One method is direct injection and spraying of the refrigerant in the motor’s interior,
(Figure 13, Points 1 and 2). It can also be organized as described by Metheny at al. [51] for
a hermetic motor. R11 was supplied through both ends of the motor (at vicinity of vending)
and dispersed by the rotation of the fan blades. The flow of refrigerant through the stator
was organized via a system of axial ducts, then the refrigerant was radially exhausted
through an orifice at the axial center of the motor. The temperature of the refrigerant was at
the boiling point. There was no membrane between the rotor and stator [51].
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The main problem with evaporative cooling in large machines is leakage of the refrig-
erant through the rotor’s bearings. The proposed solution used a hermetic fiberglass sleeve,
which was installed in the gap between the rotor and stator and provided good sealing.
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An alternative solution utilized the magnetic sealing of the shaft and bearing when the
sleeve was not needed. In pilot tests, R113 was sprayed through the distribution system
on the windings’ ends (evaporation temperature 47.6 ◦C) and the vapor was removed by
the condenser via radial ducts in the stator. The sub-cooled refrigerant was sprayed in the
motor’s interior and formed a thin film on the surface, which increased the heat transfer of
evaporation [84,85]. In the case of magnetic sealing of the bearing, the bottom part of the
motor was filled with refrigerant. The stator winding and end-winding temperatures were
72.9 and 70.2 ◦C, respectively [86].

Spray volumetric flux has the strongest effect on heat rejection among other fac-
tors. The study by Nategh et al. [127] stated that two-phase spray cooling (R134a) had
heat transfer values that greatly exceeded the heat flux anticipated in a hybrid vehicle
(150–200 W/cm2). Submerging power electric devices for hybrid electric vehicles in R134a
allowed a heat flux of 114 W/cm2 to be reached. No damage to the devices was observed
during 300 days of operation [82].

It should be noted that oil, which is normally used in refrigeration systems, can
decrease the dielectric strength of the environment inside the motor [32,83]. Therefore,
indirect cooling systems are preferable. The direct use low-temperature refrigerating
machines for motor cooling is relatively rare. Gordon L. Mount and James W. Endress
invented a refrigeration system in which the low- and high-pressure sides were connected
to the casing of a hermetically enclosed electric motor [88]. The liquid refrigerant was
supplied by gravity in the interior of the motor and maintained at a predetermined level.
The distribution of the refrigerant in the interior of the motor was maintained by a pump
when the part of the refrigerant was sprayed on the rotor.

The potential use of several refrigerants to achieve efficient cooling of electric motors
in aircraft was recently discussed, for which a high power-to-dimension ratio is appreci-
ated [83]. The proposed cooling solution utilized thermal pipes, ducts, and microchannel.
The high potential of low-pressure refrigerants like R236fa, R245fa, and R134a was dis-
cussed, as they can provide low weights for the cooling infrastructure. However, the high
GWP of the abovementioned refrigerants complicates their use at industrial scales. The
authors mentioned the high potential of CO2 as a working fluid. They noted that the high
working pressure can be a significant issue when applying CO2 for the cooling of electric
motors. However, this makes it possible to achieve a higher power-to-dimension ratio by,
for example, reducing the size of the compressor and its working volume by more than
50% compared to more common systems using R134a [83].

An industrial solution for the use of refrigerant in motor cooling was presented by
HERMETIC-Pumpen GmbH (Gundelfingen, Germany) [198]. An electric motor cooling
system using the pumped refrigerant was proposed for refrigeration pumps (R717, R744,
R290, R404A, etc.) with no physical separation between the motor and pump. The rotor
was directly connected to the hollow shaft. As a result, the hollow shaft and impellers
rotated automatically as soon as the rotor turned. The stator lay outside the liquid area
and was separated from the rotor by a so-called rotor lining. The liquid refrigerant was
introduced into the pump housing, where the motor was located, filling the entire space
inside. The coolant cooled the motor elements by circulating through the gap between the
stator and rotor and through the cooling duct inside the shaft. This solution enabled the
pump size to be reduced by 50% compared to the classic design.

5. Conclusions

Analysis of the presented data shows that the cooling system’s effectiveness signifi-
cantly impacts electric motor performance. Decreasing the cooling temperature by 10 ◦C
allows for increases in power by 3–8% and efficiency by 0.2–0.4%. At the same time, a sig-
nificant characteristic is the power-to-dimension ratio, which rises with improved cooling
system efficiency. On the other hand, increasing the winding temperature by 10 ◦C over
the high-temperature limit decreases the operation life by 50%. When applying similar
cooling systems for motors with different designs and operation conditions, the effects on
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the performance of the motor are different. Therefore, the efficiency of cooling is not only
a question of the cooling system or method but a combination of system design, motor
operation, and environmental conditions.

The design of the cooling system depends on the application area of the motor. For
example, air cooling systems are utilized in industrial and household appliance electric
motors. Meanwhile, for vehicles and aircraft motors, there is a trend toward using liquid
cooling systems.

Advanced air cooling systems include forced ventilation in which the stator and rotor
are simultaneously cooled by air ducts of different designs and locations. These systems
decrease operational and maintenance costs. In addition, this measure increases the power-
to-dimension ratio by up to 10%. The air gap between the stator and rotor can be also used
for cooling, but only for motors with power above 50 kW.

New trends in external cooling are focused on the development of efficient fans. For
example, fans with forward-swept blades allow a large rise in air velocity and, as a result,
decrease the stator winding temperature by 30%. Fans with radial blades were found to be
even more efficient and could provide a heat transfer coefficient of over 100 W/(m2·K).

Self-ventilation (self-cooling) is the most popular cooling technology for the motors of
electric trains. However, such methods are not common for vehicles because of the limited
volume of the motor area and heat rejection via external heat exchangers. However, air
cooling systems provide relatively low power-to-dimension ratios (up to 0.65 kW/kg) due
to low efficiency and the impossibility of ensuring a cooling temperature below ambient
temperature. Therefore, a combined system consisting of air and liquid cooling systems
is applied. It provides more intensive heat removal from all elements of the motor. This
provides the opportunity to increase the power-to-dimension ratio up to 2.7 kW/kg. Water,
oil, and glycol are common coolants for such cooling systems.

New liquid cooling systems allow a power-to-dimension ratio of up to 25 kW/kg to
be achieved. The new trends in liquid cooling systems include new designs for cooling
ducts in the housing jacket of the motor, installation of a heat exchanger in the stator, and
cooling the rotor using ducts in the rotor shaft. The position and geometry of the ducts
in the jacket housing can be different and a tangential position is preferable due to less
hydraulic resistance (lowered by 10–15%). The use of cooling tubes with a small diameter,
installed in the stator or between the stator and housing, allows the power-to-dimension
ratio to be increased by over than 2 times due to significant decreases in the temperature of
the rotor and stator windings. Also, cooling tubes can be installed on the stator windings’
ends, which allows the winding temperature to be reduced by 25%. It should be noted that
liquid systems are relatively complex, requiring expanded maintenance and high ingress
protection ratings. However, such systems allow the largest power-to-dimension ratio to
be achieved, which is very important for vehicles and aircraft.

Much effort has been devoted in recent years to the development of contact cooling by
injecting liquid oil or low-boiling liquids (refrigerant). Oil spray cooling provides better
cooling performance and a lower temperature gradient when compared with air cooling
and indirect liquid cooling. The temperature of the stator windings can be reduced by 50 ◦C.
Direct cooling requires the application of a refrigeration machine and the development of a
specially designed heat exchanger. On the other hand, this enables a high cooling capacity
and low-temperature regime to be achieved, while direct evaporative cooling excludes
bulky equipment from the design of the cooling system. In this case, the use of ozone-
friendly and environmentally efficient natural refrigerants, such as CO2, is promising. The
use of CO2 can provide a higher power-to-dimension ratio by up to 50% when compared
with other working fluids by reducing the size of the compressor and working volume.
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