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Abstract: This study investigates a low-temperature three-circuit cooling system for a 55 kW industrial
electric motor. The cooling system provides an increase of the power-to-dimension ratio by 63%,
together with an improvement in motor performance. The three-circuit cooling system includes
water cooling of the housing and stator and air-cooling of the motor’s interior. The test results
show that the motor efficiency was maintained in the range between 92.5 and 94.5%, with respect
to the motor’s power. With power increases up to 90 kW, a winding temperature of 67 ◦C was
observed during three hours of operation. This advancement is particularly valuable for vehicles,
ships, and aircraft applications, where maximizing power within limited space is crucial. An analysis
of the experimental data showed that the cooling system operates at an average efficiency of 79.2%,
indicating that roughly 20% of heat was accumulated in the rotor. This leads to a gradual temperature
rise, particularly in the rotor, posing a risk of overheating and failure during motor overloads above
90 kW. Enhancing the cooling efficiency within the motor’s interior can be achieved by incorporating
extra heat exchangers, implementing evaporative heat transfer, and employing water-cooling circuits
at lower temperatures. This, in turn, can boost the electric motor’s power-to-dimension ratio.

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

1. Introduction

Electric motors play a vital role in a wide range of applications, from vehicles and
ships to industrial machinery and aircraft [1,2]. To ensure their optimal performance and
operation time, electric motors must meet a set of stringent requirements. Designing an
effective cooling system for these motors is crucial, as it directly impacts their reliability,
efficiency, and overall functionality [3,4]. This requires a comprehensive understanding of
the technical demands and challenges associated with motor cooling [5,6].

The branch of motor engineering has evolved significantly in recent years, yielding a
diverse array of motor types and configurations [7,8]. These motors vary in construction,
performance capabilities, and resilience to external factors like air temperature and humid-
ity. Consequently, the requirements imposed on cooling systems are equally diverse and
complex. The balance between meeting technical specifications and achieving economic
efficiency is a central objective in designing motor cooling systems [9,10].

The technical requirements for electric motors can be generalized and formulated as
follows [11–15]:

(1) the motors must operate reliably under the conditions for which they are intended,
for a period not less than specified in the technical specifications, while developing the
required power at the set voltage, speed, efficiency, and other parameters specified in the
motor passport and,
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(2) the motor must be convenient and safe to operate.
The choice of cooling system design depends on the specific application area of the

electric motor, and interrelating factors like power-to-dimension ratios (PDR), efficiency,
cooling capacity, and maintenance efficiency. The temperature distribution within electric
motors has a crucial role in determining motor performance. As motor efficiency is never
100%, the difference between input and output power results in heat losses. In modern
motors, these losses can be up to 10% of motor power, leading to heat distribution among
various components [16–18]. Decreasing the motor’s temperature allows its performance
to increase significantly. According to the characteristics of motors provided by motor
manufacturers [19–26], the motor’s power can increase by 3–8% when the temperature
decreases by 10 ◦C. This makes it possible to reduce the motor’s weight while maintaining
high performance simultaneously. For example, the research of [27] found that decreasing
the temperature by 8 ◦C results in an increased PDR of 276%.

Different cooling systems, including air, water, and oil cooling, play a crucial role in
maintaining the optimal temperature of electric motors, contributing to a higher PDR. The
significance of PDR increases notably when considering the required motor installation
volume. Therefore, the necessary pursuit to improve performance while also reducing the
volume and weight of electric motors is crucial, especially for vehicles and aircraft.

Air cooling stands as the predominant method for cooling synchronous and asyn-
chronous motors [28], although alternative cooling media like nitrogen and hydrogen
exist [4]. Key elements of the air cooling methods include external fins [29,30], air circula-
tion ducts, air gaps, and fan impellers [31,32].

Advantages:

• Air, as a cooling medium, remains widely used due to its availability and cost-
effectiveness.

• The cooling system design involves external fins, air circulation ducts, and fan im-
pellers, providing a straightforward approach to heat dissipation.

• The positioning and geometry of cooling elements are subject to ongoing research,
allowing for optimization and patentable innovations.

• Improved fan impeller design and optimized fin geometry contribute to increased
cooling system efficiency by 10–30%.

Disadvantages:

• Air-cooling systems face challenges due to the low convective heat transfer of air,
necessitating additional thermal management strategies.

• External cooling via a one-sided fan impeller results in uneven temperature distribu-
tion inside the electric motor.

• Fan characteristics and fin geometry significantly impact noise levels, requiring careful
design considerations to achieve lower noise levels.

The air-cooling system may not be sufficient for efficient thermal management on its
own, leading to the exploration of combination methods like dual-circuit cooling technol-
ogy [10,26].

Liquid cooling systems in electric motors, featuring external heat exchangers and
pump-driven liquid circulation, offer versatile applications with varying designs based
on motor size and usage. Nowadays, known different liquid cooling methods, including
housing jackets [33], tube installations [34], direct liquid contact, and oil spraying [35–37].

Advantages:

• Liquid cooling systems demonstrate enhanced cooling efficiency compared to air-
cooling, ensuring temperature regulation even at high loads.

• Liquid cooling methods can be combined with air cooling to create effective hybrid
systems, providing flexibility and adaptability.

• Liquid cooling is well-suited for various applications, including electric cars, marine
vessels, and high-power motors.

Disadvantages:
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• Liquid cooling systems may face challenges related to hydraulic losses, pressure drops,
and increased load on circulation pumps.

• Achieving uniform temperature distribution can be challenging, especially in systems
relying on nozzles and spraying.

• Some liquid cooling methods, like direct contact with oil, may require frequent main-
tenance, impacting the reliability of the motor.

• Implementing certain liquid cooling techniques, such as direct liquid injection and
combined systems, can introduce design complexities.

Additionally, the combination of liquid cooling with innovative approaches, like heat
pipes [4] or nanofluids [38], presents exciting possibilities for further advancements in
electric motor cooling systems.

Notably, electric motors utilized in robotics, pumps, and power stations have the
lowest PDR, regardless of their general power output. For instance, the PDR varies from
0.02 to 0.65 kW/kg for air cooling [19–21,39]. At the same time, electric motors used in
aircraft and vehicles utilize liquid cooling systems, where their PDR varies in the range
between 1.1 and 25.3 kW/kg [40–42].

Improving cooling efficiency can be achieved by using combined water and air cooling
or multi-circuit low-temperature cooling methods. Such methods facilitate achieving high
specific power values for the motor, a crucial consideration for electric vehicle motors of
various types [43]. This strategy has been adopted in vehicles like the BMW i3, Toyota Prius,
Sonata, Tesla Roadster, and Nissan Leaf. This implementation enables a potential increase
in the PDR, reaching levels of 2.5–2.7 kW/kg [10,42]. Recent research has suggested that
multi-circuit low-temperature cooling systems are a promising solution to provide reliable
and safe operation of electric motors together with the high economic efficiency of the
cooling method [44–47]. Such systems have a simple design of cooling circuits, are reliable,
small, have flexibility of operation, a high reduction of stator and rotor temperatures, and
good motor performance.

However, some negative aspects of multi-circuit low-temperature cooling systems
were also observed. These include the need for a refrigeration unit and condensation on
cold surfaces, requiring additional insulation, and the need for auxiliary equipment such as
circulation pumps and external heat exchangers. Despite this, it should be noted that these
disadvantages do not reduce the value of using the motor multi-circuit cooling system and
can be compensated by appropriate design solutions, but some challenges still exist when
calculating the cooling systems for electric motors.

The task of the thermal calculation is to determine the temperature rise of the motor’s
parts. The results of the thermal calculation show the suitability of the electromagnetic
loads and confirm the feasibility of using electrically insulating materials of the chosen heat
resistance class in the motor [48].

Electric general-purpose motors are usually designed for continuous operation. For
these motors, the steady-state thermal regime is calculated when the motor parts temper-
atures are constant, and the heat released in the motor is completely dissipated into the
environment. Experiments on the study of thermal processes in electric motors, as well
as numerous thermal calculations, show that the physical picture of thermal processes in
motors is very complicated, and it is practically impossible to accurately determine the
temperature distribution by thermal calculation [10,49–51]. Therefore, when designing the
motor, the approximate thermal calculations using several coefficients are applied. The
values of the coefficients are established experimentally as a result of studying the thermal
processes of a large number of different motors [35,38].

In the realm of designing electric general-purpose motors for continuous operation, the
determination of steady-state thermal regimes proves to be a complex undertaking. Despite
the issues of experiments and thermal calculations, accurately mapping the temperature
distribution within the motor remains a formidable challenge. In light of this complexity,
designers often resort to approximate thermal calculations, relying on a set of coefficients.
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These coefficients not only contribute a more flexible approach to thermal modeling but
also include the cumulative insights data from extensive empirical studies.

Due to this, experimental research on the cooling system of electric motors is of high
importance for the development of electric motor technology across various industries. The
experimental research remains vital for validating theoretical assumptions, refining cooling
system designs, and gaining a deeper understanding of the complex thermal dynamics
within electric motors.

Improving the cooling system’s efficiency is a topic that has not been extensively
explored, especially in the context of electric motors with significant weight and thermal
resistance. It is crucial to define the cooling system’s limits, such as the maximum achievable
motor power and its behavior under varying motor loads. Understanding how the system
adapts to different loads is essential for evaluating effectiveness.

The authors missed detailing the cooling system’s response to fluctuating loads, a crit-
ical aspect for the advancement of modern vehicles, aircraft, and ships using high-powered
electric motors [3,4,9,28,44,46,47,52]. Gathering experimental data on the cooling system’s
performance is vital for subsequent modeling, considering different temperature modes
and various refrigerants, including a phase change (evaporation) at low temperatures.

The solution to this issue is important not just for optimizing the cooling system’s
performance but also for the impact on environmental sustainability. Exploring different
refrigerants from ecological, efficient, and sustainable prospects is necessary, making this
study a valuable contribution to the improving field of electric motor cooling systems.

This article is devoted to the experimental investigation of a low-temperature multi-
circuit cooling system applied to a 55 kW electric motor. The main benefit of the cooling
method is that the motor’s cooling system consists of three circuits that dissipate heat
and also maintain a constant temperature level in the motor’s main components (stator,
winding, and rotor) across various operational and climatic conditions. The efficient
cooling was achieved by the implementation of simultaneous cooling of the motor’s jacket
and stator via a network of ducts. The first circuit involves water cooling of the motor
housing, responsible for removing the largest part of the heat generated. The second
circuit is water cooling for the motor stator, using a tube coil within the stator to remove
heat from both the stator and the internal air being circulated. The third circuit is air
cooling the rotor and frontal parts of the stator winding. The homogenous and predictive
temperature distribution prevent the occurrence of hot spots inside the motor and create
and opportunity to increase the power of the motor keeping the temperature levels within
safety margins. The temperature control is vital to ensure motor performance and longevity
within permissible limits for the specific motor class. This results in a PDR increase as well
(up to 60%).

The selected approach of a low-temperature multi-circuit cooling system for a 55 kW
electric motor offers several distinct advantages:

• The implementation ensures a uniform temperature distribution across critical motor
components, including the stator, winding, and rotor. This eliminates the risk of hot
spots, contributing to enhanced motor reliability and preventing potential damage.

• The cooling method is designed to maintain constant temperature levels across various
operational and climatic conditions.

• This adaptability is crucial for ensuring consistent motor performance regardless of
external factors, contributing to the motor’s reliability.

The main aim of this investigative research was to prove the presence of homogeneous
temperature distribution inside the electric motor. The study documents and analyses the
temperature profile of the motor with respect to the operation mode, changes in the motor
efficiency, and improvements in the PDR when compared to a standard air-cooling method.
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2. The Design of the Experimental Cooling System
2.1. Description Design and Cooling System for Base Motor

For experimental research and development of the cooling system, an asynchronous
motor (model YE3-250, Zhejiang Special Motor, China) with a power of 55 kW was chosen
(Figure 1, Table 1). The asynchronous motor is an electric motor that uses electric power to
induce rotation of the rotor.

Table 1. The experimental motor.

Characteristics Detailed Info of Content

1. Electric motor type: asynchronous Model of motor—YE3-250M-4, Three phase asynchronous motor

2. Motor power (kW) Rated motor power—55 kW; Rated torque—350.1 N·m.

3. Motor efficiency (%) 94.6%

4. Stator, rotor winding currents (A), voltages
(V), frequencies (Hz)

Rated current—102.7 A; Rated voltage—380 V; Rated frequencies—50 Hz.

5. Power coefficient (Cos ϕ) 0.86

6. Voltage Parameters (phases, V, Hz) Phases—Three phase; 380 V; 50 Hz.

7. Shaft speed (r/min) Shaft speed 1480 r/min

8. Stator and rotor winding
parameters/dimensions (active winding, end
winding)

Stator turns of winding—8;
The diameter of the wire of winding—1.4 mm;
Numbers of groups for each set—4;
The material of the rotor—cage type cast aluminium Rotor

9. Motor losses (heat losses) in: stator/rotor
windings and magnetic cores (kW)

Heat losses:
losses of the winding—805.2 W;
losses of the rotor—529.2 W;
losses of the stator—664.1 W;
losses of the fan—500 W;
other losses—550 W.
Total losses—3048.3 W.

10. Winding thermal class Insulation class—F; Protection class—IP55; Pole number—4P

11. Climatic conditions for normal operation Temperature: –15. . .+40 ◦C.

12. Stator: material Silicon steel sheet for stator 50WW350.

13. Winding insulation: material. Binding material—polyester fiber;
Slot bottom paper—6641 composite materials with thickness 0.35 mm;
Slot over paper—6641 composite materials with thickness 0.35 mm;
Insulation paper between phase and phase—6641 composite materials with
thickness 0.35 mm;
Insulation paper between layer and carrier—6641 composite materials with
thickness 0.35 mm;
Insulation sleeve—polyurethane glass fiber 2741 with the size 6 mm;
Slot wedges—epoxy varnish glass laminated sheet

14. Rotor: material Silicon steel sheet 50WW350/cast aluminium 99.5

15. Stator winding: material, electric
resistance

Material—copper; electric resistance—0.0779 Ω (95 ◦C)

According to the international classification, the cooling system of this motor is IC411:
design of the cooling circuit—cooling of the outer surface of the motor; ways of movement
the secondary coolant—self-cooling.

The stator (Figure 2) is the outer stationary part of the motor. It consists of the outer
cylindrical frame, the magnetic path, and a set of insulated electrical windings. For this
motor variant, the typical approach involves utilizing external cooling. This cooling process
takes place through the finned surface of the motor using either natural or forced convection
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methods. The forced convection mechanism is facilitated by an external fan impeller that is
mounted on the rotor shaft. This impeller ensures the circulation of air along the ducts of the
motor housing’s finned surface, as depicted in Figure 2a [30,53]. However, it is important
to note that this external cooling method leads to uneven temperature distribution in the
electric motor, resulting in an inability to achieve a notable power boost while lowering
the coolant temperature. Furthermore, the requirement for efficient cooling leads to motor
weight increases [24].
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2.2. General Description of the Experimental Setup

After analyzing the schemes of different types of cooling systems, the cooling system
for the motor YE3-250M-4 was selected as shown in Figure 3. This cooling system is a
three-circuit low-temperature system that allows the temperature of the cooling water
circuit to be decreased to a temperature equal to or lower than the ambient temperature
(tcool = 0–45 ◦C). This setup includes a motor, a load (generator), an electromechanical
parameter control and management system, distribution valves (utilized for regulating the
distribution of cooling water between the separate cooling circuits), measurement systems
(computerized tools designed for the monitoring, control, and recording of measured data),
and an industrial chiller (used to provide water cooling and temperature regulation at the
cooling system’s inlet).
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Figure 3. Scheme of the experimental setup including temperature sensors (T) and pressure sensors
(P). The experimental motor consists of a cover (1), a shaft (2), the winding (3), the stator (4), and the
rotor (5). Temperature sensors: air temperature inside the motor (Tair), winding temperature (Twind),
rotor bearing temperature, cover (Tcov), housing temperature (Th), ambient air temperature (Tamb),
water temperature at the outlet of the first cooling circuit (Tw1), water temperature at the outlet of the
second cooling circuit (Tw2), cooled water temperature after chiller (Tw0), evaporation temperature
and pressure of the refrigerant in the refrigeration machine (T0, P0), and condensation temperature
and pressure of the refrigerant in the refrigeration machine (Tc, Pc).

The developed motor cooling system consists of three cooling circuits:

• 1st circuit—water cooling of the motor housing;
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• 2nd circuit—water cooling of the stator (Figure 3; part 4). Cooling tubes should be
installed in the stator and,

• 3rd circuit—air cooling of the rotor (Figure 3, part 5) (self-cooling or self-ventilated).
The air is cooled by the tubes of the cooling system of the second circuit (stator).

The water is fed through the manifold to the ducts of the motor housing (the first
circuit of the cooling system) and the stator heat exchanger–cooler (the second circuit of
the cooling system) by a circulation pump. The manifold consistently channels water to
efficiently maintain the optimal flow speed and heat dissipation in both the first and second
circuits of the cooling system, thereby cooling the stator air and motor housing effectively.

The first circuit of the motor cooling system consists of flat ducts connected in series
inside the motor housing. The connection of the ducts is successive in the form of a “coil
pipe”. For the connection of ducts, special slots (in the form of cuts) are used. The water
supply and removal were carried out through fittings located on one side in several ducts.

The second circuit of the motor cooling system is a stator heat exchanger-cooler in
the form of small-diameter coil pipes. The water supply and removal into the tubes of
the heat exchanger is carried out from one side. To connect the pipes, special “arcuate
tube” connections are used. Such connections should have an elongated part of the straight
tube and an arcuate tube that connects two adjacent tubes. This way of installing the heat
exchanger will ensure efficient cooling not only for the stator (Figure 3, part 4) but the air
that circulates inside the motor. The heat exchanger tubes are located inside the stator metal
and near the motor housing. The water velocity in the tube must be not less than 1.0 m/s
high enough to ensure intensive air cooling inside the motor.

The third circuit of the motor cooling system is the rotor and the stator winding frontal
parts (Figure 3, part 3) air cooling, which circulates intensively inside the motor in two
air chambers. This is a method of self-cooling where the coolant airflow depends on the
motor’s peripheral speed due to the rotor speed. In this case, the air is cooled by the tubes
protruding parts (“arcuate tubes”) of the second circuit heat exchanger of the motor cooling
system. Such a cooling method will significantly reduce the rotor and the stator winding
frontal parts temperature in comparison with the standard motor cooling method.

The first and second circuits heated water of the cooling system is discharged to the
wastewater collector and then enters the refrigeration unit. Then, the cooled water is fed
back to the motor by the circulation pump. The refrigerating machine also consists of a
condenser, a compressor, and a throttle valve. The refrigerating machine is switched on
also when the motor is switched to a large load (power). This is due to the fact that with
increasing motor power, absolute heat losses increase, the temperatures of the elements
inside the motor increase, and the motor efficiency changes. The refrigerating machine
condenser is air-cooled.

The refrigerating system selection was carried out considering variable climatic con-
ditions. For experimentation of the cooling system, the industrial chiller LNSX-0.3 refrig-
erating system was used for water cooling. The system has a cooling capacity (Q0st) of
9.25 kW, a water flow (Vw) of 2.0 m3/h (0.56 kg/s), a pump power (Npump) of 0.55 kW, a
compressor power (Ncomp) of 2.68 kW, and uses the refrigerant R134a.

The classification of the developed cooling system is according to IEC 60034-6:
1991 [54]—IC71W (IC7A1W7): design of the cooling circuit—integrated heat exchanger
(using a remote medium); ways of the primary coolant flow—self-cooling; primary coolant—
air; secondary coolant—water (Figure 3). This motor cooling system consists of a closed
primary cooling line and an open secondary cooling line using a remote medium. These
cooling characteristics are associated with the characteristics of the primary coolant flow.
The secondary coolant flows during independent cooling and the coolant flows under
pressure. This means that the primary coolant, water, which circulates in the system (motor
housing—first circuit; heat exchanger tubes—second circuit) and is cooled by a refrigeration
machine, where a secondary refrigerant circulates. Air also circulates inside the motor,
which additionally removes heat from the motor elements (self-cooling) and transfers it
upon contact with the first and second circuits of the cooling system).
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2.3. The Geometry of the Motor Housing Ducts and the Location of the Stator Cooling Tubes

The first circuit of the motor cooling system consists of special geometry ducts located
inside the motor housing (motor cooling jacket). The geometry of these channels was
chosen from the existing and industry-applied types of duct geometry for motor water
cooling systems. In this project, one of the most common types of ducts was selected as
shown in Figure 4.
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Figure 4. The structure of the experimental cooling system.

To increase the area of the heat transfer surface and intensify the heat transfer, finning
on the side of the water coolant was used. The geometry of such fins can be different (e.g.,
round form, oval form, and triangular form). The direction of the fin should be along the
duct. The selection of fins with an oval form is particularly strategic. Oval fins are known
for their ability to efficiently conduct heat from the solid surfaces of the housing to the
adjacent fluid, making them highly effective in convective heat transfer scenarios. This
choice aligns with established industry practices for motor water cooling systems, where
the inclusion of fins in duct geometry is a well-regarded method for improving cooling
performance.

The duct dimensions (Figure 4) based on existing technical solutions for this type of
cooling system are selected with the following defining parameters are

• inner diameter of the motor housing (Din)—400 mm;
• motor housing material—Aluminum alloy 6063-T5;
• optimum channel water speed—0.1–0.5 m/s.
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These parameters were selected during design and are determined by the technical
requirements for water cooling systems in vehicle engines.

The first circuit channels of the motor cooling system are connected in series and
in general are multi-pass heat exchangers (Figure 4). This solution is technologically the
most straightforward from the manufacturing point-of-view for the motor housing [55,56].
It should be noted that, for example, a multi-pass heat exchanger with water supply
through the channel or in each channel is more efficient [17]. However, this variant is more
complicated, which in turn complicates the cooling system operation.

The second circuit tubes of the motor cooling system are also combined into a coil-type
heat exchanger. It is more effective to supply heat to each tube or through a tube [57,58];
however, the variant in the form of a coil is chosen as the most technologically straightfor-
ward (Figure 4).

The peculiarity of this heat exchanger is that the tubes are installed directly in the
motor stator, which increases the cooling efficiency. The tube selected for installation inside
the stator has an inner diameter (din) of 4.8 mm, an outer diameter (dout) of 6.0 mm, and is
constructed out of copper.

The recommended co-installation of the heat exchanger of the second circuit of the
motor cooling system to the first circuit channels is a “staggered” type as shown in Figure 4.
The number of ducts and tubes of the heat exchanger must be equal. This arrangement
is effective from the point of view of removing heat from the motor stator and makes it
possible for the first and second cooling circuits to operate simultaneously. This makes it
possible to study the joint operation of the cooling system for the first and second circuits
to determine the optimal operating conditions. The schematic design of the motor cooling
system is shown in Figure 4.

It should be noted that iron losses are primarily associated with the core material and
the alternating magnetic field. Copper tubes themselves are not likely to have a direct
impact on magnetic saturation in the stator. Magnetic saturation is more related to the
magnetic properties of the stator core material. The design of the stator core and the choice
of materials are crucial factors in preventing or managing magnetic saturation. If the
copper tubes are part of a cooling system, they may experience induced currents due to
the changing magnetic fields in the near. However, this is a common reason in the design
of such systems, and measures such as insulating materials or specific design features are
often used to minimize these induced currents. Thus, while copper tubes cannot directly
impact iron losses or magnetic saturation in the stator, their attendance in a cooling system
could potentially lead to induced currents. However, these issues are usually managed
through thoughtful design and material choices in the overall system to ensure efficient
and safe operation.

3. Plan of the Experiment
3.1. Test Procedure and Conditions

Throughout the testing process, the motor underwent loadings within the range of
55 to 90 kW. Simultaneously, the rotational frequency, water flow rate, and temperature
were maintained. This allowed for the comprehensive measurement of all electromechanical
and thermal characteristics of the motor with the cooling circuits and the refrigeration
apparatus attached (Table 2). The arrangement of the sensors for measuring the cooling
circuit temperatures is shown in Figure 3.

The experiment’s duration (3 h) was determined by the necessity to assess the cool-
ing system’s efficiency under constant, extended periods of operation. Data collection
was conducted at 15 min intervals and calculated as an average over a specific time win-
dow. The motor’s rotation frequency was consistently maintained in accordance with the
standardized testing protocol (IEC/EN60034-1/-29 standards [59]).
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Table 2. The conditions of the experiment.

Parameters Value Variability

Duration of the experiment (τ) 3 h Constant

Shaft speed (n) 1480 r/min Constant

Power (P) 55; 65, 80, 90 kW Constant

Data collection interval (∆τ) 15 min Constant

Water temperature input of the 1st and
2nd cooling circuit (Tw1, Tw2) 10 ◦C Constant

Ambient air temperature (Tamb) 22–31 ◦C Monitored

Ambient air humidity (ϕamb) 30–60% Monitored

Water flow rate in the 1st and 2nd
cooling circuits 1.91 m3/h (0.5307 kg/s) Constant

In practical terms, maintaining a constant rotation frequency during the tests serves
several purposes. Firstly, it replicates real-world scenarios where motors in certain appli-
cations operate at a specific rotational speed. This controlled setting allows for a focused
evaluation of the cooling system’s performance under conditions relevant to its intended
use. Secondly, a steady rotation frequency facilitates the accurate measurement of various
parameters, including temperature and heat dissipation, enabling a thorough analysis of
the cooling system’s efficiency.

The tests were carried out at a steady power output, ranging from 55 kW to 90 kW, to
reflect typical motor power levels for light vehicles. The selection of water temperature was
based on the technical limitations of developing and future thermal insulation designs for
this motor type. To emulate real-world operating conditions, the ambient air temperature
and humidity were monitored during experimentation. The water flow rate was chosen
and maintained at the highest possible level, considering the maximum hydraulic resistance
values within the secondary circuit stator cooler tubes, as these are limited by the technical
specifications of the motor design.

To determine the motor’s effectiveness under the specified load conditions, the fol-
lowing characteristics were ascertained: motor efficiency (ηe), constant heat losses (Pk),
losses within the iron components (Pi), losses in the stator winding (Ps), and losses within
the rotor winding (Pr). Simultaneously, to evaluate the cooling system’s efficiency, the
following parameters were examined: motor winding temperature (Twind), internal air
temperature within the motor housing (Tair), heat transfer coefficient between air inside the
motor and coolant (k), convective heat transfer coefficient (h), thermal resistance (Rcs), the
ratio of the temperature difference between the winding and the average temperature of
the cooling water to the quantity of heat removed within the cooling circuits), and heat flux
(qcs). The convective heat transfer coefficient was calculated by measuring the heat transfer
rate between the motor components and the air, the surface area, and the temperature
difference between the surface and the air.

The dimensionless winding temperature was defined as:

Twind = Twind/Tmax, (1)

where Tmax—the maximum permissible temperature according to the motor’s thermal class
A computerized monitoring and data registration system provided the connection

of temperature sensors and a motor electromechanical monitoring system throughout the
experiment.

Taking into consideration the test equipment’s power, the machine was initiated with
characteristics corresponding to its machine type, and all specific parameters outlined
by the manufacturer were established. Subsequently, a functional test was executed in
alignment with the IEC/EN60034-1/-29 standards. A functional test in the context of motor
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testing involves a systematic examination of the motor’s operational performance under
predefined conditions. The purpose of this test is to ensure that the motor functions as
expected and meets the specified criteria. After that, a load characteristic was established
during actual operational conditions, and the efficiency was computed by accounting for
individual losses according to the IEC 60034-2-1/IEEE-112-7 standards [60]. Post-testing, a
visual inspection of motor components was carried out.

The motor efficiency was defined as follows:

ηe = P2/P1, (2)

where P1 is the input motor power, P2 is the output motor power, and P1–P2 is the totally
power loss (Pt). The power loss (Pt) is the sum of the individual losses:

Pt = Pk + Ps + Pr + PLL, (3)

where Pk is the permanent losses, PS is the stator winding losses depending on the load, PR
is the rotor winding losses, and PLL are the additional losses.

Permanent losses (Pk) are the no-load losses excluding no-load losses in the windings
(PS0) with winding resistance (R) and no-load current (I0):

Pk = P0 − PS0, (4)

PS0 = 1.5·I2
0·R, (5)

where Pk is the sum of friction and ventilation losses (Pfw) and iron losses (Pfe); P0 is
no-load power losses.

Iron losses at the desired load point are determined from the no-load curve at voltage
Vi reduced by the ohmic voltage drop in the primary winding:

Pfe = P0 − PS0 − Pfw. (6)

Losses in the stator winding depend on the load Ps.
The losses in the stator winding that are not reduced to the normal temperature of

the coolant are determined for each load point using the values of current (I) and winding
resistance (R) corresponding to each load point:

PS = 1.5·I2·R. (7)

For each load point, the coolant temperature is considered by means of the coefficient
kθ, which represents a coefficient that adjusts the stator winding losses based on the coolant
temperature (Tw) [60]:

Ps,θ = Ps·kθ, (8)

kθ =
235 + Twind + 25 − Tw0

235 − Twind
, (9)

where Twind—winding temperature; Tw0—water temperature (before motor).
The losses in the rotor winding (Pr), normalized to the normal temperature of the

coolant, are determined for each load point:

Pr = (Pt − Ps − Pfe − PPLL)·s, (10)

where s is the slip in an induction motor, indicating the difference between synchronous
speed and actual rotor speed.

3.2. Measurement System and Instrumentation

During the experiment, data were collected through a network of sensors and moni-
tors. We employed thermocouples and pressure sensors, which were managed and read
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by 8-channel controllers (И8-TC). This controller utilized an RS485 communication inter-
face to transmit the data to a computer through a USB, which subsequently processed
the information using SSD 3.5 Regmik software. The resultant measurement data was
documented in measurement protocols and visualized graphically. To facilitate data input
and processing, a dedicated database was set up. Details regarding the precision and
measurement error characteristics of the control and measurement devices can be found in
Table 3. To measure air temperature and humidity, a thermocouple (Tamb, Figure 3) and a
psychrometer installed close to the motor housing were also used. The data were recorded
by the measurement system.

Table 3. Instruments of the measurement system.

Measured Quantity Measurement Instrument Measurement Range Instrument Error

• Temperature:
• Ambient air
• The outer surface of the motor

housing
• Stator
• Rotor bearing
• Air inside the motor (air chamber

in the rotor section)
• Cooled water after chiller
• Water at the outlet of the first

cooling circuit
• Water at the outlet of the second

cooling circuit
• Stator windings

Resistance thermoconverter
TSP-103 −40. . .+270 ◦C ±0.5%

Water flow rate in cooling circuits

Rotameter type RM-06-2.5 0–2.5 m3/h ±4.0%

Volumetric method of
measurement (by filling time
of the measuring container)

– –

Temperature (processing and
conversion of the signal from the
temperature sensors)

Eight-channel meter
(controller)

The number of
measurement channels is 8.
The measurement period

is 1.5 s

±0.5%
(excluding sensor error)

Refrigerant pressure in the refrigerating
machine system (industrial chiller) Pressure sensor 0–4 MPa

0–10 MPa ±0.14%

The air temperature inside the motor was measured in the air chamber area located
between the motor cover and the frontal part of the rotor end-winding (Figure 5). The
temperature sensor did not touch the inside surfaces to ensure that the data obtained was
solely the air temperature.

For measuring water flow in the cooling system’s primary and secondary circuits,
a rotameter was used. This device is designed to gauge volume flow in uniform flows
with an acceptable measurement error. Additionally, the volume flow was measured by
determining the filling time of a specialized measuring container (volume method).

3.3. Measurement Uncertainty

The precision of experimental outcomes depends on systematic error, which in turn is
influenced by methodological errors and the inaccuracies inherent in measuring devices.
The relative error was evaluated using a confidence probability value of p = 0.95. For
evaluating the precision of measurement results when dealing with a limited number of
observations (n ≤ 20), and if the uncertainty of individual measurements follows a normal
distribution, the Student’s t-distribution was used [61–63].
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Figure 5. Installation method for sensor TT/1 for the measurement of the air temperature inside the
motor. The schematic includes the motor shaft (1), the bearing (2), the open-type end cover (3), the
technological hole (4), and the temperature sensor (5).

The relationship for calculating the maximum relative error in indirectly measuring the
required quantity y = f(x1, x2, . . . xi, . . . xn) was calculated as в the value of the confidence
interval ∆0.95:

∆0.95 = tp·σX , (11)

where tp—value of the relative interval, depending on the number of measurements for
P = 0.95; σX—estimate of the mean square deviation of the measurement result.

Table 4 presents the maximum values of measurement uncertainties for various sensors
at different power levels in the experiment.

Table 4. Maximum values of the uncertainty of the measures in the experiment.

Sensor

Power

55 kW 65 kW 75 kW 80 kW 90 kW

±σ0.95, %

Air temperature inside the motor (Tair) 0.86 1.45 1.26 2.54 2.46
Winding temperature (Twind) 0.50 0.84 0.64 1.52 1.65
Rotor bearing temperature, cover (Tcov) 0.55 1.05 1.09 2.08 1.37
Housing temperature (Th) 0.26 0.42 0.33 0.31 0.42
Ambient air temperature (Tamb) 0.06 0.40 0.07 0.33 0.14
Water temperature at the outlet of the first cooling circuit (Tw1) 0.32 0.20 0.33 0.33 0.46
Water temperature at the outlet of the second cooling circuit (Tw2) 0.30 0.28 0.31 0.33 0.49
Cooled water temperature after chiller (Tw0) 0.33 0.21 0.36 0.35 0.38
Stator temperature (Tst) 0.34 0.17 0.33 0.28 0.53
Input Power (P1) 0.36 0.70 0.22 1.45 0.36
Output Power (P2) 0.37 0.63 0.13 1.18 0.18
Water flow rate in cooling circuits (Gw0, Gw1)

Rotametr 4.22 4.81 4.34 5.11 5.80
Volume method 1.26 5.81 1.67 2.30 2.30

Air temperature inside the motor (Tair):

• Uncertainty increases with higher power levels, ranging from 0.86% at 55 kW to 2.46%
at 90 kW.

• The increase in uncertainty could be attributed to the higher thermal stresses and
complexities in heat dissipation as the motor operates at increased power levels.

Winding temperature (Twind):

• Similar to Tair, uncertainties show an increasing trend with higher power levels.
• The precision in measuring winding temperature is affected by the escalating thermal

demands on the motor at higher loads.
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Rotor bearing temperature, cover (Tcov):

• The trend is similar, with higher uncertainties observed at higher power levels.
• The rotor bearing temperature, influenced by the motor’s operational load, exhibits

increased uncertainty under heavier demands.

Housing temperature (Th):

• Uncertainty remains relatively low across different power levels.
• The housing temperature, being a more stable parameter, shows consistent and man-

ageable uncertainties.

Ambient air temperature (Tamb):

• The uncertainties vary, but interestingly, Tamb shows a decrease at 75 kW compared to
65 kW.

• This could be due to the specifics of the experimental conditions or the influence of
external factors on ambient air temperature measurements.

Water temperatures (Tw1 to Tw2):

• Variations in uncertainties are observed across different water temperature measure-
ments.

• These uncertainties could be influenced by factors such as water flow rates and heat
exchange efficiency within the cooling circuits.

Stator temperature (Tst):

• Uncertainty shows a fluctuating pattern across different power levels.
• This fluctuation could be linked to the intricacies of stator temperature regulation

under varying loads.

Input power (P1) and output power (P2):

• Uncertainties vary, and higher uncertainties are noticeable at certain power levels.
• The precision in measuring input and output power may be influenced by factors like

electrical losses and measurement device accuracy.

4. Results and Discussion
4.1. Analysis of Experimental Data of the Electric Motor Cooling System

The experimental investigation focused on evaluating the cooling system’s perfor-
mance for an electric motor operating at varying load conditions. The study revealed
significant insights into the relationship between motor power, winding temperature, and
cooling efficiency. The motor cooling system was evaluated based on the heat flux and
temperature of the stator winding.

The cooling system demonstrated the ability to maintain motor efficiency within
acceptable limits higher than 92.2% across varying power levels (55–90 kW), ambient air
temperatures in the range of 22–31 ◦C, and ambient air humidity in the range of 30–60%.
Several key observations were made under these varying conditions. The motor efficiency
decreased as both power (Figure 6a) and winding temperature (Figure 6b) increased. The
reduction in efficiency was also more visible at higher power levels and under continuous
loads (Figure 6c). For instance, at 55 kW, the efficiency was observed as 94.5%. This
decreased to 92.5% at 90 kW (Figure 6a). It should be said that considering the power of the
compressor of the refrigeration machine (RM), the efficiency of the installation decreases
by 0.7–1.0% (Figure 6a).

The decrease in the motor’s efficiency resulted in the increase of a winding temper-
ature up to 67 ◦C (Figure 7a) when applying a motor power of 90 kW for a 3 h duration.
During the operation time, a gradual temperature increase of 10–20 ◦C was observed.
Measurements were taken when applying a motor power constantly for a 3 h duration. The
test time was chosen based on the generally accepted practice of conducting experimental
studies with motors that operate under variable loads (1–3 h) [31,37,57].
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Figure 6. Motor efficiency versus motor power (a), winding temperature (b), motor operation time (c).
RM—refrigeration machine.

After this time, the quasi-equilibrium state of the motor’s operation was observed.
The cooling system provided a significant margin for producing increased motor power, as
indicated by the dimensionless winding temperature staying below the critical threshold of
1.0 (Figure 7b). The maximum dimensionless winding temperature reaches 0.79 at a power
rating of 90 kW, which corresponds to a temperature margin of 21%. A previous study
obtained the dimensionless winding temperature in the range between 0.74 and 0.95 [3].

Stator and winding temperatures remained within safe limits, even under high-power
operations, and did not exceed the maximum allowable limit for the thermal insulation
class F (155 ◦C). The system effectively controlled and managed temperature variations. The
increasing winding temperature correlates linearly with the stator temperature (Figure 7c),
which is also increasing during the experiment duration (Figure 7d). The air temperature
between the motors cover and winding was also increasing when power and duration were
increased (Figure 8a,b). The increase was in the range of 34.3 ◦C to 96.6 ◦C, with respect to
motor’s power and operation time. The heat flow from rotor contributed to the increasing
air temperature. The same behavior was reported in other studies, when the rise of rotor
temperature compared to the air temperature exceeded 50 ◦C. It is crucial to point out
the significance of integrated rotor and stator cooling as the efficient solution [28,46]. The
integrated rotor and stator cooling system plays a pivotal role in dissipating the heat gener-
ated during motor operation, ensuring a harmonious thermal environment. By facilitating
effective heat transfer and maintaining temperature levels within prescribed limits, this
system enhances the motor’s reliability, longevity, and operational efficiency. Its importance
extends beyond conventional cooling methods, providing a comprehensive solution to the
intricate thermal challenges posed by high-power and extended-duration operations.



Energies 2023, 16, 8019 17 of 27Energies 2023, 16, x FOR PEER REVIEW 17 of 27 
 

 

 
 

(a) (b) 

  
(c) (d) 

Figure 7. Winding temperature versus motor power (a), dimensionless temperature versus motor 
operation time (b), stator temperature versus winding temperature (c), and stator temperature ver-
sus motor operation time (d). 

Stator and winding temperatures remained within safe limits, even under high-
power operations, and did not exceed the maximum allowable limit for the thermal insu-
lation class F (155 °C). The system effectively controlled and managed temperature varia-
tions. The increasing winding temperature correlates linearly with the stator temperature 
(Figure 7c), which is also increasing during the experiment duration (Figure 7d). The air 
temperature between the motors cover and winding was also increasing when power and 
duration were increased (Figure 8a,b). The increase was in the range of 34.3 °C to 96.6 °C, 
with respect to motor’s power and operation time. The heat flow from rotor contributed 
to the increasing air temperature. The same behavior was reported in other studies, when 
the rise of rotor temperature compared to the air temperature exceeded 50 °C. It is crucial 
to point out the significance of integrated rotor and stator cooling as the efficient solution 
[28,46]. The integrated rotor and stator cooling system plays a pivotal role in dissipating 
the heat generated during motor operation, ensuring a harmonious thermal environment. 
By facilitating effective heat transfer and maintaining temperature levels within pre-
scribed limits, this system enhances the motor’s reliability, longevity, and operational ef-
ficiency. Its importance extends beyond conventional cooling methods, providing a com-
prehensive solution to the intricate thermal challenges posed by high-power and ex-
tended-duration operations. 

0

20

40

60

80

50 60 70 80 90 100M
ax

im
um

 w
in

di
ng

 te
m

pe
ra

tu
re

 T
w

in
d

(°
C)

Power, Ne (kW)

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0:00 0:30 1:00 1:30 2:00 2:30

90kW
55kW
80kW
65kW

Motor operating time, τop (h:m)

D
im

en
sio

nl
es

st
em

pe
ra

tu
re

,T
w

in
d/T

m
ax

10

12

14

16

18

20

22

24

25 35 45 55 65 75
Winding temperature, Twind (oC)

St
at

or
 te

m
pe

ra
tu

re
,Τ

st
(°

C)

10

12

14

16

18

20

22

24

0:00 0:30 1:00 1:30 2:00 2:30

90kW

80kW

65kW

55kW

Motor operating time, τop (h:m)

St
at

or
 te

m
pe

ra
tu

re
,Τ

st
(°

C)

Figure 7. Winding temperature versus motor power (a), dimensionless temperature versus motor
operation time (b), stator temperature versus winding temperature (c), and stator temperature versus
motor operation time (d).
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Figure 8. Air temperature versus motor operating time (a), and winding temperature (b).

The overall convective heat transfer coefficient to the air inside the motor ranges
between 46 and 80 W/(m2 ◦C), which correlates quite well with the previously reported
data (110 to 130 W/(m2 ◦C)) [64,65]. The Reynold’s number for the 1st circuit (ducts into
the motor housing) is 29·103, and for the 2nd circuit (tubes installed in the stator) is 6.3·103.
At the same time, Nusselt number to the air inside the motor is from 250 to 515. However,
the precise data of the convective heat transfer of air requires a different experimental set
up, which was not used for this study.

The Reynold’s number for the 1st circuit (ducts into the motor housing) is 29·103,
and for the 2nd circuit (tubes installed in the stator) is 6.3·103. At the same time, Nusselt
number to the air inside the motor is from 250 to 515. However, the precise data of the
convective heat transfer of air requires a different experimental setup, which was not used
for this study.
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Reynolds number was established as:

Re =
w·Deq

ν
, (12)

where: w is the flow speed; ν is the kinematic viscosity of the fluid; Dekv is an equivalent
diameter (m), equal to the diameter of the ducts.

Nusselt number was established as:

Nu =
h·Deq

λ
, (13)

where: h is the convective heat transfer coefficient of the flow; λ is the thermal conductivity
of the fluid.

The heat flux was a critical parameter indicating the system’s cooling efficiency and
reached a maximum value exceeding 20 kW/m2. The heat flux increased from 5.80 kW/m2

to 21.30 kW/m2, with respect to the motor’s power and operation time (Figure 9). The
experimental motor’s coolant temperature (Tw0) consistently registers below ambient
temperature (Tamb). It is crucial to note that the experimental motor is not isolated, and
the cooling dynamics are impacted by various factors. Specifically, the first cooling circuit,
responsible for cooling the motor housing, exhibits temperatures lower than the ambient
temperature. Moreover, the ambient conditions, including ambient temperature (Tamb)
and humidity (ϕamb), play a significant role in influencing the cooling capacity of the
refrigeration unit. The interplay of these ambient factors has a direct impact on the heat
flux values, affecting the heat transfer calculations through the cooling water.
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Figure 9. Heat flux versus air temperature inside the motor (a), and for different motor powers and
operation times (b).

It should be noted that the temperature of the air inside the motor’s interior continued
to rise during the operation time (Figure 8a,b). The air temperature has the highest values
among other elements of the motor (housing, stator, and windings). This means that
the rotor has an even higher temperature and requires more intensive cooling, thereby
increasing the heat flux levels. The analysis of recent research has shown that the heat flux
levels can be increased by more than 10 times by using direct cooling methods [28].

The developed cooling system, comprising of water- and air-cooling circuits, demon-
strated its ability to effectively manage temperature according to the thermal insulation
class F and maintain motor efficiency under varying load conditions exceeding the base
power by more than 63%. A recent review has shown that the power of electric motors
can be improved by a factor of 3–5 or even more by managing temperature control of the
windings [11].

4.2. The Power-to-Dimension Ratio

Based on the comprehensive analyses of the experimental data and the performance
characteristics of the cooling system for electric motors, it is evident that the utilization of
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such an advanced cooling system holds the potential to significantly increase the power-
to-dimension ratio (PDR) of electric motors, while also considering the capability to cool
to lower temperatures. Several key factors support this conclusion. Moreover, it is impor-
tant to have a cooling system margin. The consistently low relative winding temperature
remaining below 1.0 (Figure 10), indicates that the cooling system possesses a substantial
margin for accommodating increased power outputs. This suggests that the cooling system
can support further enhancements in the PDR. Wherein despite the rise in thermal resis-
tance, the cooling system effectively maintains temperature control within safe parameters.
This management ensures that the motor’s performance remains stable and reliable, even
as power levels escalate.
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Figure 10. The maximum winding temperature versus motor power. A forecast for increasing power
in different insulation class.

The cooling system’s ability to cool to lower temperatures is a crucial factor in enabling
the motor to withstand higher power outputs. The data indicates that the cooling system
can efficiently manage temperature extremes, paving the way for increased power density.

The modification in design involving the adoption of an aluminum motor housing,
combined with a boost in motor output power, results in increasing the PDR. At the same
time, when increasing the power to 90 kW, the PDR increases to 0.45 kW/kg.

It should be noted that adopting a three-circuit cooling system necessitates modifica-
tions to specific motor components, including the motor housing and covers. Additionally,
alterations are required for the installation of secondary circuit tubes into the stator metal.
Design improvements are also required to enhance the internal components’ sealing. Fur-
thermore, the choice of aluminum alloy for the motor housing and covers is rational when
using water cooling, as aluminum has a superior thermal conductivity of 209 W/(m·K),
enabling it to support a higher heat flux for the cooling system. It also significantly reduces
the weight of the motor (up to 40% depending on the application). However, this imposes
additional requirements on the sealing of the motor. It is important to note that practical
implementation should consider factors such as thermal limits, materials, manufacturing
constraints, and specific application requirements.

The using of aluminum alloy for the motor housing and covers introduces specific con-
siderations, particularly concerning additional sealing requirements. While the aluminum
alloy offers advantages such as lightweight and good thermal conductivity, addressing seal-
ing requirements becomes crucial for maintaining the motor’s performance and longevity.
A holistic approach that considers thermal expansion, corrosion resistance, gasket compati-
bility, mechanical stresses, assembly techniques, compliance with standards, environmental
factors, and serviceability will contribute to the successful implementation of aluminum
alloy in motor housing and covers.

An examination of the stator winding temperatures, as acquired from the experiment,
reveals a notable temperature margin. Analyzing the experimental data, we can make con-
clusions while considering both a pessimistic and optimistic outlook for enhancing motor
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power (Figure 10). The presented forecasts are obtained by the method of extrapolated
experimental data and represent polynomial and linear dependences as the minimum and
maximum power values at the same temperature of the stator winding, respectively. As
a result, when the maximum winding temperature reaches 155 ◦C (in insulation class F),
the achievable motor power ranges between 118 and 182 kW. This provides a PDR ranging
from 0.59 to 0.90 under the optimistic scenario, which is 4.2 to 6.4 times higher than that
of a standard asynchronous motor with external air cooling and exceeds the maximum
performance of this type of industrial motor (Figure 11).
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Figure 11. Power-to-dimension ratio versus motor power.

It is also possible to assess the potential for using a cooling system while considering a
reduction in the motor’s insulation class. By reducing the insulation class to class A, with
a maximum winding temperature of 105 ◦C, an increase in power ranging from 105 to
131 kW is feasible. Lowering the insulation class would considerably extend the motor’s
lifespan by up to 2.5 times, considering the recommendations listed in [1,2].

It is worth noting that comparing the PDR of the experimental asynchronous motor
with that of a synchronous transport motor of type iEM featuring air cooling [4], the
potential increase in PDR is up to 3.32 in the optimistic scenario and up to 2.15 in the
pessimistic scenario (Figure 12). This exceeds the baseline value by 2.6 to 4.0 times.
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It should be noted that there are a number of promising solutions for cooling systems.
Increasing the cooling efficiency can be achieved by replacing the primary circuit with
indirect cooling when the hot air from the interior of the motor is cooled down in the
external heat exchanger on top of the motor housing. In this case, heat exchange is not
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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. 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 [3–5].

While exact figures would require further detailed analysis and testing specific to a
given motor design and cooling system, the observed trends and thermal management
capabilities of the advanced cooling system suggest that a significant increase in power
output (potentially exceeding 60%) and PDR (potentially well above the nominal values) is
achievable.

The implementation of an advanced cooling system has the potential to significantly
elevate the PDR of electric motors. By effectively controlling temperatures, dissipating
heat, and ensuring stable operation, such cooling systems enable electric motors to operate
at higher power levels while maintaining efficiency and reliability. This has substantial
implications for a wide range of applications, including vehicles, ships, aircraft, and beyond,
where maximizing PDR within a limited volume is of high importance.

4.3. Analysis of the Three-Circuit Cooling Unit

The analysis of experimental data concerning the cooling system capacity at various
motor loads (Figure 13a) shows significant insights. When the motor operates at its nominal
power of 55 kW, the heat load of the cooling system is 2.71 kW. However, increasing the
power output by 63% (90 kW) rises the heat load to 6.10 kW (average value), meaning a
notable 112% increase in cooling is required. This increase of the cooling load also includes
the additional electromechanical losses related to decreased motor efficiency at higher
power levels.
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Figure 13. Heat efficiency of the cooling system: comparison of the heat losses and heat capacity.

As can be seen from Figure 13a, the motor’s heat losses (red line) exceed the thermal
capabilities of the cooling system for all the experimental points. The heat, which is not
removed by the cooling system, was measured at 626 and 1234 W for 55 kW and 90 kW,
respectively. The thermal efficiency of the cooling system, representing the ratio of heat
removed by the cooling system to total heat losses, varied between 74% and 84% during
the experiments (Figure 13b). Notably, the air-cooling system’s efficiency declared by
the producer for a base motor of 55 kW stands at 80.3%. Therefore, increasing the motor
power up to 90 kW and applying the three-circuit low-temperature cooling system fits the
specified cooling efficiency.

It is important to highlight that the average efficiency of the cooling system was
measured at 79.2%, indicating that more than 20% of the heat is not transferred to the
water loop and is partially dissipated in the motor resulting in the gradual increasing of
the air temperature inside the motor (Figure 8). The accumulation of the heat energy in
the rotor risks overheating and failure during extended motor overloads exceeding 90 kW.
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The real values of the heat accumulated during the motor’s operation can be higher than
the 20% indicated above. This requires an additional study when a detailed investigation
of the rotor behavior is included. However, the main goal of this study was to determine
the cooling system’s limitations, such as the maximum achievable engine power and its
behavior under varying engine loads.

The obvious solution includes enhancing the air circulation and heat transfer inside
the motor, achieved by integrating additional heat exchangers for the third circuit of the
cooling system. Alternatively, a redesign of the heat exchanger elements in the first and
second circuits to increase the heat-exchanging surface area could be considered. At the
same time, the use of evaporative heat transfer and lower cooling temperatures is also a
potential way to improve [4,28].

Refrigerants like CO2 or low-boiling refrigerants have the potential to provide efficient
cooling due to their excellent heat transfer properties. At the same time, CO2 and some low-
boiling refrigerants are environmentally friendly alternatives to traditional refrigerants that
have a high global warming potential (GWP). Their lower GWP and reduced environmental
impact align with the growing demand for sustainable and eco-conscious technologies.
Simultaneously, the use of low-boiling refrigerants can potentially lead to more compact and
lightweight cooling systems, which is advantageous in applications with space restrictions
like vehicles, ships, and aircraft.

5. Conclusions

The experimental research of a cooling system for the asynchronous motor involved
developing a three-circuit low-temperature cooling system. This system consists of water
cooling for the motor housing, water cooling for the stator, and air cooling for the rotor and
stator winding frontal parts. The system features an integrated heat exchanger where the
primary coolant is air, and the secondary coolant is water. The geometry of the motor hous-
ing ducts and stator cooling tubes was carefully considered to optimize heat transfer and
cooling efficiency. The study demonstrates the benefits of a low-temperature three-circuit
cooling system for a 55-kW electric motor, achieving uniform temperature distribution,
increased PDR, and increased motor performance by 63%.

The study shows that the cooling system effectively maintained motor efficiency
from 94.5% to 92.5%, while the motor power increased from 55 kW to 90 kW. Despite a
minor decrease in efficiency by 2.0%, the system demonstrated a significant margin for
increased motor power while keeping winding temperatures within safe limits. Moreover,
the maximum dimensionless winding temperature ratio reaches 0.79 at a power of 90 kW,
corresponding to a temperature margin of 21%.

The observations showed the linear dependence between motor power and winding
temperature, with a maximum temperature increase of 10–20 ◦C during the operation,
followed by a quasi-equilibrium state. Notably, the winding temperatures remained
below the critical threshold for thermal insulation class F (155 ◦C). The increasing winding
temperature during the three hours of motor operation time is up to 67 ◦C. This means
that the water-cooling loops can provide sufficient cooling for the stator and housing of the
electric motor.

The convective heat transfer coefficient to the air inside the motor was estimated to be
in the range of 46 to 80 W/(m2 ◦C). The heat flux, a critical parameter for cooling efficiency,
reached values exceeding 20 kW/m2. A portion of the heat remains accumulated in the
rotor, reaching 626 W at 55 kW, and 1234 W at 90 kW. The average cooling system efficiency
is 79.2%, signifying that around 20% of heat is not transferred to water. This results in a
gradual temperature increase, particularly in the rotor, posing a risk of overheating and
failure during extended motor overloads above 90 kW. The motor’s heat losses surpass
the cooling system’s capabilities. Solutions for such challenges may include enhancing
air-cooling efficiency through additional heat exchangers. A study of the use of alternative
refrigerants with higher heat evaporative transfer values and lower cooling temperatures
is also a promising method for improvement.
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The implementation of such an advanced cooling system has the potential to raise the
PDR of electric motors significantly. By effectively managing temperatures, dissipating heat,
and ensuring stable operation, these cooling systems open possibilities for higher power
levels, particularly in vehicles, ships, and aircraft, where maximizing PDR within limited
volume constraints is important. Implementing a three-circuit cooling system requires
specific modifications to motor components, including the motor housing and covers.
Design improvements are necessary to enhance the sealing of internal components. Due
to its superior thermal conductivity, the choice of aluminum alloy for the motor housing
and covers significantly reduces motor weight while supporting higher heat flux for the
cooling system.

Analysis of the extrapolating data suggests that by reaching a maximum winding
temperature of 155 ◦C (insulation class F), the achievable asynchronous motor power
could range from 118 to 182 kW, resulting in a PDR ranging from 0.59 to 0.90. Lowering
the insulation class to class A, with a maximum winding temperature of 105 ◦C, could
achieve increased power output, ranging from 105 to 131 kW. This would considerably
extend the motor’s lifespan by almost 2.5 times. At the same time, the potential PDR of
the synchronous motor can be increased by up to 2.15–3.32 times. These improvements
surpass the base value by a factor of 2.6 to 4.0, showcasing a performance on par with
leading global analogues that boast PDR values ranging from 2.5 to 2.7.

Moreover, it is imperative to consider the potential advancements that novel cooling
approaches could bring to the system. Exploring possibilities such as additive manufactur-
ing techniques and enhanced cooling agents presents an avenue for optimizing the cooling
efficiency of the motor. The integration of innovative cooling methods has the potential
to further improve heat dissipation, enhance overall performance, and contribute to the
development of more efficient and resilient motor cooling systems.
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Nomenclature
RM Refrigeration machine
GWP Global warming potential
Symbols and units
PDR Power-to-dimension ratio kW/kg
Tair Air temperature inside the motor ◦C
Twind Winding temperature ◦C
Twind Dimensionless winding temperature

Tmax
Maximum permissible temperature according to the motor’s
thermal class

◦C

Tcov Rotor bearing temperature, cover ◦C
Th Housing temperature ◦C
Tamb Ambient air temperature ◦C
Tw1 Water temperature at the outlet of the first cooling circuit ◦C
Tw2 Water temperature at the outlet of the second cooling circuit ◦C
Tw0 Cooled water temperature after the chiller ◦C
Tst Stator temperature ◦C
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T0, P0
Evaporation temperature and pressure of the refrigerant in
the refrigeration machine

◦C, kPa

Tc, Pc
Condensation temperature and pressure of the refrigerant
in the refrigeration machine

◦C, kPa

Q0st Cooling capacity kW
Vw0 Total volume water flow rate m3/h
Gw0 Total Water mass flow rate kg/s
Gw1 Water mass flow rate in 1st cooling circuits kg/s
Npump Pump power kW
Ncomp Compressor power kW
din Inner diameter of the tubes mm
dout Outer diameter of the tubes mm
Dekv Equivalent diameter mm, m
ηe Motor efficiency %
Pk Permanent losses kW
Pi Losses within the iron components kW
Ps Losses in the stator winding kW
Pr Losses within the rotor winding kW
PLL Additional losses kW
Pt Totally power loss kW
P0 No-load losses kW
PS0 No-load losses in the windings kW
Pfw Ventilation losses kW
Pfe Iron losses kW
R Winding resistance kW
I0, I No-load current, current A

k
Heat transfer coefficient between air inside the motor and
coolant

W/(m2 ◦C)

h Convective heat transfer coefficient W/(m2 ◦C)
Rcs Thermal resistance K/W
qcs Heat flux kW/m2, W/m2

P1 Input power kW
P2 Output power kW
kθ Temperature coefficient
Re Reynolds number
Nu Nusselt number
w Flow speed m/s
ν Kinematic viscosity of the fluid m2/s
λ Thermal conductivity of the fluid W/(m·K)
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