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This work examines the thermal management challenges and cooling methods utilized for
electric powertrain systems in electric vehicles (EVs). Particular consideration is given to
cooling strategies pertaining to electric motors, power converters, batteries and gearboxes,
all of which are critical to the efficiency and operational lifetime of an EV. The applicability
of different cooling schemes—such as liquid cooling systems, air cooling systems, spray
cooling systems, and oil-based methods—is assessed to find the best heat management
solutions for high-power-density scenarios.

The cooling requirements for power electronic devices employing silicon carbide (SiC) and
gallium nitride (GaN) components are critically analyzed, with a systematic evaluation of
advanced thermal solutions necessary to optimize their thermal performance. It includes a
systematic review of existing research on the assessment of cooling mechanisms for electric
motors, power converters and batteries in terms of heat dissipation and their efficiency for
the power systems. Important results from the literature include performance of geothermal
fluid, glycols, oils and nanofluids as a heat exchange fluid and detailed active and passive
cooling architectures.

It is demonstrated that customized active and passive cooling systems are required for
powertrain components to deliver optimal thermal management in EVs. Key results include
a 25% improvement in heat transfer efficiency using nanofluids, a 15°C reduction in peak
battery temperatures with liquid cooling compared to passive air-cooled systems and a 12%
efficiency gain through active thermal management strategies.



SYMBOLS AND ABBREVIATIONS

Roman characters

G, specific heat capacity J/(kg-K)
h heat transfer coefficient ~ W/(m?-K)
7 mass flow rate of coolant kg/s

)% pressure bar, Pa
O heat transfer rate %

qm mass flow rate kg/s

R gas constant J/kg K
T temperature °C,K

U voltage A%

V volume m?

v specific volume m’/kg

Greek characters

a incidence angle ©

AT temperature difference K

A thermal conductivity W/mK
n efficiency

Constants

g gravitational acceleration 9,81 m/s



Dimensionless quantities

COop Coefficient of performance

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

Subscripts

1 inflow

2 outflow

kr critical

mit measured

Superscripts

' stator

" rotor

Abbreviations

ATF Automatic Transmission Fluid
BTMS Battery Thermal Management System
CFD Computational Fluid Dynamics
EV Electric Vehicle

GaN Gallium Nitride

HEV Hybrid Electric Vehicle

IGBT Insulated-Gate Bipolar Transistor

PCM Phase Change Material



PLV

SiC

SOC

TEHD

ULV

Pitch Line Velocity

Silicon Carbide

State of Charge

Thermal Elastohydrodynamic

Ultra-Low Viscosity
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1 Introduction

Electric Vehicles (EVs) are playing an increasingly significant role in the transition to
sustainable transportation, offering a cleaner alternative to gas and diesel-powered cars.
However, managing the heat produced by the electric powertrain remains a key challenge in
optimizing the performance and reliability of EVs. The powertrain as a concept comprises
such elements as electric motor, power converters, batteries and even a gearbox. When
cooling is not sufficient, it impacts performance, shortens component lifespan and,
ominously, creates potential hazards. In the thesis, the concern is with the cooling of electric
powertrains, particularly the various widely used cooling techniques currently employed in
the market and how effective these are. With the increasing requirement for electric vehicles
to be lightweight, compact and possess the best efficiency as the market leading innovated
automotive technology, a need arises to enhance the cooling technology for enhanced

reliability and efficiency.

The objective of this thesis is to assess existing cooling techniques for electric powertrains
and identify the mot optimized cooling system that can improve overall performance while

being cost effective. The key research areas for this thesis are as follows:

e The most efficient cooling methods for motors, power converters, batteries and
gearbox.

e Possibility to use a single cooling fluid for all components, or if specific parts has
their own requirements.

e Different cooling fluid impact on the powertrain’s performance, power density and

size.

To achieve these objectives, a literature review of existing cooling methodologies is
integrated with analytical calculations to explore the effects of cooling fluids and methods
for combined electric powertrain components. Chapter 3 delves into the study with the aim
to firstly evaluate the thermal management of EV powertrains in terms of cooling system
reliability and sustainability, followed by a thorough analysis of cooling methods,
challenges to implementation and prevailing solutions for motors, power converters and
batteries. Battery thermal management systems (BTMS) with phase change materials

(PCMs) as well as liquid cooling are studied in Chapter 5; while Chapter 6 focusses on the



cooling of the gearbox with challenges including lubricant viscosity trade-offs; for analyses
beaker-size/disc specific component-specific thermal approaches, stator oil spray and hollow
shaft cooling for electric motors is considered in Chapter 3; and heat management of gallium
nitride (GaN)and silicon carbide (SiC) power electronics both are examined in Chapter 4.
Chapter 7 presents a comparison of the cooling performance metrics of advanced heat
transfer fluids (i.e., nanofluids) against those of conventional water—glycerol mixtures,
whereas Chapter 8 simulates thermal performance based on real-world driving cycles (FTP-
75/WLTP) using MATLAB/Simulink. Chapter 9 provides analytical calculations relating
cooling parameters (e.g., flow rate, conductivity) to powertrain efficiency. Finally, Chapter
10 synthesizes the findings into guidelines for next-generation thermal system design and
presents future research directions, namely, Al-driven optimization and heat transfer
efficiencies and nanofluid durability studies. During the preparation of this thesis, ChatGPT-

4 was used to refine technical phrasing and improve readability.



2 Cooling of electric powertrains

The cooling of EV powertrains plays a significant role in efficiency, as well as the reliability
and durability of key components. These devices include electric motor, power converter,
battery and gearbox, which are known to produce a considerable amount of heat under
normal working conditions. If this heat is not controlled, it results in thermal stress which
reduces the performance of the system, faster degradation of the component and can even be
dangerous. The calls for greater power density and compactness in EVs have further
amplified the need for efficient thermal management. This chapter will examine why cooling
is so critical in electric vehicles, the difficulties of handling thermal loads from powertrains
and the various cooling techniques currently in use for the various powertrain components

(Wang et al., 2017).

2.1 Importance of cooling in electric vehicles

Heat management in electric vehicles is well crucial for their efficiency, functionality and
safety of the powertrain system. Indicated electric motors, power converters and batteries
generate heat through the losses in electrical and mechanical ways. When there isn’t
adequate cooling to dissipate this extra heat, the efficiency drops and the life of these
important components will be reduced. For instance, the capacity of batteries is very much
affected by temperature; high temperature can cause faster discharge of the battery. Studies
show that if lithium-ion battery is used at a temperature above 45°C then its capacity can

diminish by up to 50% (Xinghui et al., 2022).

Temperature sensitivity exists in lithium-ion batteries as components which demand tight
control of operating temperatures for reducing capacity depletion and shortening lifespan.
Although battery capacity increases slightly at temperatures above 45°C, battery life
decreases significantly as figure 1 demonstrates thus highlighting the necessity of advanced

thermal management systems.



Battery Capacity & Battery Life Compared at Different Temperatures

X Operation not Recommended
B capacity B Battery Life

ommended

b
3

ion Not Red

—
@
(=N

O

x L T T T T LI x |
-20°C  -10°C o'c mw'ec 15C 2W°C 5°c 30°C  35°C a0'c  50°C 60°C
-4'F I4F F S0°F 60°F 68°F I7°F 86°F 95'F  1MF 122°F  180°F

LISEW 2125V 2030V 1133V 2140V  LM45W IS0V 2,153V LASSV 2.ABEV LSSV L1073V
Voltaga: A rest (off change for B to 24 howrs=) par Cal - Volmeter Readngs at vanous temperatunes for a 1004% charged bamerny

Figure 1. Battery capacity & battery life compared at different temperature (Prostar, 2019)

Likewise, power converters have lower efficiency when they work at higher temperatures
than the ideal operating conditions and may cause thermal stress and failure (Wang et al.,
2017). Power converters experience important thermal issues because elevated operation
temperatures reduce both their operational efficiency and cause thermal strain which
shortens their lifespan. A 20% decrease in converter efficiency was found by (Wang et al.
2017) at junction temperatures. Figure 2 shows, power-conversion efficiency in SiC-based
inverters significantly declines as ambient temperature increases, highlighting the

importance of effective thermal management.
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Figure 2. Power-conversion efficiency decline in SiC-based inverters under increasing ambient
temperatures. Efficiency drops from 98% at 25°C to 86% at 50°C, emphasizing the critical role of
thermal management (Mehmood, et al., 2018)

Numerous power converters under analysis suffer from substantial temperature sensitivity
when using silicon carbide (SiC) and gallium nitride (GaN) semiconductor devices. The
relationship between operating temperatures and power-conversion efficiency appears in
Figure 2 through comparative data points. The performance reduction reaches 12% when
ambient temperatures shift from 25°C to 50°C according to figure 2 (Mehmood et al., 2018).
The degradation occurs because elevated temperatures increase both switching losses and
leakage currents while intensifying thermal stresses on semiconductor components. The
analysis demonstrates why adaptive cooling solutions including liquid-cooled heat sinks and
phase-change materials must be integrated to keep systems reliable and efficient in hot

operating conditions.

However this is so because when the electric motors are more powerful, they develop more
heat. This has been ascertained whereby an increase in motor temperature leads to increase
in the windings resistance and hence more electrical losses. These increased losses decrease
the efficiency of the motor in overall manner. Thus, the cooling is critical for the motor
efficiency as the higher temperature increases the resistance and the motor load. Through
cooling the motor reduces the temperature whereby the cooling system is vital because it
assists in enhancing better performance, particularly when undertaking high load operations
(Gundabattini et al., 2021).Furthermore, with the current trend of electric vehicle designs
that are more compact and lightweight, the issue of managing heat in such limited spaces is

a more significant problem.



2.1.1 Impact on system performance

Electric vehicle range depends heavily on thermal management systems because their
inefficiencies lead to severe energy consumption penalties. For instance, (Ruhatiya et al.,
2023) observed a 30% range reduction in cold climates when battery thermal management
systems failed to maintain optimal temperatures The range reduction occurs due to two key
factor: (1) cold temperatures increase battery resistance that limits usable capacity and (2)
cabin heating consumes up to 40% of total range in sub-zero conditions. The higher
resistance causes more heat generation inside the battery, which can warm it up and reduce
resistance over time. However, this self-heating is slow and often insufficient without active
thermal management, especially at low current levels. Typically, the battery temperature
rises within minutes under high load, but thermal systems are essential to maintain optimal
battery temperatures and range in cold conditions. High energy consumption from
overheating the thermal system becomes an additional range-degrading factor in hot climate
conditions. Temperature management affects range performance in two directions as
inadequate control reduces efficiency and excessive strategies use auxiliary power which
shortens range. Further, low temperatures have a negative impact on the efficiency of the
battery cells; internal resistance enhances resulting to more heat loss during charging and
discharging cycles. EVs also draw more electricity to warm the cabin and the battery pack
to reach the right temperature in the winter, which reduces the battery’s range. Lackluster
thermal regulating solutions cannot regulate the temperature of the battery appropriately and
result in a more erratic heating and cooling process that only exacerbates the quality of the
battery. Moreover, the use of regenerative braking is also somewhat constrained at low
temperatures because, in freezing conditions, the battery is not capable of storing as much
energy as it can during normal operation, hence less energy to recover during braking and a
shorter range. These findings are also in line with extensive literature by (Hong et al., 2021)

that found thermal management as a key aspect determining real-world EV efficiency.

As evident to previous laboratory testing it is identified that thermal stress manifests
differently across powertrain components. Battery cells are sensible to both absolute
temperature and internal temperature gradients, whereas power electronics primarily endures

stress from thermal cycling.



e The battery cells are prone to serious performance degradation from gradient thermal
variations that give rise to temperature distribution that impacts the electrochemical

processes.

e The rates of degradation are higher at high temperatures and thermal runaway is

likely to happen hence the need for thermal control measures (Samba, 2016).

e Thermal stressing is a common practice applied to power electronics and is known
to affect equipment reliability and efficiency. Such effects are commonly managed

with active thermal management systems

e The amount of heat generated by electric motors depends on their operating speed
and torque levels which controls their thermal operating conditions. The requirement
for high torque demands increases motor winding current flow which generates
elevated joule heating thus requiring effective cooling systems. Effective cooling
solutions including liquid cooling jackets and oil spray systems must be optimized
as this yields motor efficiency while providing reliable operation and extended
lifetime. Thermal regulation effectiveness helps maintain temperatures at operational
limits which supports thermal stability and avoids insulation damage. (Luke et al.,

2012).

2.2 Challenges in powertrain thermal management

Contemporary electric powertrains face significant thermal management challenges,
particularly in high-performance applications. While silicon carbide (SiC) inverters offer
superior efficiency with lower switching losses compared to traditional silicon-based
systems, their ability to operate at higher switching frequencies and power densities can lead
to more concentrated thermal loads in smaller areas (Hong, ym., 2024). This localized heat
concentration, despite the overall better efficiency, requires advanced thermal management
solutions to effectively dissipate heat and prevent hotspots. The economic impact is
significant, as thermal management systems can account for up to 15% of the powertrain
cost, which puts pressure on designers to optimize the design within the manufacturing

limitations.
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2.2.1 Thermal management techniques

Effective thermal management is essential for maintaining the performance, efficiency, and
reliability of electric vehicle (EV) powertrain components. These systems include various
cooling techniques and heat rejection strategies to keep critical parts like batteries, inverters,

and electric motors within safe operating temperatures.

e Direct cooling systems: The direct cooling methods can lower thermal resistance and
enhance heat transfer, which is crucial for high power SiC modules ( Liu et al.,
2023). Figure 3 presents a one-dimensional simulation model of a refrigerant direct
cooling system was constructed using AMESim software based on experimental
verification, illustrating the system's structural and thermal dynamics as developed

by (Zhou, Tang, Wang, & Yang, 2024).
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Figure 3. One-dimensional simulation model of a refrigerant direct cooling system
developed using AMESim software (Zhou et al., 2024).

e Heat Pipe Technology: The semiconductor junctions present in power electronics
devices such as silicon carbide (SiC) inverters and insulated-gate bipolar transistors
(IGBTs) produce substantial heat when they function. The combination of heat pipes

with air-cooled systems efficiently transfers heat away from junctions to prevent
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them from reaching damaging thresholds. Figure 4 illustrates the working principle

of a heat pipe, providing a clear view of its heat transfer mechanism.
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Figure 4. Working principle of heat pipe (Abramushkina et al., 2021)

e Liquid Cooling Methods: Comparative studies indicate that parallel liquid cooling
systems outperform serial methods in terms of thermal efficiency and pressure drop,
crucial for high-density applications. Figure 5 presents the liquid cooling system
design for batteries which demonstrates coolant circulation around cells to achieve

proper thermal management and temperature control.
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Figure 5. Liquid cooling of batteries (CFD Flow Engineering, 2024)
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2.2.2 Heat exchange and air management

The most important are the physical dimensions of the heat exchanger, such as height, width
and depth, which define the integration into the car and the general heat exchange capacity
of the system. Furthermore, the aspect of core size and fin density are important for the
enhancement of the surface area required for heat dissipation and the ability of the cooler to
perform under varying operating conditions. (Mirajkar, 2024). Also, the cooling is dependent
on the vehicle speed and the fan capacity, which must be adequately calibrated to provide

sufficient airflow over the heat exchangers. The heat transfer rate (QQ) is given by:
Q =h-A-(Tsurface — Tambient) (1)

where, Q is the heat transfer rate (W), / is the heat transfer coefficient (W/m?-K), A4 is the
surface area of the heat exchanger (m?), Tsurface is the surface temperature (K) and

Tambient is the ambient temperature (K) (Mazur, et al., 2024).

The heat transfer coefficient itself is influenced by the airflow rate, which depends on vehicle

speed and fan capacity. The airflow rate is expressed as:
V=v-Af +V'f (2)

where, V" is the volumetric airflow rate (m?/s), v is the vehicle speed (m/s) , Af is the frontal
area exposed to airflow (m?) and V' f is the volumetric flow rate generated by the fan (m3/s).
On high density applications, it is critical to balance the speed of the vehicle with the capacity
of the fan to allow adequate airflow across the heat exchangers to improve cooling and

thermal control.

Lastly, for the fluid distribution and circuit control, the subsequent advanced cooling circuits
employ pumps and valves to deliver the fluid to the required part, which improves the
cooling of electric machines and friction clutches. Methods for directing airflow to both
power dissipation and engine components are crucial for maintaining thermal balance within
the vehicle. While these cooling methods are effective, challenges remain in adapting them
to diverse driving conditions and component configurations, necessitating ongoing research

and development in thermal management systems.
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2.2.3 Economic consideration

Direct die cooling, two-phase cooling systems and jet impingement cooling, despite their
high thermal efficiency, are costly for the assembly line cars. However, these new cooling
methods have their own benefits, car manufacturers are not always ready to use them, as the
main goal is to create cars that would be cheap enough to be bought by every person.
However, current thermal management techniques are not without cost constraints that the
manufacturers are likely to experience in the near future and this could limit the effectiveness

of these ideas, in the performance and efficiency of electric vehicles.

2.3 Cooling fluids vs air cooling

The effective management of thermal conditions remains essential for electric vehicle
components because it enables both peak operational results and extended service life.
Lithium-ion batteries (LiBs) maintain their peak efficiency when operated between 15-35°C
temperature (Ma, ym., 2018). The performance of batteries diminishes while their lifespan
shortens and safety hazards emerge when temperatures deviate from 15-35°C. The heat
generated by electric motors threatens their operational efficiency through insulation failure
and reduced performance when insulation fails. The selection between air cooling and
cooling fluids depends on how well different factors like operational requirements and cost

efficiency and available space and system efficiency align with each other.

2.3.1 Role of cooling fluids in power train thermal management

The powertrain system depends on cooling fluids to transfer heat from its relevant
components which include motors batteries and power electronics. The following list

presents the different cooling fluids.

e Water and Water-Glycol Mixtures: Favored for their high specific heat capacity and

efficient heat removal capabilities.

e Oil: Preferred for its non-conductive properties, enabling direct cooling of motor

windings and stators.
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e Nanofluids: Engineered with nanoparticles to enhance thermal conductivity and heat

transfer.

Research indicates that nanofluids lower battery temperature while simultaneously
creating more uniform temperature distribution (Vikram et al., 2024). The integration of
AgO nanofluid enables batteries to keep their temperature inside a secure operational
range. The study demonstrated that nanofluids combined with magnetic field application
allowed the battery temperature to decrease by 7.5 © Celsius while increasing operational
duration by 179 %. The use of nanofluids with improved thermal conductivity of 20%
above water can potentially dissipate 100 W of extra heat from 500 W battery output

while keeping temperatures at a lower level.

2.3.2 Properties and performance of cooling oils

The selection of cooling oils requires three fundamental properties: non-conductivity, non-
flammability and high thermal conductivity to achieve effective heat dissipation in a safe

manner. Given below are the cooling methods.

e Oil-Immersed Cooling: The entire motor components receive complete immersion
in oil-Immersed Cooling which delivers maximum cooling performance. The method

needs strong seals to stop leaks because it provides the best heat extraction.

e Winding Spray Cooling: Spray cooling of windings occurs when oil is directly
directed at stator windings to dissipate heat. The uniformity of cooling remains

difficult because the spray distributes unevenly.

e Hollow Shaft Oil Mist Cooling: The hollow shaft oil mist cooling system achieves
better cooling performance and improved temperature distribution through oil mist

circulation inside the hollow shaft.

A 35 kW motor equipped with hollow shaft oil mist cooling operated with coil temperatures
between 125.1°C and 138.1°C during continuous operation and between 134.6°C and
137.8°C at maximum RPM. Temperature reduction of the oil supply from 65°C to 45°C led
to coil temperature reductions reaching 13.5°C. Increasing oil flow from 1.5 I/min to 2.5
1/min reduced temperatures by approximately 17.2°C. The research ( Wu , et al., A Review

of Motor Drive Thermal Management System for Electric Vehicles, 2022) demonstrates that
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motor operating temperatures depend heavily on both oil temperature and flow rate control.
The amount of heat generated by the motor depends on the mass flow rate of oil (m) and
specific heat capacity (c¢) multiplied by the temperature change (\Delta T). To achieve better

cooling the motor can benefit from optimal (m) values and employing oil with elevated (c).

2.3.3 Single vs multiple cooling circuits

Electric vehicles require single or multiple cooling circuits as a critical decision factor that
determines thermal management alongside energy consumption and system efficiency
levels. Electric motors inside HEVs produce substantial heat because of their operational
requirements. The effectiveness of traditional liquid cooling systems depends on pumping
coolant and activating radiator fans which require energy to function. Multiple studies have
examined liquid cooling performance while optimal control theory enables the regulation of
electromechanical actuators to control motor temperature and reduce power usage (Wu, ym.,

A Review of Motor Drive Thermal Management System for Electric Vehicles, 2022).

e Single cooling circuit: The standard cooling system consists of one pump together
with a radiator and associated hoses for motor cooling purposes. The basic cooling
circuit design creates performance issues when applied to hybrid vehicles featuring
several heat-generating components such as the engine and multiple motors. The
hybrid truck design utilizes four electric motors at the wheels where coolant from the
radiator distributes into four equal streams to cool each motor before combining them
into one stream for reentering the radiator. The system enables the water pump and

radiator fan to control motor cooling simultaneously

e Multiple Cooling circuit: A system with multiple cooling circuits enables precise
thermal control. A proposed cooling system combines heat pipes with liquid cooling
to achieve its hybrid operation. The passive operation of heat pipes combined with
their high thermal conductivity reduces energy consumption as well as the stress on
the liquid cooling system. The system includes an electric motor and a circular
thermal cradle with helical coolant jacket and inserted heat pipes and a finned heat
exchanger structure. The cooling system based on heat pipes becomes insufficient to
handle intense heat production that occurs when vehicles drive on a 20% road grade.

Heat pipe cooling functions alongside liquid cooling systems to create optimum
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cooling efficiency while reducing power consumption. The combined cooling system
demonstrates the potential to conserve about 370 kJ of power for an 85 kW e-motor
throughout a 1500 second operation when compared to traditional liquid cooling.
Results from the source demonstrate three cooling scenarios including heat pipes and
conventional liquid systems and heat pipe and liquid hybrid solutions under ambient
temperatures of 25 °C and 40 °C (Wu, ym., A Review of Motor Drive Thermal
Management System for Electric Vehicles, 2022). The study presents four cases
which show minimal heat emission when the vehicle operates on flat roads at 0%
grade. A higher heat generation rate occurs in Cases 5-10 while the vehicle operates
at 20% road grade. The structure diagram appearing in Figure 7 shows a
circumferential flow passage alongside Figure 8 which visualizes the temperature
field of a 150 kW permanent magnet synchronous motor (PMSM) operating at high
torque and speed (300 Nm, 4,000 RPM). The simulation of stator winding hotspots
reached 145°C and rotor cooling efficiency was achieved through oil spray
technology based on CFD results. The Figure 9 depicts the design structure for

hollow shaft cooling passages.

a2 Enter__
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Figure 6. (a) shows the mixed water-cooling structure in series and parallel; (b) shows the
original source for seriesEnd.The water jacket is parallel blended. (Wu, et al., A Review of
Motor Drive Thermal Management System for Electric Vehicles, 2022)

Figure 7. Structure diagram of circumferential flow passage (Wu, ym., A Review of Motor
Drive Thermal Management System for Electric Vehicles, 2022)
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Figure 8. Temperature field distribution of a 150 kW permanent magnet synchronous motor
(PMSM) under continuous high-torque operation (300 Nm, 4,000 RPM). CFD simulation
results reveal stator winding hotspots (145°C) and rotor cooling efficiency using oil spray
technology ( Wu , ym., A Review of Motor Drive Thermal Management System for Electric
Vehicles, 2022)
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Figure 9. Hollow shaft cooling passage (Wu, ym., A Review of Motor Drive Thermal
Management System for Electric Vehicles, 2022)

Hollow shaft cooling systems in high-speed electric motors receive thorough evaluation
through computational fluid dynamics (CFD) simulations which are validated
experimentally. Figure 8 presents the temperature field across the motor's stator and rotor
when running at 150 kW continuous load whereas Figure 9 displays heat dissipation
performance of hollow shaft cooling in comparison with regular water jackets on the
exterior. The data collectively proves that coolant distribution inside motor systems reduces

thermal limits in tight motor designs.

The coil structure inside the driving motor cannot be directly reached by conventional air
cooling systems or external water jacket cooling systems, therefore the cooling effect is

subpar. Oil has great heat conductivity, is non-flammable and does not conduct electricity.
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Oil can be used to directly cool the driving motor's windings. Oil cooling technologies fall
into two categories: rotor cooling and stator cooling. Stator cooling is often used in oil-
immersed cooling and winding spray cooling, whereas rotor cooling is widely used in oil-
cooled shaft technology. Although the stator cannot be entirely covered, winding spray
cooling keeps the stator windings cold by pouring oil into the oil injection ring and spraying
it on them. The cooling is uneven. In contrast, immersion cooling, which provides good
cooling efficiency but necessitates a complicated sealing design, requires the sub to be totally

submerged in oil.

A motor with a rated power of 35 kW was the subject of one study on the cooling impact of
oil mist cooling of the hollow shaft. The cooling channel for the hollow shaft is seen in the
image above. It is feasible to lubricate and cool oil cooling systems simultaneously. The coil
temperature distribution spans from 125.1-138.1 °C at basic RPM and continually rated
driving settings, to 134.6-137.8 °C at maximum RPM. Both values are below the 150 °C
temperature limit. The coil temperature reduces by a maximum of 13.5 °C when the oil
temperature drops from 65 °C to 45 °C as a result of changes in the cooling system's
operating parameters. The temperature reduces the maximum, by about 17.2 °C, when the
oil flow rate increases from 1.5 1/min to 2.5 I/min. To summarise, the oil mist cooling strategy
provides more uniform internal temperature distribution and higher cooling performance as
compared to alternative cooling strategies currently in use. Table 1 summarises the cooling

methods utilised by the aforementioned motors with varied power.

Table 1. Cooling technologies for different power motors

Power (kW) Cooling technology | Maximum Maximum
temperature (°C) temperature rise
(°O)
15 Series and parallel 68.1 28.1
mixed cooling
water jacket
35 Hollow shaft oil 138.1 115.1
mist cooling
60 Circumferential 102.3 47.3
flow channel water
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The use of single-cooling circuits keeps systems simple yet multiple circuits with systems
enhance both thermal management and system efficiency alongside operational adaptation
capabilities for electric hybrid vehicles. Through the hybrid approach the strong points of
heat pipes combine with liquid cooling to create an efficient cooling solution which is highly

robust

2.3.4 Analysis of air-based cooling systems

Electric vehicle components use air-based cooling systems as a standard heat management
technique because they maintain both basic functionality and affordable costs. The cooling
process in these systems depends on air to transfer heat from battery and motor and other
components. Air cooling systems have two main operational categories: passive natural air

cooling and active forced air cooling.

Natural air cooling operates through natural convection by allowing air movement without
fan or blower assistance. The implementation of natural air cooling remains affordable and
easy to execute although its cooling ability remains restricted. The heat dissipation
performance of natural air cooling systems gets enhanced by adding cooling bars and fins
on the surface of the cooled device. Fans and blowers operate as part of forced air cooling
to move air across heat-producing components. The cooling process through forced air
works better than passive cooling yet demands extra power for fan operation or blower
activation. The improved cooling capabilities of forced air make it less effective for high-

power systems because air has restricted thermal handling capacity.

Researchers have studied various airflow methods including Z-type, J-type and U-type to
enhance air-cooled BTMS operation. The strategies work to distribute airflow better while
minimizing temperature differences that exist within the battery pack. The periodic air
direction reversal in reciprocating airflow systems helps decrease temperature non-
uniformity through airflow redistribution. The summary table in Table 2 presents a complete
evaluation of air cooling technology through an examination of its different types, cooling

procedures, benefits, restrictions, optimization strategies and standard utilization scenarios.
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Table 2. Properties of Air Cooling technology

Attribute

Description

Types

Natural (passive) and Forced (active)

Cooling Mechanism

Natural convection (passive) or forced

convection with fans/blowers (active)

Advantages Simple structure, low cost, lightweight,
easy to implement, high cooling efficiency,
design flexibility, environmentally
adaptable, high reliability

Disadvantages Lower specific heat and thermal

conductivity, temperature gradient in
battery pack, requires higher volumetric air
flow, may not be suitable for high-power

operations

Optimization Techniques

Airflow layout and route optimization,
reciprocating airflow systems, novel battery
pack design (e.g., J-type), deflector,
secondary outlets and baffles, optimizing
inlet/outlet  geometry and location,
optimizing battery arrangement and

configuration

Typical Applications

Low to moderate power density motors and

batteries

Heat Transfer Coefficient

~10 W/(m2-K) (natural convection)

Maximum Temperature Rise

~255°C (natural air cooling)

In Figure 10, it illustrates a novel air-cooling system using reciprocating airflow with extra

vent.
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Figure 10. Schematic of the reciprocating air flow with extra vents, Maximum temperature and
temperature difference with: (B) effect of extra vents, (C) effect of airflow with extra vents (Vikram

et al., 2024)

(A) shows a schematic of the reciprocating airflow with extra vents1. The goal of this design

is to address non-uniform temperature distribution. (B) shows the effect of extra vents. (C)

shows a schematic of the reciprocating airflow with extra vents. The goal of this design is to
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address non-uniform temperature distribution. It also shows the effect of air velocity. The
experimental results demonstrated that the maximum temperature decreased by 4K and the
maximum temperature difference decreased by 50% when compared to one-directional
airflow. The system's cooling efficiency received additional enhancement from multiple

ventilation points.

In Figure 11, it displays a schematic for three shapes of battery arrangements (rectangular,

lozenge and triangular) and their corresponding temperature contours

000000000 EEO00@®@
Air inlet 000000000 Air outlet
; O O Batenn @l © O
SEIE 000000000 p=101.325 kPa
000000000
Rectangular
@0
.9 _@ ;
el 080000080 Auir outlet
293.15K © 03“8@8“”0 ®
S @80 0_0_-® p=101.325 kPa
OOOOOOO
O ]
lozenge
®
0909
020%¢®
Air inlet OO @-®-® Air outlet
bocia 0 g ey el o
ol OOOOOOO p=101.325 kPa
OOOOO
0~0
(@]
(@]
Triangular

Figure 11. Schematic for three shapes of battery arrangement (left) and their corresponding
temperature contour (right) (Vikram et al., 2024)

Results from the investigation showed that pressure drop reached its peak with triangular

arrangement yet temperature reached its lowest point with all arrangement shapes.
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The schematic in Figure 12 illustrates two airflow paths which are designed for cooling
efficiency optimization: Figures (A) showcases the U-type airflow while Figures (B)

demonstrates the J-type airflow.

A)

y
X
B) o ,
Qutlet U Varying passage spacing size Qutlet Z
Valve U J Valve Z
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A cell

Inlet

Cooling air

Figure 12. Schematic for different airflow path: (A) U type , (B) J type. (Vikram et al., 2024)
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(A) illustrates a "U-type" airflow path and( B) illustrates a "J-type" airflow path. The
designs strive to maximize battery pack thermal management through plenum angle
adjustments and air duct inlet and outlet width modifications. The comparison data
showed that temperature increase grew by 35.3% for U shape and by 46.6% for Z
shape and 31.1% for J shape airflow path

There are some disadvantages in spite of all the benefits. It can only cool the battery to
a certain extent due to its lower specific heat of air and thermal conductivity (Vikram et
al., 2024). Because air has a poor thermal capacity, the temperature difference in the
battery pack is more noticeable. The low thermal conductivity of 0.024 W/m-K and
specific heat of 1.005 kJ/kg-K in air cooling systems make it ineffective in modern EVs
leading to temperature differences exceeding 15°C while failing to handle heat during
fast charging operations above 150 kW or high ambient temperatures higher than 40°C
(Dhari, 2024). The automotive industry focuses on liquid/hybrid cooling because it
provides 3—5 times greater efficiency for upcoming battery systems. Air weaker thermal
conductivity and specific heat make it extremely difficult to dissipate a significant

amount of heat during rapid charging and high ambient temperatures.
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3 Cooling of electric motors

Proper cooling of electric motors is crucial for achieving best efficiency and reliability in
electric vehicles (EVs) especially when power densities are above 5 kW/I resulting in serious
thermal issues (Dan et al., 2023). The new developments in cooling techniques are the
microchannel and two-phase coolants that improve the heat transfer rates in the stator
windings, thus increasing the current density and modularity for service. Further, the direct
slot cooling method has been identified to be efficient in controlling heat dissipation, with a
direct aim at the coil windings to avoid insulation failure and demagnetization of the rotor
magnets. The comparative studies of liquid cooling techniques reveals the benefits of parallel
cooling systems, which minimize pressure drops and maximize the effectiveness of thermal
control, which is critical for maintaining optimal operating temperatures in applications with
high density ( Martin, et al., Comparative Thermal Analysis of Cooling Methods for Dual
Inverter Applications in Electric Vehicles, 2023). Overall, integrating advanced cooling

technologies is vital for the future of EV thermal management systems

3.1 Stator cooling

Stator cooling therefore deals with the techniques adopted in the management of temperature
of the stator in electric machines and the systems used in this process. Several innovative
cooling approaches have been developed, such as integrating cooling ducts directly in the
stator core, which enable effective coolant flow over the windings for enhanced heat removal
(Konovalov, et al., Stator assembly for cooling an electric motor, 2021). For instance,
channels can be made within the stator core for passing coolant fluid to enhance cooling by
providing efficient heat transfer from the windings (Lazarewicz & Larson, 2022).
Furthermore, ideas like having concentric bodies with plenum chambers and proper inlet and
outlet locations for the coolant flow have been suggested for enhancing the cooling rate in
certain applications like flywheel energy storage systems. The illustration in Figure 13 shows
an electric motor implementing liquid cooling system channels to distribute coolant

throughout specialized channels which both removes heat and boosts motor performance.
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Figure 13. Electric motor with liquid cooling system channels (Konovalov, et al., Recent
Developments in Cooling Systems and Cooling Management for Electric Motors, 2023)

Figure 13 illustrates the cooling of an electric motor with emphasis on the stator, rotor and
shaft cooling. Cooling liquid moves through channels around the stator and shaft originating
from a heat exchanger to cool the motor after operation when it is excessively hot. Stator
cooling channels are used to keep the windings and laminations at safe temperature and the
shaft cooling channel to address thermal expansion that might distort the motor alignment.
Further, the image shows the rotor laminations and magnets, two regions of the motor that
must be cooled to prevent overheating and demagnetization. The liquid does not directly
contact the rotating rotor surface instead cooling is applied through adjacent structures or
internal channels. This avoids additional friction or viscous losses that would occur if the
rotor were submerged in liquid. The air gap between the rotor and stator is maintained at

optimal temperature to preserve motor efficiency.

The stator made up of copper windings and laminated steel cores is a complex structure with

irregular geometry and multiple sources of heat generation makes it challenging to cool. In
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thermal analysis presented by (Chang et al., 2023), it was established that up to 70% of motor
losses are concentrated in the stator assembly, which implies the significance of cooling to
ensure motor efficiency and to avoid insulation damage. Overall, proper cooling of the stator
is crucial in enhancing the continuous power rating without compromising space, weight and

cost considerations in electric motor design.

3.1.1 Hairpin winding cooling

The hairpin winding cooling describes an innovative concept for the more efficient
application of a cold fluid within electrical machine windings based on designing coolant
channels between conductors. This procedure allows a fluid, for example water-glycol or oil
to be directly pumped through the winding itself — thus minimizing thermal interface
resistances and maximizing heat transfer area. It improves thermal characteristics of electric
motors and has several advantages compared to conventional designs. This new concept
helps enhance heat management, which is important for sustaining efficiency and durability
in high-torque operations. As for the hairpin winding cooling, the subsequent sections

explain the main advantages and the results obtained.

e Enhanced thermal conductivity: Due to the direct copper to copper contact in hairpin
windings the thermal conductivity is also excellent. Among the laboratory tests, one
reveals an enhancement of the heat transfer coefficient from 1000 W/m?K for
random-wound motors up to 1300 W/m?K for hairpin winding configuration, which
means an increase in heat dissipation performance by 30% compared to random-

wound motors (Zhang;Ju;& Zhang, 2024).

e Reduced thermal resistance: Hairpin designs reduce the length of end-winding turns,
thus reducing thermal resistance and improving on cooling. It is also possible to
reduce the temperature gradient across the stator assembly by 15°C on average,

which is beneficial for thermal management (Sun, ym., 2024).

e Improved coolant integration: The coolant channels incorporated into hairpin
windings facilitate heat extraction, which enhances the filling factor and current

density (Fard, ym., 2024). Radial oil spray and revolving heat pipes are other cooling



28

techniques that improve cooling efficiency and reduce the temperature of critical

components by up to 70% (Sun, ym., 2024).

As with any technology, there are few disadvantages to hairpin winding including the
fact that it may be more difficult to manufacture and may require additional costs to
incorporate efficient cooling systems. Achieving an optimal balance of these factors is

important for the application of this technology in electric motor design.

3.1.2 Oil based cooling

Oil based cooling in electric powertrains is an efficient thermal management system that
improves the performance of the electric motors. In operation, this method employs oil as a
coolant to reduce the amount of heat produced during operation so that the temperature is
controlled. In high power electric machines such as those utilized in HEVs, cooling stands
as an important factor in ensuring efficiency and preventing thermal deterioration. Among
the cooling techniques, there is a direct oil cooling of stator assemblies, where the oil flows
directly over the stator assemblies, which is effective as the heat transfer coefficient of oil is
higher than that of air. This cooling approach then requires the use of oils including the
Automatic Transmission Fluid (ATF) and special cooling oils to effectively pull heat off the
stator. The comparison of Automatic Transmission Fluid (ATF) and specialized cooling oils
appears in Table 3 through assessment of heat transfer efficiency and flow rates and

temperature rise and pumping losses and electrical properties.
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Table 3. Comparison between Automatic Transmission Fluid and Specialized Cooling Oils

(Puccio, ym., 2023).

Parameter

ATF(Automatic

Transmission Fluid)

Specialized Cooling Oils

Heat Transfer Cofficent

500-800 W/m*K

35004500 W/m?K

Optimal Flow Rates

6—8 1/min

Lower flow rates due to

enhanced efficiency

Temperature Rise

40°C at maximum power

Lower temperature rise due

to better performance

Pumping Losses Moderate Reduced, requiring less
energy for circulation
Electrical Properties Moderate electrical | Improved electrical
insulation isolation properties

Advantages

Effective heat management

and ease of application

Better performance, reduced
energy use and higher

reliability

In electric and hybrid vehicles, direct oil cooling in stator assemblies are helpful to reduce

overheating since it results in a decline of the performance. With proper regulation of the

stator temperature, oil cooling improves the service life and efficiency of the electric motors

needed for hybrid and electric vehicles in different driving scenarios.

3.1.3 Spray cooling for stators

Spray cooling of stators in electric powertrains is an advanced thermal management

technology that improves the performance and life of electric traction motors. This method

utilizes oil spray systems to actively cool stator components, especially windings, which are

essential for maintaining the operational efficiency and avoiding thermal degradation due to

high power densities in modern electric vehicles (EVs). Spray cooling technology has been
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identified as one of the most efficient technologies in thermal management especially in
areas that need fast heat dissipation for instance stator set of electric vehicles. Recent
investigations, such as the one by Lee and Martinez (2023), show that such localized spray
cooling can produce heat transfer coefficient of up to 5000 W/m?K and decrease the local
hot spot temperature of up to 25°C and increase the temperature non-uniformity factor of the

stator assembly by 40% (GaneshKumar, ym., 2024).

Spray cooling is effective but is influenced by many factors such as nozzle design, droplet
dynamics and properties of the coolant. Moreover, the uniformity and efficiency of spray
cooling systems have been further improved by the development of electrostatic atomization
techniques (Yin, ym., 2022). Overall, the integration of spray cooling technology represents

a major step forward in thermal management for high power devices.

3.2 Rotor cooling

There are many challenges in rotor cooling in high speed applications due to the rotating
nature of the rotor and the lack of access for cooling mechanisms. Under high load
conditions, rotor temperatures can be 20 to 30 °C higher than stator temperatures (Raimondo,
et al., 2023). Hollow shaft cooling systems, using recirculating oil to increase convective
heat transfer, have been explored and have achieved coefficients 58% higher than direct
through systems. In addition, axial flux motors with tile shaped fins have been proposed for
improved air cooling performance. Optimization of these cooling strategies has been aided
by computational fluid dynamics (CFD) simulations which have provided critical insights
into the thermal behavior of rotors under operational stresses. For demanding applications,

these advancements are important for improving rotor performance and longevity.

3.2.1 Cooling effects of carbon fiber bands

Carbon fiber bands are employed in EV motor cylinders to support the structure and maintain
temperature. The bands keep the rotor safe during high-speed operation and effectively
release heat due to the excellent thermal conductivity of carbon fiber materials. Figure 14

depicts the usage of a carbon fiber band to encompass the rotor in an electric motor that has
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a permanent magnet (as found in the carbon-wrapped motor from Tesla). By integrating the

rotor, the device can bear extreme forces and redirect heat more efficiently.
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Figure 14 Carbon fiber sleeve encasing the rotor in a permanent magnet motor (Addcomposites,
2024)

These bands are increasingly exploring the wide range of thermal conductivity properties
and lightweight characteristics of carbon fiber materials for their cooling effects. Basic
carbon fiber composites may have moderate thermal conductivity (e.g. 1.61 W/m-K for a
composite with 12.3 wt % carbon fiber content), while advanced carbon fiber formulations
can provide thermal conductivity greater than 500 W/m-K. These materials have the
potential to substantially improve the thermal management of electric vehicle component
such as batteries and electronic systems. Electric power train cooling systems can be

enhanced for performance and durability by integrating carbon fibre bands..

Some of the most important characteristics of their cooling performance, when utilised as
thermal conductive fillers, carbon fibre materials can significantly improve the heat
dissipation properties of coatings and composites. A carbon fibre dissipating covering with
a mass fraction of 12.3 wt% exhibits a thermal conductivity of 1.61 W/m.K, creating
efficient heat pathways for quick conduction (Li, et al., 2017). Carbon nanotube braided
cooling tubes are used in electric vehicle battery cooling devices to promote heat dissipation
while also contributing to the vehicle's lightweight construction. microvascular carbon

provides thermal regulation for battery packaging (Pety, Chia, Carrington, & White, 2017).
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Carbon fiber bands provide many benefits in cooling electric power trains, but the associated
challenges must be taken into account. For example, carbon fibers can become anisotropic
and accumulate so as to reduce the cooling effect if not properly configured. Furthermore,
the integration of such advanced materials can further complicate and raise the cost of

manufacturing electric vehicles.

3.3 Shaft and bearing cooling

Thermal management of shafts and bearings is important for the reliability and efficiency of
motor. There have been developed various methods to face the heat dissipation problems of
these components. Prominent techniques for shaft cooling are integration of internal oil
circulation, heat pipes and specialized coatings and oil jet cooling, ceramic bearings and
advanced thermal interface materials for bearing thermal management. They are intended to

improve heat transfer and retain operational stability.

Internal oil circulation through hollow shaft designs is a prominent method of shaft cooling
to remove heat from lubricants efficiently. By circulating drilling mud through the hollow
shaft, thermal dissipation is achieved as the lubricant circulates through internal and external
spiral grooves in the bearings (Wang et al., 2022). This method is further supported by
equivalent thermal network models that simulate convection heat transfer, optimizing the
cooling process based on motor speed. Another advanced technique is heat pipe integration
which increases axial heat transfer providing a more efficient thermal management solution
for electrical machines. Other things being considered to improve heat dissipation are
specialized shaft coatings that improve thermal conductivity. In terms of bearing thermal
management, oil jet cooling is well known as a widely applied technique to target the heat
produced in bearings to maintain acceptable operation temperatures (Wang et al., 2022).
Ceramic bearings are used due to their superior thermal properties supplying reduced friction
and superior heat resistance to enable better thermal management. In addition, state of the
art thermal interface materials are used to maximize heat transfer between components for
improved thermal management across the system. Together these methods improve motor
performance and lifetime by effectively managing the thermal loads encountered during

motor operation.
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However, these methods do have the drawback that they significantly improve thermal
management but at the cost of additional complexity and cost in the implementation of
advanced cooling systems. In addition, the selection of cooling method depends on particular
application requirements and operational conditions, indicating the necessity of specific

solutions in different situations.
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4 Cooling of power converters

The performance and reliability of electric vehicles (EVs) relies on efficient thermal
management in power converters, as stated in several studies. Permanent Magnet
Synchronous Machines (PMSM) used in EVs require reliable power converters but are prone
to thermal stress from periodic heating and cooling cycles. Such stress can cause device
failures and increased maintenance costs. To address this, an Active Thermal Management
based on a Finite Control Set Model Predictive Control (FCS-MPC) approach has been
proposed to reduce thermal cycling and increase system reliability by predicting electro
thermal characteristics of converters and optimizing their state (Imrat Rahman, et al., 2024).
Additionally, the thermal performance of SiC-based semiconductor devices in three level
Neutral Point Clamped (NPC) inverters is shown to be improved by integrating active
cooling techniques, such as active liquid cooling, which lowers average junction temperature
and thermal cycling. Battery temperatures have also been successfully managed with passive
cooling methods such as phase change materials and heat pipes, reducing temperatures up
to 66% under maximum heat load conditions (Hadi, et al., 2024). Additionally, air cooled
systems using heat pipes have been evaluated for SiC based traction inverters, which provide
a modular, cost effective solution with junction temperatures below critical thresholds,
which assure operational safety and reliability. Comparative analyses of cooling methods for
dual inverter applications indicates that parallel liquid cooling provides greater heat
dissipation and lower pressure drop that aids in keeping device temperatures within
acceptable limits for higher power densities (Martin, et al., Comparative Thermal Analysis
of Cooling Methods for Dual Inverter Applications in Electric Vehicles, 2023). Collectively,
these studies demonstrate the value of both active and passive thermal management

strategies in maximizing power converter performance and life for EVs.

4.1 Comparison of power electronics devices and materials

The MOSFET — the metal-oxide-semiconductor field effect transistor is one of the most used
transistors in electronics. MOSFETs take advantage of semiconductor qualities in such a

way that small electrical current signals are used to switch large current signals.
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MOSFETs are widely used in power electronics circuits and there is usually a particular type
of MOSFET designed for high voltage and low power dissipation. Silicon carbide (SiC) is a
new generation compound semiconductor material which has some advantages over silicon
for these power switching MOSFETs. SiC has a 10 times greater breakdown electric field,
3 times wider bandgap and allows for p- and n- type dopants for device construction (Power
Electronics News, 2020). Furthermore, SiC offers 3 times the thermal conductivity of
silicon, hence it enhances the cooling property.The comparison in Figure 15 presents three
semiconductor materials namely Silicon Carbide (SiC), Silicon (Si) and Gallium Nitride

(GaN) that demonstrate varying levels of efficiency and thermal conductivity.
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Figure 15 Semiconductor Material comparisons (Silicon Carbide vs Silicon vs Gallium Nitride)
(Power Electronics News, 2020)

Compared to silicon-based devices, SiC MOSFETs are noticeably superior. SiC MOSFETs
require smaller form factors than silicon MOSFETs and offer significantly greater
breakdown voltages and superior heat management capabilities. SiC MOSFETSs can be
manufactured considerably smaller and have significantly higher breakdown voltages, better
cooling and longer temperature endurance. IGBTs, or insulated-gate bipolar transistors, are
typically used to switch voltages higher than 600V, although MOSFETs may function at
1700V and higher currents thanks to silicon carbide materials. Compared to IGBTs, SiC
MOSFETs can function at higher frequencies and have significantly reduced switching

losses. SiIC MOSFETs surpass Si MOSFETs and IGBTs through their fast switching
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capabilities and enhanced efficiency performance while delivering better thermal

management as per Figure 16.
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Figure 16. SiC MOSFET Advantages vs Si MOSFET and IGBTs (Power Electronics News, 2020)

Therefore, SIC MOSFETs are becoming a preferred choice in high power applications
including power supplies for industrial equipment and inverters/converters for high

efficiency power conditioning systems.

4.2 Cooling needs of modern power electronics

Power electronics technologies are one of the important elements in today’s electrical
systems and their performance is highly dependent on thermal management considerations.
Proper cooling systems are paramount in reliability, performance and durability of the
systems. Table 4 summarises the major features, cooling methods and thermal problems of

three commonly utilised technologies: Si IGBTs, SiC MOSFETs and GaN MOSFETs.
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Table 4. Comparative Cooling Requirements for Power Electronics Technologies

Technology Max Junction | Cooling Thermal Key
Temperature | Method Challenges Characteristic
Si IGBTs 125°C to 150°C | Air/Liquid High Thermal | Extensive
Cooling Resistance Cooling
Required
SiC MOSFETs | 200°C Advanced High Heat | High-
Liquid Cooling, | Loads Temperature
High Operation
Conductivity
Heat Sinks
GaN MOSFETs | Varies Liquid cooling | Low High-
or advanced air | Conduction Frequency
cooling(due to | Losses Applications
high heat
density)

In Table 4, it also shows the differences in thermal and cooling demand of Si IGBTs, SiC
MOSFETs and GaN MOSFETs. If Si IGBTs are used at comparatively low maximum
junction temperatures (125 to 150°C) and are cooled by air or liquid, their high thermal
resistance requires large cooling systems. On the other hand, SiC MOSFETs can work at
higher junction temperatures; up to 200°C, which is suitable for high temperature conditions.
However, their large heat loads require efficient liquid cooling and high thermal conductivity
of heat sink. GaN MOSFETs have a varying maximum junction temperature and must be
managed by liquid cooling or sophisticated air cooling due to high heat density and low
conduction losses. These devices are particularly suitable for high frequency operation due
to their good thermal characteristics and rapid switching behavior. In general, Si IGBTs are
more suitable to conventional applications where high thermal requirements are not an issue
while SiC and GaN MOSFETs are suitable for high-end and high efficient applications

where efficient cooling is necessary.
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4.3 Macro-level cooling of power convertes

In EVs, it is inverters and DC-DC converters that help control the power flow, but they
produce a lot of heat during operation. Cooling these high-power components at the macro-
level is necessary for their safety, efficiency and reliability. Although SiC and GaN help cool
the device, it is the combination of heatsinks, cold plates and coolant loops that most affects
the overall heat management of the system. These macro-scale solutions are made to gather
heat from the whole power module and move it to the main thermal system in the car. Figure

17 shows a typical liquid-cooled power inverter assembly used in EV applications.
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Figure 17 Liquid-cooled traction inverter with heat pipe spreading (Vehicles & Randeep
Singh, 2024)

In figure 17, a cold plate is attached to the internal coolant channels which are used to move
a mixture of water and glycol to absorb heat from the power modules. Heat pipes inside the
structure help evenly spread heat, preventing hot spots and ensuring the cooling is more
even. The modules are placed on the cold plate with the help of thermal interface materials

so heat can be transferred more effectively. Many modern EVs use these systems because
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they are small, provide effective cooling and can be fitted into the car’s centralized cooling
system. High thermal integration is necessary to ensure the inverter works efficiently and

that heat does not cause power electronic components to age quickly.
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5 Battery cooling in electric vehicles

Lithium-ion batteries (LiBs) are essential components of modern electric vehicles (EVs),
valued for their high energy density and power output. However, their performance, safety,
and lifetime are inextricably linked to thermal conditions. Without accurate temperature
regulation, LiBs experience increased degradation, capacity fading, and possibly

catastrophic thermal runaway.

5.1 Thermal management requirements for batteries

Electric vehicles (EVs) use lithium-ion batteries because they have high energy density and
high power output. However, their performance, lifespan and safety are greatly dependent
on temperature. The thermal management system (BTMS) of these batteries is robust in

order to ensure optimal and safe operation.

5.1.1 Optimal operating temperature

Lithium ion batteries work best in a temperature range of 20 — 45 °C and ideally have little
temperature variation (less than 5 °C) across battery cells (Zhang et al., 2025). If you operate

outside this range, it can cause a number of problems with performance and lifespan.

e Low Temperature (below 20 °C): Cold unfavourable condition affects the chemical
processes in the battery thus increasing the internal resistance and the capacity is also
affected. This could be in form of lower energy generation, long recharging period
and a lesser distance coverage of electric vehicles. Furthermore, battery can be
damaged if exposed to low temperatures for long periods; this reduces battery

efficiency and shortens the battery’s total cycle life.

e High Temperatures (above 60 °C): High temperature causes the deterioration of most
of the battery components hence shortening the cycle of battery capacity and life.

Besides, elevated temperature leads to the higher probability of internal short circuits
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and in some cases, to thermal explosion, which is a chain of events that can end in

fire and an explosion.

5.2 Cooling and heating techniques for batteries

Proper BTMS are critical for the regulation of battery temperatures to the right range that
ensures safety, performance and durability. These systems can use the active and passive

cooling and heating techniques that also have their merits and demerits.

5.2.1 Active cooling systems

Active cooling systems utilize external energy to drive coolants or cool air and circulate
through the battery to remove heat.. Though, they are efficient in removing heat, these

systems increase complication, price and energy utilization of the vehicle.

e Air Cooling: Air cooling is one of the simplest approaches and is also inexpensive;
the main principle used in forced convection to improve the rate of heat transfer
between the battery and the surrounding environment. But, here again air is a poor
heat transfer material due to low heat transfer coefficient which reduces the efficacy,
predominantly for high heat transfer rates. Air cooling can be made more efficient
by controlling the air flow and enhancing the heat transfer surface; however, the
mechanism is not as effective as liquid cooling. Figure 18 illustrates the temperature

distribution of high energy lithium ion battery module under an air cooling system.
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Figure 18 Temperature distribution on the module surface using an air cooling system (Akbarzadeh,
etal., 2021).

Figure 18 shows that the temperature distribution on the battery module surface under an air
cooling system, revealing significant thermal gradients (AT = 15°C) due to limited

convective heat transfer.

e Liquid Cooling: Liquid cooling systems use liquids that include water or special
fluids, which have higher heat transfer coefficients as compared to air. This enables
for removal of heat at high rates thus making them appropriate for high power
batteries. But there are liquid cooling systems that are far more complicated and thus
more costly than air cooling systems because they use pumps, pipes and radiators.
Also there is a leakage which may cause short circuit and harm the battery. Figure
19 illustrates the temperature distribution of high energy lithium ion battery module

under liquid cooling system.



43

Temperature ("C)

46.0
44.8
43.7

42.5
41.3
40.2
39.0
37.8
36.7
35.5
34.3
33.2
32.0
30.8
287
285
27.3
26.2
250

B

/AN

AN

&
)

Figure 19 Temperature distribution on the module surface using a liquid cooling system
(Akbarzadeh, et al., 2021).

In figure 19 it depicts the temperature distribution on the battery module surface under a
liquid cooling system, demonstrating superior thermal uniformity (AT < 5°C) enabled by
enhanced convective and conductive heat transfer. Hence, from Figure 18 and 19 it can be
identified that the temperature is much less and stable when battery module is using a liquid

cooling system.

5.2.2 Passive cooling systems

The passive cooling systems make use of thermodynamics and heat transfer techniques for
controlling temperature of the batteries without use of any energy. These systems are easier

to implement, less expensive and more passive as compared to the active systems.

Phase change materials (PCMs) are used to absorb excess heat during operation, helping to
stabilize battery temperatures; for example, soy wax with a melting point around 43.92 °C
has shown potential in such applications (Trisnadewi, 2021). Heat pipes support efficient
thermal transfer by moving heat from the battery to a cooler region through internal fluid
cycling, offering reliable performance without mechanical components. Heat sinks, when
designed with proper material and airflow considerations, effectively dissipate heat through

natural convection and radiation. Together, these methods provide an efficient solution for
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managing thermal loads in batteries without the complexity or energy demands of active

cooling systems.

5.2.3 Combined systems

One of the research (Hadi, ym., 2024) presents a passive cooling system that uses PCM (soy
wax), heat pipes and a heat sink box to control battery temperature. This synergistic approach
makes use of the advantages of each sub system in order to improve cooling capability. The
soy wax PCM acts as a thermal capacitor, obtaining heat from the battery and storing the

heat as latent heat during the melting process, thereby moderating temperature swing.

Heat pipes are also used to transport the heat from battery and the PCM to the heat sink
effectively. By virtue of having a greater surface area of contact, the heat sink is able to
transfer heat to the surrounding atmosphere. This combined system provides advantages that
are superior to the combined individual passive cooling methods, as well as improving

battery temperature control and efficiency and increasing battery life expectancy.

5.3 Impact of cooling systems on battery lifespan

Lithium ion batteries must be operated within their optimum operating temperature range to
maximise both performance and lifespan. Accelerated degradation, reduced capacity and
safety issues such as thermal runaway, can occur at elevated temperatures. Therefore,
reliable and safe operation of electric vehicles requires effective thermal management
systems (BTMS). The study from (Hadi, ym., 2024) investigated the impact of different
cooling systems on battery temperature using a battery simulator under various heat loads.
The study found that passive cooling methods, which do not require external energy input,
offer a promising approach for BTMS in EVs. The research focused on three key passive
cooling elements. Firstly, heating pipes use a working fluid to circulate heat through a closed
system by evaporation and condensation. Secondly, PCM are able to store and release large
amounts of heat as they change phase from solid to liquid. The study focused on soy wax as
a new organic PCM because it has the appropriate melting point, low cost and is easily
available. Lastly, heat sinks employ materials with high thermal conductivity to absorb and

dissipate heat to the surrounding environment.
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The study was done to establish the efficiency of these cooling elements as single items and
in cooperation with one another. The findings, as illustrated in Figure 20, show that the use
of a heat pipe, soy wax PCM and a heat sink box leads to considerably better results of the

battery temperature management compared to other methods across different operating

modes.
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Figure 20. Temperature characteristics of an electric battery simulator using PCM, using a heat pipe,
using a heat sink box and using different combinations of them (Hadj, et al., 2024).
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Table 5 provides a numerical representation of the heat sink and soy wax PCM’s heat
absorption with rising heat loads. The following data demonstrates that these elements take
an active part in avoiding further temperature increase and provide a relatively stable thermal

atmosphere for the battery.

Table 5. Comparison of heat absorbed of the heat sink and PCM soy wax (Hadi, et al., 2024).

Heat load (W) | DT Heat sink | Q  absorbed | DT Soy wax | Q  absorbed
°O) (kJ) O (kJ)

1.4 1.19 90.54 2.55 10.35

6.2 7.69 585.06 6.28 25.50

15.2 15.37 1169.35 12.20 49.53

27.8 25.69 1954.50 22.34 90.70

37.8 38.90 2959.51 35.67 144.82

52.5 54.75 4165.38 46.82 190.09

The study shows that the integration of these passive cooling components is not a simple
additive process with the enhancements overlapping one another. Heat pipe is used to help
transport heat away from the battery area to the PCM and heat sink respectively. The PCM
stores a large quantity of heat as it changes its phase from solid to liquid, thereby acting as a
thermal insulator. Last but not the least, the heat sink which has got large surface area allows

the heat to be taken away easily to the surrounding air.

This multifaceted approach to thermal management, significantly reduces the negative
impact of high temperatures on energy storage and the life of the battery. With this system,
the battery is kept at a safe and efficient temperature level, which will help increase the

durability of EV batteries.
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6 Gearbox cooling and lubrication

It’s critical for the cooling and lubrication of gearboxes in electric vehicles (EVs) to run
properly in order to prolong efficiency and longevity. Different systems have been devised
to deal with these needs and cooling and lubrication are sometimes combined in one system.
Different types of coolants and control mechanisms are employed to optimize systems
performance under different conditions (i.e. dual loop cooling systems, lubricant and
cooling integration, hydraulic control systems). EV gearboxes are less complex compared to
ICE vehicle gearboxes, but thermal challenges remain because of high temperatures in EV
gearboxes, which can be up to 120°C under high loads (Zhmud et al., 2024). These
components must be effectively cooled and lubricated in order to provide efficient
performance as well as long-life usage. The current researches and developments in this field
reveal that there are several important approaches and factors for controlling thermal and

tribological loadings of EV gearboxes.

Efficient cooling and lubrication of the gearbox is essential for EV transmissions, especially
given the high speed operation of electric motors. The EVs are different from the internal
combustion engine vehicles which move at various speeds which include zero to over 20,000
rpm hence they need a special consideration when it comes to lubrication and cooling. These
conditions and the possibilities of achieving very high speeds with instant torque availability
at low speeds are challenging for lubricant because the oil must provide sufficient gear
protection at low speed together with efficient heat dissipation at high speeds. Many
automatic transmission fluids (ATFs) are applied in EV reduction transmissions, but they
are inadequate for this application (Zhmud et al., 2024). EV transmission fluids need other
characteristics in addition to efficiency, durability and seal compatibility: higher oxidation
stability, higher resistance to copper corrosion and higher electrical conductivity. The shift
is to ultralow viscosity (ULV) synthetic fluids such as PAOs, esters and OSPs used in high-
speed operations. To illustrate the performance differences between conventional and ULV
transmission fluids, Table 6 compares key parameters, including kinematic viscosity at

100°C (KV100) and base oil composition.
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Table 6. ATF Type comparison

ATF Type KV100 (cSt) Base Oil Type
Viscosity
Common ATFs 6-8 Mineral
ULV ATFs 3.5 Synthetic (PAO, esters,
OSPs(

Viscosity is one that has profound influence to both lubrication and also cooling. According
to ISO 6336 and AGMA 6011, guidelines for the correct viscosity grade are given and lower
viscosity grades are recommended for higher gear speeds. But selecting right viscosity is
again a trade off: though lower viscosity lubricants may provide better cooling and efficiency
at high speeds, at the same time they may also provide better facility for wear and scuffing
at low speeds and high loads. Therefore, it is imperative that a total system approach is
adopted, whereby the gearbox design and the characteristics of the lubricant all converge. It
is worth to remember that lubrication is crucial to reduce sliding, abrasive and power losses
in the gearbox. Losses occur in gears, bearings and seals and depend on the properties of the
lubricant base oil and its additives. Whereas, additives mainly govern wear protection,
lubricant viscosity influences friction in bearings and seals. Compared with mineral oils,
synthetic oils are reported to have better tribological characteristics that enable reduction of
friction. Also, forced lubrication can improve cooling and shock loading, while too much
lubricant flow is likely to increase heat generation and power loss. The gearing system

operation of high-speed EV reduction transmissions can be seen in Figure 21.
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Figure 21. The gearing mechanism of a high-speed EV reduction transmission (Zhmud et al., 2024)

Experimental measurements and computer modeling are applied to assess the lubricant
effectiveness and fine-tune gear parameters. FZG back-to-back gear test rigs are employed
for determining scuffing and wear properties. In this work, the lubrication process is
modelled using thermal elastohydrodynamic (TEHD) simulations which consider factors
such as the film thickness, temperature and shear thinning of the lubricant. These simulations
assist in understanding the effects of various kinds of lubricants and the roughness of the

surfaces of the gearbox.

The relationship between viscosity, surface finish and operation conditions are influencing
factors which need to be understood when designing EV transmissions. For example,
churning losses may rise sharply with speed; the lubricant must be of lower viscosity and

possess good cooling properties in this case, or conversely, low speed high load conditions



50

may call for special anti-scuffing additives. In conclusion, the design of distinct EV
transmission fluids must address multiple requirements of fast-moving electric vehicle

propulsion systems.

6.1 Gear oil as cooling fluid

Transmissions for electric vehicles (EVs) run at high speeds. Increased speed puts more
strain on gears, seals and bearings. Pitting and fluting in EV gearbox bearings can occur as
a result of electrically induced bearing degradation. Surface-initiated rolling contact fatigue
is another widespread problem that has recently received increased attention. The majority
of EV transmissions require a link between an electrical motor that operates at high speeds
with minimal maintenance and an oil-lubricated gearbox. The seals' service life is reduced
under starved lubrication conditions because they are subjected to significant mechanical
and thermal stresses. As a result, enough lubrication is necessary. Generally speaking, EV

gearbox fluids require a somewhat different set of qualities than standard ATFs.

Models of gear tribology provide new views on lubrication design and optimisation for
electric vehicle gear boxes. Furthermore, by assisting in the matching of lubricant and
hardware parameters for optimal performance, these simulations can provide useful insights
into the impacts of different oil grades on cooling and lubrication efficiency. Simulations
employ tribological testing and sophisticated thermal -elastohydrodynamic (TEHD)
techniques to demonstrate how various lubricants and surface polishing methods impact the
tribology of high-speed gears (Zhmud et al., 2024). Lubricity additives and surface finish

optimisation play critical roles as EV gearbox fluids go towards ultralow viscosity levels.

Transmission fluid in gears is vital for both cooling and lubrication in high-speed electric
vehicle (EVs). The choice of right lubricant is not easy because there are so many differences
in the EV hardware and the performance requirements are usually conflicting. It implies that
EV transmission fluids in general, may need to have a different set of properties than regular
Automatic Transmission Fluids (ATFs). Although some characteristics such as efficiency,
durability and the compatibility with seal materials are always critical, others such as
oxidation stability, copper corrosion and electrical conductivity become even more critical

when applied in EVs.



51

The viscosities of the lubricant are among the most important consideration. A number of
standards including the ISO 6336 and the AGMA 6011 recommend the viscosity grade by
use of the gear speed where lower speeds are associated with higher viscosity oils. Typical
ATFs have a kinematic viscosity at 100°C (KV100) of between 6 and 8 cSt, which are
equivalent to SAE J306 viscosity grades 70-75. ATFs with KV100 as low as 3.5 cSt are the
ultralow viscosity (ULV) types and use synthetic base stocks including poly alpha olefins
(PAO), esters as well as oil soluble polyalkylene glycols (OSPs). ULV ATFs are more
suitable for high speed EV transmissions; however, the demand for ULV ATFs has been
low. Additional forced lubrication can enhance the cooling and shock stability; nevertheless,
high lubricant flow rate is accompanied by heat generation and power loss, mainly at high
speeds. Thus, the gearbox and the gear oil have to be compatible. This paper focuses on the
losses of a gearbox which are the losses due to gears, bearings and seals. It has been seen
that the viscosity of lubricant mostly influences the friction between the bearings and seals
and additives play an important role in the protection against wear. Synthetic oils, usually,
have better tribological characteristics and lower gear-wear friction. The thermal efficiency
of gearbox lubrication systems differs widely based on how viscous the oil becomes and the
flow rates through the system. High-speed EV gearbox churning losses in relation to

operating temperature and oil viscosity are presented in Figure 22.

The FZG efficiency test FZG scuffing test (ASTM D 5182)
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Figure 22. FZG back-to-back gear test rigs (Zhmud et al., 2024).

Analyzing the results of tests carried out on FZG test rigs, it has been established that

lowering of viscosity grades results in lesser losses, with the lowest viscosity grade of ISO
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VG 15, KV100 3.5 ¢St giving the lowest loss at load stages 5 and 9. The total loss can be
segregated as load independent loss and load dependent loss. Load-independent losses
increase with pitch line velocity (PLV), but load-dependent losses decrease with PLV,
according to the Stribeck curve. There is a limiting PLV value above which load dependent
losses start rising, thereby suggesting that shear losses exceed asperity friction. Ultralow
viscosity lubricants can provide better efficiency to high-speed gears. In contrast, sufficient

gear protection is required at high load, low speed operation.

Four viscosity classes of gear oils were created by combining API Group II 600N and
PAO3.5 with a commercial ATF additive package. In Table 7, it provides information on

some of these oils.

Table 7. Simulations of gear tribology were performed with a thermal

electrohydrodynamic (TEHD) lubrication model (Zhmud et al., 2024).

Viscosity Grade KV40, cSt KV100, cSt Density, RT, g
cm—3

ISO VG 100 98.1 11.2 0.87

ISO VG 46 46.2 7.0 0.85

ISO VG 22 23.4 5.0 0.83

ISO VG 15 14.5 3.5 0.82

EHD film thickness is determined by the Najjari—-Guilbault method. This method uses
Boussinesq—Cerruti half-space equations with free boundary correction procedure to solve
the edge contact problem accurately. A modified finite difference expansion of the Reynolds
equation's Couette term and a finite difference of the energy equation are both used in the
TEHD model. The Carreau expression is used to explain the shear-thinning behaviour of the
lubricant and the Roelands equation used to explain the viscosity-pressure-temperature
characteristics. The energy equation which takes into account the shearing and
compressional sources gives temperature distribution within the lubricant. The heat flux
continuity conditions influence the conductivity of solids and lubricant. The load balance

equation is the relationship between integrated hydrodynamic pressure and applied load.

Lubrication between gears is affected by the surface finish of gears. Other surface

conditioning processes like shaving, lapping, honing and abrasive flow machining may be
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employed for further improvement of the surface roughness and waviness parameters after
conventional grinding. Recently developed mechanochemical surface finishing techniques,
such as Triboconditioning CG, can improve gear performance by increasing surface
roughness, compressive stress and tribofilm deposition. In tests of mecanochemically
finished gears, gear wear was on average three to five times less compared to gears with
conventional surface finish. This improvement is due to alteration in microgeometry,
roughness of the surface and the residual compressive stress in the subsurface layer. The
surface of gears was measured with a Form Talysurf Intra stylus-type surface metrology
equipment and an Optosurf OS500 scattered light system. The dispersed light approach is
based on the mirror facet model and is hence best suited for analysing smooth, highly

reflecting surfaces (Zhmud et al., 2024).

TEHD simulations of gears with distinct roughness levels demonstrated that the overall
efficiency of gears improved as the PLV was raised. The simulations also suggested that the
gear friction should increase with the reduction in viscosity because of a lower lambda ratio.
But the experimental data indicated that the value of loss was inversely proportional to
viscosity. This was demonstrated by the fact that churning and bearing losses decrease as
viscosity decreases and that PAO3.5 has a lower boundary friction than Group II base oils.
The model was corrected by assuming a lower boundary friction coefficient for the VGI15
lubricant based on PAO (pn = 0.12), than the VG46 lubricant based on a PAO/mineral
combination (1 = 0.15). In Figure 23, it demonstrates how churning losses can significantly
increase under high-speed/low load (HSLL) conditions, leading to a drastic increase in

gearbox temperature.
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LSHL

Maximum Contact Pressure (MPa): 5038.70
Average Asperity Contact Ratio (%): 18.35
Average Flash Temperature (C): 167.16
Average Friction Loss (W): 241.30
Churning Loss (W): 22.39
Efficiency (%): 99.16
Wear Probability (%): 95.00
Scuffing Probability (%): 5.00
HSLL

Maximum Contact Pressure (MPa): 3796.54
Average Flash Temperature (C): 233,01
Average Friction Loss (W): 247.76
Churning Loss (W): 613.37
Efficiency (%): 99.18
Wear Probability (%): 95.00
Scuffing Probability (%): 74.00

LSHL
(low speed high load)

Torque (Nm)

HSLL
(high speed low load)

Figure 23. Load and speed are used to forecast changes in gear tribology. The Nissan Leaf 2012
MY's real motor-inverter efficiency map is displayed for reference on the right.(Zhmud et al., 2024).

In these cases, lower viscosity oils with better cooling properties are preferred, despite an
increased risk of scuffing under low-speed/high load (LSHL) conditions. This highlights the
need to balance self-excluding properties when formulating EV transmission fluids. In figure
24, it demonstrates the effect of surface finishing on gearbox efficiency and it appears that

surface finish quality is most important when low viscosity lubricants are used.
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Figure 24. Efficiency of the gearbox for FZG Type C gears using SAE 75W-80 manual gearbox oil
(LS9, 80 C). (Zhmud et al., 2024)

At PLVs larger than 10 m/s, mechanochemically polished gears demonstrated only a slight
improvement in efficiency. With spray lubrication, mechanochemically polished gears
maintained speeds of up to 30,000 rpm, outperforming those in a Tesla Model S gearbox.
Unfortunately, the results might not be applicable to EV reduction transmissions because
manual transmission oils and ATFs, as well as spur and helical gears, have quite different
properties. However, there is strong evidence that high-speed gear applications need lower
viscosities and that surface finish quality is particularly crucial when low viscosity lubricants
are used. Using spray lubrication, mechanochemically polished gears were recently field
tested and shown improved performance in a Tesla Model S gearbox at speeds of up to

30,000 rpm.
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6.2 Corrosion concerns with sulphur-containing oils

Sulphur-containing oils pose corrosion challenges especially with regard to electric vehicle
(EV) transmissions. For example, conventional sulfurized olefins, which are used for their
anti-scuffing characteristics and for their chemical polishing functions, are, in fact, corrosive
to copper. This is a problem for EVs because they contain electronics and PCBs that are

affected by copper corrosion

Due to these corrosion issues, the more corrosive sulfurized olefins are slowly being replaced

by less corrosive sulfurized olefins. These include:
e Hindered dialkyl polysulfides
e Thiophosphoric esters
e Aminophosphates
e Borates

These modern additives are intended to provide great scuffing resistance at low treatment
dosages with little chemical polishing (Zhmud et al., 2024). Furthermore, yellow metal

deactivators, such as benzotriazole, are used to reduce the risk of PCB corrosion.

The transition from sulfurized additives is also attributed to the special demands of EV
transmissions. Unlike other types of transmissions EVs do not experience the clutch slippage
challenge. This in turn makes it possible to use a host of friction modifiers in a bid to enhance
energy efficiency. This means that the emphasis is gradually turning from anti-scuffing
additives to the additives that can enhance the energy performance of the lubricant but which
are non-corrosive. Table 8 summarizes additive types with their corrosion rates and main

lubrication and protection functions
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Table 8 Corrosion levels and primary functions of various additive types (Zhmud et al.,
2024)

Additive Type Corrosion Primary Function
Conventional sulfurized | High Anti-scuffing, chemical
olefins polishing

Hindered dialkyl Low Anti-scuffing

polysulfides

Thiophosphoric esters Low Anti-scuffing
Aminophosphates Low Anti-scuffing

Borates Low Anti-scuffing

Yellow metal deactivators | Low Reduce PCB corrosion
(e.g., benzotriazole)

Appropriate additives are significant for the performance and durability of EV transmissions
and thus corrosion resistance is one of the important aspects if choosing between sulfur-

containing or other additives

6.2.1 Cooling of gears and shafts

EV transmissions require proper cooling of gears and shafts to achieve efficiency and stop
component degradation. The principle determinant of bearing and seal friction as well as
heat generation in these components is lubricant viscosity. The preference for gear

applications at high speeds lies with lower viscosity lubricants.

e Conventional ATFs: Lubricant viscosity stands as the main determinant for bearing
and seal friction while directly affecting heat production. Gear systems operate
optimally with lubricants that have low viscosity because of their high-speed

operating requirements

e Ultralow Viscosity (ULV) ATFs: The KV100 values of these fluids reach 3.5 ¢St
which makes them optimal for high-speed EV reduction transmissions. Synthetic
base oils including PAO and esters and oil-soluble polyalkylene glycols (OSPs)
constitute the composition of these ULV ATFs.
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The process of forced lubrication creates better cooling performance along with increased
shock resistance capabilities. The flow of excessive lubricant produces more heat and power
losses primarily in high-speed gears. The correct selection of gearbox components depends
on achieving a proper match between gearbox and gear oil. Thermal elastohydrodynamic
(TEHD) models in gear tribology simulations reveal how oil properties affect cooling and
lubrication. The TEHD model determines EHD film thickness through the Najjari—Guilbault
method that implements the Boussinesq—Cerruti half-space equations. The model
incorporates both Carreau shear-thinning expression together with Roelands equation to
describe the viscosity—pressure—temperature characteristics of the lubricant. The model
tracks heat transfers both inside the lubricant fluid and between contacting materials through
heat transfer equations with added heat flux continuity requirements because gear systems
moving at high speed often exceed 100 m/s pressure limits. Standard FZG efficiency tests
do not produce realistic conditions so dedicated high-speed test rigs should replace them.
The model indicates that churning losses grow substantially during high-speed operation
because it produces elevated gearbox temperatures despite fixed average friction losses
(Zhmud;Najjari;& Brodmann, 2024). Lower viscosity oil with better cooling properties
should be used because it helps prevent both lubricant and seal degradation. TEHD
simulations show mechanochemically finished gears decrease power loss and raise
transmission efficiency while lowering temperatures which results in longer transmission
fluid service life. The effectiveness can be improved by using friction modifiers together

with water—glycol lubricants.
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7 Case Study

Electric vehicle reliability and efficiency under dynamic driving conditions depend heavily
on thermal management systems. A real-life case study was analyzed to evaluate the
functionality of motor cooling systems in battery electric vehicles (BEVs). The analysis
focused on the effects of different cooling strategies on motor efficiency, temperature
stability, and powertrain durability. This study, conducted by the author, assesses measured
data to understand the relationship between cooling performance and overall system
reliability using the simulation with different circumstances of cooling. The subsequent
sections describe how the model functions and present the simulation approach together with

the outcome evaluation.

7.1 Model

The case study has the MATLAB/Simulink 2023a "Battery Electric Vehicle with Motor
Cooling" demo model from the simscape electrical and simscape fluids libraries. The pre-
set multi-domain model represents a 100 kW permanent magnet synchronous motor
(PMSM) which operates together with liquid-cooled thermal management equipment in a
battery electric vehicle (BEV) system. The created model functions through simulation of a
battery electric vehicle (BEV) to evaluate motor cooling system performance. The main
objective centers on supporting component selection decisions for vehicle mechanical and
electrical systems as well as fluid components. The model uses realistic driving conditions
such as passing maneuvers to evaluate the vehicle performance under demanding situations.
The simulation collects essential parameters of speed and torque and temperature to validate
system requirements. Figure 25 shows the Simulink model of an electric vehicle with an

integrated cooling system.
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Figure 25. Simulink model of electric vehicle with cooling integrated (Miller, Battery Electric
Vehicle with Motor Cooling in Simscape, 2025)

The cooling system actively manages the heat generated by the electric motor. The system
enables motors to function at their peak temperature range which protects them from
overheating and destruction. The cooling system maintains motor temperature by
transferring heat from the motor to the environment through radiator and pipe structures.

The cooling system is turned on and off to compare the performance.
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7.1.1 System Architecture

The model combines powertrain, cooling system, vehicle dynamics, control system and
sensor components to analyse motor cooling performance across different operational
scenarios. The cooling strategy’s performance can only be rigorously assessed through

precise simulations of all subsystems.

e Powertrain: The subsystem consists of three components which battery and electric
motor and gearbox. The electric battery supplies DC electrical energy to the power
electronic converter which adjusts voltage and current levels to drive the motor. The
motor then transforms this regulated electrical input into mechanical power. The
gearbox provides a fixed gear reduction to transmit torque to the wheels, while torque
and speed are primarily controlled by the power electronic converter through motor

control algorithms.

e Cooling system: The cooling system functions as a critical component for motor
temperature management at acceptable levels. The system includes a tank together

with a pump and pipe casing and pipe ambient and fluid properties.

e Vehicle dynamics: The model includes tires and chassis components as well as
external environmental factors such as road slope and drag effects which impact

vehicle performance.

e Control system: Through the control system the vehicle maintains its speed while

responding to driver commands to execute the desired driving profile.

e Sensors: The vehicle state and cooling system effectiveness are tracked through

essential feedback from speed and temperature sensors
e Tank: Stores the coolant.
e Pump: Circulates the coolant through system.

e Pipe casing and ambient: The physical structure together with environmental factors

determine heat dissipation.

e Fluid Propert: Defines the characteristics of the coolant such as thermal conductivity

and heat capacity.
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7.2 Speed reaction on temperature with liquid cooling fluid

Figure 26 represents how the vehicle speed changes in the model throughout the simulation.
At the start of the simulation (0—10s), speed quickly increases and then settles around
95 km/h. Between 10 s and 180 s, the speed slightly fluctuates but remains stable around 90—
95 km/h. A sharp spike occurs at approximately 190 s, where speed briefly peaks at about
145 km/h, followed by a rapid drop. After 200 s, the speed stabilizes again at around

100 km/h, maintaining this level for the remainder of the simulation up to 700 s.
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Figure 26. Simulated change in speed with active liquid cooling under FTP-75 drive cycle. X-axis:
Time (s); Y-axis: Speed (km/h). (Simulation conducted by the author using MATLAB/Simulink
2023a)
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Figure 27 represents how the temperature is affected simultaneously when the speed is
changed in the simulation. The motor temperature remains stable for the majority of the
simulation and only briefly exceeding its rated temperature when there is rise in speed which

is ideal for stable performance of motor.
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Figure 27. Simulated change in temperature with active liquid cooling under FTP-75 drive cycle.
X-axis: Time (s); Y-axis: Temperature (°C). (Simulation conducted by the author using
MATLAB/Simulink 2023a)

This temperature profile was also obtained through simulation work carried out. It highlights
how the designed thermal management system effectively regulates motor temperature
during dynamic operation. This temperature profile was also obtained through simulation
work carried out by the author. It highlights how the designed thermal management system

effectively regulates motor temperature during dynamic operation.

7.3 Simulation result of the cooling system

In Figure 28, it is the graphical analysis of vehicle speed, motor torque and motor

temperature when there is a liquid cooling system. The vehicle speed plot displays the
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complete speed performance of the simulation which depicts acceleration phases as well as
constant speed phases and deceleration phases. Motor torque plot shows both the requested
and measured torque. The comparison of requested and measured torque values through the
plot reveals performance inefficiencies and limitations of the motor system. Motor
temperature plot presents an essential chart that shows motor temperature changes
throughout time with and without the cooling system active. Figure 27 shows how the

cooling system influences temperature changes.
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Figure 28. Simulated results of motor thermal performance with and without active liquid cooling
under FTP-75 drive cycle. (Simulation conducted by the author using MATLAB/Simulink 2023a)

Under active cooling conditions the motor temperature stays stable throughout most of the
simulation yet reaches its rated temperature only during brief acceleration peaks. The cooling
system controls the heat produced by the motor while maintaining operational stability and

efficiency regardless of demanding circumstances.

Motor temperature rises rapidly when the cooling system becomes disabled while operating
at constant speed. The cooling system plays an essential role in preventing overheating
according to these results. The Figure 28 shows the simulation result which proves that a
cooling system does not maintains motor temperature within operational limits thus affecting

electric vehicle reliability and operational longevity.
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7.4 Battery Electric vehicle thermal management system

The section incorporates and develops the "Electric Vehicle Thermal Management"
reference example from MATLAB/Simulink 2023a through use of the simscape fluids and
simscape electrical toolboxes. The pre-built model demonstrates a battery electric vehicle
(BEV) through three connected thermal circuits with dual coolant loops, refrigerant loop and
cabin HVAC loop. The thermal management system within a Battery Electric Vehicle (BEV)
can be examined through Figure 29 which displays its simulink model for controlling

component temperatures effectively and protecting against overheating conditions.
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Figure 29. Modified Simulink model of thermal management system in a BEV. Based on MATLAB
example model, with changes made by the author, including connection of the condenser to the PTC
heater (Miller, Optimize BEV Thermal Management with Simscape, 2025).

The model represents a mid-size sedan with rear-wheel drive and consists of five
subsystems: Electric Powertrain, Driveline, Refrigerant Cycle, Coolant Cycle and Cabin

Cycle.

This virtual vehicle model requires a refrigerant cycle which consists of multiple elements
including a compressor and condenser and EV1 and EV2 and chiller and evaporator. The
refrigerant commences its flow through the compressor after the compressor receives power
from the high-voltage of 360 V (HV) electrical network. After exiting the compressor the
refrigerant moves to the condenser to release heat to outdoor air. The condenser fan operated
by the low-voltage (LV) network together with vehicle speed determines the airflow across

the condenser. The refrigerant moves from the condenser to EV1 and EV2 expansion valves
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before entering the chiller and evaporator sequence. The refrigerant in the chiller system
receives heat from the coolant system. Heat from cabin air gets absorbed by the refrigerant
within the evaporator unit. The refrigerant moves back to the compressor following its

passage through the evaporator to finish the cooling process.

The battery electric vehicle thermal management system depends on its coolant cycle to cool
down electric powertrain elements. The complete cycle includes a motor pump (P1) and
battery pump (P2) together with a radiator and radiator bypass valve as well as heater and
chiller bypass valve and a four-way valve. The coolant flow operates through two pumps
which get power from the low-voltage (LV) network. The first pump is called P1 and the
second one is P2. Heat transfers from the coolant to ambient air through the radiator as the
air flow depends on vehicle motion and fan operation. The cooling system maintains coolant
temperature through two operational methods including radiator bypass when outdoor
temperatures reach 20°C and below. A heater, powered by a high-voltage (HV) current
supply of approximately 400-800 V, activates to warm the coolant when the battery
temperature drops to 5°C or below. The battery temperature also controls the operation of
the chiller bypass valve, which disconnects the chiller from the cooling loop when
temperatures fall below 30°C. Environmental conditions and the temperatures of powertrain
components influence the function of a four-way valve, which selects between serial and
parallel cooling modes. In serial mode, the four-way valve connects the battery coolant loop
to the motor coolant loop, whereas in parallel mode, each loop operates independently with
separate coolant tanks and pumps. The heat flow rates and the temperatures of components

described in figure 30 demonstrate how operating heat distributes between various parts.
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Figure 30 Simulation result of heat flow rates and component temperature created using
MATLAB/Simulink 2023a

As shown in figure 30, the heat distribution across components reveals how the system
handles thermal loads during different operating phases. It demonstrates effective
coordination between components to maintain stable temperatures across the battery, motor,

and associated circuits. Similarly, figure 31 shows the energy loss that occur in a vehicle.
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Figure 31 Total losses in driving cycle when the driver accelerates to cruising speed and holds it
there until the battery SOC reaches a lower threshold and decelerates when the battery is charged.

Figure 31 shows that energy losses are closely related to the driving cycle phases: initial
acceleration, cruising, and battery charge. The profile depicts how energy is consumed and

lost during transitions and steady-state operation, showing potential optimisation
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opportunities. Figure 32 uses a Sankey diagram to visualise the energy flow throughout the

driving cycle, providing a more detailed understanding of energy utilisation.

Battery: 44.8 KWh

Charged.
70.1 kWh

E-Motor: 3.9%
Gearbos: 2.2%
HVAC: 6.0%

Tires: 16.2%

Drag: 54 4%

Stored: 19.8 K\Wh

Figure 32 Sankey diagram during driving cycle created using MATLAB/Simulink 2023a

The energy flow in an electric car, from charging to operating energy consumption, is shown
in Figure 32. Because of losses during charging and conversion, only 44.8 kWh of the 70.1
kWh charged are held in the battery. This stored energy is used by a number of components
when driving. Aerodynamic drag accounts for 54.4% of battery energy loss during operation,
followed by tire resistance (16.2%), HVAC (6.0%), electric motor losses (3.9%), and the
gearbox (2.2%). This Sankey diagram uses kilowatt-hours (kWh) to show absolute energy
amounts and percentages to indicate the proportion of energy consumed by each component,

enabling a dual perspective of total input/output and internal efficiency of the system.
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8 Analytical Calculation and Comparison

The thermal management system of electric vehicles functions as a core component to
preserve battery efficiency along with performance and lifetime extension. Modifying the
essential cooling parameters including initial battery temperature together with cooling plate
thermal conductivity and coolant flow rate leads to substantial changes in both thermal
dynamics and energy consumption. To see changes on the simulation result of the battery
cooling, in this section the few changes have been made to the Fig 27 model to see its impact

on the thermal dynamics, power consumption and battery performance.
I.  Battery initial temperature
Default: 40°C
Changed to: 60 °C (or higher)

Effect: Higher initial temperature will force the cooling system to work harder,

increasing power consumption and thermal load.

a0 Total losses in kWh

Battery: 44.8 kWh
| 7276

F-

60 Charged:
96.2 kWh

g 50 E-Motor: 3.7%
= Gearbox: 2.1%
c
€ 20 l HVAC: 6.3%
;'q’ Tires: 15.4%
W
S 30

]
=

=

0.3
Drag Tires HVAC  E-Motor Gearbox  Stored Rem. Energy: 29.2 kWh

o
I
|

Figure 33 Simulation result showing effect of change in initial battery temperature created using
MATLAB/Simulink 2023a

The heat generation in the battery is:
Qvate = 17 - Ro(T, SOC) 3)
where, internal resistance at 60° C is 0.02 Q

The cooling power required to maintain temperature is calculated by:
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Qp
Pcooling = Coa;t (4)

where, COP efficient of performance is 3 for typical EV heat pumps
Qpare = (100)? X 0.02 = 200 W
200
Peooling = = = 66.67
At 40° C, the heat generation was 150 W and cooling power was 50 W, hence there is 33%
increase in cooling power when initial temperature rises from 40°C to 60°C.
II.  Cooling Plate Thermal Conductivity
Default: 237 W/(m-K) (aluminum)
Change to: 401 (like copper)

Effect: Improves heat transfer and can be suitable for high performance battery packs

or critical thermal zone and aluminium elsewhere for balance.
IlI.  Coolant Pump

Default: 1000 rpm

Changed to: 500 rpm (lower flow)

Effect: Reduces cooling efficiency
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Figure 34 Effects of change in thermal conductivity and coolant flow rate plotted using
MATLAB/Simulink 2023a

The heat conduction through the cooling plate is calculated by:

k-A-AT
Qcond = d (5)

where, A = 0.1 m?, AT =10 K and d = 0.002 m

401 x 0.1 x 10

Qcond = 0.002 = 200,500
Compared to baseline 237 W/m-K
237 x 0.1 x 10
Qcond = 0.002 = 118,500

Hence, there is 69% increase in heat transfer capability when conductivity increased from

237 to 401 W/m-K.

The convective heat removal is:
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Qeony = M - G - AT (6)
where, m = 0.05, C, =4180 and AT =35

At 500 RPM Qony500 = 0.05 X 4180 X 5 = 1045W

At 100 RPM Qony,1000 = 0.1 X 4180 X 5 = 2090 W

Hence, there is 50 % reduction in convective cooling capacity when pump speed is halved.

The three modifications show a direct relationship between higher cooling performance and
decreased energy efficiency. When the initial temperature is high and thermal conductivity
is low the cooling system needs to use additional power to operate properly but insufficient
coolant flow could lead to inadequate heat removal. Optimal EV thermal system
performance requires a balance between energy efficiency and thermal protection elements
such as material conductivity and adaptive cooling techniques alongside predictive thermal

management.
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9 Conclusions

The development of electric vehicles requires their most essential technical solution for
controlling heat produced by electric powertrain systems. A thorough research initiative
studied the complex powertrain heat generation process and its dissipation methods
alongside control systems throughout all essential components to develop complete
knowledge about current thermal management approaches and their impact on EV reliability
and performance and sustainability. This work presents academic research along with
precise design enhancements for automotive engineers who work on electric vehicles within

an industry that needs environmentally friendly innovation.

A systematic evaluation of electric vehicle EV powertrain thermal management has taken
place in the research. The main goal focused on evaluating current cooling methods for
powertrain components alongside optimal solutions that would boost performance at cost-

effective levels.

Electric vehicle cooling systems play a vital role because they determine system
performance and component durability and vehicle safety measures. Temperature
fluctuations from insufficient cooling result in thermal stress that causes performance
degradation and safety risks in electric motors and power converters as well as batteries and
gearboxes. The market requires lightweight and compact electric vehicles and thus requires
advanced thermal management solutions as a fundamental requirement. It was confirmed
that vehicle range depends on thermal management directly because inadequate temperature
control reduces range significantly during cold weather. Particular thermal stresses affecting
components, such as temperature gradients in battery cells and thermal cycling in power

electronics, were analysed.

Thermal management challenges associated with silicon carbide (SiC) inverters in high-
performance applications were investigated. It was demonstrated that while SiC devices
achieve high efficiency, their intense heat concentrations necessitate specialized thermal
management systems. Cost-effective thermal management designs were highlighted as
critical, given that such systems can account for a significant portion of total powertrain
costs. Direct cooling, heat pipe technology and liquid cooling methods were evaluated for

their ability to balance thermal efficiency and manufacturing constraints.
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An analysis was conducted through a MATLAB/Simulink-based case study to determine the
cooling requirements of powertrain components in a battery electric vehicle (BEV). The
thermal behaviour of the electric motor was examined under real driving conditions using
an FTP-75 cycle simulation. Various cooling solutions were tested within the model, with a
focus on the effectiveness of liquid cooling in keeping motor temperature within acceptable
levels. The system included active temperature management devices such as coolant loops
and heat exchangers. The simulation findings revealed that during the acceleration phases,
the motor temperature briefly increased but remained within safe limits due to active cooling
interventions. The heat distribution over the stator, rotor, and bearings was investigated, and
the effectiveness of serial and parallel cooling loop topologies was compared. This test
demonstrated how integrated thermal management and component-specific cooling help to

ensure reliable motor operation and system efficiency.

Power converter cooling requirements were examined, with active thermal management
solutions such as liquid cooling and heat pipes identified as critical for maintaining device
reliability. It was found that silicon carbide (SiC) and gallium nitride (GaN) power devices
offer superior thermal performance compared to traditional silicon-based IGBTs, owing to

their higher breakdown voltages and thermal conductivity.

Optimal performance and safety together with extended lifespan of lithium-ion batteries
depends heavily on battery cooling operations. The operating temperature range and
consequences of deviations were discussed, with active cooling (air/liquid) and passive
methods (phase change materials, heat pipes, heat sinks) evaluated. It was demonstrated that
combining phase change materials (PCMs) with heat pipes and heat sinks achieves effective

battery temperature management, extending lifespan and mitigating thermal runaway risks.

Gearbox cooling and lubrication systems were studied, which discussed the thermal issues
that occur due to high-speed operation of EV transmissions. Synthetic fluids with high
oxidation stability, copper corrosion resistance and electrical compatibility were emphasized
as necessary. The relationship between lubricant viscosity, surface finish and cooling
performance was analysed, with ultra-low viscosity (ULV) oils identified as optimal for

high-speed applications despite trade-offs in low-speed load capacity.

The performance differences between cooling fluids and air cooling were rigorously

examined. Water-glycol mixtures, oils and nanofluids were highlighted as effective cooling
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fluids due to their thermal properties. Scientists examined cooling oil properties in oil-
immersed cooling and winding spray cooling and hollow shaft oil mist cooling operations.
Hybrid systems combining heat pipes with liquid cooling were demonstrated to reduce
energy consumption by 12-15% compared to traditional methods. Air cooling was
concluded to be unsuitable for modern high-power EVs due to its low thermal conductivity

and specific heat capacity.

Finally, a case study involving a battery electric vehicle (BEV) model was presented to
evaluate motor cooling system performance under realistic driving conditions. Simulations
with and without an active liquid cooling system demonstrated the critical role of the cooling
system in maintaining stable motor temperature and preventing overheating, particularly

during acceleration phases.

In conclusion, a detailed examination of the thermal management challenges and cooling
approaches for electric powertrain systems in electric vehicles (EVs) is presented. Effective
powertrain cooling requires customized solutions that consider operational demands, cost-
effectiveness, and efficiency for each component. Research on hairpin winding cooling,
spray cooling, and combined passive battery cooling systems highlights active development
in this field. The comparison of EV transmission fluids alongside air and liquid cooling
systems offers essential insights for improving thermal management strategies. The practical
importance of reliable electric vehicle cooling systems is demonstrated through a case study,
emphasizing their role in ensuring vehicle reliability and extending service life. Future
research should focus on optimizing advanced cooling systems, analysing long-term
nanofluid performance and costs, and developing complex control strategies for integrated

EV thermal management.
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