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Abstract: The work of this paper will provide a thermo-mechanical analysis of high-speed 

Brushless DC (BLDC) motors that are improved with Phase Change Materials (PCM) that require 

a better cooling performance. The widespread BLDC motors are affected by their thermal stress 

related to copper loss or magnetic hysteresis and mechanical friction that can lower the 

performance through degradation of insulation and efficiency. Historical air or liquid cooling 

systems are frequently unable to be used to stabilize temperature conditions during high-

speed/varying load processes. Due to their use of a large latent heat storage capacity when 

changing phases, PCMs provide a passive and energy saving process in dealing with temperature 

rise. The findings and CFD simulations of experiments have proven that incorporating PCMs in 

BLDC motors bears potential of cutting the winding temperature by a half, which guarantees a 

higher thermal equality, as well as a longer lifespan of the motors. Also, the mechanical stress 

analysis showed that PCMs can reduce the thermo-mechanical strain due to the uneven thermal 

expansion, whereas sensitivity analysis helped to recognize the main parameters affecting cooling 

efficiency. Although PCMs have trade-offs in volumetric and weight and thermal lag aspects, the 

study reveals that PCMs significantly improve performance and reliability over the traditional 

methods of cooling. This study will point out the possibilities of PCMs as a thermo-sustainable 

thermal management solution to integrated electric motor uses on next-generation high-speed 

applications.  
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1. Introduction 

BLDC motors have become a unanimous trend among most 

industries due to its efficiency, stability and compactness. With the 

technological advancement, the demand to have motors that 

perform highly and last longer increases. However, heat 

management is an impediment. The electrical losses in windings 

and mechanical losses in bearings and magnetic effects on core 

materials result in heat generation by BLDC motors. Unless this 

heat is dealt with properly it can destroy insulation, or permanently 

destroy the magnets of the motor. 

Cooling down of BLDC motors is important in ensuring good 

performances and increase in service life. Conventional cooling 

sources such as air or liquid cooling are not usually suitable when 

such motors run at a high rate and generate more heat. Section 2.1 

covers the fact that higher operating speeds cause a greater thermal 

stress because the electrical currents and friction will be higher. 

This is where new cooling methods are needed that can address 

this situation effectively. 

A number of cooling methods can be classified broadly as active 

cooling where forced air is used with the help of fans or liquid 

pumps or passive cooling that makes use of heat sinks, among 

others. They have their benefits as well as disadvantages. Active 

systems enhance better heat dissipation but they become 

complicated and subject to mechanical breakdown because they 

need on the move parts. Passive solutions are easier and may not 

prove effective in harsh conditions. 

It is on this background that phase change materials (PCMs) have 

now been targeted as an intelligent solution of improving thermal 

control in BLDC motors. Section 2.3 points out the ability of 

PCMs to take in excess heat during transitions which does not 

require additional energy to reduce the winding temperature and 

https://isarpublisher.com/journal/isarjst
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stabilize the motor action under varying loads. This aspect 

performs better than the conventional techniques which can hardly 

endure variable heat loads. 

Nevertheless, there are snags to the PCMs used in motors. The 

failure to solve the problems of material stability and compatibility 

should be addressed carefully in order to capture the advantages of 

these materials to the maximum. On top of this, it is also important 

to install PCMs appropriately in the motor assembly so as to 

achieve maximum impact without interfering with the design or 

functioning. 

The necessity to improve energy efficiency of industries increases 

the level of the thermal management of the BLDC motors not only 

to improve performance, but also to reduce the costs and provide 

sustainability. A proper cooling system prevents overheating which 

may result in high cost of repair or premature replacement of the 

system. 

Since there is increased need of consistent, high-speed motors in 

electric cars, aircraft, and automation in the industrial sector, 

scientists are working on incorporating high-performance materials 

such as PCMs with conventional motors. Section 4.5 observes that 

the future progression of these solutions depends on the 

comprehension of factors that determine the ability of cooling 

efficiency and temperature distributions. 

The presented work on improving the self-cooling in the blasts 

motors that are powered by BLDC, as well as novel application of 

PCMs, will be informative to address the existing shortcomings at 

the same time promoting the objectives of sustainable functioning 

in the long term. Discovery of new thermal control options will set 

the course towards achieving current demands as well as the future 

expectations dietary of the electric motor technology across the 

globe. The advancement of this type of technology makes 

brushless DC motors capable of completing more complex tasks 

without compromising safety or efficiency, (Carter, 2025) [1], 

(Mechtex, 2025) [2] and (Hyeon et al., 2022) [4]. 

 

 

Figure 1: Thermal Management in BLDC, [2]. 

2. Literature Review 

2.1. Thermal Challenges in High-Speed BLDC Motors 

The reliability and efficiency of high-speed brushless direct current 

(BLDC) significantly contributes to its popularity in the recent past 

concerning using it in electric vehicles and industrial applications. 

However, there are severe thermal problems with these motors that 

would act as limiting factors to their performance and life span. 

The heat generated by the electrical resistance, mechanical friction, 

and magnetically induced effects increases with a rise in the speed 

which in turn causes the operating temperatures to shoot up to 

levels that may damage the motor. 

The dominant heat origin is the copper heat loss in the windings, 

iron heat loss in the magnetic cores and friction inside the bearings. 

The individual sources lead to temperature increase that should be 

handled carefully to ensure the motor elements are not damaged. 

An example is that of copper losses, which lead to resistive heating 

and temperatures are easily pushed into hot regions where 

temperatures are not safe. The temperature causes materials used as 

insulation in the windings to wear out more rapidly, so that 

increasing the temperature by 10 oC by a margin halves the life of 

the insulation and therefore, it is necessary to keep the heat at a 

controlled temperature. 

The permanent magnets which are employed in producing torque 

also become heat stressed. These magnets may also permanently 

lose some or all of their magnetism when allowed to be heated past 

their Curie point causing worse performance of the motor and 

decrease in the overall efficiency. This type of heat-related damage 

explains why state-of-the-art cooling techniques are important 

specifically in the motors that are operated at high speeds. 

Besides, the rotating of the rotor at high rates, creates turbulent air 

moving within the motor casing. The air flow ceases to flow in 

smooth laminar manner, instead the air flows change direction into 

turbulent nature rendering the use of traditional air cooling less 

efficient. Literature indicates that forced liquid cooling is likely to 

perform better than air cooling because it is able to transfer the heat 

more swiftly with greater certainty. 

The thermal puzzle is complicated by designing motors of high 

speed that can run on the BLDC. Components are compacted 

closely to reduce power density, compactness and reduce some of 

the airways, and thereby, reduce escape paths of heat. Introduction 

of cooling systems in the design is very much necessary so that 

every watt of heat would be efficiently whisked away. 

Due to advances in computation fluid dynamics (CFD) tools, 

engineers can now understand the behavior of heat in respect to 

engineering adjustments. The solution of tweaking the coolant 

channels or the use of phase change materials (PCMs) provides 

good opportunities to enhance the passive and active cooling 

without placing pressure on the motor in terms of body weight. 

Monitoring of temperature is also important. A close monitoring of 

the spread of heat in the motor enables the operators to detect 

increasing temperatures before it makes the motor damaged or 

otherwise unresponsive. 

Insensitivity to thermal concerns does not only pose risks to the 

motor, but also compounds the cost of repair, postpones 

production, and negative reputations to the firms that involve the 

application of the BLDC technology. 

Addressing these issues requires the collaboration of a team, which 

unites material science in order to create more durable insulation, 

fluid mechanics to streamline cooling flows, and intelligent control 

systems that will give direct information on temperature. 

Finally, it is critical to control the heat inside the high-speed BLDC 

motors, not only in order to wring the very best out of the 

happenings but also to ensure the survival and safety. This has not 

been limited to vehicle usage as it is a broad requirement in 

https://media.licdn.com/dms/image/v2/D4D12AQHUuR0brc-seA/article-cover_image-shrink_720_1280/B4DZU8bIscHAAI-/0/1740475503162?e=2147483647&v=beta&t=TnIJQ8xmFUvKMi_kd0tUuZ6OKrvS7wiuMuCqyuv-gJ8
https://www.linkedin.com/pulse/thermal-management-bldc-motors-mechtex-driving-innovation-tvpjf
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numerous industrial environments that are highly concerned with 

dependable motor performance, (Hyeon et al., 2022)[4], (Kim et 

al., 2009)[7], (Khalesidoost et al., 2022)[39], (Gundabattini et al., 

2021, pp. 1-5)[3], (Liu et al., 2021)[12], (Mazur et al., 2024)[5] 

and (Bahadir et al., 2024)[29]. 

 

Figure 2: close-up of a liquid cooled electric motor with visible 

coolant channels or jackets, (Singh, 2025)[9]. 

2.2. Existing Cooling Techniques for Electric Motors 

Electric motors particularly the brushless direct current (BLDC) 

have significant thermal challenges as efficiency and performance 

expectations continue to increase. Being used in everything such as 

electric cars and industrial machines and home appliances, such 

engines need to have proper cooling to be successful and last a 

long time. There are two types of cooling strategies namely active 

and passive. 

Active cooling employs external forces to blow off the heat. Here, 

air cooling is prominent, whereby, fans or all blowers drive air 

over the parts of the motor to dissipate heat. It is divided into 

natural convection, which involves the use of temperature-induced 

air movement, and forced convection where air flow is used 

through using mechanical equipment to increase the flow. 

Experiments have always demonstrated that the forced air cooling 

is superior to natural convection due to the fact that the further the 

air moves, the faster the heat transfer is accomplished. 

Another efficient strategy is liquid cooling whereby the fluids such 

as water or oil are passed to absorb heat. Given that liquids are 

much a better conductor of heat compared to air, the spike of an 

excitable temperature in high-power motors is cleared much better 

by liquids. This may be in the form of liquid jackets which 

surround the motor or a complete immersion of the motor in 

coolant. Subsequently, newer studies emphasize the cooling of oil 

sprays in newer uses such as in-wheel motors, where direct 

spraying of hot parts of the object reduces the temperatures 

significantly by enhancing the heat transfer. 

There are systems which combine the best of both worlds using a 

combination of these methods. Mixed cooling-air liquid techniques 

also have a broader array of operating conditions, particularly 

when speed or load is maximal, giving it more rapid cooling 

power. The method of combination allows engineers to optimize 

cooling in terms of efficiency and flexibility. 

Passive cooling, in its turn, involves the utilization of natural 

processes and does not require additional inflow of energy. This 

entails heat sinks which increase the surface area so that it 

radiatively and convectively loses heat. Phase change materials 

(PCMs), also assist in the process by absorbing excessive heat in 

the process and then discharging it slowly when things cool. These 

passive options have also been increased by the development of the 

motor materials. Indicatively, there is increased the use of alloys of 

aluminum with greater thermal conductivity in stators as a means 

of spreading heat. 

New technologies such as nanofluids, liquids that have minute 

particles, are of interest in the horizon. Such fluids enhance thermal 

characteristics to transfer heat faster in a liquid cooled motor. 

Design processes are transformed using the computational tools, 

including the Computational Fluid Dynamics (CFD). CFD assists 

engineers to develop more efficient cooling patterns depending on 

the need and by simulating the flow of heat, under the varied 

conditions of conditions. 

In summary, the motor temperature control horses are still the air 

and liquid cooling. However, inventions such as hybrid, materials, 

and computer-aided design are recent innovations that will set 

limits to guarantee that electric motors will be cool and reliable yet 

performance needs keep increasing, (Cavazzuti et al., 2019)[8], 

(Kim et al., 2009)[7], (Djentoe et al., 2023)[6], (Singh, 2025)[9], 

(Liu et al., 2021)[12], (Gundabattini et al., 2021, pp. 26-30)[3] and 

(Manoj Shrivatsaan M, 2024)[17]. 

2.3. Role of Phase Change Materials in Thermal Management 

The Phase Change Materials (PCM) has become a trendy solution 

to thermal limitations in high speed Brushless DC (BLDC) motors. 

What is unique about these materials is that they absorb and give 

out huge quantities of heat during solid-liquid and liquid after solid 

conversions. This renders them good in controlling the 

temperature, in especially those motors that do not operate at 

constant loads, and in harsh conditions. 

PCMs operate on the concept of switching phases at particular 

temperatures, which forms a continuous thermal space. This assists 

in ironing out spikes in temperatures which BLDC motors tend to 

get because of their high speeds and high power density. When 

PCMs are incorporated into the design of a motor by engineers, the 

motor materials end up pulling out the excess heat when making 

peak runs and hence avoiding overheating resulting in increased 

motor reliability. 

Tests indicate that installation of PCMs within the motor 

enclosures or proximity to windings contain a significant level of 

cooling. An example is that PCMs based on paraffins have been 

demonstrated to reduce the winding temperatures over long-time 

operations. The reduced note of windings will lead to a higher 

efficiency of the motor and to an increase in its life because the 

strain on the main components will decrease. Other inorganic 

PCMs, such as large latent heat and a high thermal conductor, are 

also useful to them to ensure that the area so well-cooled by an 

inorganic PCM will continue to be cooled even in situations where 

there is minimal space to place the PCM (e.g., in motors). 

PCM cooling has advantages over traditional systems such as the 

air or liquid cooling. PCMs are passive unlike active systems 

which need additional energy to operate the pumps or fans. This 

increases efficiency in the use of energy and makes the cooling 

https://www.sciencedirect.com/science/article/abs/pii/S0017931021013272
https://www.sciencedirect.com/science/article/pii/S0017931008004821
https://ietresearch.onlinelibrary.wiley.com/doi/full/10.1049/smt2.12099
https://pdfs.semanticscholar.org/5d57/a701ab5546a885de19c69b1a3823af718259.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1359431121009364
https://www.mdpi.com/1996-1073/17/24/6469
https://castman.co.kr/three-phase-75-kw-brushless-direct-current-motor-for-electric-vehicles-different-power-stage-design-calculation-of-losses-cooling-techniques-and-comparison-2/
https://www.pmgenerators.com/wp-content/uploads/2025/08/electric-motor.png
https://www.pmgenerators.com/liquid-cooled-motors-benefits/
https://www.sciencedirect.com/science/article/abs/pii/S1359431118375707
https://www.sciencedirect.com/science/article/pii/S0017931008004821
https://www.e3s-conferences.org/articles/e3sconf/pdf/2023/102/e3sconf_icimece2023_01010.pdf
https://www.pmgenerators.com/liquid-cooled-motors-benefits/
https://www.sciencedirect.com/science/article/abs/pii/S1359431121009364
https://pdfs.semanticscholar.org/5d57/a701ab5546a885de19c69b1a3823af718259.pdf
https://journals.sagepub.com/doi/abs/10.1177/09544062231181812
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system easier as the number of moving parts will be reduced. 

The other advantage is that PCMs are versatile. According to the 

expected maximum and minimum temperature of the motor, 

engineers can select materials, there are different organic or 

inorganic types that can be picked based on the melting point that 

results in matching the operation to the temperature of the motor. 

This is because it optimizes cooling to correspond to the unique 

requirements of other BLDC motors. 

Other than temperature regulation, PCMs reduce noise and weight 

reduction in comparison with conventional cooling. The system 

works more quietly without the use of mechanical components 

since the machine is not required to operate all the time, which is a 

true benefit of electric cars or machines that are sensitive to noise. 

Nevertheless, PCMs have a few obstacles. Their performance will 

be defined by the choice of the materials and the proper location of 

PCM where the amount of heat loads will require it. 

Ineffectiveness may be restricted by bad design. Extended stability 

The stability over long periods might also be a problem; recurrence 

of phase may wear out or group material, or salt hydrates. This is 

the reason why current research is aimed at enhancing PCM 

formulae with additives or composite that enhances the durability. 

The new ideas have involved the straight integration of PCMs into 

windings, the stator shell and the location of the cooling has been 

at the source of heat. Such designs have proved to be promising 

when subjected to different loads, drawing in heat faster. 

To sum up, Phase Change Materials are provided that provide a 

smart approach to thermal management in BLDC motors through 

the inherent heat-absorbing characteristics. They assist in better 

working performance and energy saving than the traditional 

cooling, which is a promising way ahead of the motor cooling 

technology,  (Terese et al., 2021)[22], (Liu & Xu, 2020)[18], 

(Rajapakshe, 2014, pp. 6-10)[14], (JKONGMOTOR, 2025)[31], 

(Liu et al., 2021)[12] and (Selvan & Manavalla, 2024)[21]. 

 

 

Figure 3: An Innovative and Reliable Hybrid Cooling Method for Electric Vehicle Motors, (Selvan & Manavalla, 2024)[21]. 

 

3. Methodology 

3.1. Motor Design Specifications and Operational Conditions 

Design considerations and operating conditions are of significance 

when improving cooling system of Brushless DC (BLDC) motors 

to achieve optimal thermal outcomes. The thermal behavior of a 

motor is dependent on how the motor is constructed. Such aspects 

as the form of components, the materials employed, and the 

patterns of windings position all count. As stated above, there is 

increased heat production due to electrical losses, friction as well 

as magnetic effects at high speeds. The heat sources must be taken 

into consideration by engineers when designing a motor to ensure 

that the motor is able to deal with heat. 

The size and weight of the motor, the type of the winding, the type 

of the stator and rotor material, and the type of the insulation are all 

important issues in the design. The larger motors contain a larger 

area of surface, and surface area is useful in dissipating the heat as 

compared to smaller motors. Good thermal conductively materials: 

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3989434
https://pmc.ncbi.nlm.nih.gov/articles/PMC7603007/
https://www.diva-portal.org/smash/get/diva2:690457/FULLTEXT01.pdf
https://www.jkongmotor.com/how-does-the-bldc-motor-achieve-high-torque.html
https://www.sciencedirect.com/science/article/abs/pii/S1359431121009364
https://www.ije.ir/article_186373.html
https://www.ije.ir/data/ije/coversheet/151711905105.png
https://www.ije.ir/article_186373.html
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these materials can enhance heat transfer, e.g. copper. The 

insulation may be also advanced therefore ensuring the 

components are not damaged by high temperatures at all times. 

Best arrangement of windings influences the production of power 

and control of heat. Concentrated and distributed windings may be 

used in motors. Tight windings are typically more aggressive in the 

torque they produce, but they are likely to impose hot spots which 

must be more aided by cooling. Distributed windings are a more 

uniform heat distribution, but could be associated with various 

performance compromises. 

The conditions of operation of the motor also affect the heat 

management of the motor. The temperature of the air surrounding 

the motor, airflow, electrical load carried by the motor and the 

electrical current flowing through the device all have effects on the 

levels of heat within the motor. Increase in loads, increases 

currents and consequently heat produced in the windings. This 

information can be used to decide on the appropriate cooling 

techniques to use depending on the anticipated situations of the 

working environment. 

To ensure reliable operation of motors, manufacturers usually 

place restrictions on operating parameters, e.g. on the maximum 

allowable current density and temperature. In the case of the 

electric drones or electric vehicles, the BLDC motors are expected 

to take on the challenge and demand higher temperatures to 

overcome design limitations and maintain their efficiency and 

longevity without demand a higher cost. 

The designs can also have passive cooling elements such as 

external fins or housings in the forms of an external shape that 

directs air flow. The latter are used to assist convection in the 

extraction of heat in key components, and occasionally used 

alongside a liquid cooling system. 

Real-life settings are also worth to be taken into account. The 

circumstances under testing might not be the same as under normal 

operation and extreme conditions can occur against the expectation 

of the designers unless they design their designs to accommodate 

the changes. Studies have identified that confined test conditions 

may limit the knowledge on motor behavior with variety of loads 

so that considerable levels of testing can be sought in various 

circumstances. 

The engineers of an engine might need to perform a full 

simulation, electromagnetic and thermal models, to truly 

understand performance of a BLDC motor in different loads, both 

light and heavy load. Computational Fluid Dynamics (CFD) and 

Finite Element Analysis (FEA) tools offer information about how 

heat moves and the amount of mechanical stress due to variations 

in the temperature. Such simulations lead to modification of design 

to enhance the cooling efficiency. 

Ultimately, the selection of a harmonious combinations of design 

specifications and operational parameters preconditions so that the 

greater reliability of the motor. This is will assist in eliminating the 

overheating issues and increases the life of the motors, both in 

large industrial machine and smaller consumer products. It 

balances size with power without compromising efficiency and is 

fit to meet the requirements of the up demanding applications in 

the modern world, (2025)[10], (Cavazzuti et al., 2019)[27], 

(2025)[33], (Kang et al., 2025)[25], (Carter, 2025)[1] and 

(Bennion, 2013, pp. 16-20)[26]. 

3.2. Experimental Setup and Measurement Techniques 

The testing apparatus used to test cooling performance in BLDC 

motors with phase change materials (PCMs) was organized in such 

a way that it was similar to a real life operating situation of the 

working machine but could conduct an extensive thermal analysis 

of the machine under varying loads. A custom-made undercarriage 

test device was used to control the conditions and provide accurate 

temperatures of important motor components. 

This rig did have a high-speed BLDC motor prototype that 

contained design elements discussed above. Thoughtful placement 

of temperature sensors was done on critical areas like on stator 

windings, rotor surface and on the outer housing. Thermocouples 

were used to monitor temperature variations in real-time on the 

operation of a motor. The calibration of all sensors was done 

before the actual testing to ensure that the actors gave the correct 

readings as discussed in section 3.1. 

In order to assess the effect of PCMs, the team conducted two 

straight tests, one without PCM and the other with PCM applied in 

the selected region of motor assembly. The PCM choice was based 

on the materials that had appropriate phase change points and 

thermal conductivity to be able to absorb heat as the loads become 

maximized. 

The electronic load bank provided load conditions by varying the 

resistance to give various torque demands. This arrangement 

provided a clear view of the way temperatures changed across the 

motor, which is consistent with the results of section 4.2 that 

indicated that increased loads increase current and heat in the 

windings. 

A LabVIEW based system was used to record the information (on-

the-fly) which provided up-to-date temperature images and stored 

the data to be reviewed later. This interface proved useful when 

observation of thermal trends during tests as reactions could be 

easily spotted. 

Anemometer of measurements was taken around the motors into 

the rig. This assisted in nicking-down cooling due to natural 

convection as well as by active cooling forced convection which 

occurred in certain experiments. These measurements were in line 

with the protocols of section 2.1 which emphasized on the 

significance of airflow in controlling heat in high-speed motors. 

Once all the data were gathered, the team used computational fluid 

dynamics (CFD) simulation and physical findings to verify 

findings and determine how to optimize cooling as opposed to 

conventional means. 

Thermal expansion created mechanical stress which was measured 

with strain gauges fitted at different points on the stator core and 

housing which are explained in section 4.4. These tools depicted 

the effect of changing temperature to bring stresses that could lead 

to wear of the motors in the long run. 

After the experiments had been completed statistical methods such 

as sensitivity analysis were employed to explain the data. This was 

important in determining the effects of the various variables on the 

total cooling efficiency as indicated in section 4.5. This 

combination of methods formed a strong platform on which it is 

possible to enhance PCM use into the future designs of BLDC 

motors. 

https://www.portescap.com/en/newsroom/blog/2025/02/factors-affecting-the-thermal-performance-of-flat-brushless-dc-motors
https://www.researchgate.net/publication/332955866_Thermal_management_of_a_Formula_E_electric_motor_Analysis_and_optimization
https://www.monolithicpower.com/en/learning/mpscholar/electric-motors/introduction-to-motors/general-properties-of-electric-motors
https://ieeexplore.ieee.org/document/11072141/
https://www.nbyyjd.com/blog/how-to-enhance-the-self-cooling-ability-of-a-brushless-dc-motor-1137671.html
https://energy.gov/sites/prod/files/2014/03/f13/ape030_bennion_2013_o.pdf
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Overall, this holistic testing system, besides giving informative 

experimental lessons, offered the basis of further development of 

cooling technologies in electric motors. It also promotes the 

continuous research aimed at combining the newest materials such 

as PCMs and at the same time maintaining the long life and 

functionality, which will be discussed further, (Bahadir et al., 

2024)[29], (Bennion, 2013, pp. 16-20)[26] and (Cavazzuti et al., 

2019)[27]. 

4. Results and Analysis 

4.1. Thermal Performance with and without PCM 

With the use of phase change materials (PCMs), phase change 

thermal management has emerged as one of the most impressive 

techniques in the area of thermal management of brushless DC 

(BLDC) motors. To observe the beneficial effect of these 

substances in increasing efficiency and life cycle of the motor, it is 

crucial to understand the thermal behavior of BLDC motors in the 

presence of PCMs and without them. Electrical losses, friction, and 

magnetic forces can pose a heavy thermal load to the high-speed 

BLDC motors due to their operating characteristics as indicated in 

section 2.1. All these cause an increase in temperatures which will 

threaten damages to the internal components of the motor and the 

performance of the machine. 

The inclusion of PCMs in motor designs offers a new approach to 

absorb heat in the change of phases to maintain constant 

temperatures. In the traditional cooling techniques, such as air 

cooling or liquid cooling, usually reach their limits at the high 

workload not being able to maintain the excess heat as discussed in 

section 2.2. In contrast to these systems, PCMs regulate heat 

passively whereby excess thermal energy is retained without the 

additional power requirements as the temperature of the motor 

exceeds the level at which the machine is considered safe. 

It has been demonstrated through experimental findings that the 

winding temperatures are found to be drastically reduced in the 

operations of the BLDC motors fitted with PCM as opposed to 

when they are cooled in conventional air coolers. Take, as an 

example, the measure with a BLDC motor that was equipped with 

encapsulated PCM, the reduction of the maximum temperature at 

full load may decrease by 50 percent relative to air-cooled motors 

with the same loads. This reduction in temperature is directly 

linked to the improved efficiency and reliability which highlights 

the advantages of PCM with regard to coping with thermal issues. 

These findings are also supported by computational fluid dynamics 

(CFD) simulations, in which motors using PCMs conduct heat 

significantly unlike motors using air or liquid cooling. The 

outcomes of the CFD show that the heat dissipation is improved in 

many operating conditions of the CFD projects, particularly when 

the loads vary. Such observation is in line with section 4.2, which 

emphasizes the way the traditional cooling is struggling to provide 

a consistent winding temperature as the torque varies. 

Moreover, PCMs would facilitate even distribution of temperature 

in the motor. Such uniformity causes development of no hot spots 

as is typical of the standard method of cooling used, which tends to 

quicken the process of insulation degradation and may cause 

premature breakage of vital elements in the windings. 

The major issue in this step is to select PT that is going to be the 

most effective. Types of different ones differ in melting points and 

gained energy ability where their use fits under the different 

operating ranges. More recent studies have resulted in hybrid 

composite PCMs, which are paraffin wax based materials with a 

thermally conductive, high heat transfer content, such as boron 

nitride or metal oxides. With these composites, the heat transfer 

would be enhanced, and the materials would resist the frequent 

heating and cooling cycles, which is one of the issues highlighted 

in section 4.3. 

Another field where PCM has complexified and enhanced the state 

of affairs was mechanical stress due to the thermo-mechanical 

expansion, as it was discussed in section 4.4. Since the expansion 

rates of various materials vary with temperature, PCMs are able to 

relieve the mechanical stress associated with such dislocations, 

which is very significant in avoiding damage during high-speed 

operation. 

A sensitivity analysis on different PCM types and placement 

strategies gives an indication of a sharp difference in performance 

of cooling with even slight changes in their values, much like in 

section 4.5. Placing PCMs near large sources of heat (i.e., the 

windings of the stator) is thermally and mechanically advantaged. 

The recap of the above influences points out the fact that PCM 

technology is the complementary technology, and it is an enhanced 

technology in relation to the traditional cooling technology. It has 

successfully addressed the loopholes of the older systems and 

fulfilled the needs of the new century regarding small scale, high 

efficiency electric drives particularly in the automotive and 

industrial machines where areas are constrained and the reliability 

is at the stake. 

Overall, this systematic discussion demonstrates the fact that 

incorporating phase change materials in the BLDC motors is more 

than just the immediate heating issues that it will address, in 

addition to offering increased stability and efficiency over time. 

This solution is all the more timely as industries are heading 

towards future-oriented electric drive-based high-performance that 

brings the targeted energy without compromising on either 

reliability or safety, (Du et al., 2022)[15], (Kim et al., 2009)[7], 

(Lu et al., 2025)[13], (Kang et al., 2025)[25], (Liu et al., 2021)[12], 

(Gundabattini et al., 2021, pp. 26-30)[3] and (Gundabattini et al., 

2021, pp. 11-15)[3]. 

4.2. Temperature Distribution under Varying Loads 

The internal temperature distribution within the brushless direct 

current (BLDC) motors makes a significant contribution in the 

overall performance and reliability of the motors. Due to a change 

in the operating conditions, the heat distribution of the motor will 

change greatly. This occurs because of internal heat generation, 

cooling plans used and materials used to construct the motor. The 

increase in temperature under the difficult loads that are faced by 

the motors may produce thermal stress that poses a threat to 

efficiency as well as durability. 

When the loads are heavy, then the windings and rotor carry 

currents of higher current which inflict additional heat, which must 

be properly addressed quickly. It has been established that 

temperature trends are distinct during heavy usage in contrast to 

other conditions when operating on light loads. It is worth noting 

that the currents surrounding the stator windings become hotter due 

to the concentration of the heat in the core. 

https://castman.co.kr/three-phase-75-kw-brushless-direct-current-motor-for-electric-vehicles-different-power-stage-design-calculation-of-losses-cooling-techniques-and-comparison-2/
https://energy.gov/sites/prod/files/2014/03/f13/ape030_bennion_2013_o.pdf
https://www.researchgate.net/publication/332955866_Thermal_management_of_a_Formula_E_electric_motor_Analysis_and_optimization
https://www.mdpi.com/2075-1702/10/2/118
https://www.sciencedirect.com/science/article/pii/S0017931008004821
https://ieeexplore.ieee.org/document/10217036/
https://ieeexplore.ieee.org/document/11072141/
https://www.sciencedirect.com/science/article/abs/pii/S1359431121009364
https://pdfs.semanticscholar.org/5d57/a701ab5546a885de19c69b1a3823af718259.pdf
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As experiments indicate, long durations of running a BLDC motor 

at full load will place the temperature of the insulation around the 

windings to dangerous levels. It is a condition that would require 

higher levels of cooling which the conventional air systems cannot 

offer. So, substitutes such as liquid cooling or phase change 

material (PCMs) are beginning to become more widely used as 

more superior methods of controlling these heat spikes. 

The implementation of PCMs to the design of the BLDC motors 

has a favorable impact to the temperature control particularly when 

the loads fluctuate. These materials absorb more heat during peaks 

and give it back in periods when there is a reduction in the work 

load serving to act as a thermal cushion that helps to even out 

temperature variations. There are tests that prove that the use of 

PCM reduces the peak winding temperatures by approximately 20 

percent when the busiest periods are involved. 

The application of such tools as infrared thermography has helped 

to explain the responses of various components of a motor to 

heating under varying loads. Certain locations, such as eddy 

currents or due to magnetic losses, get hot whilst others get colder 

because of either very carefully laid out cooling routes or 

intelligent selection of materials. 

Transient thermal analysis further complicates it further by 

indicating that instantaneous changes in loads make it hotter 

initially, and the temperature will even out as long as there is good 

thermal handling. In a situation where airflow is the cooling system 

(passive vents or active fans) volumetric air flow is vital and 

directional air flow is critical in the spread of the heat. The studies 

of computational fluid dynamics (CFD) assist in the identification 

of the most suitable airflow configurations to enhance the 

convective cooling throughout the motor. 

Hotspots are not the only problems to be overlooked, and they are 

not the only issues that may occur within the motor. Unequal heat 

distribution may form mechanical stress which acts to fatigue parts 

with time. The heating and cooling cycles introduce dissimilar 

development and contracting of materials, which will affect the 

structural stability and the life of the motor. 

The additional sensitivity analysis has been done in determining 

the sensitivity of cooling performance to ambient temperature 

variations and different load performance. External temperatures 

are elevated along with heavy loads which exacerbates internal 

heating in case cooling systems are not in good condition. On the 

other, good thermal management does not only ensure the 

maintenance of the temperatures, it also ensures better performance 

and long life of the components as it ensures less heat-induced 

forfeiture. 

Comparison of motors of PCM-enhanced with those of the 

standard air-cooled motors under identical conditions, there are 

apparent advantages. PCM-based motors are able to deal with 

increased operating currents up to the point of over-heating and are 

more efficient with devices of variable loads. 

In a concise but adequate way, constant attention to the alterations 

in the temperatures within BLDC motors with the arrival and 

departure of loads is important to the design of this category of 

motor as well as to enhance its reputation. This information assists 

the engineers in designing cooling systems that can accommodate 

diverse applications - simple appliances to industrial machines and 

car engine systems, (Du et al., 2022)[15], (Kim et al., 2009)[7], (Lu 

et al., 2025)[13], (Mazur et al., 2024)[5] and (Gundabattini et al., 

2021, pp. 26-30)[3]. 

4.3. Thermal Cycling Behavior of PCM 

Although essential to assessing the performance of high-speed 

brushless DC (BLDC) motors in cooling, it is important to 

understand how phase change materials (PCMs) respond to 

repeated thermal cycling to gauge the motor's cooling. The PCMs 

need to be able to maintain a consistent cycle over a number of 

times while switching between solid and liquid states to provide a 

constant thermal management to the motor over the working life 

span. This part is a discussion of the effects of cycling on PCMs 

particularly on their thermal properties and the resulting 

implications to the performance of the motor. 

The heating and cooling can cause wear to PCMs, which can create 

some problems such as supercooling, with the material remaining 

in the liquid state below its melting point. This and the loss of 

latent heat capacity are normally due to the alteration of the 

structure or erratic stage conduct. These effects minimize the 

effectiveness of PCM to absorb and release heat when it is at work. 

In this regard, the salt by Glauber, which is a widely used PCM, is 

very likely to lose efficiency after several cycles, unless there is an 

addition to enhance its crystallization and minimize its 

supercooling. 

In order to retain PCMs functionality during work, the additives 

known in most cases as nucleators are usually added. They 

accelerate the solidification through the formation of locations 

where crystals can be formed swiftly, wonting to prolonged 

supercooling. Studies have indicated that incorporation of high 

density fillers or carbon nanotubes reduces the supercooling 

process in addition to enhancing thermal conductivity, and 

strengthening the materials under the processes. These improve the 

capacity of the PCM to transmit heat and be structurally supported. 

The other parameter in thermal cycling is the quality of PCMs to 

maintain the latent heat following numerous cycles. Laboratory 

analyses show that some of the inorganic salt hydrates can pass 

hundreds of cycles with a nominal decline in performance. 

Nevertheless, not all organic PCMs necessarily have the property 

not to change their melting point over time or to deplete the latent 

heat ability after repeated thermal stress. 

Encapsulation methods assist in increasing the life of the PCM 

because they defend them against environmental degradation and 

prevent leakage in the melting and solidification process. This 

shielding also limits the alterations of the volume caused by the 

changes in phases that otherwise would overstrain the motor parts 

and influence the stability. 

The dynamics of the temperature in the course of work make it 

more complex. The success of PCM would be determined by 

balancing its ability to absorb heat during peak loads and the 

ability to emanate that heat when the demands reduce. This work 

requires a real-time temperature control in the inside of BLDC 

motors, through software such as Ansys Motor-CAD or any other 

simulation packages to optimize cooling plans. 

When working with the motors of electric vehicles, or other 

devices that require a high dynamic response to variations in load, 

the fact that the PCM can respond quickly to heat accent is 

essential. Understanding the rate of absorption of excess heat by a 

https://www.mdpi.com/2075-1702/10/2/118
https://www.sciencedirect.com/science/article/pii/S0017931008004821
https://ieeexplore.ieee.org/document/10217036/
https://www.mdpi.com/1996-1073/17/24/6469
https://pdfs.semanticscholar.org/5d57/a701ab5546a885de19c69b1a3823af718259.pdf
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PCM can also be utilized in deciding whether it is the feature to 

attach to a particular motor design. 

In addition, sensitivity analyses indicate the effect of various 

irrigation patterns on PCM durability. Massive loads are more 

likely to accelerate degradation, whereas moderate loads are likely 

to make PCMs stay longer in stable performance. 

Concisely, extended testing in diverse circumstances are necessary 

to get a clear picture of the capability of various PCMs to 

withstand one-time voluminous thermal cycling. The knowledge of 

such nature guarantees them constant cooling gains during their 

lifetime in BLDC motors, (2025)[36], (Liu & Xu, 2020)[18], 

(Marongiu, 2019)[30], (Rajapakshe, 2014, pp. 61-65)[14] and 

(Rajapakshe, 2014, pp. 46-50)[14]. 

 

 

Figure 4: Open in a new tab the ways about improvement for PCM thermal conductivity, (Liu & Xu, 2020)[18]. 

 

Table 1: Summary and comparison of the advantages and disadvantages of three ways for improvement of PCM thermal conductivity, (Liu & 

Xu, 2020)[18]. 

Ways Advantages Disadvantages 

Adding fins 

Construction of increased high efficiency of heat 

dissipation; easiness of the operated process; 

getting the available materials at ease. 

Being with poor refill ability; with large contact 

thermal resistance; with high cost; with large volume. 

Adding fillers 
Low in cost; enhancing the latent heat; getting the 

available materials with ease. 

Easy to be aggregated and precipitated; lack of 

thermal uniformity in BTMS. 

Encapsulation 
Being resistant to corrosion; good, and lots of 

flexibility; high sealing performance; high safety. 

High technological demand; high demands in the 

packaging materials. 

 

4.4. Mechanical Stress Analysis due to Thermal Expansion 

The mechanical load as a result of thermal expansion has an 

important influence on the performance, reliability, and the 

lifespan of brushless direct current (BLDC) motors. With the 

running of such motors, the movement of temperature leads to 

various components that have been created using different 

materials expanding in an uneven way. This is an uneven growth 

which causes the stress that may damage the various elements such 

as stator, rotor, and the insulation with time. 

The common materials that are used in the BLDC motors usually 

exhibit different thermal expansion coefficients. To illustrate this, 

copper windings fail to enlarge at similar rate as the insulation, 

which is the epoxy, encircles it. These materials do not expand 

case by case in an even fashion when the motor heats under the 

influence of the electric loss or outside sources and this exerts a 

mechanical stress on the assemblies of windings and structures 

around them. In the long run, this strain may cause insulation 

failures and in an operating environment where there are wide and 

frequent temperature variations. 

The thermo-mechanical stress (TMS) plays an important role in 

learning how the BLDC motors undergo change in relation to 

temperature change throughout their life. Studies, including studies 

on deep-sea oil-filled motors have demonstrated that TMS has a 

significant impact on the performance of the insulation and the 

general performance of a motor. This effect worsens in deep-sea 

environments, where there is a rapid increase in pressure with 

depth, up to the point where pressures of tens of bars and even 

higher cause stress patterns to become even more complicated due 

to the combined effect of thermo- and pressure-driven stress 

patterns. 

Analytical models of TMS are a blend of computational fluid 

dynamics (CFD) and finite element analysis (FEA) which is used 

by engineers. These models model the effects of heat and pressure 

on the motor components working on various conditions. Through 

https://en.wikipedia.org/wiki/Phase-change_material
https://pmc.ncbi.nlm.nih.gov/articles/PMC7603007/
https://www.electronics-cooling.com/2019/03/thermal-management-of-electronic-equipment-using-phase-change-materials-pcms/
https://www.diva-portal.org/smash/get/diva2:690457/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:690457/FULLTEXT01.pdf
https://cdn.ncbi.nlm.nih.gov/pmc/blobs/e9aa/7603007/e0912f6d0f16/materials-13-04622-g005.jpg
https://pmc.ncbi.nlm.nih.gov/articles/PMC7603007/
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operation of all these simulation, possible weak areas due to 

stresses exerted on the work through thermal expansions can be 

known before the actual failures occur during actual operation. 

There is an additional level of difficulty with the high-speed motor 

activity. Rapid rotation rates attract resistive heating leading to rise 

in temperatures in a short time. These sudden temperature 

variations will involve rapid motions of the parts of the motor and 

this may pose risks to structure unless proper predictions and 

control measures are put in place. 

The situation is worsened by the fact that changing the operational 

loads complicates it even more. When such things as the 

commencement of a start or change to steady state occur, the 

temperature profiles become irregular, compelling components, 

such as stators and rotors, to be unequally expanded in various 

regions. These distributions could lead to localized hotspots which 

reduces material strength and accelerates the fatigue. 

Disregard of mechanical stress due to thermal expansion may be 

disastrous. In locations that experience the concentration of 

stresses as a result of uneven expansion and material differences, a 

fatigue crack always starts. Case studies have highlighted that these 

tensions have an essential role in the assurance of the reliability of 

the motor in the management of the tensions by means of smart 

design. 

Some of the methods that come in handy to minimize the risks of 

mechanical stress include: 

1. Selecting thermal expansion materials that are similar so as to 

reduce the mismatch. 

2. Coming up with structural designs that can absorb or distribute 

stress in order to eliminate weak points. 

3. Improving the cooling systems like forced air cooling system or 

liquid cooling system to maintain temperatures on a constant basis 

and minimize excessive expansions. 

4. With real-time monitoring of temperature to implement 

problems before they are damaged. 

Nevertheless, the solutions may also increase complexity or mass 

to the motor designs thus engineers have to weigh durability versus 

performance requirements especially when it is required in the 

demanding sectors such as automotive or aerospace where 

reliability in highly strained situations is not compromised. 

Conclusively, a critical analysis of mechanical stress induced by 

thermal expansion is vital in ensuring that the BLDC motors 

operate reliably in all different environments besides ensuring that 

their efficiency is maintained according to the current engineering 

standards, (Zhang et al., 2022)[32] and (YILMAZ, 2025)[38]. 

4.5. Sensitivity Analysis on Cooling Efficiency 

Sensibility analysis is significant to the understanding of thermal 

behavior of BLDC motors. It assists in showing the effects of 

altering some of the parameters on temperature distribution and 

effectiveness of cooling in the motor. This section presents results 

of sensitivity analysis on various motor schemes and cooling 

procedures, and indicates the aspects that influence the issue of 

heat management the most. 

Lumped parameter thermal network (LPTN) model has 

demonstrated tremendous potential in the process of conducting 

such analyses. This method can test the effect of different 

materials, shapes and cooling configurations on the motor 

temperatures by simulating different operating conditions. The 

greatest strength of it is that it can provide fast but accurate 

simulation results that can be utilized by engineers with high 

confidence in the field. 

An important objective of sensitivity analysis is to discover what 

thermal resistances have the most significant effect on the 

performance of a system. Some research studies, such as a study on 

high performance Formula E motor, found that the thermal contact 

conductances of material have a significant impact on heat 

conducting. Indicatively, an option of cutting the liner to 

lamination contact resistance by only 20 percent resulted in a 

perceptible reduction of up to 7 o C in the highest winding 

temperature in narrow spaces. 

In addition to the contact resistance, other thermal conductivities of 

individual components including winding insulation and housing 

are also a matter of serious sensitivity. Adjustment of these 

properties can increase the rate of heat dissipation by a significant 

amount. Research indicates that implementation of cooling 

strategies such as increasing the rate of water flow in the liquid-

cooled systems, achieves significant gains in heat dissipation. 

On the other hand, such factors as type of coolant (such as 

nanofluid), pump speed, or ambient temperature also have impacts 

on the cooling efficiency, but these effects are more likely to 

provide smaller returns than emphasis on contact resistances and 

the internal geometry of the motor. It is evident that such high-

impact areas should be seriously considered in the initial design to 

achieve such goals and satisfy cooling requirements without an 

unnecessary increase in costs and complexity. 

Other than steady-state operation, transient operations have 

become significant especially to electric vehicles that experience 

sudden increases or decreases in loads. Simulation and 

experimentation indicate that active systems, such as active cooling 

systems, i. e., ones containing active components, such as fans or 

pumps, tend to cope with sudden changes more than passive 

systems, pointing to the requirement of including dynamic 

response with in addition to averaged performance. 

Reliability issues regarding the duration of duty in a wide variety 

of conditions are also considered in terms of sensitivity studies. 

Actual mechanical stresses because of the repeated heating and 

cooling process do not only result in the wear and tear of the 

material but they also create difficulty with thermal control. It has 

been found that changing loads can cause thermo mechanic stress 

on windings and housings that may cause time related durability. 

The other good guide is to work on design adjustments with 

sensitivity findings in mind. This process (simulating, modifying, 

and retesting) will reduce the number of hotspots and ensure that 

there is better circulation around the essential locations. This style 

has become popular with researchers that need to optimize the 

motor designs to enhance cooling. 

The information of these analyses is not limited to the lab, but it is 

also applicable to industries that utilize the BLDC motors. To 

achieve efficient propulsion customers, need effective cooling of 

their cars, and industrial buyers find it necessary to have well-

managed thermal systems to guarantee uninterrupted running 

hours. 

https://www.mdpi.com/1996-1073/15/11/3963
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To conclude, there are numerous conditions that influence the 

performance of a motor in the BLDC style both in the organization 

of parts and materials used, as well as in the operation of the 

motor. Sensitive analysis will be used carefully to provide the way 

to smarter and efficient cooling designs that will reach 

performance goals under various usage conditions, (Sequeira et al., 

2022)[34], (Hyeon et al., 2022)[4], (Djentoe et al., 2023)[6], 

(Cavazzuti et al., 2019)[27], (Mazur et al., 2024)[5], (Gai & 

McMahon, 2025)[20] and (Bennion, 2013, pp. 16-20)[26]. 

 

 

Figure 5: View large Download slide, (Sequeira et al., 2022)[34]. 

 

Table 2: List of thermal resistances used for the sensitivity analysis, and their related initial thermal parameter, (Sequeira et al., 2022)[34]. 

Thermal resistance Associated thermal parameter 

R [liner contact] Liner-to-lamination thermal contact conductance 

R [liner] Liner thermal conductivity 

R [slot-windings] Slot-windings equivalent thermal conductivity 

R [water-jacket] Channels heat transfer coefficient 

R [housing contact] Housing-to-lamination thermal contact conductance 

R [housing] Housing thermal conductivity 

 

5. Discussion 

5.1. Effectiveness of PCM in Enhancing Cooling 

The application of the phase change materials (PCM) in the 

cooling systems in the brushless DC motors (BLDC) has attracted 

the attention of being a smart solution to the heat problem in 

motors that operate at high speed. Section 2.1 has indicated that 

these motors emit a large amount of heat due to electrical losses, 

friction and magnetic effects that can damage their functionality 

and durability. The usual cooling means of air or liquid systems do 

not usually cope very well in these demanding conditions. PCMs 

are one such invention that helps solve the problem. 

The PCMs operate by taking in huge quantities of heat throughout 

their cohesive transformations with no significant rise in 

temperature. This characteristic allows them to maintain at 

constant temperatures the windings and core of the motor, even at 

times when loads change. As covered in section 4.1, it has been 

experimentally demonstrated that PCMs can reduce the 

temperature of windings by half. This decrease is an enormous 

improvement of the efficiency and reliability of the motor. 

Even spread of temperature under varying operating conditions is 

also maintained using these materials, as pointed out in section 4.2. 

The conventional coolers may not keep up with spurts of heat 

whereas PCMs absorb all the excess heat and emulate it slowly as 

the motor cools. This balancing properties are particularly useful in 

the use of systems where precision in temperature regulation is 

required such as electric cars or high-tech industrial equipment. 

But the issue lies in the long term performance of PCMs, their 

ability to recurrently undergo heating and cooling. Section 4.3 

presents the way in which problems of supercooling or a failure in 

thermal properties may emerge with time interval. Nevertheless, 

there is hope in the development of new PCM formulations 

containing additives such as nucleators and how it relates to 

enhanced stability and response with altering conditions. 

https://asmedigitalcollection.asme.org/electronicpackaging/article/144/2/021114/1128909/Validation-and-Parametric-Investigations-of-an
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https://www.researchgate.net/publication/332955866_Thermal_management_of_a_Formula_E_electric_motor_Analysis_and_optimization
https://www.mdpi.com/1996-1073/17/24/6469
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https://energy.gov/sites/prod/files/2014/03/f13/ape030_bennion_2013_o.pdf
https://asmedc.silverchair-cdn.com/asmedc/content_public/journal/electronicpackaging/144/2/10.1115_1.4053121/1/m_ep_144_02_021114_f001.png?Expires=1763489404&Signature=u6EJizz74WIaBpr4xt3aiHDVJ4I6tWNlFBZ6C1dyhVPI9PnYMvxj4LOIAfL2HkiawHidL0UHCG4Nc4V5~wRM~spTuAYREpjoyQXbnXOdNu1Vm2QsxUX4xikyF7AOVEGgQwsF9n80DyjrL7dDWiKHmr7YK~wDLgXY251HQSsJQmP4RD~TZRUpU8l3yEt3e20vdKkoJK4Kid1UYmxGXSaQi~yt~5v~6mX18dksMMCN3GB04t1PcroiIVBTxRdBDcoPkwDZfiSd1U2~75TtXkZQ6HOqFMcsmhQFkfV36FKPwl3tR06ZDkk0wrFxIw0YHlgW8WMRZX9VGKaHPS6nErCo7Q__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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The major advantage of PCMs over conventional cooling 

technology is that they operate passively. PCS do not require 

additional energy to operate unlike active systems, which require 

pumps or fans due to the requirement to move the liquid into 

section 2.2. This lowers the cooling design and the weight is 

reduced by making the mechanical parts used less. 

To add to that, the elimination of noisy portions also contributes to 

reduced levels of sound in operations, which makes PCMs 

advantageous in the environments where the level of quietness is 

important however in most traditional designs, the emphasis is on 

the performance on its own, and its aspect is frequently 

disregarded. 

With that being said, however, challenges have to be taken into 

account. Section 5.5 identifies such challenges as the ability to 

ensure materials are compatible with each other within specific 

motor designs and the control of implied costs based on special 

PCMs or encapsulation techniques to use in a working setting. 

Designers are also required to weigh the advantage of PCMs on 

weight and potential size increments. Encapsulation of these 

materials may require space to be encapsulated, so to ensure that 

they fit in small assemblies of motors, it is important that a lot of 

planning is done. 

Continuous research has been conducted in the optimum locations 

of placing PCMs within the motors in order to be able to maximize 

the cooling effect that they bring whilst minimally disturbing other 

parts as they work as stated earlier. 

In conclusion, big potential has been cited in the utilization of 

phase change materials in the enhancement of thermal management 

of BLDC motors. Nevertheless, to realize all its advantages will 

require careful design and incorporation in a manner that the needs 

of the different industries that require reliable electric machines in 

harsh environments will be met, (Safril et al., 2022, pp. 1-5)[19], 

(Shukla, 2024, pp. 1-5)[24], (Mechtex, 2025)[2] and (Deisenroth & 

Ohadi, 2019)[23]. 

5.2. Trade-Offs: Weight, Volume, and Thermal Lag 

Incorporation of phase change materials (PCMs) into brushless 

direct current (BLDC) generator cooling It is associated with 

weight, size, and thermal response times trade-offs. As much as 

PCMs are known to have great ability to help control the heat, 

consideration has to be done balancing these advantages to 

potential demerits of its design and performance as a motor. 

The issue of weight is critical in most instances particularly motors 

in mobile devices such as drones and electric cars. The 

modification of adding PCMs, as a matter of fact, increases the 

total mass of motor since these materials may require additional 

housing or armature. The conventional cooling elements, such as 

aluminum heat sinks, are usually lighter and can be installed in 

areas of limited space. then designers need to trade between the 

additional thermal capability PCMs offer and making the system as 

light as possible- here they consider particularly high torque 

density motors which have greatly been pointed out above. 

The size is also important in the fitting of PCMs in BLDC motors. 

There is little room in the motor casing, and excessive use of space 

in PCMs may increase the size of the component. This may disrupt 

performance and complicate installation of the motor into the 

assemblies that are already in existence. As it has been mentioned 

above, high-speed BLDC motors require great cooling means, 

although increasing the volume of the motor to incorporate PCMs 

would interfere with compactness, which in most situations is a 

necessity in current days and times when there is a lot of space-

constrained work. 

Another factor that should be observed is thermal lag. It has been 

demonstrated that PCMs are brilliant at absorption and release of 

heat without the additional power requirements, yet the process of 

their phase change can make them slower at responding to rapid 

temperature changes. Quick changes or overheating of the motor 

may cause immediate response by the conventional cooling such as 

forced air and requires some time before PCMs can absorb or kill 

heat. This slackness has the potential of letting the temperature of 

the motor become unsafe when changing rapidly under conditions 

of fast switching before the PCM intervenes. 

This sluggish reaction becomes a problem when dealing with 

motors which are of extreme loads or rapidly varying loads as is 

the case with high frequency start-stop motors. Failure to ensure 

the PCM turns on in time may impair the efficiency of the motor or 

may even damage the motor, and this is the reason why it is 

important to take into account transient thermal behavior when 

making design choices. 

Also, despite the ability to balance the temperature of PCMs across 

a range of loads, as observed earlier, their functionality can be 

erratic with time. Problems such as the degradation of materials, 

such as inconsistent behavior on repeated heating and cooling 

cycles, may decrease their long-term dependability. This 

uncertainty also introduces the further layer of complexity in the 

determination of the possibility of PCM-enhanced designs to be 

able to comply with the strict operational requirements on a long-

term use basis. 

The other aspect of the puzzle is cost. When picking up high-

performance PCMs, one usually pays more. Such costs are 

comprised not only of the cost of the materials themselves but also 

of the special precautions required to help get them implemented 

correctly without upsetting motor mechanics or performance. 

Designers ought to consider these financial factors against 

anticipated thermal benefits with a lot of care. 

In little, although the introduction of phase change materials in the 

motors of BLDC motors obviously increases the cooling efficiency 

of the engine thus allowing it to operate steadily in the long run, 

there must be considerate trade-offs. These involve the control of 

added weight, the ability to fit PCMs into small areas, slower rate 

of thermal response in the event of rapid changes of loads, and a 

rise in cost, which is associated with the sophisticated materials. 

The balance of these is important in order to have the best use of 

PCMs in motor cooling systems, (Liu & Xu, 2020)[18], 

(Deisenroth & Ohadi, 2019)[23], (Marongiu, 2019)[30], (2025)[33] 

and (Liu et al., 2021)[12]. 

5.3. Comparison with Conventional Cooling Techniques 

The cooling systems of the brushless direct current (BLDC) motors 

by using phase change materials (PCMs) includes a significant 

improvement over the normal cooling techniques. Traditional 

cooling is available in two flavors active and passive. Active 

cooling is the circulation made by air or liquid whereas passive is 

by heat sinks and natural airflow. Both of them have advantages 

but are difficult in high power density motors that are widely 

https://catalog.lib.kyushu-u.ac.jp/opac_download_md/4794206/584-593.pdf
https://www.scholarlyreview.org/article/124788.pdf
https://www.linkedin.com/pulse/thermal-management-bldc-motors-mechtex-driving-innovation-tvpjf
https://www.researchgate.net/publication/335957039_Thermal_Management_of_High-Power_Density_Electric_Motors_for_Electrification_of_Aviation_and_Beyond
https://pmc.ncbi.nlm.nih.gov/articles/PMC7603007/
https://www.researchgate.net/publication/335957039_Thermal_Management_of_High-Power_Density_Electric_Motors_for_Electrification_of_Aviation_and_Beyond
https://www.electronics-cooling.com/2019/03/thermal-management-of-electronic-equipment-using-phase-change-materials-pcms/
https://www.monolithicpower.com/en/learning/mpscholar/electric-motors/introduction-to-motors/general-properties-of-electric-motors
https://www.sciencedirect.com/science/article/abs/pii/S1359431121009364
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present today. 

As was stated above high-speed BLDC motors generate a lot of 

heat as an electrical loss, friction and magnetic effects. The use of 

traditional air cooling is not necessarily effective when it comes to 

ensuring that the temperatures are maintained at the necessary 

levels. This deficiency could lead to the destruction of insulation as 

well as the permanent weakening of the magnets which damage 

performance and reduce the life of the motor. 

However, POPCM cooling has one special advantage as compared 

to these standard methods. It makes use of the capacity of the 

material in question to absorb the heat in changes in phases without 

additional energy input. The characteristic prevents temperature 

fluctuations by maintaining load variation, which provides a less 

turbulent thermal characteristic. 

A comparison of liquid cooling with PCM technique shows that 

they differ in certain aspects. The liquid cooling relies on the 

continuous circulation of fluids in pipes that also increases the 

complexity as well as a point of failure (i.e. leakage or mechanical 

errors). These systems are expensive with regard to maintenance 

and can be costly although they are effective when properly 

designed. 

PCMs, in their turn, are passive in their work. They are made part 

of the motor structure, and without moving parts. The insoluble-

soluble process takes time to allow the solid to change to the liquid 

phase, and hence this does not include the constant energy demand 

and mechanical intricacy of liquid cooling systems. This is also 

related to previous commentaries on the weight and volume trade-

offs of incorporating PCMs. 

Surface temperature tracing of the various loads indicates that 

PCMs aids in keeping temperature of various loads similar, 

particularly the regions adjacent to vital units such as stator 

windings and bearings. The conventional cooling may have hot 

spots at the peak operation stages which may cause local wear or 

failure. 

Although active cooling can contend with the high rates of change 

by allowing a high rate of fluid flow, it does not remove the risk of 

overheat in case the demand exceeds the design capacity or the 

flow is interrupted. Slower thermal characteristics of PCMs must 

be taken into account in those applications that require Real Time 

temperature control due to safety or performance. 

PCMs have also got a weight advantage since these lessen the 

amount of heavy pumps and support structures required. This can 

make the design of the motor easier and is particularly significant 

when space is needed on a vehicle or a handheld device with every 

gram cutting costs. 

Nevertheless, such advantages have trade-offs. Delay in PCMs in 

responding to the rapid changes in temperature should be 

considered in the selection of cooling solutions. The PCMs are also 

more favorable than mechanical parts in long term reliability, as 

the mechanical components used in active systems may wear out 

over a long period of time whereas well encapsulated PCMs can 

survive a lot of thermal cycles. 

Studies indicate a new trend of hybrid system where PCM 

technology is mixed with conventional systems and there is a 

possibility that the two worlds can come best together. 

Nevertheless, these methods need deep design and modeling 

undergoing specific applications. 

Altogether, although the old way to cool air and liquid is still 

popular, the use of PCMs in the TLBM processors allows a very 

interesting option. The method satisfies heat handling requirements 

of current motors with greater efficiency and does not compromise 

the reliability and performance required in the current sophisticated 

engineering requirements, (Gundabattini et al., 2021, pp. 26-30)[3], 

(Deisenroth & Ohadi, 2019)[23] and (Mazur et al., 2024)[5]. 

5.4. Implications for Long-Term Reliability and Efficiency 

The presence of phase change material (PCM) in the BLDC motors 

makes significant changes in the way the motors behave in the long 

run in terms of the reliability and efficiency of the motors. These 

fast motors are subjected to severe heat stresses as mentioned 

above which would deteriorate their service unless well handled. 

The advantage of PCMs is that they are passive in that they absorb 

excess heat as temperature changes to maintain safe temperatures 

that allow continuous operation with time. 

PCMs have more advantages than merely being able to control 

temperatures. They are essential in insulation protection and the 

avoidance of loss of magnetic power in the magnets through 

overheating. This shield helps in increasing the reliability of the 

motor and extends its warranty period because of fewer damages 

due to constant exposure to high temperatures. 

Repeated heating and cooling of PCMs also indicate a high level of 

stability. The characteristic is significant in the motors that operate 

under variable loads, including electric car motors or robotics. 

PCMs prevent unexpected failures or inoperability results by 

eliminating the peaks and dips in temperature. 

Reduced winding temperatures courtesy of PCMs reduced 

electrical resistance in the inside part of the motor. The resistance 

tends to be high under high temperatures resulting in increased 

energy loss and reduced efficiency. Tests have also proved that 

PCMs enabled motors are cooler as compared to the old modes of 

cooling thus result in significant saving of energy with excellent 

performance. 

Quieter operation is also another benefit added to PCMs. The 

materials are also less noisy since they do not use moving media as 

is the case in active cooling systems hence minimizing noise 

production and reducing the frequency of routine repair jobs which 

improve the overall reliability of the material. 

With that said there are certain trade-offs associated with the use of 

PCM. There are additional weights that may be added like 

incorporation of supporting structures to hold the material. This 

may be a disadvantage to design sensitive sectors such as 

aerospace or portable electronics. What is also there is the problem 

of thermal lag where PCMs take more time to react to sudden 

changes in temperature. These are the components that should be 

balanced against the obvious advantages in thermal regulation and 

efficiency by designers. 

In a broader perspective, the PCMs installed in the BLDC motors 

may reduce the expenses and frequency of maintenance, and raise 

the machine availability. The advantage is particularly useful in 

such sectors as automotive industry and industrial automation, in 

which efficiency and durability are more important. 

PCMs will continue to increase in relevance as the electric motor 

https://pdfs.semanticscholar.org/5d57/a701ab5546a885de19c69b1a3823af718259.pdf
https://www.researchgate.net/publication/335957039_Thermal_Management_of_High-Power_Density_Electric_Motors_for_Electrification_of_Aviation_and_Beyond
https://www.mdpi.com/1996-1073/17/24/6469
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technologies become more efficient and less harmful to the 

environment. In order to open their hidden abilities, unremitting 

studies are necessary to enhance the material and make it 

applicable to a great number of complex-power applications. This 

change holds more sustainable and reliable and high performance 

motor system in the upcoming years, (Marongiu, 2019)[30], 

(Rajapakshe, 2014, pp. 26-30)[14], (JKONGMOTOR, 2025)[31], 

(Mechtex, 2025)[2] and (2025)[11]. 

5.5. Limitations of the Study 

The research on the enhancement of cooling of BLDC motors 

using phase change materials (PCMs) demonstrates a number of 

limitations to be mentioned. All the experiments were conducted in 

controlled lab conditions and this may not reflect the real world 

situations. Other conditions such as changing ambient temperature, 

changing humidity and unforeseen load should change may 

influence cooling performance in the real world and results will not 

be as predictable. 

Additionally, the tested PCM types and configurations may be 

incompatible with other designs of BLDC motors. There are many 

variations in PCMs with respect to their thermal capabilities as 

well as compatibility with other components of the motor. Thus, 

generalizing the results is to apply them cautiously since not all 

motors may react in the same way due to materials and 

configurations of the motors. 

The research considered thermal behavior in small operation 

domains, subject to some loads and velocity. Such a very limited 

topic omits several real-world situations in which BLDC motors 

occur particularly in electric automobiles or heavy industry. To 

provide a better understanding of how PCMs would work under 

different tension and stresses, it would be beneficial to carry out 

further research on these conditions in the future. 

Durability is another issue of concern over the long-term. Although 

PCMs have obvious thermal advantages, it is unknown how they 

perform during prolonged use or heating cycles. The paper has not 

discussed material degradation or stability in the long run in detail, 

which is essential in order to make such cooling solutions both 

reliable in the long-run. 

The price is also an aspect that might slack the adoption of PCM. 

Despite the fact that these materials can help enhance efficiency 

they may not always offset their initial costs and cost-sensitive 

industries may not always have the capacity to offset their costs. 

Another complexity is the inclusion of PCMs into available 

methods of motor design. Changes may require extensive design 

changes and this requires manufacturing complexities and 

increased costs. Incorporating integration procedures may facilitate 

the broader acceptance, which is an issue in the present study. 

Furthermore, a more comprehensive examination is required, that 

is, a mechanical and electromagnetic analysis in addition to 

thermal control. These holistic models would offer greater 

information on the impact of design decisions on the overall motor 

functioning. 

And lastly, in this study, the use of BLDC motors only is not 

considered and no attempts to combine PCMs with other cooling 

methods are discussed. Both hybrid solutions, like using pairing of 

phase change material with liquid cooling will be more successful. 

However, it is yet to be investigated how these methods are 

interacting. 

Altogether, these problems need to be addressed directly by future 

work in order to enhance the knowledge regarding the PCM 

utilization in cooling BLDC motors. By overcoming these 

challenges it will be the boss factor to effective and reliable 

thermal solutions that will satisfy the needs of all a number of 

industries that use this type of motors, (Wang et al., 2021, pp. 51-

55)[16], (Djentoe et al., 2023)[6], (Singh, 2024, pp. 71-75)[28] and 

(Shukla, 2024, pp. 1-5)[24]. 

6. Conclusion 

The article discussing the enhancement of cooling in brushless DC 

(BLDC) motors demonstrates the openness of the problem of 

enhanced cooling, where the accumulation of heat hazards the 

work even at high-speed environments. As it has been mentioned 

above, electrical losses, mechanical friction, and magnetic hysteris 

are the primary sources of heat. Such issues demand new cooling 

methods to make the motors run with ease and have extended 

lifespans. 

The present study identifies phase change materials (PCMs) as a 

good candidate in enhancing the cooling efficiency. The additional 

heating to PCMs during the changes of phases does not require 

additional energy, and winding lower temperatures can be reduced 

by almost half. It was demonstrated that the inclusion of PCMs can 

reduce the temperatures by up to 50 percent in comparison to the 

traditional methods thus significantly enhancing the motor stability 

and dependability. 

Glancing closer at the temperature curves under loads of varied 

loads, it turned out that the usual air and liquid cooling can hardly 

maintain the load of the motor when the engine is under serious 

work. Through PCMs, the overall temperatures are made even, 

which diminishes the hotspots that tend to occur among 

conventional cooling methods hence leading to increased cooling 

system efficiency. 

The effects of PCMs in repetitive cycles of temperature were also 

reviewed in the research. They have such drawbacks as 

degradation and supercooling following repeated uses as they put 

great benefits on the table. The inclusion of substances (like the 

nucleators) countermeasures these weaknesses and maintains the 

PCM performance constant with time. 

Mechanical stress due to the expansion under heat was also one of 

the considerations. Various substances within the motor do not 

have consistent expansion when they become hot, which puts the 

motor at risk of strain. Thermal-mechanical modeling and good 

choice of material can help control this stress and still make the 

cooling system viable. 

Minor modifications to design parameters also demonstrated good 

outcomes in sensitivity analysis and it showed that fine-tuning can 

promote significant improvements in cooling performance at 

different operating conditions. 

Even though PCM enjoys some strengths, it has a few weaknesses. 

These are disparities between regulated lab assessments and 

applicable tasks, incompatible matters presumed with the 

incorporation of PCMs with other cooling techniques, and costs 

that may slacken the broader deployment in the industry. 

Altogether, the development of the BLDC motor cooling with 

https://www.electronics-cooling.com/2019/03/thermal-management-of-electronic-equipment-using-phase-change-materials-pcms/
https://www.diva-portal.org/smash/get/diva2:690457/FULLTEXT01.pdf
https://www.jkongmotor.com/how-does-the-bldc-motor-achieve-high-torque.html
https://www.linkedin.com/pulse/thermal-management-bldc-motors-mechtex-driving-innovation-tvpjf
https://www.inergy.com.tw/en/news-detail/inergyNews_250502_iT8321E_CodeFree_AlO_BLDC_Driver/
https://kar.kent.ac.uk/id/document/3259647
https://www.e3s-conferences.org/articles/e3sconf/pdf/2023/102/e3sconf_icimece2023_01010.pdf
https://psa.gov.in/CMS/web/sites/default/files/psa_custom_files/Printing%20Updated%20eMobility%20R%26D%20Roadmap%20document_11072024.pdf
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PCMs is a promising approach to increasing the performance not 

only of the electric cars but also of the industrial machines. This 

paper indicates significant improvements in the reliability and 

energy efficiency, which are significant considering the shift of 

technology to greener and stronger technologies. 

In the future, it will be of paramount importance to concentrate on 

perfecting the PCM types and calculating their optimal position in 

motors to solve the existing problem and capitalize on their 

usefulness in altering load situations. 

7. Recommendations for Future Work 

Further attempts to enhance the cooling process of the BLDC 

motors, particularly, with the phase change materials (PCMs), 

should aim at addressing some key concerns in this study. One of 

the first things to do is to investigate thermal conductance 

resistance in the stator and rotor layers. The improved 

understanding of how this resistance impacts on the axial heat flow 

will be used in designing and modelling as indicated in section 5.5 

which highlights gaps in the current knowledge. 

New possibilities of exploring unusual shapes of the cooling 

systems can also be tried as opposed to the common layouts. As 

section 2.2 indicates, it might be a good idea to use forms 

(parabolic or triangular cross-sections) that would enhance the 

airflow and the amount of surface in contact with the cooling 

medium. Another aspect that could be useful in enhancing the 

management of airflow and reducing the energy consumption 

during fan operation is the testing of the new fan designs in which 

a custom shape will be utilized. This complies with the request of 

section 5.2 of maximizing compatibility with motor action. 

The creation of hybrid cooling systems, which combine active and 

passive cooling, may provide significant benefits in the context of 

dealing with dealing with the heat production of high-speed 

motors. Sensitivity analyses were mentioned in section 4.5, they 

assist in determining which design aspects have the largest 

influence on cooling performance. These lessons will be used to 

develop hybrid solutions that will not reduce efficiency in the 

future at the expense of motor reliability. 

The other research that is indeed exciting is the implementation of 

evaporative cooling methods in motor development in BLDC. 

These might be combined with PCMs to offer additional 

temperature control on peak loads to form a more robust thermal 

management architecture as in section 4 and 5. 

Good monitoring of PCM behavior under variable operating 

conditions (in real time) is also required, in particular to monitor 

the performance under repeated thermal cycles. As it is pointed out 

in section 4.3, continuous monitoring may identify the alterations 

in PCM properties and make smarter decisions regarding material 

selection and positioning within motors. 

In addition to theory and simulation, the computational fluid 

dynamics (CFD) models should be justified by experiments in 

order to ensure accuracy. Section 3.2 emphasizes the need to have 

experimental setups and measurement procedures which are 

representative of real operating conditions. Such simulations and 

counteractions will be compared with the real-world data in 

various scenarios to hone future strategies in designs. 

The program should carry out vast interaction between thermal 

management and other aspects of the motor such the mechanical 

stresses and electromagnetic broad features (see section 4). It is 

required to offer this holistic view in order to strike a balance 

between performance gains and integrity and reliability of 

structure. 

The use of new PCM formulations with broad temperature of 

operation should also be studied. Existing materials also tend to be 

limited in most cases, limiting their usage. Their expansion would 

enable PCMs to be used in more applications than usual since it 

can be expanded, as noted earlier in the preceding sections. 

Lastly, it is important to design industry-specific technology in 

order to transfer the new PCM technology into the already existing 

systems with ease. The challenges affecting the different industries 

are unique such as in the case of automotive and in the industrial 

machinery. These innovations will be successfully introduced to 

the market with the help of standards that would be cost-effective 

and functional as the project methodology documents mention. 

Concisely, by addressing these fields through dedicated studies, a 

greater insight will be gained and solutions provided in a practical 

manner. This strategy is sure to satisfy the increased needs in 

efficient, reliable and sustainable cooling in the coming years of 

the BLDC motor, (Wang et al., 2021, pp. 51-55)[16], (Singh, 2024, 

pp. 71-75)[28], (Liu et al., 2021)[12], (Kuria & Hwang, 2012, pp. 

11-15)[35] and (Mechtex, 2025)[2]. 

8. Potential Applications in Industry 

The application of phase change materials (PCM) in the cooling 

systems of brushless DC (BLDC) motors is a path to numerous 

opportunities that are applicable in various activities. These 

materials contribute to addressing the heat management problems 

as well as increasing the performance and reliability. As it was 

stated in section 2.1 above; high-speed BLDC motors are 

confronted with severe thermal issues as load demands continue to 

rise, and effective cooling mechanisms are a necessity. PCMs 

reduce thermal stress without additional energy consumption 

passively by absorbing excess heat as they run, as is observed in 

section 5.1. 

Computer-aided enhancements of the cooling systems, particularly 

in the case of electric vehicles (EVs) and hybrids, PCM systems 

have their benefits over conventional systems. Continuous 

operation of cars under high torque results in the production of a 

lot of heat. Motors with PCMs that are liquid-cooled can remain 

reliable and efficient even on long journeys or on heavy workload 

as pointed out in Input Document 2. Also, PCMs are flexible 

because they can be shaped to match certain vehicle designs and 

the local climatic conditions. 

Another area of change in terms of electrification is the aviation 

industry in a bid to enhance sustainability and efficiency. Section 

3.1 states the importance of the specifics of motor design. The 

systems that utilize PCMs to cool the aircraft may be essential in 

electric engine propulsion. These installations utilize high-speed air 

in the air to enhance the heat spread. Following very high power 

density and safety requirements of the FAA (Input Document 3), 

advanced thermal management based on PCMs will probably make 

it possible to develop all-electric aircraft. 

Another fertile land of PCM is industrial automation as well as 

robotics. Devices in these locations tend to be load-varying, and 

https://kar.kent.ac.uk/id/document/3259647
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thus require not to be overheated, as this will lead to the outcome 

of failures and the unnecessary loss of revenue (section 4.2). 

Advanced PCM cooling can be introduced to stabilize temperatures 

to enhance reliability and productivity of a wide variety of 

machinery. 

Even home appliances will benefit PCM solutions. An example is 

the case of dishwashers where people are looking more towards 

refrigerators that are more energy-saving and yet maintaining the 

same level of stable temperature control without adding additional 

size and technology (Input Document 1). PCMs contribute to the 

efficient heat exchange by absorbing the latent heat and assist 

manufacturers to fulfill the need of the consumer of the 

environmentally friendly yet convenient products. 

It also applies to the telecom sector that is in constant operation 

regardless of the different conditions. Servers loads on data centers 

trigger high temperatures resulting in intensive cooling. 

Opportunities A PCSM system may be used to achieve enhanced 

thermal stability but restrict the use of energy, not requiring the 

increased cost of active cooling (such as air conditioning, liquid 

cooling). 

BLDC motors with PCM cooling have the potential to improve 

marine applications such as where the space is limited, but the 

performance needed is of utmost importance, such as electrically 

driven ships. Such materials assist in sustaining a smooth running 

without flawing compact design requirements. 

Smart thermal management such as PCM is also a competitive 

requirement as industries seek to lower their energy usage as well 

as comply with stricter environmental standards. In conclusion to 

possible advantages: 

- EVs are more reliable when subjected to severe torque needs. 

- Aviation projects require very lightweight efficient cooling 

schemes. 

- Steady performance of industrial automation is obtained. 

- The usage of home appliances becomes more economical. 

- The telecom equipment experiences less breakdowns. 

- Marine ships benefit with reduced and much efficient propulsion. 

All in all, when PCMs are introduced to cool down an BLDC 

motor there are various sectors that can undergo transformation in 

order to improve the efficiency, sustainability, and even 

performance to be able to fulfill the current and present-day 

challenges of the engineering field, (Singh, 2025)[9], 

(KAPUŚCIŃSKI & DOMAŃSKI, 2020, pp. 1-5)[37] and (Mazur 

et al., 2024)[5]. 
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