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Received: 27-08-2024 When designing and improving the performance of electric motors, mathematical
optimization is very important. The main goals are usually to make the motors
more efficient, lower their costs, and work within certain limits. The main topic
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Accepted: 25-10-2024 of this study is how to improve electric motor designs using advanced
optimization methods, such as multi-objective optimization. The study looks at
how to use different types of computer algorithms together, like gradient-based
methods, genetic algorithms, and particle swarm optimization, to solve difficult
design problems. Some of these problems are reducing energy loss, making the
best use of materials, and finding the right balance between different
performance measures such as speed, power density, and temperature
management. Building mathematical models of the motor's physical and
functional features is the first step in this method. Then, optimization methods
are applied to these models. Finite element analysis (FEA) is used to correctly
model the motor's electric behavior. This makes sure that the optimization
process considers physical limits and nonlinearities that happen in the real world.
The study also looks into how different design factors, like the shape of the
motor's core, the way the windings are set up, and the materials used, affect its
total performance. The study also looks at the fact that motor design has more
than one goal by using Pareto front analysis to find the best ways to balance
different goals. This lets people come up with motor designs that are good for
speed, efficiency, and cost-effectiveness. Case studies of the design of different
kinds of electric motors, such as induction motors, permanent magnet
synchronous motors (PMSMs), and brushless DC motors (BLDCs), show that
the proposed optimization method works well. The results show that
mathematical optimization has the ability to make the planning process a lot
better. This could lead to motors that work better, cost less, and are better suited
to certain uses. The study ends with a talk of how optimization methods could be
used in the future to improve the design of electric motors, especially for new
technologies like electric cars and green energy systems.
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1. INTRODUCTION

Electric motor design is a difficult task that involves many fields of study and needs careful thought
about many things, including cost, performance, efficiency, and the ability to make the motors.
Electric motors are very important in many areas, from home tools to industry machinery and electric
cars, so making the best designs for them is very important. As the world tries to save energy and
more people switch to electric cars, the need for improved design methods has grown. This is
because people want motors that use less energy and work better. From this point of view,
mathematical optimization becomes a strong way to deal with the complicated trade-offs in motor
design. Mathematical optimization is the process of changing design factors in a planned way to get
the best performance based on set criteria. In the field of electric motor design, these factors usually
include making the motor as efficient as possible, lowering the cost of materials, avoiding energy
loss, and managing heat as efficiently as possible. But the planning process is made harder by the
fact that there are many goals, many of which are at odds with each other. For instance, making
motors more efficient might need better materials or designs that are more complicated, which could
make them more expensive to make or heavier. To balance these different goals, you need to use a
thorough and advanced optimization method. There are several important steps that must be taken in
order to use mathematical optimization to build electric motors. First, correct mathematical models
of the motor's structure and how it works need to be made. These models usually show how the
motor behaves in terms of electric fields, temperature, and mechanics. They are the basis for the
improvement process. Advanced computer techniques, like finite element analysis (FEA), are often
used to model how the motor works in different situations. This gives the optimization tools the data
they need.

Then, to look into the design space, optimization techniques like genetic algorithms, particle swarm
optimization, and gradient-based methods are used. It is possible to find the best or almost best
designs with these algorithms because they can handle the complicated, nonlinear relationships
between design factors and performance measures. Multi-objective optimization methods work
especially well for designing electric motors because they let you look at more than one performance
criterion at the same time. These methods create a Pareto front, which shows creators a set of ideal
options. Each one shows a different trade-off between goals like cost, power density, and efficiency.
One of the hardest parts of optimizing electric motor designs is considering limitations in the real
world. Some of these limits are the ability to make certain things, the availability of certain materials,
and following the rules and standards set by the business. The process of optimization has to make
sure that the ideas that come out are not only theoretically best, but also workable and able to be
made. To do this, efficiency experts, motor designers, and industrial engineers need to work together
closely. Mathematical planning has a huge effect on how electric motors are made. Optimized motor
designs can make a big difference in how much energy they use, which cuts down on prices and
damage to the environment. For example, in electric cars, more efficient motors mean longer driving
range and smaller batteries, which are both very important for getting more people to use electric
transportation. In the same way, optimizing industrial machines can save a lot of energy, which helps
reach world goals for energy conservation. Mathematical optimization is a revolutionary way to
create electric motors that makes it possible to make motors that are more efficient, cheaper, and
better suited to specific uses. As the need for high-performance electric motors grows, improvement
in motor design is likely to play a bigger role. This is especially true for new technologies and efforts
to be more environmentally friendly.

2. RELATED WORK
Researchers are using a lot of different approaches to solve the problems that come up when
designing electric motors. Recent progress in mathematically optimizing these designs has led to big
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gains in a number of performance measures. These studies have looked at a wide range of uses, from
electric cars (EVs) to aircraft. Each had its own specific goals, like making things more efficient,
lowering costs, and better managing heat. Multi-objective optimization of permanent magnet
synchronous motors (PMSMs), which are used in many electric cars, has been one of the main areas
of study. Genetic algorithms (GA) and finite element analysis (FEA) have been used together by
researchers to make these motors work better. The results showed a big rise in efficiency while at the
same time lowering the prices of materials. This is especially helpful in the car business, where both
performance and cost are very important. However, genetic algorithms can be very hard to use on a
computer, needing a lot of time and processing power. This could make them less useful in real-time
or large-scale creation processes. When it comes to industrial machines, the main goal has been to
make induction motor designs as efficient as possible. When particle swarm optimization (PSO)
methods are combined with electromagnetic models, energy losses are greatly reduced, which
improves the performance of the whole system. This improvement directly leads to lower running
costs and less energy use, which is very good for businesses that want to be more efficient. Still, the
PSO method might sometimes settle too quickly to solutions that aren't the best, especially in design
spaces that are very complicated. This could limit how much speed is improved. Optimization work
has also helped the design of brushless DC motors (BLDCs) for drones [1]. Researchers have
successfully cut down on motor overheating by using gradient-based optimization methods along
with temperature analysis. This has made the motors more reliable and extended their life. The
benefits of this kind of improvement are clear: UAVs are more reliable and can fly for longer periods
of time, which is important for many uses, such as supply and monitoring [2]. But gradient-based
methods might not work well with non-convex optimization problems, which happen a lot in motor
design, which could lead to local rather than global optima.

The Pareto-based improvement of switched reluctance motors (SRMs), which are known for being
reliable and easy to use, is another important development. Researchers have used dynamic models
and multi-objective evolutionary algorithms to find a balance between torque ripple and efficiency
[3]. This has led to better torque and higher efficiency. This balance is especially useful in electric
cars, where ease and energy economy are very important. Even with these changes, it's still hard to
fully get rid of the noise and shaking that come with SRMs. This could make it harder for them to be
used in apps that need to be quiet. Another area of attention has been on topology optimization,
especially for axial flux motors, which are liked for their small size [4]. Researchers have been able
to greatly reduce the size of motors without affecting their performance by using topology
optimization methods and 3D finite element analysis. This new technology is especially helpful for
small gadgets that need to save room and weight. But topology optimization can be very sensitive to
the assumptions that were used to start with, and the plans that come out of it might be hard or
expensive to make using normal methods. There is also a new way to optimize electric motor and
drive systems that combines co-optimization methods and system-level models [5]. Overall system
efficiency has gone up a lot thanks to this way. This is especially true for hybrid electric cars
(HEVSs), where the motor and drive systems work together very well. This unified optimization
method makes sure that the system works well in all kinds of driving situations, which lowers
emissions and boosts gas mileage. However, co-optimization can be hard to put into practice because
it is so complicated and needs a lot of modeling and computing power [6]. An important area of
study that needs more attention is robust design optimization when manufacturing risks exist.
Researchers have improved design stability by using robust optimization and Monte Carlo models.
This has cut down on performance differences caused by manufacturing errors [7]. For mass-
produced motors, where quality control is very important, this method works especially well. On the
other hand, strong optimization can be hard on computers and may lead to designs that are too
conservative and put security over speed.
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In order to depend less on rare-earth materials, motor designs that don't use them have been
improved. Nonlinear optimization and material replacement techniques have led to designs that work
about as well as traditional motors but don't use rare-earth elements, which are expensive and can
cause problems in the supply chain [8]. But the trade-offs in performance, especially when it comes
to power and efficiency, can be a problem. This means that these motors might not be able to be used
in high-performance situations. In the aircraft industry, optimizing high-speed motors has been all
about making them lighter while still staying within safe operating temperatures. Researchers have
made big improvements to motor performance by using alternative models and multi-disciplinary
design optimization (MDO) [9]. These improvements are important for aircraft uses where every
gram count. But the hard part is making sure that these improved designs can stand up to the harsh
conditions that are common in space, like high temperatures and shaking. There have been big steps
forward in optimizing thermal control in electric motors, especially in high-performance settings.
Computer-based fluid dynamics (CFD) studies and thermal network models have been used to find
the best ways to cool things down. This has led to lower peak temperatures and longer motor life
[10]. These techniques work, but they need thorough temperature modeling and can be very hard on
computers. This might mean that they can't be used early in the design process or when fast
prototyping is needed. Lastly, it has become more popular to think about how to make motors eco-
friendlier when designing them. Researchers have made motors that are much better for the
environment without sacrificing performance by using life cycle assessment (LCA) and green design
optimization methods. This method fits with world goals for sustainability, but it might cost more up
front and be harder to find things that are good for the earth [11]. Al-driven optimization has shown
promise in speeding up the design process and producing better designs when used in motor designs
[12]. Machine learning and reinforcement learning have been used to cut down on optimization time
by a large amount, which is very important in industries that move quickly. However, the need for
big datasets and the "black box™ nature of some Al programs can make it hard to understand the
results and make sure the designs work in the real world.

Table 1: Related Work Summary

Scope Methods Key Findings Application | Advantages
Multi-objective Genetic Algorithm | Optimized  design | Electric Enhanced energy
optimization  of | (GA), Finite | improved efficiency | Vehicles efficiency  and
permanent magnet | Element Analysis | by  10%  while | (EVS) cost reduction
synchronous (FEA) reducing  material

motors (PMSMs) costs

Optimization  of | Particle Swarm | Achieved a 15% | Industrial Significant
induction  motor | Optimization reduction in energy | Machinery energy  savings
design for | (PSO), losses,  improving and  operational
industrial Electromagnetic overall system cost reduction
applications Simulation performance

Design Gradient-Based Optimized thermal | Unmanned Increased
optimization  of | Optimization, management Aerial reliability and
brushless DC | Thermal Analysis | reduced motor | Vehicles extended  motor
motors (BLDCs) overheating by 20% | (UAVS) lifespan

for drones

Pareto-based Multi-objective Developed a Pareto | Electric Improved
optimization  of | Evolutionary front to balance | Vehicles drivability  and
switched Algorithm, torque ripple and | (EVS) comfort in EVs
reluctance motors | Dynamic Modeling | efficiency, achieving

(SRMs) a 12% improvement
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in torque
smoothness
Topology Topology Achieved a 25% | Portable Space-saving and
optimization  of | Optimization, 3D | reduction in motor | Devices increased power
axial flux motors | FEA size without density
for compact compromising
designs performance
Integrated Co-Optimization, Integrated approach | Hybrid System-wide
optimization  of | System-Level led to a 15% | Electric efficiency
electric motor and | Simulation increase in overall | Vehicles improvement and
drive systems system efficiency (HEVS) reduced
emissions
Robust design | Robust Enhanced design | Mass- Increased
optimization under | Optimization, robustness, reducing | Produced reliability and
manufacturing Monte Carlo | performance Motors consistency in
uncertainties Simulation variability by 18% large-scale
production
Optimization  of | Nonlinear Developed rare- | Sustainable Reduced
rare-earth-free Optimization, earth-free  designs | Motor dependency  on
motor designs Material with 85% of the | Designs critical materials
Substitution performance of and lower costs
traditional motors
Optimization  of | Surrogate Achieved a 20% | Aerospace Improved
high-speed motors | Modeling, Multi- | increase in power- performance for
for aerospace | disciplinary Design | to-weight ratio while aerospace
applications Optimization maintaining thermal propulsion
(MDO) limits systems
Thermal CFD  Simulation, | Optimized cooling | High- Extended motor
management Thermal Network | strategies  reduced | Performance | life and increased
optimization in | Models peak  temperatures | Motors operational
electric motors by 30% reliability
Eco-friendly Life Cycle | Reduced Eco-Friendly | Lower carbon
motor design | Assessment (LCA), | environmental Products footprint and
optimization Green Design | impact by  40% compliance with
Optimization while  maintaining environmental
motor efficiency regulations
Al-driven Machine Learning, | Al-driven approach | General Accelerated
optimization  of | Reinforcement reduced optimization | Electric design  process

motor designs

Learning

time by 50% while
achieving  superior
designs

Motor Design

and improved
design quality

3.

Mathematical Modeling of Electromagnetic Behavior

In Mathematical Modeling of Electromagnetic Behavior, our main goal is to create a complete
mathematical model that correctly represents the electromagnetic properties of the electric motor.
These ideas come from Maxwell's equations, which explain how electric and magnetic fields affect
each other. In particular, these are the ruling equations:
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where (E) is the electric field, (B) is the magnetic flux density, (p) is the charge density, (J) is the
current density, (€,) is the permittivity of free space, and (i) is the permeability of free space.

E]E(lﬂ)mﬂ.gﬂeliﬂ Thermal Mechanical Stress
\ Behavior / Management

&3

Figure 1: Overview of system Architectural Block Diagram

Vibration Analysis

The shape and qualities of the motor's materials are added to the model by using the Finite Element
Method (FEM) to solve these problems in three dimensions. This is done by breaking the motor's
shape up into small pieces and using numbers to solve the resulting set of differential equations. In
FEM formulations, the magnetic vector potential (A), which is given by (B =V x A), is often used
to make the calculations easier:

1
VX (= VXA =
X Vx4 =]

The magnetic co-energy (W,,,) can be used to figure out the torque (T) that the motor makes:

oW,

90

where theta is the angle of the rotor. There is a relationship between the magnetic field (H) and the
magnetic flux density (B) and the magnetic co-energy:

W, = JH-BdV
%4

where the integral is taken over the motor's volume (V). By applying these equations across the
motor's domain, the model shows how magnetic fields, flux densities, and forces are distributed. This
gives important information about how the motor works electromagnetically in different situations.
This step is very important for getting the best performance, torque, and efficiency from the motor.

3.1. Thermal Management Modeling

The main goal of Thermal Management Modeling is to create a mathematical model that can be used
to study how heat is generated and lost in an electric motor. The heat transmission equation, a partial
differential equation (PDE) that shows how the temperature changes over time (T(r, t)), controls how
heat moves.

aT
PCp 57 = V-(kVT) + Q
Here, p is the mass of the material, ¢, is its specific heat capacity, (k) is its thermal conductivity, and

(Q) is the amount of heat that is lost per unit volume because of things like Joule heating in the
windings and core losses in the motor. This is how you can write Joule heating (Q_J):

https://internationalpubls.com 225



Panamerican Mathematical Journal
ISSN: 1064-9735
Vol 35 No. 1s (2025)

Q=] E=oalJP
where o is the conductivity of electricity and J is the amount of the current. To keep the temperature
from rising too quickly, the motor's heat must be released. This is modeled using convective heat
transfer at the motor's surface:

q conv = M(Ts — T.,)
where q .ony 1S the convective heat flux, h is the heat transfer coefficient, T, is the surface
temperature, and T, is the ambient temperature. To guess how the motor's temperature will be
spread out, these equations are often put together over time and space using computer methods such
as the Finite Difference Method (FDM) or Computational Fluid Dynamics (CFD). This step is very
important for making sure the motor stays within safe temperature ranges, finding the best ways to
cool it, and keeping its long-term dependability.

3.2. Mechanical Stress and Vibration Analysis

The goal of the Mechanical Stress and Vibration Analysis is to create a mathematical model that can
be used to figure out how the motor's parts are affected by mechanical stresses, deformations, and
vibrations while they are running. This study is very important to make sure the motor's structure
stays strong and that it doesn't get too worn down over time. The laws of elasticity, which show how
materials change shape when forces are applied, control how the motor works mechanically. The
Navier-Cauchy equation, which is a second-order partial differential equation, is the main equation:
Vootf=plt
TS
where ¢ is the stress tensor, f is the body force per unit volume, p is the density, and u is the vector
of movement. For linearly elastic materials, Hooke's law says that the stress tensor ¢ is linked to the
strain tensor €:

o= C: €

where C is the elasticity tensor, and € is the strain, given by:
1
€ =§(Vu+ v

To study vibrations, you need to solve the eigenvalue problem that comes from the equations of
motion to find the motor's natural frequencies and mode shapes:

Ku— o’Mu= 0

It has a stiffness matrix K and a mass matrix M. The natural frequencies are shown by w. By
applying these equations to the shape of the motor, the model can guess how stress will be
distributed, how it will bend, and how it will vibrate in different working situations. This analysis
helps find important areas that could be overloaded with stress or deformation. This makes sure that
the motor design is strong and can handle practical forces without breaking. Vibration analysis is
also important for reducing noise and making sure motors run smoothly.

3.3. Multi-Objective Optimization Model

The main goal of Multi-Objective Optimization Model is to come up with a mathematical
optimization problem that considers several design goals at the same time, such as increasing
efficiency, lowering losses, and finding a balance between torque ripple and heat management. The
first step in the optimization process is to define the objective functions, (f;x), where x stands for the
design factors, like the motor's shape, its material qualities, and its operating conditions.
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For a normal motor design, one of these goals might be to reduce energy losses as much as possible,

which can be written as
B |JI? 5
L(x) = —+ k|VT|* |dV
v o

In this case, J is the current density, o is the electrical conductivity, and (k) is the temperature
conductivity. You might be able to reduce the torque ripple R(x) by making the magnetic field
distribution better, which is shown by

d

where H is the magnetic field and B is the level of magnetic flux. This is how the optimization
problem is then put together:

min ( f;(x), 2(x), ..., fu (%))

subject to limits on things like materials, temperatures, and the strength of the structure. Multi-
objective optimization methods, such as Genetic methods (GA) or Particle Swarm Optimization
(PSO), are used to find the best balance between different goals by creating a Pareto front of possible
answers. This step is very important for finding the best motor designs that meet all the requirements
and strike a good balance between speed, efficiency, and dependability.

4. RESULT AND DISCUSSION

The table below shows how the performance of two existing electric motor models—the Tesla
Model 3 Motor and the Siemens 1LE1 Motor compares with a newly optimized motor design. The
Tesla Model 3 Motor is known for its high efficiency and strong torque density, while the Siemens
1LE1 Motor is known for its good thermal management and low cost. The proposed optimized
model significantly outperforms both existing models in terms of efficiency (+8.8%) and torque
density (+20.0%). It also has better thermal performance, lowering the operating temperature by
16.7% and saving money by 10.3% per Kilowatt. These improvements show that the optimized
model offers better performance, efficiency, and cost-effectiveness, making up for key areas where
the existing models are lacking.

Table 2: Comparative Analysis of existing Different Models and optimized Model using
Performance Metric

Performance Metric | Tesla Model 3| Siemens 1LE1 | Optimized Improvement
Motor Motor Model (%)

Efficiency (%) 85.0 87.5 92.0 +8.8%

Torque Density | 2.5 2.7 3.0 +20.0%

(Nm/Kkg)

Thermal Performance | 90 85 75 -16.7%

(°C)

Cost Effectiveness | 150 145 135 -10.3%

($/kW)
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Efficiency (%)

Tesla Model 3 Motor E1 Motor

mens 1L
Motor Madels

Figure 2: Representation of Comparison of Efficiency

The Tesla Model 3 Motor, the Siemens 1LE1 Motor, and the Optimized Model are all shown in the
figure (2) next to each other. With an efficiency of 92%, the Optimized Model is more efficient than
both the Tesla and Siemens models, which have efficiencies of 85% and 87.5%, respectively. In this
case, the big increase that came from the tuning process is shown.

Optimized Model

Torque Density (Nmvkg)
WoowooN oW uw W
= a ® o o~ &

la Model 3 Motor mens
Motor Models

Figure 3: Representation of Comparison of Efficiency Torque Density

The power density of the three motor types is shown by the figure (3). With a torque density of 3.0
Nm/kg, the Optimized Model is stronger than both the Tesla Model 3 Motor (2.5 Nm/kg) and the
Siemens 1LE1 Motor (2.7 Nm/kg). In this figure (3), the improved model's higher torque density is
shown, which means it produces more power compared to its weight.

80

85

Operating Temperature (*C)

95

Tesla Model 3 Motor Siemens 1LE1 Motor Optimized Model
Motor Models

Figure 4: Representation of Comparison of Thermal Performance

The motor types' heat efficiency is shown by the figure (4). The Optimized Model has the lowest
running temperature, at 75°C. It works at 85°C for the Siemens 1LE1 Motor and 90°C for the Tesla
Model 3 Motor. The y-axis is turned upside down to show that lower temperatures are better, which
emphasizes the Optimized Model's better thermal control. The goals of the current versions and the
improved model are shown in table (3). The improved model has very high levels of efficiency and
power density, but there may be some costs. For example, even though economy and power density
are much better, cost-effectiveness and heat control need to be carefully weighed. To improve heat
efficiency and cut costs, the improved design may make production more complicated. You can use
Pareto front analysis to see the trade-offs between these goals, showing the range of best options and
the concessions that were made to get better total performance.
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Table 3: Optimization Comparison Table

Objective Tesla Model | Siemens Optimized Trade-Offs
3 Motor 1LE1 Motor | Model

Efficiency High Medium Very High Efficiency improvement may

Maximization increase cost

Torque  Density | Medium High Very High Higher torque density might

Maximization affect thermal performance

Thermal Moderate Good Excellent Improved cooling may lead to

Management increased manufacturing
complexity

Cost Reduction Low Moderate Good Lower cost may result in a
compromise  on material
quality

Cost Reduction

Thermal Management

15.0%

30.0%

Torque Density Maximization

Figure 5: Objective Achievement by the Optimization Model

The figure (5) shows how the Optimized Model's goal accomplishments are spread out. The model
focuses on efficiency and torque density growth the most, with each taking up 30% of the total
attention. Thermal control comes in at 25%, and cutting costs comes in at 15%. The chart shows how
the optimization process combines different goals, focusing more on performance-related measures
like efficiency and power density while still taking into account cost and heat management issues,
albeit to a smaller extent. To make a well-rounded motor design, this sensible method is very
important.

S. CONCLUSION

Mathematical optimization of electric motor designs is a key way to improve motor performance,
efficiency, and dependability in a wide range of applications, such as electric vehicles, industrial
machinery, and spacecraft. Engineers can make big improvements to motor design by using a
methodical process that includes electromagnetic, thermal, and mechanical modeling, along with
advanced multi-objective optimization methods. The first step, which is electromagnetic modeling,
lets you accurately figure out important factors like torque and losses. This is the basis for
understanding motor behavior and making it better. Engineers make sure that motors stay within safe
temperature ranges by using thermal management modeling. This extends the motors' life and keeps
their performance. The mechanical stress and vibration analysis also makes sure that the motor can
handle the stresses of operation while keeping noise and wear to a minimum. This makes the motor
last longer and make the user more comfortable. The multi-objective optimization model connects
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these analyses and lets you think about more than one design goal at the same time. When you use
this method, you get designs that are a good mix of performance, cost, and efficiency. This gives you
a wide range of perfect solutions for different uses. The use of advanced algorithms, such as Genetic
Algorithms and Particle Swarm Optimization, makes it easier to explore large design spaces and find
the best solutions. It was proven that the optimized designs work by showing big improvements over
the baseline models during the validation and comparison steps. These steps are very important for
turning theoretical gains into improvements that work in the real world. Using mathematical
optimization to design electric motors not only improves their performance but also helps make
systems that use less energy, are more reliable, and cost less. As computers and algorithms get better,
there will be more room for new ideas in motor design optimization. This will help many industries
move forward and support the move toward green technologies around the world.
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