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To compete effectively with GVs, EVs must have drivetrain systems that
maintain high efficiency even in non-ideal environments, including rural
areas and rough terrains. This study proposes a geometry optimization
method for a 1 kW Brushless DC (BLDC) motor to improve energy
efficiency under three primary EV traction scenarios: climbing, acceleration,
and cruising. The optimization targets nine geometric parameters—outer and
inner stator radius, magnet thickness, rotor yoke thickness, shoe stator
thickness, magnet width, shoe stator width, stator pole width, and back-iron
thickness. The optimization is performed using a Particle Swarm
Optimization (PSO) algorithm integrated with Finite Element Method
Magnetics (FEMM) and analytical performance evaluation. The
optimization constraints are derived from traction dynamics, weight, and
volume limitations based on the regulations of the Indonesian Electric
Vehicle Competition (Kompetisi Mobil Listrik Indonesia, KMLI). The
results show that the optimized BLDC motor geometry can increase
efficiency by up to 24.3% and torque by 11.3% compared to the baseline
design. This research contributes a high-efficiency BLDC motor design
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1. INTRODUCTION

The widespread use of gasoline vehicles (GVs) has resulted in two major problems: a fossil energy
crisis and increased environmental pollution. As a more environmentally friendly alternative, electric vehicles
(EVs) have attracted significant attention from industry, academia, and governments around the world due to
their zero carbon emission characteristics [1][2]. In urban regions, EVs play a strategic role in reducing pollution
levels, as transportation demands are generally higher compared to rural regions [1]. Additionally, higher income
levels and better access to charging infrastructure make EV adoption more favorable in urban environments [3].
The relatively short travel distances in urban regions further enhance the suitability and attractiveness of EVs
[1][4]. Urban settings offer ideal operating conditions for EVs, including short commuting distances, sufficient
acceleration distance to reach optimal speeds, relatively flat road terrain, adequate power capacity in both the
drivetrain system and energy source, and easily accessible charging infrastructure. However, to compete with
GVs, EVs must also be capable of performing effectively under non-ideal conditions, such as those found in
rural, agricultural, and mining environments.

In several EV competitions held across different countries, the performance evaluation scenarios closely
reflected real operational challenges. These challenges were similar to those encountered by EVs in rural
environments. In such settings, EVs had to operate under non-ideal conditions while also complying with strict
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regulatory constraints. For example, the Mileage Challenge scenario in the international Shell Eco-Marathon
(SEM) requires EVs to complete a race over a considerable distance within a limited time while minimizing
electricity consumption [5]. The EV competition held at the Pike’s Peak International Hill Climb featured a 12.42
mile course with an elevation ranging from 2.86 meters to 4.30 meters. The track with its 156 turns posed a
significant challenge for EVs in terms of limited operating time per charge [6]. On the other hand, the Kompetisi
Mobil Listrik Indonesia (KMLI), a national EV competition involving dozens of universities across Indonesia,
features test scenarios that closely resemble rural EV usage. These performance tests include climbing,
acceleration, deceleration, cornering, and cruising [7]. In this competition, most EV drivetrain systems utilize
outer-rotor BLDC motors. The BLDC motor is a popular choice due to its structural simplicity, lightweight
nature, broad operational speed range, low maintenance cost, and relatively high torque density and efficiency
[8][9][10]. The outer-rotor configuration offers additional benefits, such as greater rotational inertia and the
possibility of direct on-wheel installation, resulting in a more simplified mechanical system [11]. KMLI’s
regulations and test scenarios push EVs to operate at critical limits. Despite limited motor power capacity and
restricted battery energy, both defined by competition rules, EVs are required to perform optimally across
extreme operating conditions, particularly in climbing, acceleration, and cruising test scenarios. Each condition
presents different traction requirements and motor rotational speed ranges, which significantly affect BLDC
motor efficiency. At low rotational speeds and high traction loads, efficiency tends to be low due to dominant
copper losses in the stator windings. Peak efficiency is achieved at a certain rotational speed range, but it drops
sharply at higher rotational speeds due to increased iron core losses [11]. This is a crucial issue, as low efficiency
leads to higher energy consumption, while the energy source is strictly limited. Consequently, energy efficiency
becomes a key parameter in enhancing BLDC motor performance in EV applications. Recent advancements in
BLDC motor technology have focused on geometry optimization to achieve maximum performance, as
geometric improvements can significantly enhance efficiency [12]. Geometrical parameters such as slot size,
stator pole width, magnet dimensions, rotor diameter, and stator diameter can be optimized to design high-
efficiency BLDC motors [8][11][12].

Several recent studies have focused on improving the efficiency of BLDC motors as EV drivetrain
systems through geometry optimization. Among them, Ozturk et al. [8] employed a genetic algorithm (GA) to
optimize nine geometric parameters of a 1 kW outer-rotor BLDC motor, achieving an efficiency of 90.35%.
However, this study prioritized torque density as the sole optimization constraint, without taking into account
the overall traction requirements of the EV. Arifin et al. [12] conducted manual optimization on three geometric
parameters of a 0.5 kW outer-rotor BLDC motor, namely slot depth, stator pole width, and Hallbach magnet
configuration. This approach resulted in six geometry variants, with the highest efficiency reaching 94.27%.
Unfortunately, the optimization method was carried out without considering any constraints. Budi et al. [9]
focused on optimizing eight rotor geometry parameters of a 5 kW inner-rotor BLDC motor without including
stator optimization. Performance evaluation was carried out using a FEMM-based numerical method and
analytical approach, resulting in a maximum efficiency of 97.09%. However, this approach remained oriented
toward motor—inverter compatibility rather than addressing the traction dynamics requirements of EVs. Hejra et
al. [13] applied the Sequential Quadratic Programming (SQP) method to optimize nine geometric parameters of
an outer-rotor BLDC motor. This study considered the motor’s volumetric dimensions as optimization
constraints and used Finite Element Analysis (FEA) to evaluate torque and flux density. The highest efficiency
achieved was 92.24%, but the approach still did not take into account variations in traction load and motor
rotational speed. Sundaram et al. [14] discussed the design formulation of a 2 kW high-torque BLDC motor
using a selection method involving four combinations of stator slots and magnet poles with predefined geometric
parameters. Each combination was analyzed using FEA, taking into account volumetric constraints (motor
diameter and effective axial length), a rated torque of 50 Nm at a rotational speed of 400 rpm, and an EV range
of 108 km per charge at a speed of 54 km/h. The highest efficiency, 90%, was achieved with an optimal BLDC
motor design featuring 51 stator slots and 46 magnet poles. From these studies, it can be concluded that the
majority of research has not yet considered the traction dynamics requirements of EVs to fully address the
problem highlighted in our study—namely, that EVs must maintain high performance under varying and non-
ideal operating conditions, such as those found in rural environments or during competitions. While the study
conducted by [14] did account for harsh environments, non-ideal operation, and several strict constraints, the
optimization approach remained manual and limited to only four design combinations. Therefore, our study is
proposed to fill the identified research gaps.

The objective of our study is to develop a 1 kW outer-rotor BLDC motor geometry design that achieves
balanced efficiency under climbing, acceleration, and cruising conditions, based on the test scenarios of the
KMLI. These three scenarios represent typical traction dynamics requirements encountered when EVs are driven
in rural regions or other non-ideal terrains. Nine geometric parameters of the BLDC motor—including outer
stator radius, inner stator radius, magnet thickness, rotor yoke thickness, shoe stator thickness, magnet width,
shoe stator width, stator pole width, and back-iron thickness—are optimized using the Particle Swarm
Optimization (PSO) algorithm. This optimization is integrated with FEMM-based numerical methods and
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analytical evaluations to assess the performance of the motor geometry. The optimization constraints are
formulated through traction dynamics requirement analysis, weight requirement analysis, and volumetric
requirement analysis, ensuring the resulting geometry meets the necessary specifications and performance
requirements without violating KMLI regulations. Our study aids in the advancement of EV drivetrain systems
designed to function effectively in non-ideal road conditions. These systems will also be capable of operating
with limited powertrain capacity and energy availability, particularly in rural, agricultural, mining, or other harsh
environments. This development is guided by regulations and test scenarios based on competition.

2. RESEARCH METHODS

This study employed a simulation-based approach to develop a BLDC motor geometry design that
achieves efficiency balance across various EV traction requirements, specifically tailored for competition
requirements in KMLI, by optimizing nine geometric parameters. The optimization is carried out using the PSO
algorithm, with regulatory-based optimization constraints integrated with FEMM-based numerical methods and
analytical approaches. The instrumentation and equipment specifications used in this study included FEMM 4.2
software for magnetic field simulation and flux distribution calculation of the BLDC motor. MATLAB R2015b
was used for implementing the PSO algorithm, conducting numerical analysis, and visualizing data.
Additionally, the study utilized hardware in the form of a computer equipped with an AMD A4-9125 RADEON
R3 2.3 GHz processor and 8 GB of RAM. The research methodology is conducted systematically, as illustrated

in Figure 1.

Defining EV specifications
according to KMLI regulations

!

Modeling and requirements analysis of EV
drive system

!

Determine the geometric parameters of the
BLDC motor.

!

Optimization formulation

Implementation of the PSO algorithm to
find the optimal BLDC motor geometry

!

Testing and comparison results

Figure 1. Research methods flowchart

2.1 EV Drivetrain System Modeling and Requirement Analysis

Modeling and requirements analysis is the initial stage in designing and determining the specifications
of an EV drivetrain system to ensure its performance meets the desired criteria. The targeted performance
criterion is an EV drivetrain system that maintains balanced efficiency across the three EV performance test
scenarios without violating the regulatory limits set by KMLI. Therefore, the analysis of EV drivetrain
requirements must be carried out based on the regulations and performance test scenarios defined in KMLI. The
regulations set by the KMLI organizers are summarized in the EV specification data presented in Table 1.
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Table 1. EV specification regulations
Symbol Description Value
Promgrive Nominal power of the drivetrain system <2X1kw
Epat Battery capacity < 2.2kWh
Viom,,, ~ Battery nominal voltage <48V
Limgys ~ BMS current limit 100 A
m Vehicle mass + driver mass 180 + 50 kg
Twheel Wheel radius 0.178 m
Ag Frontal area 1.24 m?
Cq Drag coefficient 0.25
(o Rolling coefficient 0.01
188
A N

(a)

(b)
Figure 2. (a) EV design top view, (b) EV design front-side view

Based on Table 1, the EV specification data represent parameters that directly influence the analysis of
EV drivetrain requirements. The design and dimensions of the EV, which have been adjusted in accordance with
KMLI regulations, are illustrated in Figure 2. The test scenarios used to evaluate EV performance in KMLI are
presented in Table 2, while the other two test scenarios, namely deceleration and cornering are not discussed in
this study, as they do not have a significant impact on the analysis of EV drivetrain requirements.

Table 2. EV performance test scenarios

Symbol Description Climbing Acceleration Cruising
) Track elevation angle 15° 0° 0°
s Track length 9.27 m 30 m (5%x700) m
p Air density 1.225 kg/m3 1.225 kg/m3 1.225 kg/m3
g Gravitational acceleration 9.81 m/s? 9.81 m/s? 9.81 m/s?
t Traveling time 484s 6.64s 377 s
Vseare  Start velocity 0Om/s 0m/s 0m/s

2.1.1

Traction Dynamics Requirement Analysis of the EV

The traction dynamics requirement analysis of the EV is carried out to determine the traction power
required to overcome its resistive forces, as well as the minimum rotational speed and torque that must be
generated by the EV drivetrain system under the three performance test scenarios described in Table 2. The
traction dynamics requirement analysis is conducted using Equations (1) to (10).

Vavg n) = mean(vstart (n), Vend (n))

1
Fpero(m) ==-p 'Af “Cq vgvg(n)

2

Frou n) = Crom-g- C05(<P(n))

Férav(n) =m-g- Sin(<P(n))
Fres(M) = Faero(m) + Froy(n) + Fyrav (m)

1
Eine(n) = E m- 17311(1 n)

(1)
2)

)
4)
)

(6)
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— (F;"ES(n) ’ S(n)) + Ekine (n)

Etrac (Tl) - 3600 (7)
_ Etrac (n)
Pirgc(n) = t(n)/3600 3
O ©)
P rac
Tyes(n) = %—En”; (10)

n = {climbing, acceleration, cruising}

In all n test scenarios, the EV starts from rest at an initial velocity vg,,¢, Where, according to Newton’s
Second Law, the EV undergoes acceleration, resulting in a final velocity v,,, and an average velocity Vayg. Fres
is the total resistive force acting on the EV, which is the sum of aerodynamic drag F,,,,, rolling resistance F,;;,
and gravitational resistance Fy.q,,. Gravitational resistance only applies to routes with an elevation angle greater
than 0°, specifically in the climbing test scenario. Ey;,. represents the kinetic energy required by the EV to
overcome acceleration and inertial forces, while E.q. and P, are the traction energy and power needed to
overcome total resistance. Specifically, in the climbing test scenario, even though the EV starts from rest, it does
not accelerate significantly, as it tends to move at a constant velocity due to the climbing traction load. Therefore,
the effects of acceleration and inertia can be neglected, and the traction energy required for climbing in Equation
(7) can be rewritten as shown in Equation (11).
E..s(climb) - s(climb) (11)

3600

Furthermore, in the cruising test scenario, the EV undergoes acceleration only over the first 30 meters,
which accounts for 5.8% of the total cruising track length. As a result, the kinetic energy required to overcome
acceleration and inertial resistance is only needed along this initial segment. For the remaining 94.2% of the
track, the EV only contends with aerodynamic drag and rolling resistance. Therefore, in the cruising test scenario,
the average velocity of the EV in Equation (1) can be rewritten as shown in Equation (12) to (14).

Etrqc(climb) =

s(cruise) = s(cruise) — s(accel) (12)

t(cruise) = t(cruise) — t(accel) (13)
) s(cruise)

Vayg (cTuise) = araise) (14)

Based on the traction dynamics requirement analysis described above, three variations of the minimum
required rotational speed wq.¢ and three variations of the minimum required torque T,,s Were obtained, which
must be generated by the BLDC motor as the EV’s drivetrain system for each test scenario. These three variations
represent the operational range of the BLDC motor. The BLDC motor must have a rated rotational speed w,qteq
that is higher than its operational rotational speed range to ensure that it operates within a safe and efficient
rotational speed range [15], as estimated using Equations (15) and (19).

Wrated = max(wdes(n)) (15)
w _ Vph B (Iphrated . Rph) (16)

rated — ke
gy = et (17)
Phrated Vnombat . \/§

P )

Pnommot = % (18)
ke = kt (19)

In a three-phase star-connected motor, V,, is the phase voltage, which is equal to the nominal battery
voltage Vyom, ,, divided by the square root of three. The variable k represents the number of BLDC motors used
in the EV drivetrain system, so By, denotes the nominal power for each BLDC motor. In a three-phase star
connection, the rated phase current I, .., 18 equal to the rated line current, which is achieved at the rated
rotational speed. R, is the phase winding resistance, which is influenced by the winding configuration, wire
cross-sectional area, and stator slot size. The back-EMF constant ke is equivalent to the torque constant kt.
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Furthermore, the BLDC motor must also generate an average torque T4 that exceeds the average operational

torque requirements to ensure it can withstand traction loads under the three test scenarios, as estimated using
Equations (20) and (23).

Ty > e s (0) 0)

Tavg = mean(T(n)) (2D

T(n) = L,,(n) - kt (22)

kt = ITrated (23)
Phrated

The torque Tyq¢eq refers to the torque of the BLDC motor when it operates at its rated rotational speed,
and it is influenced by the motor's geometry. Consequently, both kt and ke are characteristics of the BLDC
motor that are influenced by its geometry. The torque T produced by the BLDC motor varies with the phase
current I, while the phase current also varies with the operational rotational speed, which can be calculated by
substituting Equation (16), and is expressed as Equation (24) and (25).

Von — (ke - w(n))
R

Lpp(n) = 24

ph

E(m) = ke w(n) =V, — (Ln(n) - Ryp) (25)

Based on Lenz's law, the back-EMF E is defined as the difference between the phase voltage and the
voltage drop across the phase winding resistance. In this study, the three variations of the required rotational
speed wg.s in the climbing, acceleration, and cruising test scenarios are used as reference parameters in the
BLDC motor geometry optimization process. The goal is to develop a BLDC motor geometry that functions
optimally and achieves high efficiency throughout the rotational speed range w, which aligns with the variations
of wg,.s, as indicated in Equation (26). Moreover, wg.s serves as a reference parameter in the performance
comparison stage. To evaluate the improvement of the optimized BLDC motor over the baseline motor, both

must be tested under the same rotational speed range, ensuring a fair comparison, and calculated using Equation
(26).

w(n) = wges(N) (26)

2.1.2  Weight Requirement Analysis of the EV Drivetrain System

The weight requirement analysis of the EV drivetrain system applies only to the rotating components,
which directly influence inertial resistance during vehicle acceleration [16]. According to [17], the ideal total
weight of the rotating drivetrain components, m,.,¢, ., should be 5% of the total weight of the EV, including the
rider, and calculated using Equation (28). These rotating components include the permanent magnet, rotor yoke,
wheel rim, and tire, whose weight is estimated using a numerical method based on FEMM and is defined as the
rotor weight m,.,., for a single BLDC motor. In this context, the weight of the permanent magnet and rotor yoke
is highly dependent on the BLDC motor geometry produced by the PSO algorithm. The rotor weight must not
exceed the ideal total weight of the rotating drivetrain components, which is calculated using Equation (27).

Myot = Myot gps (27)
0.05-m
Mrotges — T (28)

2.1.3 Volumetric Requirement Analysis of the BLDC Motor

The volumetric requirement analysis aims to ensure that the size of the BLDC motor does not exceed
the size of commercially available rims, specifically 10 inches in diameter with a tire thickness of 5.1 cm. The
volumetric dimensions apply to each BLDC motor and include the motor diameter and the effective axial length.
The designated motor diameter, D¢, Tefers to the outermost diameter of the rotor, which must be smaller
than the outer diameter of the wheel to allow sufficient space for mounting the rim and tire. Therefore, the motor
diameter Dy, resulting from the PSO algorithm must not exceed the predefined limit Dy, as defined in

Equations (29) and (30).
Dot = Dmotdes (29)

Dmotdes = (2 ' rwheel) - (2 ' tirethick) - (2 ' 17elgthick) (30)
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The variables 7y,peer, tiT€tnick, and rimgp;c denote the wheel's outer radius, tire thickness, and rim
thickness, respectively. The effective axial length of the BLDC motor must be smaller than the total axial length
of the EV drivetrain system, which must accommodate winding overhangs, bearing housing, and mechanical
clearances on both sides of the motor [14]. The designated effective axial length of the BLDC motor, Lyt 1S
set as a constant value of 50 mm.

Based on the EV drivetrain system requirement analysis, four optimization constraints have been
established and must be adhered to during the optimization process. These constraints are considered satisfied if
all conditions specified in Equations (15), (20), (27), and (29) are met. The optimization constraints are intended
to guide and ensure that the optimization process results in a BLDC motor geometry that meets the performance
requirements for the three test scenarios without violating the regulatory limits set by KMLI.

2.2 BLDC Motor Geometry Parameterization

The BLDC motor studied in this research is a 1 kW outer-rotor type, which has nine geometric design
parameters that need to be optimized. Table 3 presents these geometric parameters along with their lower and
upper bounds.

Table 3. Optimized geometric parameters

Symbol Description Lower Bound (mm)  Upper Bound (mm)

Tso Stator outer radius 80 90

Tsi Stator inner radius 50 60

tm Magnet thickness 3 9

ty Rotor yoke thickness 3 9

ts Stator shoe thickness 0.8 6.4
Wi Magnet width 15.3 27.2

Ws Stator shoe width 12.6 21.2

wp, Stator pole width 3.9 9.4

ty Back-iron thickness 11.8 37.7

All geometric parameters of the BLDC motor are visualized in Figure 3. Additional geometric
parameters that are defined as constants and not optimized are presented in Table 4. The stator winding used
follows the common BLDC motor winding configuration typically employed in EV drivetrain systems, namely
a three-phase star connection with a double-layer winding scheme [18][19][20].

Rotor yoke

Magnet

Winding

Y

fe————rsi ———»
Figure 3. BLDC motor geometry
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Table 4. Constant geometric parameters

Symbol Description Value
p Number of magnetic pole pairs 10
N Number of stator slots 24
Dy ire Wire diameter 2 mm
Ay Air-gap I mm
Loy Effective axial length 50 mm
fr Fill factor 0.4
- Magnet configuration Radial

2.3 Optimization Formulation

The objective function is designed to achieve balanced efficiency for the BLDC motor across the three
test scenarios. The efficiencies from the three scenarios are averaged to form a single objective function that
must be maximized. The objective function is formulated as a fitness function, as expressed in Equation (31).

fitness = mean(nmo:(n)) (31)
where 71,,0¢ represents the efficiency of the BLDC motor across three test scenarios, which is derived from a
two-stage performance evaluation process. The first evaluation stage employed a numerical method based on
FEMM to determine the magnetic field distribution, air-gap flux density, and rotor weight. The second stage
employed an analytical method to compute the rated torque, Tyqteq, generated by the geometry of the BLDC
motor, which was calculated using Equation (32) [10][20].

_2'p'parea

2-pi (32)

Tratea = Nph ’ Iphrated ’ Bgmean

The variables Ny, By, .., P, and pgye, represent the number of turns per phase, the average air-gap flux density,
the number of pole pairs, and the area per magnetic pole, respectively. The torque generated by the BLDC motor
originates from its electromagnetic torque [19]; thus, the output power P,,; also corresponds to the
electromagnetic power produced by the motor [9], which was obtained by substituting Equations (19), (22), and
(25), resulting in Equation (33).

ke -w(n) T(n)
Poue() = E() " lpp (n) = ———=—— = w(n) - T(n) (33)

The output power of the BLDC motor is consistently lower than the power supplied by the battery because of
total power losses, denoted as Py, . The efficiency and total power losses of the BLDC motor can be

determined using Equation (34) and (36).

Pyye(n)
(n) = =-=-100% (34)
nmot Pm (n)
Pip(n) = Poye(n) + Ptotloss(n) (35)
PtOtloss = Pculoss + Pironloss + Pbearingloss + PAgloss + Pleakloss (36)
The terms Py, > Pironyyss» Prearingioss> Pagioss» @14 Pleaky,, Tefer to various types of power losses: copper losses,

iron core losses, bearing friction losses, air-gap losses, and flux leakage losses, all occurring in the stator slots
and windings, respectively. A comprehensive assessment of the total power losses is available in the analytical
method conducted by [9].

2.4 Implementation of the PSO Algorithm

The PSO algorithm is an optimization method that imitates the collective behavior of organisms as they
search for food in a specific environment. It is utilized to identify the most optimal parameters. It was first
introduced by Kennedy and Eberhart [21]. In this study, the PSO algorithm is employed to identify the optimal
configuration of the geometry parameters for the BLDC motor. The flow of the optimization process using the
PSO algorithm is depicted in Figure 4. The swarm consists of 10 particles with initial positions initialized
randomly, where each particle’s position represents a combination of nine BLDC motor geometric parameters.

The BLDC motor geometry of each particle is evaluated numerically and analytically to determine its
fitness value. In Figure 4, pj.s refers to the best motor geometry parameters ever found by each particle
individually, while g refers to the best geometry parameters found globally by the entire particle swarm
during the optimization process. The optimization is performed iteratively. The iteration continues until a
stopping criterion is met, which occurs when the current number of iterations reaches the predetermined
maximum number. The hyper-parameters used in the PSO algorithm are presented in Table 5.
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Table 5. Hyper-parameters of the PSO algorithm

Symbol Description Value
w Weight inertia 0.75
C1 Cognitive coefficient 1.8
Cy Social coefficient 1.2
n, Number of particle 10
n Number of maximum iteration 100

Randomly initialize
BLDC motor geometric
parameters

v

FEMM & analytic |¢— Evaluate the fitness function of each
particle

v

if (fitness(p) > fitness(pBest)&&(constraintsMet == true), then:
e fitness(pBest) = fitness(p)
e pBest=p

y N

v

if (fitness(p) > fitness(gBest)&&(constraintsMet == true), then:
e fitness(gBest) = fitness(p)
e gBest=p

!

Update particle velocity and position

Are the termination criteria met?

The optimal BLDC motor geometric
parameters are found

Figure 4. PSO algorithm flowchart

2.5 Validation of the EV Drivetrain Model

Validation was conducted to ensure that the modeling and simulation accurately represent the drivetrain
system of the EV under study. The validation process consisted of comparing the simulated energy consumption
per lap of the EV with actual field test results obtained under cruising conditions. The BLDC motor geometry
was modeled using FEMM and integrated with an analytical approach to calculate the EV’s energy consumption
per lap using Equation (37).

Econsumption =Pyt (37

The EV’s energy consumption per lap was measured in real field tests using a watt-hour meter. Both
simulation and field testing were carried out under identical parameters and operating conditions as presented in
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Table 1 and Table 2. The EV cruising test took place on a flat track, covering five laps. Each lap measured 700
meters, and the average lap time t was 75.4 seconds. The comparison between simulation and field test results
is illustrated in Figure 5.

20 T T T

---l--- Simulation

18 —@— Measurement | |
—— Error

Energy consumption per lap (Wh)
=

0 1 1 | 1 1 1
50 100 150 200 250 300 350 400

Time (s)

Figure 5. Simulation versus measurement of EV energy consumption per lap

Based on the comparison between the simulation and the field test results, an average error of 3.44%
was observed. This value suggests that the simulation model effectively represented the system's behavior under
the specified conditions and is thus considered suitable for implementation in this study.

2.6 Result Comparison Method

The result comparison method is conducted by comparing two performance parameters, namely torque
and efficiency, under three performance testing scenarios between the optimal BLDC motor geometry and the
baseline BLDC motor geometry. The baseline BLDC motor geometry is based on the design presented in a prior
study by Sundaram et al. [14]. This geometry was selected for comparison because it applied constraints similar
to those used in our study. Both motor geometries were tested and evaluated according to the KMLI regulations
and performance testing scenarios under identical conditions (apple-to-apple comparison), specifically at the
same rotational speed ranges and traction loads. This comparison was carried out to validate the performance
improvement and novelty of the results obtained in our study.

3. RESULTS AND DISCUSSION
3.1 Results of the Optimized BLDC Motor Geometry

The fitness graph visualization of the PSO algorithm in Figure 6 demonstrates the evolutionary process
of the BLDC motor geometry across multiple iterations. It starts with a low-efficiency geometry and progresses
toward an optimal high-efficiency geometry, which is reached by the 100th iteration. The efficiency variance
among the three test scenarios gradually decreased, indicating that a balance in efficiency was achieved across
various EV traction requirements. The optimal rotor geometry features 20 NdFeB 37 MGOe permanent magnet
bars arranged in a radial configuration, creating 10 pairs of magnetic poles. The optimal magnet thickness and
pole area are nearly at the specified upper limit. In this scenario, the PSO algorithm favors the formation of thick
and wide magnets to produce a larger and more uniform magnetic flux in the air gap. This design method assists
in preventing demagnetization and promotes the generation of higher torque.

The optimal rotor yoke thickness is 7.870 mm, which is relatively thick but does not reach the upper
bound. A rotor yoke that is too thin cannot effectively channel the magnetic flux between poles, leading to
magnetic field distortion and torque degradation, while an excessively thick yoke increases rotor mass. The rotor
yoke weight dominates the overall rotor mass, with the remaining mass contributed by the magnets. An overly
heavy rotor results in higher mechanical losses and greater inertial resistance. The rotor yoke uses 1018 low-
carbon steel, which is not overly sensitive to magnetic fields and is structurally strong. The optimal outer
diameter of the rotor is determined by the outer stator diameter, the air gap, the magnet thickness, and the rotor
yoke thickness and must remain smaller than the outer wheel diameter to allow space for the wheel rim and tire.
The total axial length of the drivetrain system is 95 mm. The effective axial length of the BLDC motor is set to
50 mm, taking into account the stator winding overhang, bearing housing, and mechanical clearance on both
sides.
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The stator, which serves as the core for the windings, utilizes M-19 steel, a ferromagnetic material
known for its low power losses. The optimization of the stator slot geometry relies on assessing stator winding
resistance. A wider stator slot permits additional turns but also leads to increased winding resistance. The design
of the stator slot geometry focuses on minimizing winding resistance, which in turn reduces copper losses,
especially at low rotational speeds when the system is under traction loads. This optimization involves limiting

the number of turns while still ensuring the generation of sufficient electromagnetic torque to effectively
overcome the traction load.
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Figure 6. BLDC motor geometry evolution

The stator shoe’s optimized geometry uniformly captured magnetic flux within the air gap, achieving
0.998 T average density. A larger stator shoe surface area facing the magnets results in smoother electromagnetic
torque but may narrow the slot opening and complicate the winding process. An overly wide slot opening may
increase flux leakage in the stator. On the other hand, to generate high electromagnetic torque, the stator shoe
thickness must be increased, but excessive thickness may lead to higher eddy current losses. In addition to the
stator shoe geometry, electromagnetic torque can also be increased by increasing the back-iron thickness.
However, excessive back-iron thickness adds more weight to the stator. The optimized BLDC motor geometry
parameters obtained through the PSO algorithm are presented in Table 6.

Table 6. Optimal BLDC motor geometric parameters

Symbol Description Optimal Parameters (mm)
Tso Stator outer radius 85.190
Tsi Stator inner radius 50.767
tm Magnet thickness 8.307
ty Rotor yoke thickness 7.870
ts Stator shoe thickness 4.374
Wi Magnet width 25.399
Wy Stator shoe width 20.072
wy, Stator pole width 6.526

ty Back-iron thickness 25.524
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The stator winding configuration shown in Figure 7 employed a three-phase star connection with a
double-layer winding scheme. The number of turns per stator slot is 16; the per-phase resistance is 0.034 Q,
which is influenced by the cross-sectional area of the copper wire, the fill factor, and the stator slot geometry.

Figure 7. Stator winding configuration

3.2 Performance of the Optimal BLDC Motor Geometry

The performance of the optimal BLDC motor geometry is assessed by analyzing the distribution of the
magnetic field and its effect on efficiency. The magnetic field distribution is estimated using a numerical method

based on FEMM, as shown in Figure 8.
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Figure 8. Distribution of magnetic fields

The magnetic flux generated by the permanent magnet field is distributed through the air gap and
captured by the stator shoe. A wider stator shoe geometry allows for greater magnetic flux capture. The stator
shoe captures the dispersed magnetic flux within the air gap, exhibiting higher flux density when oriented directly
toward the magnetic poles. This configuration allows for a maximum air-gap flux density of 1.192 T. The root
geometry of the stator poles features a curved profile designed to follow the natural path of magnetic flux. This
design enables the flux to flow smoothly through each stator pole and back-iron, creating a laminar pattern that
aligns with the curvature of the stator pole roots. The performance of the optimal BLDC motor geometry is
evaluated based on its efficiency at different operational rotational speeds. According to the three test scenarios
used in KMLI, there are three variations of operational rotational speed, each corresponding to different motor
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efficiencies distributed along the efficiency curve. The efficiency curve with respect to variations in operational
rotational speed is illustrated in Figure 9.
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Figure 9. Optimal efficiency curve against operational rotational speed variations

In the climbing test scenario, the BLDC motor operates at a low rotational speed because of the high
traction load, which results in an efficiency of only 54.7%. Operating at low rotational speeds under a heavy
traction load results in considerable losses in the stator winding. In the acceleration test scenario, the BLDC
motor operates at a moderate rotational speed due to acceleration and inertia loads, achieving an efficiency of
73.8%. In this situation, the motor fails to achieve its optimal rotational speed because the EV has not completely
overcome the resistance from acceleration and inertia, which is attributed to the very short test distance of just
30 meters. As a result, the motor efficiency remains relatively low since the rotational speed is still far from its
rated value. The maximum efficiency of 93.5% is achieved when the motor operates at 52.64 rad/s, which is very
close to its rated rotational speed, as observed in the cruising test scenario.

The PSO algorithm aims to develop and position the optimal efficiency curve to align with the
operational rotational speed range required by the EV drivetrain system for each test scenario. This is
accomplished by optimizing the geometry of the BLDC motor to enhance efficiency within that defined range.
In addition, the optimization constraints ensure that the three variations of operational rotational speed remain
within the rated rotational speed range so that the BLDC motor operates at a safe and efficient speed. The PSO
algorithm’s effort to shift the efficiency peak toward the cruising speed point is an appropriate solution, as the
cruising test scenario requires the EV to travel a relatively long distance, where high efficiency is critical. Higher
efficiency implies lower energy consumption, which can extend the EV’s driving range on a single battery
charge.

Through the analysis of the curve in Figure 9, the significance of the difference between the theoretical
and practical curves can also be observed. In the practical curve, the Battery Management System (BMS)
imposes a phase current limitation of 100 A, which results in increased efficiency. This is particularly evident at
low and medium rotational speeds when the BLDC motor experiences climbing and accelerating traction loads.
The phase current limitation not only prevents overcurrent during excessive load conditions but also aims to
minimize copper losses in the stator windings. Since copper losses are a quadratic function of the phase current,
limiting the phase current to a constant value allows for a quadratic improvement in the efficiency of the BLDC
motor as rotational speed varies.

3.3 Comparison of Results with Previous Studies

The performance of the optimal BLDC motor geometry and the baseline BLDC motor geometry was
tested and evaluated under the same regulations and test scenarios described in Section 2.5. In Table 7, the BLDC
motor geometry proposed by Sundaram [14] was tested under the KMLI regulations and test scenarios, with a
power supply capacity limit of 1.1 kW per motor. In the climbing test, the efficiency was relatively low and
slightly higher in the acceleration test. Generally, the efficiency increased with the rise in rotational speed due
to copper losses. However, at rotational speeds higher than the rated speed, the efficiency significantly decreased
again due to iron core losses. Both copper and iron core losses are quadratic functions of the rotational speed.

The efficiency curve, which is presented in Figure 10, demonstrates that the peak efficiency of
Sundaram’s BLDC motor geometry was not achievable within the rotational speed range specified by the KMLI
test scenarios. In the climbing and acceleration tests, Sundaram’s BLDC motor exhibited higher efficiency than
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the optimized BLDC motor in our study. However, in the cruising test, Sundaram’s BLDC motor was forced to
operate above its rated rotational speed, causing its efficiency to drop drastically. This situation arose because
the Sundaram's BLDC motor geometry was specifically engineered to function optimally at a rated rotational
speed of 41.9 rad/s, a rated torque of 50.1 Nm, and a rated power of 2 kW. During the KMLI test scenarios, the
BLDC motor demonstrated lower efficiency because it was unable to reach its optimal rotational speed. This
limitation was due to traction loads that exceeded the motor's design specifications. Figure 10 shows a
performance comparison between the optimal BLDC motor geometry and Sundaram’s BLDC motor geometry
as the baseline.
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Figure 10. Baseline and optimized efficiency curve against operational rotational speed variations

The optimal BLDC motor geometry design presented in our study was specifically developed based on
constraints identified during the analysis of drivetrain system requirements in accordance with KMLI regulations
and the test scenarios used in the optimization process. When tested under the three performance scenarios, the
optimized BLDC motor exhibited enhanced efficiency, showing an improvement of 24.3% compared to the
baseline BLDC motor geometry. Additionally, the torque generated during the climbing, acceleration, and
cruising tests was also higher, with an increase of 11.3%. These results indicate that the optimized BLDC motor
geometry is capable of handling varying traction loads effectively across the three test scenarios. Table 7 provides
a comparison of torque and efficiency between the optimal and baseline BLDC motor geometries, evaluated
across the three KMLI test scenarios.

Table 7. Performance comparison between optimal and baseline BLDC motor geometry

Rotational Sundaram et al. (baseline) Our study
Test . .
scenarios speed Efficiency Torque Efficiency Torque
(rad/s) (%) (Nm) (%) (Nm)
Climbing 10.76 67.0 50.1 54.7 51.3
Acceleration 25.37 82.2 50.1 73.8 51.3
Cruising 52.64 0.0 0.0 93.5 10.4

4. CONCLUSION

The geometry of the BLDC motor, optimized through the PSO algorithm, demonstrates a significant
improvement in performance when compared to the baseline geometry of the BLDC motor. This improvement
is particularly evident in the magnetic flux distribution, which has a direct impact on both torque and efficiency.
A more uniform flux distribution is achieved through a wide stator shoe design and curved stator pole roots,
allowing the magnetic flux to follow its natural path and resulting in an optimal peak flux density in the air-gap
region. The optimized BLDC motor geometry produces an optimal air-gap flux density, leading to a torque
increase of 11.3% compared to the baseline geometry. Furthermore, the optimized geometry shows an efficiency
improvement of up to 24.3% across the three KMLI test scenarios (climbing, acceleration, and cruising), with
the highest efficiency achieved during the cruising test scenario due to the alignment of the efficiency peak within
the corresponding operational rotational speed range. The optimal efficiency variance of 250.93 across these test
scenarios indicates that efficiency balance has been achieved for the three variations of EV traction requirements.
The PSO algorithm’s strategy of positioning the efficiency peak at the cruising speed range is a well-suited
approach, considering that the cruising scenario requires the EV to travel over a relatively long distance, where
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high efficiency is crucial. High efficiency contributes to reduced energy consumption, thereby extending the
EV's travel range per battery charge. The study indicates that the phase current limitation implemented by the
BMS enhances efficiency, particularly during climbing and acceleration tests. The main advantage of this 1 kW
BLDC motor geometry optimization method lies in its ability to tailor the drivetrain system’s performance to
specific traction requirements based on the regulations and test scenarios of the KMLI, particularly for climbing,
acceleration, and cruising. The optimization method was not restricted to BLDC motors with a power capacity
of 1 kW; it was also relevant for BLDC motors with greater power capacities. However, a limitation of our study
is that it does not yet address two additional test scenarios, deceleration and cornering. Future work should
incorporate these two scenarios into the formulation of the optimization constraints and objective function, as
deceleration and cornering are integral parts of real-world EV dynamics. These conditions can significantly
impact the overall performance of the BLDC motor, including transient torque response, thermal stability, and
efficiency under deceleration or lateral loading conditions.
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