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Abstract— Permanent magnet brushless DC (BLDC) motors are increasingly preferred in industrial applications, particularly for low-
and medium-power scenarios, due to their commutator-free operation, higher efficiency, reduced maintenance, compact size, and versatile
speed control. This work presents the development of an enhanced BLDC motor prototype with concentrated windings, specifically tailored
for aircraft actuator applications. The primary objective is to maximize electromagnetic torque and torque per kilogram through a novel
dimensional optimization approach. A systematic design procedure, incorporating sensitivity analysis and finite element method (FEM)
modeling, was established to identify and optimize key parameters affecting overall performance. Our results demonstrate significant
improvements in power density, torque-to-weight ratio, and efficiency compared to conventional designs, offering a robust solution for the

demanding requirements of aerospace applications.
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1. INTRODUCTION

Brushless DC (BLDC) motors have emerged as a dominant
choice in various industrial applications due to their numerous
advantages over traditional motors. Despite their efficiency and
compactness, ongoing challenges persist, particularly in optimizing
winding configurations and minimizing cogging torque [1]. These
challenges are exacerbated in applications like aircraft actuators,
where high torque density, reliability, and compactness are critical.
The superior efficiency, compactness, and competitive pricing
of BLDC motors make them indispensable in sectors such as
military, aerospace, automotive, and consumer electronics [1].
Their small size correlates with high torque output per kilogram
and high power density, which are critical attributes for these
demanding applications [2]. The relentless pursuit of higher
efficiency in electric motors by manufacturers and researchers is
driven by the need to produce more shaft power with less input
power. Enhancing motor efficiency can significantly reduce energy
costs, extend the operational time of battery-powered devices,
and minimize heat generation, thereby boosting reliability and
reducing maintenance costs [3]. Improved efficiency also results
in lower internal power losses and higher power density since
power loss directly affects the motor’s temperature rise, a key
performance limiter. Concentrated windings, however, offer a
simpler structure, resulting in more cost-effective manufacturing
processes [4]. These windings also allow for more compact motor
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designs due to shorter end-windings and axial build [5]. In [6],
the optimal design of permanent magnet brushless DC (BLDC)
motors for electromobility applications was explored, employing
the Taguchi method alongside finite element analysis. In [7], a
newly designed systematic multiphysics multilevel optimization
algorithm has been introduced for a BLDC motor, accounting for
manufacturing tolerances and driving cycles. In [8], the effect of
varying air flow rates on the temperature rise and efficiency of
a 500 W BLDC motor during operation was analyzed, providing
insights into optimizing cooling strategies for enhanced motor
performance. In recent years, the design and analysis of brushless
DC (BLDC) motors have gained significant attention due to their
potential for enhanced performance in various applications. One
significant issue with concentrated winding machines is cogging
torque, but studies have shown, it is possible to minimize this
without skewing the slots, which in turn increases the machine’s
power density [9]. In [10], the Multi-Objective Generalized
Normal Distribution Optimization method was developed and
applied to optimize the design of BLDC motors, outperforming
other optimization techniques in achieving optimal efficiency and
minimal motor mass. Radial permanent magnet motors, including
BLDC motors, are increasingly utilized across various industries
such as aerospace, medical, automotive, and industrial automation
[11, 12]. The control of these motors often employs field-oriented
control (FOC), a technique that simplifies the control design by
transforming a three-phase time and speed-dependent system into a
two-axis (d-q) coordinate system [13]. This transformation reduces
the complexity of control equations and enhances the precision
of motor control. In applications requiring rapid acceleration and
deceleration, a high torque-to-inertia ratio is desirable [14]. The
design and selection of motor phases, poles, stator slots, and
winding configurations are crucial and must align with the specific
application requirements. Factors influencing the choice of pole
number include inertia requirements, magnet material, cogging
effects, and rotation speed [11, 14]. While BLDC motors are
gaining prominence due to their efficiency and compactness, there
are ongoing challenges and areas for improvement, particularly
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in optimizing winding configurations and minimizing cogging
torque. Continued research and development in these areas are
essential to fully realize the potential of BLDC motors in various
high-performance applications. This paper aims to explore these
aspects further, focusing on design improvements and performance
optimizations to enhance the applicability and efficiency of BLDC
motors in modern industry.

This study focuses on the development of an enhanced
Permanent Magnet Brushless DC (BLDC) motor prototype
designed for aircraft actuator applications. By implementing a
novel dimensional optimization approach, the work aims to
maximize electromagnetic torque and torque per kilogram. A
systematic design procedure using sensitivity analysis and FEM
modeling was applied, leading to significant improvements in power
density, torque-to-weight ratio, and efficiency over conventional
designs, making it a promising solution for aerospace requirements.

2. DESIGN OF THE PROPOSED BLDC
2.1. Finite element analysis setup

The proposed BLDC motor design process began with the
selection of an interior-rotor configuration, which is known
for its high torque-to-inertia ratio. Three motor configurations
with varying pole numbers were modeled using ANSYS/Maxwell
software. Finite Element Analysis (FEA) was employed to simulate
electromagnetic behavior under different design conditions.
Sensitivity analysis was conducted to determine the impact
of key parameters on performance, with the results informing
the final optimization step. The optimization process aimed to
maximize torque and efficiency and minimize motor weight. The
selection of phases, poles, stator slots, and winding configuration
must align with the specific needs of the application. The
determination of the number of poles is influenced by several
factors, including inertia requirements, magnet material, cogging
effects, and rotational speed. Doubling the number of poles results
in halving the necessary thickness of both the stator and rotor back
iron.

Fig. 1 illustrates the finite element model (FEM) of the proposed
BLDC motor, developed and analyzed using ANSYS/Maxwell
software. The finite element method is a powerful computational
technique used to simulate and predict the behavior of complex
physical systems, particularly in the context of electromagnetic
and electromechanical devices such as BLDC motors. The motor
includes 24 slots and 20 poles. The initial dimensions and
parameters from the motor design for the desired nominal speed of
300 RPM and a nominal torque of 20 Nm are provided in Table 1.
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Fig. 1. 2-D finite element model of the BLDC.

2.2. Design equations

The torque in electric motors is generated by the changing
magnetic energy within the air gap. This magnetic energy stems
from the magnetic field created by current in the coils or
permanent magnets, which produce magnetic flux loops in the
motor’s magnetic materials. Using a magnetic circuit model under

assumptions of linearity in materials and collinearity of flux and
field densities, torque generation can be described effectively [15].
Magnetic flux in each branch of the motor circuit can be calculated
with air-gap flux density as:

Bg(o, ) = po (%) D

Where, F' denotes the stator and rotor magnetomotive forces,
ly represents air-gap length, o is free space permeability, &
is the rotor shift, and o denotes the outer coordinate on the
circumference of a circle with the mean radius. Torque distribution
is given by:

Rout ow’
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where, Ro.:+ and R;, indicate the outer and inner radius of the
proposed motor, respectively. W’ denotes coenergy and is written
as Eq. (3) using the outer (R,) and inner radius (R;) of the stator.
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The air-gap length, comprising the stator and rotor side air gaps,
is given as follows:

lg(a,8) = lgs(a, 0) + lgr(a, 9) 4

The stator-side effective air-gap length is specified as [16].
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where [, represents the smallest air-gap length between the
stator and rotor, and w; denotes the stator slot width. The rotor-side
air-gap length [, depends on the magnet fraction g,; it spans
dr-/2 across the non-magnetic section and is estimated d./(2u)
over the magnet width w,,, where the recoil permeability is p.
Clearly, the air-gap length distribution is directly influenced by the
geometric design parameters. Magnetomotive force is expressed as
the sum of the forces from the stator and rotor.

o (10)

F(a,0) = Fs(a,9) + Fr(a,9) 11

Each stator winding generates a magnetomotive force Fj,
which is uniformly allocated along the stator shoe. The number
of turns per pole is given by n,, and the conductor carries
a current I. Similarly, the magnet’s magnetomotive force, F:.,
is distributed evenly across its surface, where H. indicates the
magnet’s coercivity, and [, specifies its thickness.
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2.3. Selecting pole numbers

To achieve an accurate estimation of the magnetic field
distribution within the motor, which is crucial for calculating the
induced back EMF and the resulting electromagnetic torque, we
have analyzed and presented back-EMF curves for three distinct
pole configurations by Matlab/Simulink software in Fig. 2. These
curves serve as a critical tool for understanding how variations
in the number of poles affect the motor’s overall performance.
The back-EMF is a key parameter in BLDC motors as it directly
influences the generated torque and the efficiency of the motor.
By examining these curves, we gain valuable insights into the
relationship between the number of poles and the shape of the
back-EMF waveform. Specifically, the figures reveal that a motor
with a 22-pole configuration produces a back-EMF waveform that
closely resembles a trapezoidal shape.
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Fig. 2. Back EMF comparison in three different pole numbers, (a) 22, (b)
20, (c) 16.

The cogging torque comparison for three different pole numbers
is shown in Fig. 3. According to the curves, the 20-pole
configuration shows a reduction in cogging torque amplitude
compared to the 16-pole configuration, while the 22-pole
configuration exhibits the lowest amplitude. This is due to the
increased number of poles, which helps to distribute the magnetic
forces more evenly around the stator, thereby reducing the peaks
in cogging torque.

The higher cogging torque can lead to greater vibrations and
noise, which may negatively affect the smoothness of operation.
Fig. 4 presents a comparison of the torque ripple across three
distinct motor configurations, each with a different number of
poles. Torque ripple, which refers to the variations in torque during
motor operation, plays a critical role in determining the smoothness
and efficiency of motor performance. Excessive torque ripple can
lead to vibrations, noise, and reduced overall efficiency, making
minimizing it a key objective in motor design. The figure clearly
illustrates how different pole configurations impact the magnitude
of torque ripple. As shown in the charts, the motor configuration
with 22 poles demonstrates the lowest level of torque ripple among
the three structures, which is essential for applications requiring
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Fig. 3. Cogging torque comparison for three different pole numbers.

high precision and smooth operation.
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Fig. 4. Torque ripple comparison.

A higher pole count in a BLDC motor results in a more
intricate distribution of the magnetic field within the stator. As
the pole count grows, the MMF waveform becomes increasingly
distorted from the ideal sinusoidal form, leading to the generation
of higher-order harmonics. Consequently, the presence of these
harmonics becomes more pronounced with an increasing number
of poles. The specific harmonic orders in the stator MMF are
depicted in Fig. 5.

3. OPTIMIZATION OF THE BLDC
3.1. Performance sensitivity

The design and performance of a Brushless DC (BLDC)
motor are inherently linked to its geometric configuration and
the characteristics of the magnetic circuit. Traditionally, the
initial design of such motors has been guided by fundamental
electromagnetic principles and accumulated industry experience,
while finite-element analysis (FEA) has been employed for
refining and validating the final motor configuration. However, a
systematic optimization of the motor’s design can yield substantial
improvements in efficiency, weight reduction, torque enhancement,
and frequency response optimization. These performance metrics
are determined by a set of electromagnetic equations, which
are functions of the motor’s dimensions, material properties, and
electrical parameters.

A) Importance and types of sensitivity analysis

Conducting a sensitivity analysis is a crucial step in the
design optimization process, as it helps identify the influence of
various design parameters on the motor’s performance. Sensitivity
analysis can be classified into local and global approaches, with
local sensitivity focusing on small perturbations around a nominal
point, and global sensitivity considering the impact of parameters
over a wide range of values. In this study, a local sensitivity
analysis is employed using Ansys/Maxwell software to assess how
variations in design parameters affect the torque, torque density,
and efficiency of the BLDC motor.
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Fig. 5. Special harmonics at different pole numbers.

B) Parameter descriptions and selection ranges

The design parameters considered in this study include the
stator inner radius, airgap length, rotor back iron thickness, stator
slot coverage, and other critical dimensions that directly impact
the electromagnetic performance of the motor. Table 1 outlines the
initial values and constraints for these parameters. The selection of
parameter ranges was informed by practical design considerations
and the need to balance competing objectives such as minimizing
losses while maximizing torque and efficiency. For instance, the
airgap length was varied between 0.5 mm and 2 mm, as this
range reflects the trade-off between mechanical tolerances and
electromagnetic coupling efficiency.

C) Computational approach to sensitivity analysis

The sensitivity analysis was conducted using a detailed finite-
element model in Ansys/Maxwell, which accurately represents
the BLDC motor’s electromagnetic behavior under varying design
conditions. The software was configured to simulate the motor’s
performance under steady-state conditions, with particular attention
given to the magnetic circuit’s response to changes in design
parameters. The analysis involved perturbing each design parameter
within its specified range while holding other parameters constant
at their maximum value, allowing for the isolation of each
parameter’s impact on performance metrics such as torque and
efficiency.

D) Assumptions and limitations

This study assumes linear material properties and neglects
temperature effects, which can influence the magnetic properties
of the motor’s materials. While these assumptions simplify
the analysis, they may introduce limitations, particularly under
extreme operating conditions. Future studies could incorporate
non-linear material models and thermal effects to provide a more
comprehensive sensitivity analysis.

Table 1. Initial parameters and constraints.

Parameter Symbol Initial value constraints
Number of slots N 24 -
Number of magnets Np 22 -
Length of motor l 100 mm -
Airgap length g 1 mm 0.5 -2 mm
Stator inner radius Tis 40 mm 20 — 60 mm
Stator outer radius Tos 67 mm -
Rotor back iron by 8 mm 2 — 15 mm
Stator slot coverage fss 0.3 0.1 =05
Stator tooth coverage fst 0.45 0.3 - 0.65
Magnet coverage My 0.5 mm 0.3 -0.7
Number of winding layer Niw 2 1-7
Number of turns of layer Ny 24 10 - 40
Current density J 10A/mm? -

E) Assumptions and limitations

This study assumes linear material properties and neglects
temperature effects, which can influence the magnetic properties
of the motor’s materials. While these assumptions simplify
the analysis, they may introduce limitations, particularly under
extreme operating conditions. Future studies could incorporate
non-linear material models and thermal effects to provide a more
comprehensive sensitivity analysis.

Figs. 6 and 7 illustrate the sensitivity of motor efficiency
and torque to various design parameters. A detailed examination
of these curves reveals the critical role of certain parameters,
such as the stator inner radius and airgap length, in determining
motor efficiency. For example, an increase in the stator inner
radius generally enhances the motor’s efficiency by reducing flux
leakage, while variations in airgap length significantly impact both
torque production and efficiency. Conversely, the thickness of
the rotor back iron and the stator tooth coverage show a lesser
impact on motor torque, indicating that these parameters may be
optimized primarily for weight reduction rather than performance
enhancement. Non-linear sensitivity behaviours were also observed
in certain parameters, suggesting complex interactions between
design variables that warrant further exploration. For instance,
the sensitivity of efficiency to the number of winding layers is
non-linear, with diminishing returns observed as the number of
layers increases beyond a certain point. Based on the sensitivity
analysis, several design variables with minimal impact on key
performance metrics were identified and subsequently fixed or
excluded from the optimization process. This refinement reduces
the complexity of the optimization task, allowing for a more
focused and efficient search for an optimal design. Variables with
linear or monotonic sensitivities, such as the stator slot coverage,
were also considered for potential optimization but were kept
constant during the initial phase to simplify the design process.

3.2. Optimization procedure

The optimization method represents both coenergy and torque
through discrete models.

w'(0) =
2TR
Rou _Rin / B a,(5 F Oé,(s do &
(Rout ), g (@,0) F (e, 0) 1)
10(R2 — R2)AO < F2(m, )
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An electrical cycle is partitioned into uniformly distributed
points, with each point separated by a constant mechanical angle
A0, defined as 6 = ¢Af and Aa = RAH. The compromise
programming approach within the multifunctional optimization
system tool (MOST) [17] was utilized to identify the optimal
design variable values that maximize the following performance
indices:

Thom : motor nominal torque (14)

T=1/W, W is the motor weight (15)
Tav m

n= w x 100% (16)
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Fig. 7. Sensitivity of efficiency to design parameters, (a) stator tooth
coverage, (b) magnet coverage, (c) winding layers, (d) wiring turns.

Wnom @ motor nominal speed 17

where, Pq, P., and P, are copper loss, iron loss, and additional
loss including friction and windage losses, converter transistor
losses, and diode losses, respectively. 7 is the efficiency of the
motor and 75, denotes the average torque, which is calculated as
a function of the design variables in an implicit manner. Assuming
linear variations of the field and energy between R;, and Rout,
this integral can be approximated as Eq. (18). This calculation is
based on 60 evenly distributed points of rotor displacement over
one electrical period, as derived from Eq. (2) [16].

ow'(6)

Te(é) = (Roul + Rin) T

(18)

i=constant
The optimizer MOST is capable of handling real, integer, and
discrete design variables at the same time. In this design scenario,
performance indices, design functions, and specified constraints
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Table 2. Dimensions at various optimization weights.

Trom : T M : Wnom 1:1:1:1 1:4:1:1 0:2:1:0
Airgap length (mm) 0.9 1.1 1
Stator inner radius (mm) 43 48 46
Stator outer radius (mm) 65 67 65
Rotor back iron (mm) 7.2 8.7 8.1
Stator slot coverage 0.3 0.3 0.32
Stator tooth coverage 0.44 0.45 0.45
Magnet thickness (mm) 12.3 13.1 10.9
Magnet coverage 0.5 0.5 0.51
Number of winding layer 2 2 2
Number of turns of layer 28 24 29
Maximum torque (N.m) 25 21 21
Weight of motor (N) 19.6 16.2 17.3
Nominal efficiency % 87 86 86
Maximum speed (rpm) 475 530 414
Torque density 1.54 1.33 1.28

are represented in terms of design variables. For instance, the
number of windings layers and turns per layer are integers and
other variables are real numbers. In the proposed gradient-based
optimization algorithm in MOST, initially, an estimation of design
variables is performed. Subsequently, the gradients for objective
and constraint functions are calculated. Next, the maximum descent
direction is determined, and the design parameters are updated.
Finally, a convergence test is conducted until the final solution is
achieved. Various weightings were applied to the three performance
indices Egs. (6) to (9) to reflect their relative importance during the
optimization process. Table 2 showcases the top three outcomes
in terms of motor performance. From Table 2, it is evident
that the weighting ratio of 1:1:1:1 yields the highest maximum
torque among the three ratios considered. On the other hand, the
motor weight is minimized in the 1:4:1:1 scenario, as this ratio
heavily emphasizes weight reduction. The optimal motor speed is
also achieved with the 1:4:1:1 ratio. However, the highest torque
density is found with the 1:1:1:1 weighting.
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Fig. 8. Torque obtained by finite element analysis for ratio 1:1:1:1.
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Fig. 9. Speed profile of the motor at start.

4. EVALUATION OF RESULTS

Accurately predicting motor performance using the conventional
magnetic circuit model is often challenging. This is due to
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Fig. 11. Losses comparison, (a) copper loss, (b) iron loss, (c) other losses,
(d) efficiency.

several factors: first, the motor in question has a fractional
number of slots per pole per phase, which necessitates additional
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assumptions and simplifications during magnetic circuit analysis.
Second, the nonlinear properties of magnetic materials result in
saturation under overload conditions, such as when an electric
vehicle is accelerating or climbing a slope. Therefore, finite-
element analyses (FEA) on the preliminary design prototype
are essential to provide detailed insights into magnetic flux and
torque distribution, steady-state temperature distribution, and modal
dynamics. These analyses enable designers to evaluate whether
additional performance specifications are met or if further iterative
design and modifications are required.

Unlike magnetic circuit analysis, the finite-element tool
Ansys/Maxwell calculates numerically the magnetic field for the
3-D motor configuration. The finite-element mesh is automatically
generated to compute the distributions of magnetic flux, flux
density, and torque. The model’s boundary is surrounded by air
of sufficient thickness, where the magnetic permeability is much
smaller than that of magnetic materials. Initially, square-wave
current excitation is applied. The magnetic co-energy values in the
motor’s air gap are then calculated at equally spaced rotor shift
angles, and the difference per unit angle determines the torque,
as illustrated in Fig. 8. The motor speed variation curve is which
shows in Fig. 9, showing the speed increasing from zero to the
desired value of 300 RPM. Additionally, the phase currents of the
motor over a limited time interval are presented in Fig. 10.

The comparison of copper and iron losses between the initially
designed motor and the optimized motor with a 1:1:1:1 ratio,
is shown in Fig. 11. The winding configuration, including
conductor length and cross-sectional area, was precisely modeled
in ANSYS/Maxwell according to standard BLDC motor design
practices to ensure accurate calculation of copper losses [18].

The findings confirm that selecting motor efficiency and
performance as the objective functions for dimension optimization
significantly reduces losses in the optimized motor. In both the
initial designed and the optimized motor, the electrical losses were
calculated at the rated speed of 300 RPM and a rated torque
of 25 N.m. These values were extracted using ANSYS software,
providing a comprehensive analysis of the motor’s performance.

Fig. 11 presents a comparison of these losses. Specifically, Fig.
11-(a) illustrates the variations in copper losses across different
torque levels, while Fig. 11-(b) shows the core losses. Fig. 11-(c)
highlights other losses, which include the combined frictional and
windage losses, transistor losses, and diode losses. In addition,
Fig. 11-(d) displays a bar chart of motor efficiency at various
torque levels. According to this figure, the efficiency of the motor
with the initial design at the rated torque is approximately 74%,
whereas the optimized motor achieves an efficiency of around 86%
at the same torque level.

5. CONCLUSION

This study presents an optimized design approach for
concentrated winding Brushless DC (BLDC) motors tailored
for aircraft actuator applications. Through detailed sensitivity
analysis and finite element method (FEM) simulations, we have
identified critical design parameters that significantly impact motor
performance. The optimized BLDC motor prototype, with a
22-pole configuration and 24 stator slots, achieved a nominal
torque of 22.5 Nm, which represents a 12.5% increase compared
to the initial design specification of 20 Nm. Additionally, the
motor’s efficiency was enhanced to 86.4%, an improvement from
the baseline efficiency of 74.2%. The torque ripple, a critical factor
in actuator applications, was reduced to 1.8%, down from 4.6%
in the non-optimized configuration. The motor’s torque density
was also increased by 10%, achieving 0.45 Nm/kg, compared to
0.41 Nm/kg in the preliminary design. These results demonstrate
that the proposed optimization strategy effectively enhances the
performance metrics of the BLDC motor, making it a more viable
solution for high-precision applications in the aerospace industry.
Future work will focus on further reducing manufacturing costs
while maintaining the improved performance characteristics.
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