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Abstract

Recently, unmanned aerial vehicles (UAVs) based on electric propulsion systems are be-
ing increasingly adopted in various fields, including industrial and military applications.
Outer-rotor surface-mounted permanent magnet synchronous motors (SPMSMs) are pre-
dominantly applied in UAV propulsion systems. However, these motors are vulnerable
to the price fluctuations of rare-earth materials and supply chain instability. In addition,
the magnets in these motors are prone to detachment at high rotational speeds, and de-
magnetization under high-temperature conditions may reduce output performance. To
address these limitations, research is being actively conducted on non-permanent magnet
motors, among which, wound-rotor synchronous motors (WRSMs) offer the advantage of
controllable field excitation at high speeds. Furthermore, WRSMs can use both magnetic
and reluctance torques, thereby increasing power density relative to other non-permanent
magnet motors. However, the adoption of an additional field winding increases copper
loss, thus reducing motor efficiency. This study investigates the application of the toroidal
winding structure, which is already widely applied in permanent magnet and brushless
direct current machines, to WRSMs. The performance of these motors is compared with that
of motors using conventional tooth-coil windings. The toroidal windings are circumferen-
tially distributed along both the inner and outer stator yoke paths, effectively reducing the
end-turn length relative to that of conventional tooth-coil windings. Two WRSMs, one with
tooth-coil and another with toroidal windings, are designed using identical specifications
to compare performances via finite element analysis. The armature copper loss in the
proposed model decreased by approximately 28% because the toroidal winding structure
reduced the end-turn length. As a result, the efficiency increased by about 1.9% due to the
reductions in copper, core, and eddy current losses.

Keywords: unmanned aerial vehicles; wound-rotor synchronous motors; tooth-coil winding;
toroidal winding; finite element analysis; motor efficiency

1. Introduction

Unmanned aerial vehicles (UAVs), owing to their benefits such as low operating costs
and minimized human risk, have been widely used in various fields, including industrial
and military applications [1,2]. In particular, UAVs based on electric propulsion systems
have recently attracted considerable attention, as these UAVs exhibit environmentally
friendly and quiet characteristics [3]. Propulsion motors for UAVs must maintain stable
performance across a wide range of operating conditions and ensure sufficient mechanical
robustness, particularly during high-speed rotation. Furthermore, given the limited battery
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capacity of electric propulsion UAVs and the increasing emphasis on environmentally
friendly operation, the development of high-efficiency propulsion motors that minimize
energy consumption and environmental impact is essential.

Permanent magnet synchronous motors (PMSMs), especially outer-rotor surface-
mounted PMSMs (SPMSMs), are widely used in UAV propulsion systems to meet these
requirements because of their high torque density and efficiency. However, SPMSMs
have several limitations for long-term application due to various disadvantages. The
cost and supply chain stability of SPMSMs are strongly affected by price fluctuations and
geopolitical risks associated with rare-earth materials, and the extraction and processing
of these materials impose considerable environmental burdens [4]. Furthermore, surface-
mounted magnets are susceptible to magnet scattering at high rotational speeds if the rotor
assembly lacks the mechanical robustness to withstand the centrifugal forces [5]. Moreover,
the demagnetization of permanent magnets owing to temperature increases and an inverse
magnetic field deteriorates motor performance, which directly influences flight safety [6].
These issues motivate the exploration of alternative motor technologies that can reduce
rare-earth materials dependence while maintaining high efficiency and reliability.

Among non-permanent-magnet motors, switched reluctance motors (SRMs) are being
proposed as propulsion motors for UAVs due to their structural simplicity, robustness,
and excellent fault tolerance. The SRM was applied as the propulsion motor for a hybrid
UAV [7]. The characteristic analysis conducted across various flight altitudes confirmed
that the SRM satisfied the performance requirements under high speeds. However, the
phase current was applied in a pulsed form, which can degrade system performance. In
the study reported in [8], the characteristics of PMSMs and SRMs for drone propulsion
motors were compared. Although both PMSMs and SRMs satisfied the same rated output,
PMSMs demonstrated superior performance in terms of efficiency and torque ripple. A
4-phase SRM was proposed in [9] to enhance fault tolerance, and this SRM was confirmed
to significantly improve fault-tolerant capability. Multi-phase SRM topologies have been
proposed to enhance fault tolerance, but their relatively high torque ripple and lower
efficiency remain significant drawbacks. Consequently, SRMs have limitations in their
application as propulsion motors for UAVs, which demand stability and high efficiency.

Meanwhile, wound-rotor synchronous motors (WRSMs) are considered non-permanent
magnet type motors that provide controllable field excitation. The WRSMs use the re-
luctance torque generated owing to the inductance difference and the magnetic torque
generated owing to the mutual flux interaction of the field and armature current [10].
Consequently, WRSMs have the advantage of exhibiting a higher torque density than SRMs.
Moreover, WRSMs can adjust the field flux based on the load and speed requirements [11].
This field controllability enables stable output characteristics over a wide operating range
and offers flexibility for field-weakening and fault-handling strategies. However, a key
drawback of WRSMs is their high copper loss owing to the use of field windings instead of
permanent magnets, in the rotor. This loss not only reduces overall drive efficiency but also
increases motor heating, which is particularly detrimental for systems requiring extended
operation. To address this issue, previous studies have proposed various approaches such
as optimal current control strategies to minimize copper loss in the field-weakening region,
the application of grain-oriented electrical steel to enhance cross-magnetization utilization,
and the adoption of hairpin-type rectangular conductors to improve slot fill factor and
torque density [12-14]. Although these methods contribute to reducing copper loss, they do
not fundamentally address the increased winding resistance resulting from long end-turns.
As a result, the copper loss associated with the coil end-turn region remains a concern.
Consequently, a winding method that structurally minimizes end-turn length is required to
reduce copper loss and enhance the efficiency of WRSMs.
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Toroidal winding represents one such method capable of structurally minimizing the
end-turn length. In this configuration, the coil is wound uniformly in the circumferential
direction around the inner and outer stator core yokes. Consequently, the end-turn length
of the coil can be considerably shorter than that of the conventional tooth-coil winding,
which reduces copper loss and enhances motor efficiency [15]. Toroidal windings have
already been applied in several machine topologies to realize this end-turn reduction and
the associated copper-loss improvement. In synchronous reluctance machine, permanent
magnet machine and induction machine, toroidal stator windings have been reported to
shorten the total winding length, which leads to lower armature copper loss, improved effi-
ciency, and more compact designs [16-18]. However, despite these benefits, the application
of toroidal winding has been largely restricted to the aforementioned machines.

In this study, copper loss that causes excessive heating in UAV propulsion WRSMs is
reduced by replacing the conventional tooth-coil armature winding with a toroidal winding.
To enable an objective comparison under identical design conditions, two WRSMs for UAV
propulsion are designed, a conventional model with a tooth-coil winding and a proposed
model with a toroidal winding. Section 2 outlines the WRSM design procedure based on
torque per rotor volume, magnetic and electric loadings, and then defines identical motor
specifications for the conventional and proposed models. It also details the geometric
derivation of the stator core of the proposed model, demonstrating how the inner and outer
slot areas are equalized by adjusting the back yoke position. Furthermore, this section
compares the theoretical phase resistance of the two winding configurations. Section 3
analyzes the electromagnetic characteristics under no-load and load conditions through
Finite Element Analysis (FEA) and validates the mechanical robustness of the rotor struc-
ture. Section 4 discusses the main differences between the two winding topologies and
their impact on UAV propulsion performance. It details how the structural advantages
of toroidal winding contribute to reduced copper loss and improved efficiency, while
analyzing the trade-offs regarding electromagnetic behaviors. Finally, this study concludes
in Section 5 with a summary of the findings.

2. Wound-Rotor Synchronous Motor Topology
2.1. Design Procedure

The motor size is calculated using the torque per unit rotor volume (TRV), which
expresses the product of the magnetic and electric loadings [19], the primary parameters
that determine the motor output. Magnetic and electric loadings refer to the average
magnetic flux density generated in the air gap, and the linear current density along the air-
gap circumference, respectively [20]. Although the increase in magnetic loading increases
the magnetic flux density, the iron core becomes saturated. An increase in electric loading
increases the torque; however, copper losses and temperature also increase. Therefore, the
selection of the two loading values is crucial to designing a motor that maximizes torque
and efficiency while minimizing loss and temperature increase within a limited volume [21].
Similarly to other AC machines, it is important to determine the major dimensions of the
motor by considering both the electric and magnetic loadings, and the formulas used
to calculate these loadings are expressed in Equations (1) and (2) [22,23]. In addition,
the expression related to the total ampere-turns and the field current, which defines the
magnetizing requirement of the machine, is formulated in Equations (6) and (7) [24].

nD,L
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¢=Bx / 1)

https://doi.org/10.3390/act15020082


https://doi.org/10.3390/act15020082

Actuators 2026, 15, 82

40f 15

where ¢ is the magnetic flux per pole, B is the magnetic loading, D, is the air-gap diameter,
L is the axial stack length, and p is the number of pole pairs.

o 2Nl

s @

where A is the electric loading, m is the number of phases, Nph is the number of armature
series turns per phase, and I is the phase current.
The phase back EMF and torque are expressed in Equations (3) and (4), respectively.
TRV is defined as the torque calculated using Equation (4), divided by the rotor volume, as
per Equation (5).
7%k Npy f Dy BL

=P 3
N 3)

where E is the phase back EMF, k;, is the winding factor, and f is the electric frequency.
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where T is the torque and V; is the rotor volume.
Atot = Ap+ Ag + At + 05 (A, + Asy), (6)
Atot
If = , 7
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where Ay is the total ampere turns, Ay, Ag, Ay, Ay, and Asy, are the ampere turns required
to magnetize the pole core, air-gap, stator teeth, rotor yoke, and stator yoke, respectively.
Iy is the field current, Ny is the number of field winding turns.

2.2. Specifications of the Motor

In this study, a conventional model with tooth-coil winding and the proposed model
with toroidal winding are designed as propulsion motors applicable to UAVs. The two
motors have a 10-pole and 12-slot structure. When current is supplied to the field winding
around the rotor teeth, a field flux is generated. The configurations of the two models
are displayed in Figure 1, revealing that both models contain a rotor core, a stator core,
and windings.

To conduct an objective comparative analysis, both models are designed based on iden-
tical design specifications. Moreover, the rotor structure and field winding specifications
are identically designed for both models. The outer diameter, tooth width, and back yoke
height of the stator core are identically designed for the armature. In addition, the winding
specifications, such as an equal number of series turns per phase and the applied current,
pertain to both models. The winding method used for both models is concentrated winding,
and the winding current density is 10 A/mm?, considering the forced air-cooling condition
imposed by the propeller used during UAV operation. The target motor specifications
to ensure propulsion performance are an average torque of 2.3 N-m at a rated speed of
3000 rpm. The maximum speed and battery voltage are 6000 rpm and 48 V, respectively,
and these target specifications are listed in Table 1.
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(a) (b)
Figure 1. Structures of the WRSMs: (a) conventional and (b) proposed toroidal models.
Table 1. Design specifications of the conventional and proposed models.
Parameter Unit Value
DC voltage Vpe 48
Continuous power W 720
Target .
specifications Continuous torque N-m 2.3
p Rated speed rpm 3000
Maximum speed rpm 6000
Material Stator and rotor cores - 35PN440
No. of poles and slots ea 10/12
Outer diameters of the stator and rotor mm 103/55
Mechanical Outer diameter of the shaft mm 10
Air-gap mm 0.5
Lamination mm 40
Field current A 10
El ical Armature current A 26.5
ectrica No. of turns per pole Turns 45
No. of series turns per phase Turns 28

2.3. Calculation of the Stator Core Parameters of the Proposed Model

As mentioned in Section 2.2, the teeth width and back yoke height of the stator core

are designed identically to objectively compare the conventional and proposed models. The

slot area of the conventional model is given by Equation (8), and the stator of the proposed

model is designed to equalize the inner and outer slot areas using Equations (9) and (10).

In this design, the slot area of the conventional model is set to 150 mm?2, and the inner

and outer slot areas of the proposed model are each configured as half of this value. The

corresponding variables are presented in Figure 2 [25]. Owing to the design, the stator core

volume of the proposed model is reduced by approximately 4.73% relative to that of the

conventional model due to the adjustment of the back yoke position.
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where A j, is the slot area of the conventional model, A ;; and A ot are the inner and

Ap out =TT — Nsorwtho, (10)

outer slot areas of the proposed model, respectively. Moreover, D; and D, are the inner and
outer diameters of the stator, respectively, /i, is the outer tooth height, &, is the height of
the stator back yoke, /; is the stator shoe height, Ny, is the number of slots, and w; is the
stator tooth width.

(b)

Figure 2. Stator core geometry and variables used for the (a) conventional model and (b) pro-

posed model.

2.4. Phase Resistance of the Proposed Model

The concentrated winding method is applied to both the conventional and proposed
models. As shown in Figure 3a,b, the winding configurations of the conventional and
proposed models can be identified. The toroidal winding is arranged circumferentially
around both the inner and outer sections of the stator core of the proposed model, as shown
in Figure 3b. The half-turn length of both winding schemes depends on the geometric
parameters of the motor. In the case of tooth-coil winding, the end-turn length significantly
increases as the stator outer diameter increases or in motors with a small number of poles.
In contrast, since the toroidal winding is arranged along the inner and outer yokes of
the stator, it is advantageous when the stator yoke thickness is small relative to the pole
pitch, or when reducing end-turn resistance is critical due to a short stack length. Figure 3c
displays the cross-sectional view of one turn of the coil in the proposed model. The length
of one coil turn is calculated using Equation (11), which is subsequently multiplied by the
series turns per phase. Based on this, the total coil length per phase is calculated to be
3.35 m for the conventional model and 2.75 m for the proposed model. Next, the phase
resistance of the armature winding is calculated using Equation (12) [26]. The calculation
results revealed that the phase resistance of the proposed model was approximately 18%
lower than that of the conventional model.

Liotal = Nph (4A+2B+2L), (11)
Ltotal

R=—-, 12

A, (12)

where L,y is the total coil length per phase, A and B are the height and width of the
end-turn coil, respectively, R is the phase resistance of the coil, and ¢ and A, is the electric
conductivity and the cross-sectional area of the coil, respectively.
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Figure 3. Winding configurations and cross-sections views: winding configurations of the (a) conven-
tional model and (b) proposed model, and (c) cross-section corresponding to both windings.

3. FEA Results
3.1. No-Load Analysis Results

In this study, the electromagnetic characteristics of the two models were analyzed
using the FEA software ANSYS Maxwell 2D, version 2024 R1. No-load analysis was con-
ducted at the rated speed of 3000 rpm under field excitation conditions. Figure 4a,b display
the phase back EMF waveforms obtained from the two models and the corresponding
results of fast Fourier transform (FFT) analysis, respectively. The phase back EMF values of
the conventional and proposed models were 10.2 V and 10.3 V, respectively, indicating com-
parable performance levels. FFT analysis provided fundamental and harmonic components,
which were subsequently used to calculate the THD of the phase back EMF by applying
Equation (13). The results revealed that the fundamental component of the proposed model
was approximately 0.5% higher than that of the conventional model. However, the total
magnitude of the harmonics, excluding the fundamental, was almost 50% higher than
that of the conventional model. Consequently, the back EMF THD of the proposed model
increased by 0.56% relative to that of the conventional model; however, the corresponding
value was below 5%.
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Figure 4. Comparison of the (a) phase back EMF waveforms and the (b) FFT results obtained from
the two models.

Figure 5a presents the cogging torque waveforms of the two models. Cogging torque
is generated by the variation in the air-gap magnetic reluctance as the rotor rotates. The
periodicity of the cogging torque is inversely proportional to the least common multiple
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(LCM) of the number of poles and slots. Equation (14) expresses the periodicity of the
cogging torque. As both models have a 10-pole, 12-slot configuration, three cogging torque
cycles occurred under 90° electrical rotation. The analysis results confirmed that the peak-
to-peak values of the cogging torque obtained from the conventional and proposed models
were 24.4 mN-m and 28.7 mN-m, respectively. This indicated that the value obtained
from the proposed model was approximately 17.6% higher than that obtained from the
conventional model. This can be confirmed using the FFT analysis results of the cogging
torques obtained from both models, as shown in Figure 5b. Moreover, the results showed
that the 12th harmonic component was the most dominant, as its amplitude obtained from
the proposed model was higher, thereby increasing the peak-to-peak cogging torque, than
that obtained from the conventional model.

40 T T 0.018

—— Conv. Model Conv. Model|
304 —— Prop. Model | 2:016 [ 1Prop. Model

204 0.014 -
0.012 .
0.010

0.008

Cogging Torque [mN-m]
o
e
/’
N \\
S
;"'/
S,
Cogging Torque amplitude [mN-m]

o o o o

o o ©o o

e 9 °o 9

S N E &
L

I mrprﬂerrHrﬂﬂmm

9 10 11 12
Electrical angle [°] Harmonic order

(a) (b)

Figure 5. Comparison of the (a) cogging torque waveforms and the (b) FFT results obtained from the
two models.

The no-load analysis results show that the phase back-EMF of the proposed model
(10.3 V) is slightly higher but comparable to that of the conventional model (10.2 V). It is
observed that the phase back-EMF THD and the peak-to-peak cogging torque increased
by 0.56% and 17.6%, respectively, relative to the conventional model. However, the THD
remains below 5%, which is widely regarded as an acceptable distortion level for sinusoidal
voltage waveforms in AC systems and thus indicates a practically sinusoidal back-EMF
quality [27]. In addition, the cogging torque is still lower than those reported for other
UAV propulsion motors in the literature, as listed in Table 2. Therefore, the no-load
performance of the proposed toroidal-winding WRSM can still be regarded as acceptable
for UAV propulsion despite the slight degradation in THD and cogging torque relative to
the conventional design. The no-load analysis results obtained from the two models are
listed in Table 3.

VVE+VE+VE 4.+ V2
Vrup = 7 , (13)

where Vryp is the THD of the phase EMF and, V; and V;, represent the fundamental and
n-th harmonic components of the back EME, respectively.

360°

Keogoing = ——o—
8818 = TCM(np, ns)

(14)

where Kiogqing is the period of the cogging torque in mechanical degrees, LCM is the least
common multiple, and 7, and 7 represent the number of poles and slots, respectively.
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Table 2. Comparison of cogging torque values for various UAV propulsion motors reported in
the literature.

References Unit Cogging Torque
[28] mN-m 550
[29] mN-m 60
[30] mN-m 320
[31] mN-m 60
[32] mN-m 57.4

Table 3. No-load analysis results obtained from the conventional and proposed models.

Parameters Unit Conventional Model Proposed Model
Back EMF Vims 10.2 10.3
THD of the back EMF Y% 2.64 3.20
Cogging torque mN-m 24.4 28.7

3.2. Load Analysis Results

The load analysis was conducted at the rated speed of 3000 rpm by applying the field
and armature currents listed in Table 1. The torque equation of the WRSMs is expressed as
Equation (15), which represents the sum of the magnetic torque and reluctance torque. The
measured average torque values obtained from the two models are 2.32 N-m and 2.33 N-m,
respectively, as displayed in Figure 6a, revealing that both models have comparable torque
performances. However, the torque ripple, which affects vibration and noise levels, of
the proposed model was approximately 1.3% higher than that of the conventional model.
This increase was attributed to the higher peak-to-peak cogging torque of the proposed
model than that of the conventional model, observed during no-load analysis. Furthermore,
a comparison of the magnetic flux line distributions of the two models, displayed in
Figure 6b, demonstrates that the flux lines in the proposed model tend to concentrate near
the outer tooth region of the stator core. Therefore, the flux path of the proposed model
was less uniform than that of the conventional model. The maximum output powers of the
conventional and proposed models were 3.52 kW and 3.59 kW, respectively.

2‘7 T T T T T
—— Conv. Model _ Conv.Model _ Prop. Model
— Prop. Model .
2.6+ 7] A [Wb/m] l
— Max: 0.0077
£ \ N / N \ \ 0.0080 |
Z, 25+ ,\ {\\ f‘ \ 7 - 0.0084 |
g \ \ \ 0.0048
g a4 \ \ \ 0.0032 | >
2 = 7 0.0016 o
g 0.0000 - 1
® -0.0016
g 231 \k / \ / : / j / k j -0.0032 i P
< N I\ ) / y -0.0048 f o~
A N\ / bl @ { f\\f B ]
22 V v W NV - o
f Torque Ripple -0.0080 I b
Conv. Model: 13.6% Min:-0.0077
1 Prop. Model: 14.9% '
‘ 0 GIU 150 1é0 2:10 360 360 I

Electrical angle [°]
@ ®)

Figure 6. Comparison of the (a) average torque waveforms and (b) magnetic flux lines of the
two models.
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Figure 7a,b compare the results of the core and eddy current losses of the two models,
respectively. As discussed in Section 2.3, the stator core volume of the proposed model
decreased by approximately 4.73% relative to that of the conventional model. Consequently,
the loss values of the proposed model were confirmed to be lower than those of the
conventional one. The efficiency of the motor was calculated based on the load analysis
results, revealing that the efficiency of the proposed model improved by approximately
1.9% relative to that of the conventional model due to the reduction in losses. The load
analysis results for the two models are listed in Table 4. In addition, the torque and output
characteristics of both models over a wide speed range were analyzed, and the results are
presented in Figure 8. Both models satisfied the required torque and output characteristics
across the entire operating range and were found to show generally similar performance.

3P/, y
T = 5= (Agig+ (Lo — Ly)idy), (15)

where P is the number of poles, A is the d-axis flux linkage generated by the field current,
ig and i, are the d- and g-axis currents, respectively, and L; and L, are the d- and g-axis
inductances, respectively.

N w w B
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1 1 1 1
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Figure 7. Comparison of the (a) core and (b) eddy current loss waveforms of the two models.

Table 4. Load analysis results of the conventional and proposed models.

Parameters Unit Conventional Model Proposed Model
Armature current A 26.5 26.5
Field current A 10 10
Armature copper loss W 61.1 442
Field copper loss W 122 122
Core loss W 23.4 19
Eddy current loss W 5.76 4.68
Total loss W 212 190
Average torque N-m 232 2.33
Speed rpm 3000 3000
Output power W 729 732
Input power 4 941 922
Efficiency % 77.5 79.4
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Figure 8. Comparison of wide speed range characteristics of two models.

3.3. Structural Analysis

The rotor was structurally analyzed using ANSYS Mechanical, version 2024 R1, to
evaluate structural stability under high-speed operating conditions. To ensure a sufficient
safety margin, structural analysis was performed at 7200 rpm, which is higher than the
maximum speed. The material properties of the electrical steel and copper used for the
structural analysis are listed in Table 5. The equivalent density of copper was used, de-
termined by dividing the total mass of the winding, including the end-turn, by the slot
volume of the rotor [33].

Table 5. Material properties.

Parameters Unit 35PN440 Copper
Density (equivalent density) kg/m? 7700 8960 (6498)
Poisson’s ratio - 0.25 0.34
Young’s modulus GPa 195 130
Yield strength MPa 273 -

The boundary conditions used in the structural analysis are displayed in Figure 9. The
structural analysis results confirmed that a maximum stress of 4.5 MPa was generated near
the rotor shaft. Consequently, the safety factor, defined as the ratio of the allowable stress
to the maximum working stress, was calculated to be 60.6, confirming a high degree of
structural safety.

a Bonded

Cylindrical
Symmetry Support

Figure 9. Structural analysis results.
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4. Discussion

This section discusses the main differences between the conventional tooth-coil wind-
ing WRSM and the proposed toroidal-winding WRSM, and interprets their impact on UAV
propulsion performance.

In the conventional model, tooth-coil windings are placed around each stator tooth, so
an increase in stator outer diameter or tooth width directly leads to longer end-turns and
higher end-turn resistance. In contrast, the proposed model employs a toroidal winding that
is wound continuously along the inner and outer stator yokes, which makes it particularly
advantageous for machines with a thin stator yoke or short stack length, because the end-
turn length can be significantly reduced. In this study, to ensure an objective comparison,
the main geometrical parameters such as rotor configuration, stack length, and stator outer
diameter were kept identical for both models, so that the effect of the winding topology
could be isolated.

As a result of the shorter end-turns in the proposed model, the armature winding
copper loss is reduced by about 28% compared with the conventional tooth-coil design.
Furthermore, the reduction in stator core volume and total conductor length in the proposed
topology leads to decreases in core loss, eddy-current loss, and copper loss, which together
yield an efficiency improvement of approximately 1.9% over the conventional model. These
improvements are particularly beneficial for UAV propulsion, where higher efficiency
directly contributes to longer flight time and better energy utilization.

The modified stator geometry introduced to accommodate the toroidal winding re-
duces the stator volume and alters the flux paths compared with the conventional design.
In the proposed model, the magnetic flux tends to concentrate toward the outer tooth
region of the stator core, so the air-gap flux distribution becomes less uniform than in
the conventional machine. This slightly more asymmetric flux pattern strengthens certain
space harmonics in the air-gap field, which in turn leads to higher back-EMF THD and an
increased peak-to-peak cogging torque at no load. The THD of the phase back-EMF and
the peak-to-peak cogging torque of the proposed model are increased by 0.56% and 17.6%,
respectively, relative to the conventional machine. At the same time, the reduced stator
volume and shortened end-turn winding region lower the core and copper losses, resulting
in an efficiency improvement from 77.5% to 79.4% under load. Consequently, the THD
remains below 5%, and the cogging torque is still lower than those reported for other UAV
propulsion motors. Given that efficiency under load condition is more critical than no-load
condition indices in this application, the proposed toroidal-winding WRSM is regarded as
an advantageous alternative for UAV propulsion.

Finally, a comprehensive analysis over the full operating range confirms that both
models satisfy the required torque and output power across the considered speed and
load conditions, exhibiting broadly similar overall performance. Within this context, the
proposed toroidal-winding WRSM offers a favorable trade-off by achieving substantially
lower losses and higher efficiency while maintaining comparable torque capability to
the conventional tooth-coil WRSM, at the expense of a modest degradation in no-load
smoothness metrics that remain tolerable for UAV applications.

5. Conclusions

This study proposed non-permanent magnet type WRSMs for application as propul-
sion motors for UAVs. Specifically, a model with a toroidal winding was introduced to
enhance motor efficiency by reducing winding resistance. To analyze performance, a con-
ventional model with a tooth-coil winding and the proposed model with a toroidal winding
were designed, and their characteristics were compared using an FEA software ANSYS
Maxwell 2D, version 2024 R1. The proposed model with a toroidal winding demonstrated
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a total loss reduction of approximately 10.4% relative to the conventional tooth-coil model,
increasing efficiency by 1.9%. Mechanical analysis further validated the structural robust-
ness of the rotor under high-speed conditions, confirming the feasibility of the proposed
design for application in UAV propulsion. In future work, the no-load characteristics, such
as back-EMF THD and cogging torque, as well as the torque ripple under load will be
further improved by optimizing electromagnetic design parameters, including the stator
tooth and yoke dimensions, slot opening and shape, and rotor pole and shoe geometry.
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Abbreviations

The following abbreviations are used in this manuscript:

UAV Unmanned aerial vehicles

SPMSMs  Surface-mounted permanent magnet synchronous motors
WRSMs  Wound-rotor synchronous motors

SRMs Switched reluctance motors

PMSMs  Permanent magnet synchronous motors

THD Total harmonic distortion
TRV Torque per unit rotor volume
FEA Finite element analysis
EMF Electromotive force
FFT fast Fourier transform
LCM Least common multiple
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