ABSTRACT

JUNG, JUNYEONG. Design of Electric Machines with Harmonic Loss Minimization for Aviation
using Alternative Materials. (Under the direction of Dr. Igbal Husain.)

In recent years, UAVs (Unmanned Aerial Vehicles) have been widely employed across various
sectors such as agriculture, utility, and delivery to enhance productivity and reduce cost. The design
of efficient propulsion system, especially the motors which directly drive the propellers, is one of the
keys to improve their flight duration and payload capability. Therefore, in this thesis, the modeling
and design approach for electric motors which can operate more efficiently at practical situation,
such as Pulse Width Modulation (PWM) from a converter, are explored.

Slotless Permanent Magnet Synchronous Machines (PMSMs) with Halbach array have been
drawn attention as a good candidate for aerospace application due to its magnetically linear char-
acteristics and high power density. First, semi-analytical models, Fourier series-based subdomain
models for slotless PMSMs to estimate their characteristics effectively in short computational time
are developed. Two analytical models with and without explicit radial direction boundary for coils
are proposed and compared.

To design a propulsion motor for UAVs, a load characteristics analysis is first performed to
find important operating conditions for the motor. Generally, iron loss and PM eddy current loss
in slotless PMSMs are known to be limited. However, due to the inherently low inductance of
slotless PMSMs, it can be exposed to high PM eddy current loss due to the PWM-induced harmonics
especially for low voltage applications. The performance evaluation for slotless PMSMs with different
rotor compositions are performed with sinusoidal input current and under PWM excitation with
several switching frequencies. The slotless PMSM with sintered NdFeB and ferrite Halbach array
shows higher efficiency under PWM excitation while the PMSM with NdFeB only is expected to be
the most efficient with sinusoidal current. This analysis leads to the importance of considering PM
eddy current loss due to PWM-induced harmonics during design stage. Therefore, an effective loss
estimation including PM eddy current loss using a subdomain model and linear frequency domain
Finite Element Method (FEM) is proposed. When a slotless PMSM is designed with the proposed
loss estimation method, higher machine efficiency can be achieved. With the proposed design
approach, a more efficient slotless PMSM with sintered/bonded NdFeB Halbach array is presented
as well. In addition to this, by removing deeply demagnetized section of the auxiliary magnets, the
magnet mass can be substantially reduced while maintaining performance. The analytical model
for this chamfered hybrid Halbach array is proposed and an improved loss estimation method using
a linear regression model is presented.

Outer rotor slotted PMSM is the prevalent machine topology for UAVs today. By adopting mag-

netic stator teeth, magnetic loading can be improved without additional permanent magnet. How-



ever, field prediction for slotted PMSMs is more difficult than slotless PMSMs because the stator
teeth are prone to saturation. Although time-step FEM can predict magnetic field distribution most
precisely with nonlinear BH characteristics, a fast analytical model with reasonable accuracy is
desirable for design optimization. A nonlinear hybrid analytical model which combines Fourier
series-based method, complex permeance function, and nonlinear Magnetic Equivalent Circuit
(MEC) in soft magnetic region is implemented. Using the developed hybrid model the critical
machine parameters can be estimated effectively.

As presented for slotless PMSMs, machine efficiency can be improved using alternative materials.
A slotted stator with segmented teeth for high fill factor is designed with ferrite yoke. Compared to
the machine with electrical steel yoke, the machine with ferrite stator yoke shows high efficiency at
light load, so the overall energy consumption for long flight can be reduced. A prototype is built and
experimental study is carried out to validate the proposed design concept.
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CHAPTER

1

INTRODUCTION

1.1 Background

Demand for Unmanned Aerial Vehicles (UAVS) has been increasing rapidly across various do-
mains, including military applications as well as commercial sectors such as agriculture and logistics.
To enhance the ight distance and payload capacity of UAVs and reduce environmental impact,
more ef cient propulsion system with higher thrust per density is desired.

Figure 1.1: Electric propulsion system for small UAVs



The structure of the most common electric propulsion system for small UAVs is shown in Fig.
1.1. Lithium Polymer (Li-Po) battery packs, which consist of 3 to 12 cells in series (3S - 12S), are
commonly used as energy storage due to their high energy density. These battery packs supply
power to Electronic Speed Controllers (ESCs), which drive Brushless DC (BLDC) motors where a
propeller is mounted. Typically, an ESC consists of single or multiple three-phase inverters with
Si-MOSFET switches. ESCs are usually equipped with a Battery Elimination Circuit (BEC), a DC to
DC converter for 5V power supply. The ESC drives the BLDC motors with speed control. A throttle
command from an onboard controller is given as a speed command for the ESC. For cost and
weight reduction, position sensorless control is commonly applied. Most ESCs drive the motors with
trapezoidal control by ring switches at every voltage zero-crossing moment. However, advanced
ESCs also support Field-Oriented Control (FOC). The most popular type of motors for commercial
UAVs is the outer rotor slotted motor with a high number of poles and Fractional Slot Concentrated
Winding (FSCW). Even the model number for this type of motor is standardized. For example, if the
model number of a BLDC motor is '7215 KV200;, the stator diameter is 72 mm and the stack length
is 15 mm. The speed constant 'KV200' means the line-to-line back-emf increases by 1 volt as the
rotational speed increases by 200 rpm.

1.2 Previous Studies for Propulsion Motors

In [8, 9], comprehensive design optimization for motor-propeller system is studied. However,
these work lack of detailed analysis for machine loss. In contrast, in  [10, 11], a more machine-
oriented analysis is given. However, the target power levels for these work are 20kW and 130kW,
which is relatively high for small UAVs. In  [12], a BLDC machine rated for 2.78kW is designed through
analytical method. However, none of these work consider PWM-induced harmonic loss which can be
substantial for low inductance per voltage machines as describedin  [2]. To design an energy-ef cient
motor for small UAVs, PWM-induced harmonic loss should not be neglected.

Conventionally, PWM-induced harmonic loss is not considered in initial design stage because it
requires long computational time. To estimate PWM-induced harmonic loss, the equivalent circuit
element for the machine and its resulting PWM voltage or current spectrum needs to be nd rst
and a time-step Finite Element Method (FEM) analysis is performed. Co-simulation of FEM and
circuit simulation can estimate losses more accurately but its computational time is even more
signi cant. In  [4], a fast harmonic loss estimation method for Interior Permanent Magnet (IPM)
machine with distributed winding is proposed. The proposed method is useful for estimating loss
for multiple operating points for a speci ¢ design as shown in Fig. 1.2. However, since the proposed
requires multiple runs of FEM simulations for loss model, it is not suitable for initial design purpose.
Furthermore, the switching frequency used for this analysis is 5kHz, which is signi cantly lower
than that of UAV propulsion machines. In  [5], the loss of PM eddy current due to the PWM-induced



Figure 1.2: Ef ciency map extracted with time-step FEM and the proposed method [4] ©2020 IEEE.

Figure 1.3: Analytically estimated PM eddy currentloss [5] ©2019 IEEE.



current harmonic is analyzed using the analytical method for a two pole surface mounted permanent
magnet (SPM) motor. However, due to the lack of proper consideration for the reaction eld for high
frequency, the estimation error becomes large for high frequency components as shown in Fig. 1.3.

Design of propulsion motors for small UAVs under practical situation such as PWM-excitation
without input Iters has not been studied so far. Due to the propeller load characteristics, propulsion
motors for small UAVs are mostly driven at low modulation index resulting in high current harmon-
ics and their related loss. Previous studies regarding harmonic loss analysis has focused on loss
estimation for already designed machines while design procedure considering PWM-induced loss
has not been explored. To improve the performance of propulsion motors, wide-bandgap devices
such as GaN can be used to apply high switching frequency. If high switching frequency is applied
for PWM, the frequency of harmonic components will be even more higher and the reaction eld
can be signi cant in permanent magnets. Therefore, the harmonic loss estimation method in high
frequency needs to be studied.

1.3 Research Objectives

The research presented in this thesis achieves the desired outcome of energy ef cient machine
design for small UAV propulsion with PWM-excitation through following avenues:

» Development of fast harmonic-induced loss estimation method using semi-analytical models
and linear Finite Element Method (FEM) models

» Exploring the feasibility of alternative material with light mass density such as ferrite magnet,
bonded NdFeB magnet or aluminum wires.

1.4 State-of-art Electric Machine Mass Reduction Techniques

To reduce the mass of electrical machines, numerous methodologies have been scrutinized,
including the implementation of alternative materials and the formulation of innovative design
strategies. In [13], the viability of Soft Magnetic Composite (SMC) materials is assessed in com-
parison to traditional steel laminations within the context of electric motor design. The ndings
indicate that SMC materials can achieve a reduction in motor weight by as much as 29 % and a
decrease in CO2 emissions by 38% relative to conventional steel laminations, without signi cantly
undermining performance levels. In  [14], a quasi-coreless surface permanent magnet synchronous
motor (SPMSM) utilizing Carbon Fiber Reinforced Polymers (CFRP) has shown considerable weight
reduction while preserving high power density. In  [15], topological optimization techniques are
being utilized to minimize motor mass while maintaining performance. These methodologies entail



the optimization of material distribution within the motor architecture to attain the requisite me-
chanical and electromagnetic characteristics. For instance, a study focused on high-speed electric
motors employed topology optimization to achieve a 20 % reduction in motor weight while simulta-
neously enhancing ef ciency. Although numerous investigations have been conducted regarding
the reduction of motor mass, the majority of these studies are not applicable to propulsion systems
utilized in small-scale UAVSs.

1.5 Thesis Outline

In Chapter II, a comprehensive analytical modeling of slotless Permanent Magnet Synchronous
Motors (PMSMs) incorporating a Halbach array is presented. Slotless PMSMs featuring a Halbach
array represent a promising option for aerospace applications owing to their elevated power density.
The straightforward geometry and magnetically linear properties facilitate accurate eld estimation
through Fourier series-based semi-analytical models. Two distinct Fourier series-based analytical
models, comprising subdomain con gurations with and without explicit radial direction boundaries
for the coils, have been developed and evaluated with respect to both accuracy and computational
ef ciency.

In Chapter lll, the load characteristics associated with a vehicle, propeller, and motor are sys-
tematically examined to identify critical operating points for a xed-wing UAV propulsion motor.
Subsequently, slotless Permanent Magnet Synchronous Motors (PMSMs) incorporating Neodymium
Iron Boron (NdFeB) and ferrite magnets are designed utilizing the analytical model developed in
Chapter Il. Given their modulation index at cruising operation, the performance of these motors is
considerably in uenced by the switching frequency. Notably, the eddy current losses in the perma-
nent magnets, induced by the current harmonics from Pulse Width Modulation (PWM), substantially
impair the ef ciency of the machine. Consequently, to account for the eddy current losses attributed
to current harmonics, a rapid loss estimation methodology employing the analytical model and
linear frequency domain Finite Element Method (FEM) is introduced. By means of the proposed
loss estimation approach, slotless PMSMs with a hybrid Halbach array featuring both sintered and
bonded NdFeB magnets are designed using single-objective Genetic Algorithms. The estimation
method put forth is capable of accurately predicting the machine's ef ciency under PWM excitation,
thereby facilitating the design of motors with enhanced energy ef ciency. To facilitate the design
of practical machines employing a hybrid Halbach array, a demagnetization analysis utilizing an
analytical approach is conducted. Moreover, by excising the heavily demagnetized regions of the
auxiliary magnets, the overall mass of these auxiliary components can be substantially minimized
while incurring relatively minor performance degradation. The multi-objective optimization pro-
cedure is executed to achieve an equilibrium between the machine's weight and its performance
metrics. In order to investigate a wide design space ef ciently, a linear regression model for esti-



mating permanent magnet eddy current losses is developed based on the outcomes obtained from
linear nite element method (FEM) analyses.

In Chapter IV, a quasi-3D analytical model for slotless 3D airgap machines is presented. The 3D
airgap machines exhibit considerable potential for achieving elevated torque or power relative to the
entire machine volume. By employing the principle of superposition, a three-dimensional airgap
machine is divided into four distinct segments. The winding corner, which is encompassed by a
permanent magnet overhang, is examined utilizing a sliced model approach. The end-effect leakage
associated with the axial ux component is accounted through the application of a straightforward
magnetic equivalent circuit. The proposed model demonstrates the capability to accurately forecast
static parameters of a 3D airgap machine within a brief computational timeframe, maintaining
reasonable accuracy when compared to the 3D nite element models.

In Chapter V, an analytical model for slotted PMSM is presented. Despite the advantages of
slotless PMSMs, slotted PMSMs can produce high torque per magnet volume due to their small
effective airgap. However, due to the magnetically nonlinear characteristics of saturated stator teeth
and large number of regions, exact subdomain model is not suitable for slotted PMSM analysis.
Therefore, a hybrid model of Fourier series-based method with complex permeance model for
slotting effect in the airgap region and magnetic equivalent circuit in iron region is presented to
estimate critical parameters such as ux linkage.

In Chapter VI, design of slotted PMSMs with alternative materials is explored. To improve the
slot Il factor of a slotted machine without additional weight, a segmented stator with aluminum
coil is proposed. Moreover, to suppress the core loss in stator yoke, soft ferrite yoke is applied.
With the ferrite yoke stator, the machine ef ciency can be improved for light load operation. To
estimate loss more accurately, thermal analysis using Lumped Thermal Parameter Network (LTPN)
model is performed. The prototype fabrication and experimental validation is performed using an
off-the-shelf ferrite core. The experimental result validates the design procedure and shows the
feasibility of the proposed design concept.

Finally, The contributions of this thesis is summarized and future work is proposed in Chapter
VII.



CHAPTER

2

ANALYTICAL MODELING OF SLOTLESS
PMSMS

2.1 Introduction

Slotless Halbach Permanent Magnet Synchronous Motors (PMSMs) represent highly advanta-
geous candidates for prospective transportation applications, including aerospace systems utilizing
direct drive con gurations and in-wheel traction motors for electric vehicles, attributable to their
elevated power density and smooth torque waveform. The elimination of core loss within the lami-
nated teeth facilitates the attainment of high ef ciency during high-frequency operation with high
pole counts [16, 17] . Furthermore, the substantial void at the center of these machines can be uti-
lized for the integration of power electronics or an integrated propeller suited for propulsion motors
[18]. In [19], a winding-embedded liquid cooling mechanism was implemented in an outer rotor
slotless Halbach PMSM, as depicted in Fig. 2.1, thereby markedly enhancing the maximum current
density for the coils in comparison to the traditional water jacket approach. To realize optimal
performance of the machine, a geometry optimization process via an iterative design methodology
is imperative. Notwithstanding the high precision achievable through the Finite Element Method
(FEM), alternative modeling techniques are favored for the reduction of computational expense and
time throughout the iterative process. In  [20], a reluctance-mesh model for magnetic gears featuring
two-segment Halbach arrays was proposed. In  [21, 22, 23], machines incorporating Halbach arrays
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Figure 2.1: (a) Slotless 14 pole Halbach PMSM with 12 virtual slots and embedded liquid cooling
channels and (b) description of its regions  [1] ©2022 IEEE.

were characterized using Fourier series representations. Particularly, in  [22], a general analytical
model for inner and outer rotor slotless PMSMs with Halbach array consisting of three or more
segments was introduced with associated analytical models. Given the intricate magnetization
patterns of Halbach arrays with numerous segments, the subdomain model emerges as a promising
modeling technique for optimizing outer rotor slotless Halbach PMSMs, as it is capable of yielding
reasonably precise results for regular domains expressed in polar coordinates. Generally, subdomain
models exhibit constraints regarding saturation effects due to the nonlinear B-H characteristics of
laminations. However, for outer rotor slotless Halbach PMSMs, the stator yoke, being the sole iron
component, remains unsaturated under most operational conditions. To date, subdomain models

for slotless Halbach PMSMs have been explored through two distinct approachesin  [22] and [23],
respectively. In [22], subdomain models for both inner and outer rotor slotless Halbach PMSMs were
introduced. Nevertheless, these models presuppose the use of conventional distributed windings
devoid of liquid cooling channels. Additionally, for the sake of simpli cation, the magnetic behavior

of permanent magnets and armature reactions were calculated independently and subsequently
combined in a post-processing phase to derive the on-load results. In  [23], a subdomain model for a
two-pole inner rotor Halbach PMSM featuring three coils was presented. In the model delineated in
[23], the boundary conditions between coils along the radial directions (r-edge boundaries) were
explicitly addressed, an aspect that was overlooked in the model proposed in  [22]. The incorporation
of r-edges may yield divergent sets of equations and performance metrics concerning accuracy
and computational ef ciency. In this chapter, two distinct subdomain models for outer rotor slot-

less Halbach machines with embedded liquid cooling channels are formulated, drawing upon the



models established in [22] and [23] to integrate embedded liquid cooling channels and fractional
slot concentrated winding (FSCW). The initial model proposed in this thesis (ring-shaped coil
region model) is comparatively more generalized than the simpli ed version presented in [22]. The
second proposed model (wedge-shaped slot and tooth region model) facilitates the incorporation

of teeth for liquid cooling channels utilizing either non-magnetic or soft magnetic materials. In

the subsequent sections, the methodologies for subdomain analysis employing the two distinct
models are elucidated, and their associated accuracies and computational costs are compared
against the results obtained from the FEM. The most of the contents in this chapter is based on the
work presented in [1].

2.2 Subdomain Models for Slotless PMSMs

In this segment, the methodology for conducting subdomain analysis utilizing two distinct
models, namely the ring-shaped model and the wedge-shaped model, is elucidated in a systematic

manner.

2.2.1 De ning Subdomain Regions

The initial phase of subdomain analysis is to divide the machine geometry into several regions
in regular shapes—rectangular con gurations in Cartesian coordinates or annular sections (rings)
and annular sectors (wedges) in cylindrical coordinates—based on their magnetic permeability
alongside input current density or magnetization. The delineated regions corresponding to the
ring-shaped (coil region) model and the wedge-shaped (slot and tooth region) model are illustrated
in Fig. 2.2 (a) and (b), respectively. In both models, the rotor yoke, Halbach permanent magnet ring,
air-gap, and stator yoke are classi ed as annular regions. Nonetheless, the ring-shaped model treats
the coils and teeth housing embedded liquid cooling channels as a singular continuous annular
region, whereas the wedge-shaped model categorizes distinct regions for the (virtual) slots and teeth.
Consequently, the ring-shaped model comprises ve distinct regions, whereas the wedge-shaped
model encompasses a total of 4 + 2Q regions, where Qg denotes the number of slots.

2.2.2 Finding General Solutions

The magnetic eld can be scrutinized in relation to the magnetic scalar potential or the
magnetic vector potential A. In the present thesis, the magnetic vector potential A is employed. The
governing equation, which is derived from Maxwell's equations, is:

r2A= 3 off My, (2.1)
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Figure 2.2: Subdomain regions for (a) ring-shaped model and (b) wedge-shaped model  [1] ©2022
IEEE.

where J and M denote the current density and magnetization, respectively. It is worth to note that
the de nition of current density  J for the subdomain models denotes the amp-turns per slot area
which is different from actual wire current density. For a 2D eld analysis, assuming an in nite
length in the z-direction, the governing equation with respect to magnetic vector potential Ain
cylindrical coordinates can be simpli ed as follows:

@A, 1@ 1 TA, _
@z r @ rz@z_

3 ol My), (2.2)
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Figure 2.3: Generalized (a) ring-shaped region and (b) wedge-shaped region [1] ©2022 IEEE..

In coil regions, exclusively the initial term on the right-hand side possesses a non-zero value. Simi-
larly, in permanent magnet (PM) regions, the magnetization term represents the sole active source
term. In passive regions, such as the yoke and air-gap region, the right-hand side is rendered null.
The general solution obtained by separation of variables for the annular region illustrated in Fig. 2.3.

(@)is:
X *op Cu *r Cu
A, (r, )=ag+bglnr + a, +b, — +E; cos(u )
u Fout lin 23
)(J o r (U . r < u ( * )
+ Cy +d, — +Eg sin(u ),
u lout Fin

where U is the maximum harmonic order to considerand  E. and Eg are source terms for the cosine
and sine variables, and a, b, ¢, and d are unknown coef cients. For both the ring-shaped and
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wedge-shaped model, the passive regions, such as the air-gap, exhibit a general solution represented
by (2.3), characterized by the absence of E. and Eg terms. In the context of the permanent magnet
ring region, the parameters E; and Eg are rede ned as E,,; and E,,s, respectively:

8
M ,+uM
< oM ru)rlnrcosu mi » Whereu=1
Emc - O(M u +2LIM ru) (2'4)
’ rcosu i, where u 6 1
uz 1
8
< O(M ,u+UMru) . ) -
> rinrsinu i, whereu=1
Ems:: O(M ,u+UMru)

rsinu i, where u 6 1
uz 1

where M., and M |, represent the uth Fourier coef cients associated with the magnetization Mg in
radial and circumferential orientations, while mi denotes the position of the rotor. The analytical
framework for My encompassing three or more Halbach segments is comprehensively articulated
in [22]. Similarly, within the coil region of the annular model,  E; and Eg are substituted with E;
and E;s as represented below:

SN

< %rzlnr, where u = 2
Ei = (2.5)
jc =,

: 0—‘]zcrz, where u 6 2

uz 4

8

< 0TJZ'SrZInr, where u = 2
Ei =
is = .

: O—strz, where u 6 2

uz 4

where J,. and J, ¢ represent the Fourier coef cients corresponding to the input current density
within the coil region. Upon the calculation of  J,. and J, 5, the current density for all coils spanning
the entire circumference [0,2 ]is taken into account. For the i'" slot and tooth area of the wedge-
shaped model depicted in Fig. 2.3 (b), the general solution A,; incorporates an additional term
pertaining to the r edge boundary, as delineated below:

Aui(r, )=aip+bjolnt  —>Jor?

hd *r P * <Ry

r
+  [am ——  +bn — + Eji]cos(Fn ( i + E)) 26)
out in_ _ c .
"2 € € 88 € € 33 3
X sinh Gy + > sinh Gy - * ‘o
+ 4Cik - L2 +d - I 2 3 sin Gyln —
K sinh Gy sinh Gy Fin
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where M and K denote the maximum harmonic orders in the radial and circumferential direction,
respectively, while F, isdenedas m = and Gy is expressed ask = In (rqy¢ =in )- In the context of
a double-layered FSCW, J g represents the mean value of the current density for the two half-coils
situated in the it" slot, and the current density-related term E;i is delineated as:

O‘lm 2
E. (r)= re,
JI() an 4

where J,, denotes the m " Fourier coef cient corresponding to the current density within the ith
slot [24]. In the tooth regions, both  J, and E;; assume a value of zero.

2.2.3 Applying Boundary Conditions

To ascertain the indeterminate coef cients a,b,c, and d within the general solutions, it is imper-
ative to establish a system of equations by applying boundary conditions. Initially, the homogeneous
Dirichlet condition may be enforced at both the outermost and innermost -edge boundaries. By
assigning avalue of 0to A,(r,,, )and A,(rsi, ), one can achieve a simpli cation of the general

solution itself. For instance, the general solution pertinent to the rotor yoke region is expressed as

follows:
Mo (€ )=amroln 1+ [z e D
RT(, )=arton — + w o vt
‘ lro u Yot Fri (2.7)
[AarTuCOS(U )+ brrysin(u )],

where . <

rei
Zy = a
Along the -edge boundaries depicted in Fig. 2.2 as horizontal dashed lines, and the r -edge bound-
aries represented by vertical dashed lines in red, two distinct types of boundary conditions must be
adhered to: (1) the magnetic vector potential A, must exhibit continuity across each boundary, (2)
the magnetic eld intensity H must also demonstrate continuity in the tangential direction along
each boundary. For instance, atthe  -edge boundary separating the rotor and the PM ring region,

the subsequent condition must be ful lled:
ARt (s )= Azpm(ryiy ) (2.8)

H rr(rri, )=H pm(rri, ). (2.9)

The intensity of the magnetic eld, denotedas H, and H , may be derived from the established
relationship:

B= H=r A (2.10)
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From (2.8), the following set of equations may be derived:

arToln (rr%(i)):amvlo"r bpmolnrei, (2.11)
1 leu arTu = apmu * BpmuZau + Ems (ri), (2.12)
1 27, brru=Cpmu +dpmuZay + Eme (1), (2.13)
where . - <
Za=

Likewise, the set of equations derived from (2.9) are as follows:

marT0= RTDPPMO (2.14)
° <
2 _ dEms(rri)
mU 1+Z7 arty= RTUaPMU RTOPMuUZ2y + RTI “dr oM s, (2.15)
. <
dEnc (rri)
mUu 1+212u PrTu= RTUCPMU RTdpMuUZoy+ RTM — =+ oM yc . (2.16)

dr

In a similar way, for the r -edge boundary delineating the i'" slot fromthe i'" tooth, an additional
array of equations can be derived from the subsequent stipulations:

AzstoTi Ty cit ¢=2 =AztooTHi(l i t=2), (2.17)

Histoti Iy ¢it ¢=2 =Hrroothi (N, i t=2), (2.18)

Similarly, the r-edge boundary conditions between it" toothand (i + 1)!" slot should be considered
as follows:

AzstoTi#1 Ty i+l ¢=2 = AztooThi(l, i+ t=2), (2.19)
HistoTivr Iy civ1 ¢=2 =HirooThi(r, i+ t=2). (2.20)
From equations (2.17) to (2.20), one can derive the corresponding sets of equations pertinent to the
r -edge boundaries.
2.2.4 Building a Linear System

Utilizing the equations derived from the boundary conditions, one can construct a linear system
to ascertain the coef cients a,b,c, and d. The linear system corresponding to the ring-shaped
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model is: 2 3
2 3 Cqy 2.3
Q11 Q2 Py
8 = Q 18 g fed

22 Q23 Coo =874 (2.21)

4 Q33 Qas 8¢ L 4P35

colL
Qas Qss Pa

Cst

where Cs represent unidenti ed coef cient vectors and  Q,, S denote submatrices pertinent to
machine dimensions, while P s signify load vectors resulting from current density and PM magne-
tization. For instance, the equations described in (2.11) through (2.16) constitute the initial row

of the matrix represented in (2.21), and the coef cient vector denoted as  Cgt encompasses the
subsequent components:

CRT = [aRTO! aRTl----:aRTU!bRTla---!bRTU]T . (222)

When the maximum harmonic order for the all regions of the ring-shaped model is U, the dimensions
of the linear system are characterized as 8+ 16U (=(1+2U )+(2+4U )+(2+4U )+(2+4U )+(1+ 2U)).
In a similar manner, the linear system pertaining to the wedge-shaped model can be formulated

in the subsequent manner:

2 2 Crt 2 3

Q11 Q1
CPM

Q22 Qa3
Qa3 Qzs Qss (2.23)

CSLOT

4 Qaa Qa5 Que5 4P45

4Cr00THO
Qss  Qss Cer

It is worth to note that the third row in (2.23) is associated with three coef cient vectors, namely
Cac, CsioT, and CrpooTtH, OWINgG to the  -edge boundary which interfaces with three distinct
regions: the air-gap, slots, and teeth. The fth row of (2.23) encompasses the equations derived
from the r-edge boundaries that delineate the slot and tooth regions, as indicated in equations
(2.17) — (2.20). In contrast to the other coef cient vectors, both  Cg| o1 and Crgo1H are comprised
of subvectors pertaining to each individual slot and tooth. For example,  Cg| o7 iS:

.
Csiot= CsroT1 CsLoT2:---,CsLoTtq > (2.24)
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where the subvector for the it" slot Cg| o7i has the following elements:

Csioti=[asLoTios @sLoTi1:--- 8sLoTiM» PsLoTio» PsioTits---:PsLoTiM (2.25)

T
CsLOTi1s --++CsLoTik» dsLoTity -+ dsLoTik] -

Consequently, the comprehensive dimension of the linear system delineated in (2.23) is expressed as
6+ 12U +2Q4(2+2M + 2K )where U ,M , and K are the maximum harmonic number for ring-shaped
regions, wedge-shaped regions in circumferential direction, and wedge-shaped regions in radial
direction, respectively.

2.2.5 Post-processing

Once the linear system delineated in (2.21) or (2.23) is resolved, the unknown coef cients for all
regions can be ascertained, thereby enabling the estimation of the magnetic vector potential A, for
any speci ed region. More crucially, the airgap ux density in the radial direction B;ac, as well as
that in the circumferential direction B ag, can be derived through the application of (2.10). Utilizing
the airgap ux densities in both radial and circumferential orientations, the electromagnetic torque
Tem Ccan be subsequently estimated employing the Maxwell stress tensor methodology  [25]:

r2L Z 2
9
Tem = _0 Br ac (rgi ) B ac g, d , (2.26)
0
where ry denotes the radius within the airgap region and L signi es the length of the stack. Further-
more, the ux linkage contribution attributable to the j'" coil side can be determined as follows:
NC L z j.end z e
jo AZCOIL(r! )rdrd y (227)

j.start  Tso

where j =1, ..., 2Q¢, N, represents the number of turns per coil, and S signi es the area encom-
passed by the coil. By performing the addition or subtraction of the ux linkage contributions in
relation to their winding con guration, the ux linkages for the a,b, and c phases, denoted as

as: bs,and (g, canbe derived. If necessary, the back electromotive force (emf) for each phase
may be calculated by differentiating the ux linkages with respect to time.

2.3 Model Validation and Comparison

In this section, the outcomes derived from both the ring-shaped and wedge-shaped models are
compared with those obtained from a commercial nite element method (FEM) software package.
The primary parameters of the machine employed for the comparative analysis of results from the
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Table 2.1: Slotless PMSM parameters for vadlidation of subdomain models [1] ©2022 IEEE..

Number of Poles 14 | Rotor outer diameter [mm] | 195
Number of virtual slots 12 | Rotor yoke thickness [mm] 5
Halbach segments 3 PM ring thickness [mm] 7
Remanence of PM [T] 1.3 Air-gap length [mm] 1
PM Relative permeability | 1.05 Coil height [mm] 10
Number of turns 20 | Stator yoke thickness [mm] | 9

Tooth width / Slot width 0.5 Stack length [mm] 100

various methodologies are delineated in Table 2.1. The machine is characterized by a double-layered
12-slot Fractional Slot Coil Winding (FSCW); consequently, the cumulative total of half coils amounts
to 24. A computational workstation equipped with an Intel Core i7 8700 processor (3.20GHz) and
16GB of RAM is utilized for the comparative assessment. The subdomain models are meticulously
scripted in MATLAB, while a commercial 2D FEM package is also employed for the analysis.

2.3.1 Static Analysis

Table 2.2: Comparison of static analysis [1] ©2022 IEEE.

Model Ring-shaped | Wedge-shaped | FEM
Matrix size 1464 2586 28985
Computational time [sec] 0.04 0.20 5
B, L2 error 1.89 1.89 -
B L2error 1.99 1.99 -

The examination of static analysis utilizing an input currentof ~ 100A, ,s With a phase angle of
90is conducted through the application of a ring-shaped model, a wedge-shaped model, and the
Finite Element Method (FEM). In both subdomain models, the parameter U is designated as 91,
as harmonics beyond the 91'" component exert negligible in uence on torque performance. For
the wedge-shaped model, the parameters M and K are established at 15. The radial air-gap ux
presented over a singular plot, alongside the Fast Fourier Transform (FFT) spectrum, is illustrated
in Fig. 2.4. In Fig. 2.4. (a), the radial airgap ux densities derived from the subdomain models are
nearly indistinguishable. In Fig. 2.4. (b), the components atthe 7', 49'" 'and 91'" positions are
predominantly attributable to the permanent magnet (PM) magnetization, while the remaining
components are a consequence of the armature reaction. The computational duration associated
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with single-core operation and the L2 norm error, which is de ned as:
E % >
error = jBANA BFEMj (228)

for both models are encapsulated in Table 2.2. The computational time associated with the Finite
Element Method (FEM) encompasses mesh operations. Both subdomain models exhibit comparable
accuracy. Nevertheless, owing to the variance in matrix dimensions, the ring-shaped model yields
results that are 125 times more ef cient than the FEM package, whereas the wedge-shaped model
demonstrates a performance that is merely 25 times faster.

2.3.2 Transient Analysis

With identical maximum harmonic numbers U ,M, and K and the input currents employed
in the static analysis, a transient analysis is executed for one electrical cycle comprising 201 steps
at an operational speed of 6000 rpm. The torque graph for a single electrical cycle is presented in
Fig. 2.5. (a). The average torque values for the ring-shaped model and the wedge-shaped model
are recorded as 40.49 and 40.47 Nm, respectively. The relative discrepancies relative to the nite
element method (FEM) solution are -0.04 and -0.09 %, respectively. Analysis of the FFT spectrum
of the torque depicted in Fig. 2.5. (b) reveals that the larger error in the harmonic component of
the wedge-shaped model, in comparison to the FEM, results in a more signi cant deviation in
the average torque than that observed in the ring-shaped model. When M s set to 15, the error
associated with the 12t" harmonic relative to the FEM is identi ed as 28.7 % for the ring-shaped
model and 98 % for the wedge-shaped model, respectively. Upon increasing M to 30, the error of
the 12" component for the wedge-shaped model is diminished to 49 %, while the average torque
error adjusts to -0.07 %. Although an elevated value of M may yield more precise results, it could
also lead to issues of singularity as well as extended computational durations.

The ux linkage computed via (2.27) forthe a,b, and ¢ phase windings over one electrical cycle
isillustrated in Fig. 2.6. For the purpose of numerical double integration, each half coil is discretized

Table 2.3: Comparison of transient analysis for 201 steps

Model Ring-shaped | Wedge-shaped | FEM
Matrix size 1464 2586 22729
Computational time [sec] 4.2 17.2 58
Average torque [Nm] 40.49 40.47 40.51
Average torque error [%] -0.04 -0.09 -
L2 error 0.0031 0.0031 -
maximum error [Wb] 39 104 39 104 -
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into 20 20 points. The maximum L2 error of ux linkages across the three phases is determined to
be 0.0031 for both models. Additionally, the maximum absolute error in relation to the FEM solution

is also recorded as 3.9 10 4 for both models. Both the ring-shaped and wedge-shaped models
demonstrate comparable accuracy in estimating ux linkages.

The errors and computational times associated with a 4-core operation for both the ring-shaped
and wedge-shaped models are encapsulated in Table 2.3. Both subdomain models are capable of
estimating torque and ux linkage with a satisfactory degree of accuracy. Nevertheless, the ring-
shaped model provides solutions that are 14 times more rapid than those generated by the FEM
package, whereas the wedge-shaped model operates at a speed that is only 3.3 times faster than the
FEM.

2.4 Conclusion

Two distinct types of subdomain models for outer rotor slotless Halbach PMSMs featuring FSCW
and embedded liquid cooling channels, have been delineated as a ring-shaped (coil region) model
and a wedge-shaped (slot and tooth region) model. The ndings derived from these models were
juxtaposed with the outcomes obtained from a commercial Finite Element Method (FEM) software
package, particularly concerning accuracy and computational ef ciency. It has been substantiated
that both the ring-shaped and wedge-shaped models are capable of estimating physical parameters
such as torque and ux linkage with a commendable degree of accuracy. Nonetheless, owing to the
constrained maximum harmonic number M applicable to slot regions, the error margin associated
with the wedge-shaped model may be marginally greater than that of the ring-shaped model. In
terms of computational ef ciency, the ring-shaped model exhibits a performance enhancement
of four to ve times relative to the wedge-shaped model. The increased matrix dimension accom-
panying the wedge-shaped model, attributable to the distinct allocation of slot and tooth regions,
results in extended computational duration. Particularly in the context of machines characterized
by minimal periodicity, akin to the machine utilized for the comparative analysis, the performance
disparity between the ring-shaped model and the wedge-shaped model can be pronounced. How-
ever, even in the scenario of machines with low periodicity, the wedge-shaped model demonstrates
a computational speed that is 25 times and 3.3 times superior to that of the FEM package for static
and transient analyses, respectively. For the speci ¢ machine in question, the ring-shaped model
outperforms the wedge-shaped model in terms of both accuracy and computational time. However,
should the teeth not be entirely non-magnetic, the applicability of the ring-shaped model to yield
appropriate solutions becomes compromised.
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(a) Radial airgap ux density for one pole

(b) FFT spectrum of radial airgap ux density

Figure 2.4: Comparison of the radial air-gap ux density [1] ©2022 IEEE..
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(a) Torque waveform for one electrical cycle.

(b) Magni ed FFT spectrum of torque.

Figure 2.5: Comparison of the torque [1] ©2022 IEEE..
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Figure 2.6: Flux linkage for one electrical cycle. Blue, red, and black correspond to a, b, and ¢ phase,
respectively [1] ©2022 IEEE.
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CHAPTER

3

DESIGN OF SLOTLESS PMSMS USING
ALTERNATIVE MATERIALS

3.1 Introduction

In this chapter, slotless PMSMs with Halbach array for small UAVs are designed and their per-
formance under PWM excitation are analyzed. To design a machine for UAV applications, the load
characteristics of the vehicle-propeller should be analyzed rst. Therefore, the required shaft torque
and speed of the most frequently used operating point for cruising and the maximum operating
point for climbing maneuver are found. Then, for the chosen operating points, slotless PMSMs
with different rotor compositions such as Halbach array comprised of sintered NdFeB and ferrite
magnet are designed using a simpli ed subdomain model and their performance are evaluated
using 3D FEM under Space Vector Pulse Width Modulation (SVPWM) for several switching frequency.
From this analysis, the importance of PM eddy current loss due to PWM excitation is veri ed. To
suppress the increase of PM eddy current loss under PWM excitation, a loss estimation method
using the subdomain model and linear frequency domain FEM is introduced. Using the proposed
loss eistmation method, a more ef cient slotless PMSM with lower magnet volume can be designed.
Moreover, the feasibility of bonded NdFeB as an auxiliary segment for 2-segment Halbach array
is evaluated. Finally, the effect of imperfect eddy current paths in 2D analysis is analyzed and a
suitable correction factor for 3D to 2D PM eddy current loss is suggested.
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Figure 3.1: A 55 pound VTOL xed-wing UAV [6].

3.2 Operating Point Analysis

The objective of this analysis is to nd important operating points for the propulsion motor of a
55 pound VTOL xed-wing UAV shown in Fig. 3.1  [6]. As shown in the altitude from a real ight data,
Fig. 3.2, the four VTOL motors engage in take-off and landing while the xed-wing motor thrusts
the vehicle for the most of the mission pro le. For the most of time, the vehicle cruises at level ight
mode except for a short duration of climbing, which requires high propulsion power from the motor.
Therefore, two important operating points for the motor design for cruising and climbing need to
be found. First, the required thrust for the two operating points is estimated using a simple vehicle
dynamic model and the required shaft torque and speed for a speci ¢ propeller need to be found as
described in Fig. 3.3.

3.2.1 Estimation of Required Thrust

Fig. 3.4 shows the four forces applied on a ying aircraft. Assuming a constant air speed  V; ,
with climbing rate of V,¢,, the required thrust T for an aircraft with mass M is [26]:

<

T=M , (3.1)

E + Vver
L Vg
where D and L are drag and lift, respectively. The ratio between lift and drag L=D of an airfoil
or aircraft can be obtained through a wind tunnel test or Computational Fluid Dynamics (CFD)

simulations. In this work, the CFD data of an aircraft similar to the target aircraft is used [27].
For a cruising, the air speed V; and rate of climbing V, ., are setto 23m/s and zero, respectively.
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Figure 3.2: Altitude record from the UAV.

Figure 3.3: Operating point analysis.

With the maximum mass of the vehicle, 23kg, and L=D ratio of 10, the required thrust T¢,yise IS
2.3kgf. For the climbing, due to the increase of angle of attack, L=D ratiois reducedto 7. Considering
the maximum air speed of the vehicle, 32m /s, with rate of climbing of 8m /s, and the mass without
payload, 20kgf, 7.8kgf of thrust T¢imp IS required.

3.2.2 Required Shaft Torque and Speed

Using the characteristics of a propeller, the required shaft torque and speed to produce thrust of
2.3kgf at 23m/ s air speed and 7.8kgf at 32m/s. Numerically obtained thrust, torque, and shaft rpm
at multiple air speeds for commercially available propellers can be found  [28]. By interpolating the
raw data, 2D Look Up Tables (LUTSs) for the required shaft torque and speed n can be built. When
a two blade propeller with 19 inch diameter and 19 inch pitch, the required shaft torque and rpm for
cruising is 1.08 Nm and 5557 rpm as shown in Fig. 3.5. For the climbing, the motor needs to produce
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Figure 3.4: Forces on an aircraft and velocity vectors.

3.4 Nm at 8811 rpm. These two operating points will be used for the following design and analysis.

3.3 Performance Evaluation of Slotless PMSMs under PWM-excitation

To date, the majority of investigations pertinent to slotless PMSMs with Halbach arrays have pre-
dominantly concentrated on their operational ef cacy under ideal sinusoidal excitation conditions.
Nevertheless, it is observed that the ef ciency and torque ripple experience negative effect as a
direct consequence of the Pulse Width Modulation (PWM) excitation owing to their low inductance
characteristics. The adverse implications are particularly pronounced in scenarios where the motor
operates devoid of any input current ltering mechanism. In this section, the performance charac-
teristics of slotless motors are rigorously assessed under PWM excitation, with a speci c emphasis
on the identi cation of critical loss components attributable to PWM excitation.

For the research delineated herein, slotless PMSMs incorporating three distinct rotor designs
are systematically developed and analyzed under a uniform weight constraint. The three rotor con-
gurations include: 1) A magnetic rotor yoke with a NdFeB Halbach array, 2) A non-magnetic rotor
yoke with a NdFeB array, and 3) A magnetic rotor with a NdFeB /ferrite array. The implementation
of a non-magnetic rotor is deemed viable for a slotless motor utilizing a NdFeB Halbach array, given
that this con guration effectively mitigates leakage ux. While NdFeB magnets are prevalently
utilized due to their substantial remanence B, , the incorporation of rare earth materials results in
elevated motor production costs. Conversely, ferrite magnets present a more economical alternative,
albeit with a reduced remanence. Moreover, ferrite magnets exhibit lower density and electrical
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Figure 3.5: (a)Torque and (b) rpm LUTs for 19  10E propeller.

conductivity, which contribute to mass reduction and diminished Permanent Magnet (PM) eddy
current losses. Consequently, a magnetic rotor designed with a NdFeB and ferrite Halbach array,
featuring an optimized con guration, holds promise as a cost-ef cient substitute for NdFeB-only
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Figure 3.6. Subdomain regions of a slotless machine [2] ©2023 IEEE.

arrays. In the subsequent section, an analytical model based on Fourier series, along with the opti-
mization procedure employing this model under weight constraints, is elucidated. Subsequently, the
performance metrics of the three motors are evaluated under both sinusoidal and PWM excitations
utilizing the 3D Finite Element Method (FEM).

3.3.1 Analytical Model for Slotless PMSMs with Halbach Array

The absence of stator teeth in slotless machines typically allows them to function within a
magnetically linear region, except when the stator yoke exhibits signi cant saturation. This linear
behavior guarantees that the ux linkage from permanent magnets remains nearly unaffected by the
rotor's position, in contrast to traditional slotted machines. Consequently, one can assess the torque
performance of a slotless machine through magnetostatic simulation, which is signi cantly less time-
intensive than transient simulation methods. Under the assumption of an unsaturated stator yoke,
the ux linkage from permanent magnets can be approximated using an analytical model based on
Fourier series, commonly referred to as the subdomain model, achieving accuracy comparable to
two-dimensional nite element methods as shown in the previous chapter. This section delineates
an analytical model designed to estimate the ux linkage of slotless machines equipped with a two-
segment Halbach array, along with the optimization procedure that incorporates weight constraints.

The subdomain regions delineated for the analytical model pertinent to the outer rotor slotless
machine are depicted in Fig. 3.6. The analytical model encompasses ve subdomain regions with
nite permeability: rotor, PM, airgap, coil, and stator. Conversely, if the magnetic eld distribution
resulting from the current in the coils (armature reaction) is deemed unnecessary, the coil region
may not require distinct assignment. Rather, the coil region may be considered as a part of the
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Figure 3.7. Magnetization of a two-segment Halbach array [2] ©2023 IEEE.

airgap region. In such an instance, only four regions necessitate designation. Irrespective of the
guantity of regions involved, the general solution for the magnetic vector potential in the i ™ region,
denoted as A, ; , which possesses outer and inner boundaries at radii of r,,; and r;, respectively,
assumes the formulation presented in  (2.3). By positing that the magnet is oriented along the direct
axis, both the DC and cosine terms within (2.3) can be disregarded as follows:

X ro r
Az,i(ri )= [ai,u( ) +bi,u(

u=1 liout liin

) Y+ G]sin(u ), (3.2)

In the passive regions such as the rotor, airgap, and stator, G is neglected. It is noteworthy that the
balance between accuracy and computational time of this model can be easily controlled with U
without complex mesh generation. The source related term in the PM region,  Gp), can be de ned

as follows: 8

< oM y+UuMyy)

> rinr, whereu=1
GPM(r)z_ oM, +UM ) (3.3)
: 02 1 r, whereu 6 1

M., and M |, represent the Fourier coef cients corresponding to the magnetization of a per-

manent magnet in both the radial and circumferential orientations. This investigation examines
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two-segment Halbach arrays composed of diverse materials, including NdFeB and ferrite magnets,
while also analyzing the implications of the ratio between the main segment and the pole pitch,
denoted as . The primary segments are magnetized in the radial orientation, whereas the auxiliary
segments are magnetized in the tangential orientation to mitigate the outward leakage ux. The
magnetization characteristics of the Halbach array in the radial and circumferential orientations,
denoted as My, and Mg , can be articulated as follows:

8
B main COS , 0 < 5 ,
B i — — < — —
r,aux sin ( 2p )7 2p p Zp ]
<
1 B; main COS -), — — < —+—
M = = Brmain €00 D0 T o P 2p (3.4)
i B sin ( 3 ) + < 2
ran 2p”" p 2 P 2p
2 2 2
. Br,main COS( _)v F 5 < F,
8
Br,main sin ' 0 < 5 f
B —), — < - —
r,aux COS( 2p) 2p p 2p
1° -
Mg :_O Br,main SII’]( _)v 5 5 < E"’E ) (3_5)
B cos( 3 ) + < 2
ra 2p” p 2 p 2p
B sin ( 2 ) 2 < 2
r,main p ’ p 2p p [}

where p denotes the number of pole pairs, B, main and By 5,x represent the remanent magnetization
of the main segment and the auxiliary segment, respectively. Fig. 3.7 illustrates a representative
magnetization pro le under the condition that two distinct materials are employed for the primary

and auxiliary segments, with their respective proportions per pole being 70 percent and 30 percent.
The boundary conditions and post-process presented in chapter 2 can be applied to this model and
PM uxlinkage py can be estimated. The details of the noload subdomain model are provided in
the appendix.

3.3.2 Design Optimization

The principal aim of a slotless machine designed for xed-wing propulsion is to augment ight
duration by enhancing the machine's operational ef ciency while adhering to the stipulated weight
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Figure 3.8: Rotor structure [2] ©2023 IEEE.

Figure 3.9: Support structure [2] ©2023 IEEE.
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constraints. Consequently, a viable approach to optimize system ef ciency involves the reduction
of losses at the most commonly utilized operating point of the machine. In light of the absence of
saturated stator teeth, the predominant loss characteristic of slotless machines is identi ed as the
stator winding copper loss, denoted as P . Assuming that a slotless machine functions within the
linear operational region, its mean output torque, represented as T,y g, IS:

3
Tavg= Ep PMIm, (3.6)

where |, denotes the magnitude of the input current when the current is entirely positioned along
the quadrature axis. Utilizing the PM ux linkage pm derived from the subdomain model, the
copper loss P, that is expended to generate the requisite torque T, ¢4 can be determined as follows:

_2 R o
= > ,
3p2 2 req

cu 3.7
where Rg denotes the resistance of the stator winding phase, a parameter that can be readily de-
termined based on the geometric characteristics of the machine and the number of turns per coil

N . Consequently, in order to design a machine that exhibits elevated cruising ef ciency, one can
establish a single-objective optimization problem constrained by speci c parameters, formulated

as follows:
Objective :min Py for Tieq,
Constraint :Mot < Myimit »
ers < Jimit ' (3-8)
Bst < Bjimit »
Brt < Biimit
I\/Itot = I\/lrotor + IVIPM + Mstator + Mcu + IVlfiller + I\/Ibrg + Mshaft + Msup- (3-9)

where M tor» Mpm, Mstators Mcus Mtitter » Mprg, Mshatt, @nd Mgy, represent the respective
masses of the rotor, permanent magnets (PMs), stator, stator winding, the ller material located
between the coils as illustrated in Fig. 4.2, bearings, shaft, and the supporting structure that serves
to physically connect the stator and bearings. The rotor is comprised of the rotor yoke and the shell
that encompasses the active components, as depicted in Fig. 3.8. The mass of the rotor, denoted as
M otor » AN be computed utilizing the following equation:

— (¢ 2 2 2 2
Mrotor —(rro rri) LstkDrotor,yoke"'(rro tshell) Lshell,ext+2rro tsheIIDsheIIv (3-10)
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where Dyotor yoker Dshells tsheir, @nd Lspelr e xt represent the mass density of the rotor yoke and
shell materials, with tgspe(; denoting the thickness of the shelland  Lgpe ex: indicating the axial
length of the shell exclusive of the rotor yoke. For the construction of the rotor yoke, either magnetic
steel or titanium is suitable. In scenarios where a nonmagnetic rotor yoke is utilized, titanium is
advantageous due to its low electrical conductivity, which effectively mitigates eddy current losses,
whereas aluminum is favored for the shell material owing to its low mass density. The mass of the
magnet Mp ), can be determined through the following equation:

Mpm =(rd r2) LstkDpmmain +(r3 r2)T ) LsikDpmaux, (3.11)

where Dpy main @and Dpy aux denote the mass density of the primary and secondary magnets,
respectively. The mass of the stator, denoted as Mq4tor, CaN be readily computed as follows:

Mstatorz(rszo rszi) LstkDsteel (3.12)

where Dg;e¢ is the density of steel. The stator winding mass M, can be calculated as below:

Mcy = Iavg,cond(rc2 rszo)(l )St Deus (3.13)

where | 3yg conds » S, and D¢, denote the average length of conductors, the proportion of ller to
slot pitch, the copper |l factor, and the density of copper, respectively. The llers are strategically
located between the coils to facilitate the manufacturing process or to improve thermal conductivity
through the application of thermally conductive polymers [19]. The mass of the llers, denoted as
M¢ier » Can be expressed as follows:

Mtier =(r2 r2) Dpoly, (3.14)

where D,y denotes the density of the polymer. The mass of the bearings, denoted as My, is
established as a constant value that encompasses the mass contributions from both the drive-end
and non-drive-end bearings. The mass of the shaft, represented as Mgpa+t, IS:

Mshatt = rszhaft (Lstk + Lshaft,ext)Dsteel (3.15)

where rgpart and Lspatt e xt are the radius and axial extension of the shaft, respectively. The support
structure illustrated in Fig. 3.9 comprises an aluminum cylinder positioned beneath the stator, an
additional cylinder encasing the bearings, and eight linear bars interconnecting the two cylinders.
The mass of the support structure, denoted as Mg, can be determined as follows:

Msup:[(rszi (rsi tsup)z) +((rbrg+tsup)2 rb2rg) +8(rsi rbrg 2tsup)tsup]LstkDa|u: (3-16)
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where tgyp, I'hrg @and Dy are the thickness of the support structure, outer radius of the bearings,
and density of aluminum, respectively. With the optimization problem presented in (3.8), three
distinct rotor compositions have been meticulously developed for the machines: 1) an array of
NdFeB magnets combined with a rotor composed of magnetic solid steel, 2) an array of NdFeB
magnets paired with a titanium rotor, and 3) a con guration employing NdFeB for the main magnet
segment combined with ferrite for the auxiliary segment, also utilizing a magnetic solid steel rotor.

In each design, the variables pertinent to the optimization problem encompass the Rotor Outer
Diameter (ROD), the rotor yoke height denoted as h, , the thickness of the magnet represented as hy,,
the coil height indicated as h., the angles and , the stator yoke height symbolized as hg, and the
stack length designated as L. The con gurations are established with a pole count and (virtual)
slots xed at 22 and 24 respectively, utilizing a single layer construct. The parameters that remain
constant, such as the length of the airgap, are delineated in Table 3.1. The parameters corresponding

to the optimized designs are succinctly presented in Table 3.2. The cross-sectional views of the
optimized machines are illustrated in Fig. 3.18. Within the context of this optimization, the machine
featuring the NdFeB array and magnetic rotor exhibits the minimal copper loss, whereas the machine
incorporating the titanium rotor is observed to be 15 to 17 grams lighter than its counterparts.
Nonetheless, this 17-gram mass reduction translates to a mere 0.07 percent decrease in weight when
considering the total weight of the aircraft system, which is 25 kilograms. Should the enhancement

in machine ef ciency surpass a predetermined threshold, for instance, 1 percent, a minor increase

in weight may be deemed acceptable.

3.3.3 Static Parameter Validation

To assess the ef cacy of the designed machines, a solid rotor yoke constructed from SUS403 is
selected to facilitate the manufacturing process. For the stator yoke, steel lamination 20JNEH1500
exhibiting a stacking factor of 98 percent is employed. Itis signi cant to mention that the axial seg-
mentation of the permanent magnet is excluded due to the constrained stack length of the optimized
machines. The PM uxlinkage  ppy,winding inductance Lg derived from three-dimensional nite
element method (3D FEM) models, alongside the analytically computed stator winding resistance
at 60 C for the designed machines are consolidated in Table 3.3. The number of turns N has been
modi ed to ensure that the PM ux linkages of the machines remain within a comparable range,
thus ful lling the voltage requirements. Despite the prolonged computational duration associated
with 3D FEM transient analysis, 3D FEM models have been employed for the analysis presented in
this section, as they can accurately estimate the losses induced by pulse-width modulation (PWM)
alongside properly closed eddy current loops, as well as end-winding and end-effect leakage induc-
tances that in uence current ripples. From the parameters delineated, it is evident that the machine
featuring an NdFeB array and magnetic rotor maximizes magnetic loading, whereas the machine
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