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Abstract: The electric urban air mobility sector has gained significant attraction in public debates,
particularly with the proliferation of announcements demonstrating new aerial vehicles and the
infrastructure that goes with them. In this context, the development of new methodologies for the
design and sizing of actuation systems, ensuring high performances of these aerial vehicles, remains
an important task in this process. This will allow for better integration within this transport sector.
In this paper, a robust design optimisation approach of multiphase fault-tolerant (FT) outer rotor
(OR) permanent magnets (PM) for multirotor aerial vehicle applications is proposed. In order to
show the effectiveness and the robustness of the proposed design methodology, the number of stator
winding phases, with a fractional slot concentrated winding (FSCW) configuration, as well as the PM
configuration are considered as variables. Thus, four cases for the number of phases are considered,
namely 3, 5, 6 and 7 phases, where for each number of phases case, the PM takes 3 configurations,
namely surface PM, interior V-shape PM and interior spoke PM. First, a pre-sizing step is carried
out, consisting of selecting the optimal combinations slot/pole, designing the multiphase FSCW
layout, and estimating the electric motor (EM) geometry using analytical computations to obtain a
preliminary validation of the design specifications. Second, constrained multiobjective optimisation
is considered in order to optimise the EM performances, such as motor efficiency and weight, under
constraints where the FEMM/Matlab based Finite Element Analysis (FEA) tool is used to perform this
optimisation. Finally, results analysis and performance comparisons of different EM configurations
are carried out in order to assess the design parameters, such as phases number, PM position,
and harmonic currents in the EM design and consequently to select the best configuration for the
considered application.

Keywords: outer-rotor PM motor; multiphase FSCW; design; optimisation; harmonic current injection;
direct-drive propulsion; eVTOLs

1. Introduction

Through the use of fully electric or hybrid propulsion systems, vertical take-off and
landing (eVTOL) aerial vehicle technologies represent a good solution to transport cargo or
a small number of passengers from point to point in highly congested cities and areas. This
will help avoid traffic and provide a more ecological means of transportation. Their capabil-
ities to hover and to perform VTOL, as well as their great maneuverability, make multirotor
eVTOL technologies an excellent choice for the urban air mobility (UAM) market [1,2].
However, with the rapid evolution of transport market requirements, especially in terms
of efficiency, performance, safety, and large endurance, the development of new, precise,
and rapid approaches to the design and optimisation of these aerial vehicles remains an
important task in this process of integration. Electric motors (EMs) play a fundamental
role in enhancing the performances and safety of the electric propulsion systems, and thus
upgrading the performances and safety of all aerial vehicle [2].
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As reported in [3], EMs for electric, more-electric or hybrid aircraft and airspace
applications, are defined by their major requirements (MR), namely weight, which is
a very important indicator that directly affects the overall performance of the vehicle;
volume, which is linked to the limited volume reserved for the motorization; safety, which
directly affects the mission success, performance, and dispatchability; efficiency, which also
becomes an MR for energy saving and performance and finally the cost, which indicates
the accessibility of a new solution. According to this same reference and to [4,5] PM
synchronous motors remain the best choice to achieve these MR, in comparison with
induction motors, switched reluctance motors, synchronous reluctance motors, and wound
field synchronous motors. This is principally explained by the high torque and power
density, low rotor and stator losses and the high-speed capability that the PM motor
could offer.

Multiphase motors with a number of phases higher then 3, in comparison with con-
ventional three-phase ones, can improve power density and fault tolerance due to the
redundant design, reducing the cost of circuit isolation by reducing the DC bus voltage,
offering more degree of freedom for design and control [6–8]. These intrinsic characteristics
make multiphase motors a suitable solution for eVTOL aerial vehicle applications, where
reliability and safety as well as performance are highly required.

Multiphase PM fault tolerant motors for electric and more-electric aircraft and airspace
applications are researched in [7,9–16], where the different phase numbers 5-phase, 6-phase,
9-phase, and 15-phase are commonly considered. In [10], authors propose multi-3-phase PM
motors in order to enhance the weight as well as the fault tolerance of an electromechanical
actuator (EMA) for helicopter primary flight control. A 5-phase concentrated winding PM
motor was proposed for the electric steering of a commercial aircraft nose landing gear
in [12]. A differential evolution (DE) optimisation technique was used in order to minimize
the weight with respect to torque and efficiency targets. Authors in [14] have proposed
a 6-phase PM motor for helicopter tail rotor applications, where an outer rotor with two
interior PM configurations, spoke configurations and a V-shape configuration are designed,
and their respective performances are compared in order to select the suitable configuration.

State of art regarding EM for eVTOLs applications are reported in [17–20], where the
power and torque densities constraints are considered. NASA in [17] aims to present a
design optimisation approach of 3-phase PM motors with an efficiency constraint higher
than 96%, and a power density of 13 kw/kg for eVTOLs applications. The motor design
is based on the genetic optimisation of the motor fitness function, which is defined using
specific power, mission efficiency, peak winding temperature, and the thermochemical
aging of the winding insulation over 10,000 missions. The performances are presented and
discussed. Authors in [20] propose a 9-phase PM motor with a fractional slot concentrated
winding (FSCW) configuration. The static performances of the motor, namely the torque
and the torque ripple, the efficiency, and losses are presented and discussed.

However, these multiphase EM motors cited in these papers are unique cases, where
the influence of increasing the phase number is not evaluated in combination with the PM
configurations that they could take. Additionally, the multiphase winding configuration
favors the appearance of higher odd harmonics in the EMF waveform, which leads to
improving the static performance as well as the FT capabilities of the EM. Nevertheless,
a methodology to extract the main harmonics of the current, with their corresponding
optimal ratio, is necessary to reach these goals and to avoid the torque ripple increasing.

In this paper, a robust design optimisation approach for direct drive multiphase PM OR
motors is presented and formulated. The motor, through direct coupling with the propeller,
ensures the propulsion of a fixed-pitch multirotor aerial vehicle. Through the matching
of the advantages of multiphase motors, FSCW configuration, and the consideration of
harmonics higher than the fundamental in the injected control currents, the performances
and reliability of the motor are improved, where a multiobjective optimisation is carried out
using the motor efficiency and the motor active components mass as the objective function.
This article takes four different configurations of the number of phases and slot/pole (s/p)
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combinations, namely 3-phase 44/48 s/p, 5-phase 40/44 s/p, 6-phase 40/48 s/p, and
7-phase 48/56 s/p. The consideration of high pole number with FSCW allows to improve
the motor performances and to reduce the motor mass. For each configuration, 3 PM
positions are chosen, which are surface PM, Spoke PM, and V-shape PM. Through these
different configurations, a performance analysis and comparative study are carried out to
assess the effect of each parameter on the performances of the EM.

This article is organised as follows, Section 2 provides details about the design require-
ments and characteristics of the multiphase actuator. The design methodology as well
as the basic structural and analytical pre-sizing step is presented in Section 3. Section 4
is devoted to the formulation of the optimisation problem; Section 5 analyses and com-
pares the performances of each configuration in order to select the suitable configuration.
Conclusions and perspectives about the work are presented in Section 6.

2. Design Requirements

The application context of this motor is the propulsion of a multirotor aerial vehicle,
with a gross take-off weight of 450 kg (GTOW). This aerial vehicle is composed of 6 propul-
sion chains (Np), including a propeller, EM, electronic speed controller (ESC), and energy
storage system (ESS) that could feed several propulsion chains. Moreover, this vehicle
could carry a payload of 23% of the GTOW (roughly 100 kg), with a maximum cruising
speed Vc of 54 km/h at altitude h of 500 m. For a multirotor aerial vehicle, the power flight
mission, as illustrated in Figure 1, is divided into 3 phases of take-off/hovering, cruise, and
landing/hovering. Among these phases, it is remarkable that the power required during
the take-off and landing phases is much higher than during the cruise phase.

Figure 1. Typical power flight mission of a multirotor aerial vehicle.

During the take-off and landing, the required force for the lift Fli f t (N) is given by:

Fli f t = GTOW · (a + g) + Fdrag, (1)

where a (m/s2), g (m/s2) and Fdrag (N) are, respectively, the vehicle acceleration, the
gravitational acceleration and the drag force which is a function dependent on the vehicle
speed and geometry.

The acceleration of the aerial vehicle is fixed as a = ( V2
c

2·h ). In order to take into account
the drag force and motor efficiency, which is supposed to be a small drag profile, an
efficiency η = 0.75 is considered. Thus, the motor power Pm (kW), during the take-off and
the landing segment flight operation, must satisfy:

Pm ≥ GTOW · (a + g) · Vc

Np · η
≈ 15 kW (2)
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During the cruise flight mission, the thrust is equal to the drag force. In this case, the
lift force is given by Fli f t = GTOW · g, and motor power must satisfy Pm ≥ 13 kW, with a
thrust to weight ratio of T/W = 1.2.

Regarding the propeller sizing in order to satisfy the mission power flight, a two
blade fixed pitch carbon fiber-based material is chosen. This category of propellers is
characterized by its stiffness and lightweight. The propeller parameters are the diameter
Dp, the blade number Bp and the pitch angle φp or the pitch which is related to the pitch
angle by Hp = Dp · tan(φp) and its model, which describes the propeller thrust Tp (N) and
torque Mp (N · m) in terms of the other parameters given by [21–23]:T = CT · ρ ·

(
N
60

)2
· Dp

4

M = CM · ρ ·
(

N
60

)2
· Dp

5,
(3)

where ρ (kg/m3), CT, CM, and N (rpm) are, respectively, air density, thrust coefficient, torque
coefficient, and propeller velocity. The air density, ρ, is determined by both the local temperature
Tt (◦C) and the air pressure p, which is further determined by altitude h (m). The thrust and
torque coefficients are dependent on the propeller blade airfoil shape. Their model and their
approximative values are presented in [21]. Based on the sizing methodology presented in [21], it
is suggested that with a carbon fiber propeller of Dp = 1.2 m and Hp = 0.456 m, the developed
thrust is 74 kg at a velocity of 3300 rpm. The propeller parameters and its thrust and torque in
terms of the velocity are, respectively, given by Table 1 and Figure 2. It is noticeable, as shown
in Figure 2, that the working motor torque is 36 N · m.

Table 1. Specifications of multirotor aerial vehicle propulsion chain.

Specifications Value

Propulsion chain number Np 6

Propeller diameter Dp (m) 1.2

Propeller pitch Hp (m) 0.465

Thrust coefficient Ct 0.09787

Torque coefficient Cm 0.00402

Gross take-off weight GTOW (kg) 445

Thrust T (kg) 74

Propeller speed Np (rpm) 3300

Propeller torque Mp N · m 36
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Figure 2. Characteristics of the designed propeller.
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3. Design Methodology and Elements for Optimal Design
3.1. Design Methodology

The design optimisation method presented in this paper is based on a combination
of analytical and numerical optimisations design methods for OR multiphase PM electric
actuators. As shown in Figure 3, this methodology offers the possibility of considering
several topologies in terms of motor number of phases nph, the s/p combinations, winding
configuration, and positions of PM. This approach takes as input the rated range speed ωm
with the maximum torque Tm, which is defined through the AV flight mission, the rated bus
dc voltage Udc, and constraints in terms of embedded mass and maximum volume reserved
for the actuator (Wm, Vm). It should be noted that in aircraft and airspace applications such
as the one considered in this paper, the constraints in terms of mass and volume are critical
and directly influence the AV performances.

Figure 3. Design methodology flowchart.
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In summary, this methodology is resumed in three main steps. The first step, which
includes the number of phases selection and FSCW design, consists of performing choices for
the electric motor optimal design. The number of phases selection is subjective to the application
constraints, especially in terms of the power level of the application as well as the number of
open-circuit (OC) phases that the EM could tolerate. In this paper, 4 number EM phase cases
are considered, which are the 3, 5, 6, and 7 phases. This will allow us to assess its effect on the
EM electric and magnetic performances. The FSCW configuration design is based on the s/p
combination selection. The Sections 3.2 and 3.3 give respective details for an optimal selection
of the s/p combination and design of the corresponding winding layout.

The second step of this approach, which is presented in Sections 3.4 and 3.5, is de-
voted to the EM pre-sizing, including PM position selection, and analytical sizing. The
analytical sizing is based on empirical parameters, namely the quantity of torque per rotor
volume (TRV) and the shape ratio (SR). This step allows the validation of the initial speci-
fications input of the approach, especially the motor output torque, using finite element
analysis (FEA) validation, in addition, it makes it possible to limit the search space of the
optimisation algorithm, which leads to reducing the calculation time.

The final step consists of carrying out a global multi-objective optimisation of the EM
based on the Direct algorithm as explained in Section 4.2. This optimisation consists of
both maximizing and minimizing, respectively, the EM efficiency (ηmot(%)) and the EM
weight (Wmot (kg)) in a single function with the use of weighting coefficients. Constraints
on the electromagnetic torque (Tmot), on the flux density (Bm), and on the electromotive
force (Erms) are considered in the optimisation problem as shown in Section 4.1. In the
case of multiphase motor configuration, it is possible to consider the injection of currents
containing higher harmonics than the fundamental, which results in a compact EM structure
with a high torque density. Thus, in this paper, the formulation of the optimisation problem
considers two scenarios, a scenario of optimisation with the injection of purely sinus
currents and a scenario of optimisation with non-sinus of currents. A new methodology for
selecting the optimal current harmonics ratio that allows the creation of torque without
the pulsation effect is developed and presented in Section 4.3. The design methodology is
enclosed by the analysis and comparison of the EM magnetic and electrical performances.

3.2. Selection fo the s/p Combination

The optimal selection of s/p combinations depends on several parameters such as
winding factor, torque density, torque cogging, motor efficiency, rotor losses, and noise
level [24–26]. In the multiphase concentrated winding, the s/p combinations that allow the
realisation of balanced winding should fulfil the following condition [27]:

Qs

GCD(Qs, 2p)
= nph · k (4)

where Qs is the number of slots, p is the number of pair poles, nph number of EM phases,
k is an integer number, and GCD is the great common divisor. The torque cogging and
noise level are directly conditioned by the LCM (least common divisor) and GCD of the
s/p combination. The larger the value of GCD, the smaller the value of the torque cogging,
and the larger the value of the LCM, the smaller the level of noise and the vibration.
Furthermore, regarding the integer k, which is also called the key winding factor in [27],
the higher it is, the more the magneto-motive force (MMF) distribution would contain
lower amplitude of higher harmonics which leads to lower torque ripper. The winding
factor Kw is also used as an indicator for the s/p combination selection, where the larger it
is, the torque density and the efficiency of the motor are improved [25,26]. In this paper,
the following s/p combination is selected for each phase number: 3-phase 48/40, 5-phase
40/44, 6-phase 48/44 and 7-phase 56/44.

Table 2 gives the LCM, GCD, k, and Kw, including the third(Kw3) harmonic for the
5-phase and 6-phase machines and the third and fifth(Kw5) harmonic for the 7-phase
machine for each s/p combination.
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Table 2. Characteristics of the s/p combination for each phases number.

nph s/p Combination LCM GCD k
Kw

Kw1 Kw3 Kw5

3 48/40 240 8 2 0.933 - -

5 40/44 440 4 2 0.976 0.794 -

6 48/44 528 4 2 0.950 0.604 -

7 56/44 616 4 2 0.891 0.717 0.988

3.3. Winding Configuration Design

Multiphase fractional slot concentrated winding (FSCW) configuration has gained
much attention in the field of electric motors, particularly for aeronautical applications. This
interest could be explained by the multiple advantages that present this type of winding
configuration, in particular, in terms of a high motor torque density, improvement of the
motor efficiency by reducing copper losses, improving the fault tolerance by reducing the
coupling between phases, and ease of manufacturing and installation [28–30]. However,
this kind of winding layout leads to a significant appearance of subharmonics and higher
harmonics in the MMF distribution, which could be limited, as explained in the Section 3.1,
by an appropriate selection of the s/p combination. There are two main types of FSCW,
namely single-layer (SL) winding and double-layer (DL) winding. SL winding configura-
tions have stator slots that are each occupied by the coil sides of a single stator phase, while
each slot in a DL winding configuration is split equally between coil sides from two phases.
In this paper, the DL configuration is considered for the FSCW configuration design.

Regarding the optimal winding layout, it is based on the Cros and Viarouge methodology
presented in [31], which was applied to a 3-phase PM Machine with an FSCW. In this paper, this
methodology is extended to a number of phases greater than 3. The first step is to reduce the
number of slots per pole per phase (NSPP) to a fraction of two prime integers x and y, where:

NSPP =
x
y

, (5)

A repeatable sequence of 0 and 1 specific to the winding can be derived from this
relation. It is a list of y numbers which characterizes the winding distribution under y/nph
poles. The structure of the whole winding can be derived from a periodic distribution of
the structure under y poles described by nph consecutive repeatable sequences if y is an
even number. If y is an odd number, this distribution is antiperiodic. The number of 1 in
the sequence is equal to y, and the number of 0 sequences is equal to y − x.

As an example, in the case of 5-phase with the s/p combination of 40/44:

NSPP =
x
y
=

2
11

, (6)

the following steps explain how the whole winding layout is obtained:

• Step 1: The initial repeatable sequence is: 11000000000;
• Step 2: The optimal repeatable sequence is: 10000010000;
• Step 3: The usual phase sequence is associated with the hole sequence. In the case of

5-phase, given by: AC′EB′DA′CE′BD′ (A′ characterizes the return conductor corre-
sponding to coil of phase A);

• Step 4: The conductors associated with the numbers 1 of the sequence are selected
to make the first layer of winding. This allows to obtain the first layer winding.
The second layer winding is obtained by reproducing and shifting the initial layer
by a tooth or a slot width. Figure 4 gives the winding layout for a quarter of the
machines (Qs = 10). The whole winding configuration is completed by an antiperiodic
symmetry, as y = 11 is an odd number in this case.
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The same process is applied to other configurations, namely 3-phase 48/40, 6-phase 48/44,
and 7-phase 56/44. Figure 5a–d gives their whole winding configuration, respectively.

Figure 4. Optimal winding layout for a quarter of the 5-phase s/p 40/44.

Figure 5. Winding layout for different cases.

3.4. PM Configurations

There are many configurations for installing magnets on or in the rotor. These topologies
can be divided into two main categories: surface magnet (SPM) rotor and interior magnet
rotor (IPM). In comparison with other topologies, the SPM rotor configuration is widely
adopted as an efficient solution, due to its simple structure, and ease of manufacture; the
absence of magnetic salience and reduced tooth effect minimizes torque oscillation and makes
control much easier [32,33]. In the case of the IPM rotor, the magnets are inserted in the rotor,
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which makes them intrinsically well protected mechanically and magnetically [32,33]. Figure 6
provides the 3 PM configurations which will be considered in this paper. It is noticeable that
the consideration of several PM configurations will allow us to assess their influence on EM
performances, especially the motor efficiency, torque density and torque rippling.

Figure 6. PM configurations.

3.5. Analytical Pre-Sizing

The analytical pre-sizing stage allows an initial validation of the specifications, partic-
ularly in relation to the maximum torque that the EM must provide. This step also makes it
possible to limit the search space that the optimization algorithm must consider to locate
the PM actuator optimal geometry. The analytical sizing of the EM is determined using
two variables, namely the torque per rotor volume (TRV) and the shape ratio (SR). Thus,
the outer rotor diameter Dor and the stack length Lstk are determined. These variables are,
respectively, given by:

TRV =
Tmax

π
4 · D2

or · Lstk
, SR =

Lstk
Dor

, (7)

where Tmax is the EM maximum torque which is fixed to be 36 N·m. The approximative
value of the TRV is dependent on PM materials. In the case of NdFeB OR PM motors with
air cooling, the TRV value is about 28 kN/m3 [34]. Regarding the SR value, in the case of
the outer runner motor, it must avoid the motor shearing. In this paper, a SR initial value
of 1/5 is considered. It is remarkable that in the case of the outer rotor configuration, the
torque density (TD = Tmax

π
4 ·D2

or ·Lstk
and TRV coincide with each other. Then, the outer rotor

diameter Dor and the stack length Lstk are, respectively, given by:
Dor = 3

√
Tmax

π
4 ·TRV·SR

Lstk = 3

√
Tmax ·SR2

π
4 ·TRV

(8)

Thus, the rotor yoke, stator yoke and tooth thickness are, respectively, given by:
hry =

Bg ·π·Dor
4·p·Bry

=
Bg ·π

4·p·Bry
· 3
√

Tmax
π
4 ·TRV·SR

hry =
Bg ·π·Dor
4·p·Bsy

=
Bg ·π

4·p·Bsy
· 3
√

Tmax
π
4 ·TRV·SR

hry =
Bg ·π·Dor

Qs ·Bt
=

Bg ·π
Qs ·Bt

· 3
√

Tmax
π
4 ·TRV·SR

(9)

where Bg, Bry, Bsy and Bt are, respectively, the airgap flux density, the rotor yoke flux
density, the stator flux density, and the teeth width flux density. The inner rotor and the
outer stator diameters are, respectively, Dir, given by:Dir = Dor − 2 · hry =

(
1 − 2 · Bg ·π

4·p·Bry

)
· 3
√

Tmax
π
4 ·TRV·SR

Dos = Dir − 2 · lg =
(

1 − 2 · Bg ·π
4·p·Bry

)
· 3
√

Tmax
π
4 ·TRV·SR − 2 · lg

(10)
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where lg is the airgap length where an initial value of 0.8 is taken. It is remarkable that in
the case of SPM, the thickness of PM must be considered in the calculation of the outer
stator diameter. The PM width hm for the three configurations, is given by:

hm(SPM) =
π·Dor

2·p · αm = αm ·π
2·p · 3

√
Tmax

π
4 ·TRV·SR

hm(IPM) =
sin(αm)
cos(αm)

· Dor =
sin(αm)
cos(αm)

· 3
√

Tmax
π
4 ·TRV·SR

hm(Spoke) =
Bg ·π·Dor

Qs ·Bt
=

Bg ·π
Qs ·Bt

· 3
√

Tmax
π
4 ·TRV·SR

(11)

With αm as illustrated in Figure 6, the polar arc or the pole pitch is fixed at 0.75 in the
case of IPM and SPM configurations. The PM thickness, in the spoke configuration case, is
equal to the rotor yoke thickness.

The number of spires per coil Ns is given by:

Ns =
π · p · Emax

nc · Kw · ωm · Br · Ros · Lstk · sin( αm ·π
2 )

(12)

where Emax(V), nc, ωm (rad/s), and Br(T) are, respectively, the maximum value of the
electromotive force (EFM), the number of coils per phase, the mechanical rotor velocity,
and the remanent flux density of the PM.

A threshold of
√

3
2 · Udc is taken as a reference value for the FEM maximum value,

where Udc is the DC bus voltage. For the NdFeB PM material, the remanent flux density
value is about 1.2T. The number of coils per phase depends on the winding configuration.

The slot area As is defined as follows: As =
2Ns ·Ac

K f ill
, where Ac, K f ill are, respectively,

the conductor section and the filling factor, which is fixed at 0.55. The conductor section
is given by Ac =

Imax
J . With J(A/m2), and Imax, respectively, the current density, which is

chosen based on the cooling technology, and the maximum current. In the pre-sizing J is
fixed at 10 A/m2. The maximum current can be estimated as:

Imax =
Tmax · ωm

η · nph · Udc
(13)

where η is the global efficiency of the propulsion chain.
The slot height h is defined using the following condition:

As ≤ ASP − Atooth (14)

where ASP and Atooth, as illustrated in Figure 7 are, respectively, the pole slot area, and the
tooth area. The term ASP − Atooth presents the geometrical slot area. These area expressions
are given by: {

APS ≈ π
Qs

·
(
(Ros − d1)

2 − (Ros − d1 − d2 − h)2
)

Atooth ≈ ht · h + Wt · d2 − π
2 · d2

2

(15)

The tooth head width Wt is calculated using:

Wt = τs − bs (16)

where τs =
Dos
Qs

and bs are, respectively, the stator pole and slot opening, which is initially
estimated to bs = 2 · lg. The resolution of the Equation (14) is performed numerically, using
a Matlab code. The inner stator diameter is given by:

Dis = Dos − 2 · (hsy + d1 + d2 + h), (17)

Tables A1–A3 of the Appendix A summarize, respectively, the geometric data for the
rotor parameters, PM parameters for the 3 configuration, and the stator parameters. It
is notable that the phase number influences the stator electric parameters and geomet-
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rical parameters, especially the maximum injected current, the spires number and the
slot surface.

Figure 7. Overview of the stator geometry.

4. Multiobjective Optimisation Problem
4.1. Problem Formulation

The EM optimisation is an important step in the proposed sizing methodology, as
it allows to obtain the best motor performances with respects to the imposed constraints.
The objective function was constructed by combining the motor efficiency ηmot and weight
Wmot, as given in Equation (18), which are the representatives of the most important motor
variables in the application context.

Fobj = α · ηmot + β · 1
Wmot

(18)

The coefficients α and β are used to prioritize both variables between them, with a
complementarity condition (α + β = 1) and thus, the optimisation algorithm will maximise
the prioritized variable. In this paper, the motor efficiency and weight are chosen to have
the same priority in the optimisation problem, which means that α = β = 0.5. The motor
efficiency ηmot is given by:

ηmot =
Pu

Pu + Pcopper + Pcore + Pmech
(19)

where Pu(W), Pcopper(W), Pcore(W), and Pmech(W) are, respectively, the useful power, cop-
per losses, core losses, and mechanical losses. Their respective expressions are given by:

Pu = Tm · ωm

Pcopper = nph · Rph · I2
max

Pcore = (Ch · f + Ce · f 2) · B2
m · V

Pmech = 0.3 · Pu · V2
t · 10−5

(20)

where Tm (N·m), ωm (rpm), Rph(Ω), Ch (W/(m3· Hz· T2)), Ce (W/(m3· Hz2· T2)), f (Hz), Bm

(T), V (m3), Vt (m/s) are, respectively, the motor torque, speed, a phase resistance, hysteresis
loss coefficient, eddy current loss coefficient, frequency, flux density peak amplitude, core
volume, and tangential speed. The phase resistance is directly estimated in terms of
winding and stator parameters as:

Rph = (p · q · Nph · Lsp · Ns)
Rcu20 · (1 + α(Ts + T0))

Sc
(21)
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With q as the number of slots per pole per phase given by q = Qs
2·p·Nph

, Lsp as the

spire length given by: Lsp = 2 · (Lstk + LCoH), where LCoH is the coil head length, which
is estimated by LCoH = π·Ros

Qs
. The Rcu20 = 1.75 × 10−8(Ω· m) and Sc = Imax

J are, re-
spectively, the copper resistivity and the conductor section. Ts(◦C) , T0 = 20(◦C), and
α = 3.93 × 10−3(1/◦C) are, respectively, the stator winding temperature, the ambient
temperature, and the copper temperature coefficient. The core losses are supposed to be
decomposed into losses due to hysteresis, which are proportional to the frequency, and
losses due to eddy current, which are proportional to the square of the frequency [35–37]. In
this case, the stack material is supposed to be homogeneous and isotropic, with a uniform
field. The coefficients Ch and Ce depend on stack material, which could be given by the
manufacturer. In this paper, the ferromagnetic M19 − 29 gauge steel is considered as
reference material. The corresponding hysteresis and eddy current coefficient are given by:{

Ch = 156(W/(m3 · Hz · T2))

Ce = 0.144(W/(m3 · Hz2 · T2))
(22)

The mechanical losses are due to the ventilation and aerodynamics that occur during
the revolution between the airbag and the rotor, and friction in the bearings. Their analytical
calculation is complicated, because of the vortex flows during rotation. An empirical
expression [36], given in Equation (20), is used to estimate these losses, which are in this case
proportional to the useful motor power Pu and to the square of the rotor tangential speed
Vt = Ror · ωm. The EM optimisation problem considers three constraints functions, which
are: a constraint on the output motor torque Tm that must correspond to the torque imposed
by the propeller at a base speed of ωbase = 4000 rpm; a constraint on the electromotive
force at the base speed, in order to avoid the flux weakening and to maintain the EM
performances and a constraint the maximal core flux density that must stay below of a
reference value of 2T in order to avoid over saturation. Thus, the formulation problem of
the EM optimisation is given as follows:

max(Fobj(x))
Tmot ≥ 36N.m

Erms =
√
(Ud)2 + (Uq)2 ≤

√
3

2 · Udc

Bm =
√
(Bx)2 + (By)2 ≤ 2T

(23)

x is the vector of the optimisation parameters, and is composed of a common parame-
ters vector xm for the four winding configuration cases, as explained in Section 3.2, and
it is given by: 85 ≤ Ror ≤ 105, 35 ≤ Lstk ≤ 45, 2 ≤ bs ≤ 5, 3 ≤ hsy ≤ 6, 0.3 ≤ lg ≤ 0.7,
10 ≤ Ns ≤ 20, 1 ≤ d1 ≤ 3, 1 ≤ d2 ≤ 4, and J ≤ 12. A second vector optimisation, specific to
each PM topology xPM, is given by:

• SPM configuration: 8 ≤ hm ≤ 12, 3 ≤ tm ≤ 5, and 3 ≤ hry ≤ 6.
• V-shape configuration: 0.7 ≤ lPM ≤ 0.9, 1 ≤ tm ≤ 2.5, and 3 ≤ hry ≤ 6.
• Spoke configuration: 4 ≤ tm ≤ 6, and 8 ≤ hry = hm ≤ 12.

It is noticeable that in the of V-shape configuration, the variable lPM represents the
ratio of the PM length hm to the rotor yoke thickness.

4.2. Optimisation Algorithm

The optimisation is based on the Direct algorithm, belonging to the global non-linear
constrained optimisation family. Its working principle consists of minimising a black-box
objective function with a bounded normalised search space. The normalisation of search
space has no influence on the algorithm convergence as the optimisation variables are
bounded. Thus, the search space becomes the unit hyper-cube. DIRECT works by parti-
tioning the unit hypercube into subrectangles with the property that the objective function



Aerospace 2024, 11, 150 13 of 26

has been evaluated at each rectangle’s center point. In each iteration, certain “potentially
optimal” rectangles are selected for further search; these rectangles are then subdivided,
and the function is evaluated at the center points of the newly-formed subrectangles [38,39].
Figure 8 describes the way the algorithm moves towards the optimum of the EM optimi-
sation problem. The algorithm, as well as the EM formulation problem, are implemented
using Matlab functions, where the Direct algorithm is explored from the optimisation
toolbox of Matlab. The electromagnetic model of the motor is implemented using FEMM,
where the inputs are the EM geometry data with the required specifications.

Figure 8. Direct algorithm optimisation used in the case of the EM problem.

4.3. Optimal Harmonic Current Injection Ratio

In the case of multiphase winding configuration with nph > 3, it is possible to consider
the current injection containing harmonics. This makes it possible to improve the torque
density as well as the reliability of the EM. This characteristic comes from the fact that a
multiphase motor voltage vector and output torque in the decoupled plan are given by [40]:{

Vdq = Rs · Idq + [Ldq] ·
dIdq
dt + Edq

T = 1
ωm

(⃗e · i⃗) = 1
ωm

· ∑m
g=1(e⃗g · i⃗g)

(24)
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m represents the number of the fictious machine, with two phases each, depending on
the nph as follows: {

m =
nph−1

2 i f nph is odd

m =
nph−2

2 i f nph is even
(25)

Thus, this formulation makes it possible to transform virtually the multiphase motor
to m fictitious machines coupled in series, where each one is associated with a family of odd
harmonics. Figure 9 gives the equivalent representation of a multiphase PM motor in the
general case of nph. From this representation, the number of main fictitious and homopolar
machines are deduced for the 4 number of phases cases considered in this paper.

Figure 9. PM Multiphase machine equivalent representation.

The associated odd harmonics for these cases are resumed in the following Tables 3–7:

Table 3. Odd harmonics for nph = 3.

Injected Harmonic Current Corresponding Odd Harmonics

h = 1 (Main fictious machine) 1, 5, 7, 9, 17, 19, · · · (2 · k = 3c ± 1)

Table 4. Odd harmonics for nph = 5.

Injected Harmonic Current Corresponding Odd Harmonics

h = 1 (1st fictious machine) 1, 9, 11, 19, 21, 29, · · · (2k + 1 = 5c ± 1)

h = 3 (2nd fictious machine) 3, 7, 13, 17, 23, 27, · · · (2k + 1 = 5c ± 2)

Table 5. Odd harmonics for nph = 6.

Injected Harmonic Current Corresponding Odd Harmonics

h = 1 (1st fictious machine) 1, 5, 7, 11, 13, 17, · · · (2k + 1 = 6c ± 1)

h = 3 (2nd fictious machine) 3, 9, 15, 21, 27, 33, · · · (2k + 1 = 6c ± 3)

Table 6. Odd harmonics for nph = 7.

Injected Harmonic Current Corresponding Odd Harmonics

h = 1 (1st fictious machine) 1, 5, 7, 11, 13, 17, · · · (2k + 1 = 7c ± 1)

h = 5 (2nd fictious machine) 5, 9, 19, 23, 33, 37, · · · (2k + 1 = 7c ± 2)

h = 3 (third fictious machine) 3, 11, 17, 25, 31, · · · (2k + 1 = 7c ± 3)
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Table 7. SPM EM performances for each case of number of phases.

nph
SPM Configuration

Tavg Trip Tmd Tvd Mmot MPM ηmot Bm Pcore Pcopper Pmv

3 36.26 12.77 8.79 66.38 4.13 0.51 93.78 2.028 662.05 262.35 83.18

5 36.96 1.92 12.03 90.6 3.08 0.46 93.97 1.95 426.01 499.51 67.49

6 36.3182 5 13.05 98.5 2.78 0.41 93.77 1.96 387.44 554.10 69.09

7 37.83 0.64 11.53 87.23 3.29 0.62 91.76 2.05 476.71 873.47 72.15

The term 2k + 1 is corresponding to the EMF harmonics, which must be equal to the
injected current harmonic in order to create an effective torque. The following expression
of the electromagnetic torque explains the relation between the current and the EMF or
airgap flux density harmonics:

Tem =
nph · K

ωm
· (B1 · I1 + B3 · I3 + B5 · I5 + · · ·+ B2k+1 · Ih) =

nph · K
′

ωm
· (E1 · I1 + E3 · I3 + E5 · I5 + · · ·+ E2k+1 · Ih) (26)

where K or K
′
, B2k+1, E2k+1, and Ih are, respectively, a parameter depending on the geomet-

rical and electrical motor parameters, the (2k + 1)th harmonic of the airgap flux density or
the EMF, and hth harmonic of the injected current. However, the maximisation of the motor
output torque, in the case of nph > 3, requires an optimal harmonic current injection. The
sinusoidal (Sin) current and sinusoidal current with the consideration of higher harmonics
(Sin + h) are expressed, respectively, as follows:ij(θm) = IS · sin

(
p · θm − 2π

nph
j
)

ij(θm) = INS · ∑∞
h=0 A2h+1 · sin

(
(2h + 1) ·

(
p · θm − 2π

nph
j
)) (27)

where IS, INS, A2h+1, θm, j = 0, 1, · · · , nph − 1 are, respectively, current peak amplitude in the
Sin case, current peak amplitude in the Sin + h case, ratio of the (2h + 1)th harmonic current to
the fundamental one, rotor mechanical position, and the number of the phase starting form 0.
The determination of the optimal harmonic current injection with the corresponding amplitude
INS is performed in two manners, either to maintain the same RMS value as case Sin or to
maintain the same peak amplitude of the injected current as in case Sin. In [41], the authors
present an analytical approach to derive the optimal third harmonic current for a 5-phase SPM
machine under constraints of peak and RMS value. However, in the case of a higher phase
number, especially when nph ≥ 7, the analytical development is not an efficient solution. In
this paper, a new numerical method is developed in the general case. This makes it possible to
determine the optimal harmonic current that allows to maximise the motor output torque with
consideration peak/RMS constraints. The method is described as follows:

• In the case of peak value, this constraint is expressed as:

IS = INS · max

(
∞

∑
h=0

A2h+1 · sin

(
(2h + 1) ·

(
p · θm − 2π

nph
j

)))
(28)
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Thus, the term max
(

∑∞
h=0 A2h+1 · sin

(
(2h + 1) ·

(
p · θm − 2π

nph
j
)))

must be minimised,
in order to maximise the motor output torque. This constraint, in this case, consists of
finding the ratios A2h+1 that satisfy the following problem:

A = min
(

max
(

∑∞
h=0 A2h+1 · sin

(
(2h + 1) ·

(
p · θm − 2π

nph
j
))))

INS = IS
A

with 0 ≤ A2h+1 < 1 and A1 = 1

(29)

Based on this formulation, the optimal harmonic ratio A2h+1, in the case of 5 and
6-phase, the optimal third harmonic current injection is A3 = 0.167. In the case
of 7-phase, the optimal third and fifth harmonics current injection are A3 = 0.24,
A5 = 0.07.

• In the case of RMS value, this constraint is expressed as:

IS√
2
=

INS√
2
·

√√√√( ∞

∑
h=0

(A2h+1)2

)
(30)

As in the previous case, in order to maximise the motor torque, the term
√
(∑∞

h=0(A2h+1)2)

must be minimised. This constraint, in this case, consists of finding the ratios A2h+1
that satisfy the following problem:

A = min
(√

(∑∞
h=0(A2h+1)2)

)
INS = IS

A
with 0 ≤ A2h+1 < 1 and A1 = 1

(31)

It is remarkable that the minimum of the considered function is attainable for A2h+1 = 0
f or h > 1; however, it is possible to inject higher harmonics in a limit of 20% as shown
in [41]. Thus, in the optimisation part, they will be the consideration of the current
injection in both cases Sin and Sin + h with peak constraint.

The Figure 10 gives the wave form of the current injection in the cases Sin , Sin+h3 and
Sin+h3+h5 with the peak constraint. In order to assess the influence of these harmonics,
the case 5 − phase optimisation is carried out using current injection with Sin and Sin+h3.
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Figure 10. Current injection wave form for IS = 20A.

5. Results Analysis and Performances Comparison

The optimisation problem, formulated in the previous section, is applied for each
configuration of the EM while respecting each scenario of phase number and PM configu-
ration. The optimisation for the scenarios nph = 5, 6, and 7 was carried out by the injection
of current harmonics, where the optimal ratios of the harmonic injection of currents are
defined following the method presented in Section 4.3. The cases nph = 3, and 5 were opti-
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mised by the injection of sine currents. It should be noted that the injection of the currents
considered in the optimization occurs directly in the original plan, i.e., (a, b, c, d, and e) for
the case nph = 5. However, it is possible to consider the injection in the decoupled plane
(dk, qk). A validation of the designed and optimised EM is performed using FEA, where
the results and their analysis, as well as a comparative study of the number of phases, PM
configuration, and harmonic current effects on the EM performance, are presented in the
following sections. It is notable that every three subfigures of the same column, given below
in Sections 5.1–5.4 show, respectively, the field lines and flux density in no-load conditions
with the corresponding EMFs and its harmonic composition. The optimised geometrical
parameters for the whole cases are reported in the Tables A4–A6 of the Appendix A.

5.1. Design Optimisation Results of the Case nph = 3

The optimisation of the 3-phase with s/p : 48/40 is carried out using a peak cur-
rent of Is = 28 A, a current density J = 11 A/mm2, and DC bus voltage Udc = 400 V.
Figure 11a–i gives, respectively, the optimisation results for the 3 PM configuration. It is
remarkable that in this case, the maximum core flux density amplitude stays below 2 T
for the 3 PM positions, which allows avoiding the core saturation. Moreover, the EMF
harmonic spectrum shows a weak presence of higher harmonics in comparison to the
fundamental frequency Fs =

p·ωm
60 .
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Figure 11. FEA analysis for the case nph = 3. (a) Field lines and flux density of the SPM case,
(b) Field lines and flux density of the Spoke case, (c) Field lines and flux density of the V-shape case,
(d) No-load EMF of the SPM case, (e) No-load EMF of the Spoke case, (f) No-load EMF of the V-shape
case, (g) EMF harmonic composition, (h) EMF harmonic composition, (i) EMF harmonic composition.
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5.2. Design Optimisation Results of the Case nph = 5

Regarding the case of the 5-phase with s/p : 40/44, the optimistion is performed
using a peak current of Is = 17 A, a current density J = 11 A/mm2, and DC bus voltage
Udc = 400 V. Figure 12a–i gives, respectively, the optimisation results for the 3 PM positions,
where every three subfigures of the same column show the field lines and flux density in no-
load conditions with the corresponding EMFs and its harmonic composition. The obtained
EMFs, as excepted, present a non-sinusoidal waveform, where the fifth harmonic presents
higher amplitude for the 3 PM positions. The amplitude of the third harmonic increases by
passing from the SPM configuration to the IPM (Spoke and V-shape) configuration, which
is explained by the higher harmonic component of the IPM configuration. The core satura-
tion is avoided, as the maximum core flux density amplitude remains below 2 T for the
3 PM positions
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Figure 12. FEA analysis for the case nph = 5. (a) Field lines and flux density of the SPM case,
(b) Field lines and flux density of the Spoke case, (c) Field lines and flux density of the V-shape case,
(d) No-load EMF of the SPM case (e) No-load EMF of the Spoke case, (f) No-load EMF of the V-shape
case, (g) EMF harmonic composition, (h) EMF harmonic composition, (i) EMF harmonic composition.

5.3. Design Optimisation Results of the Case nph = 6

Regarding the case of the 6-phase with s/p : 48/44, the optimistion is performed using a
peak current of Is = 14 A, a current density J = 11 A/mm2, and DC bus voltage Udc = 400 V.
The optimisation results for the 3 PM positions are reported in Figure 13a–i, where every
three subfigures of the same column show the field lines and flux density in no-load
conditions with the corresponding FEM and its harmonic composition. The obtained EMFs
present a weak amplitude for the fifth, explaining the low effect on its waveform, especially
in the SPM case. However, the amplitude of the third and fifth harmonics increase by
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passing from the SPM configuration to the IPM (Spoke and V-shape) configuration, which
is explained by the higher harmonic component of the IPM configuration.
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Figure 13. FEA analysis for the case nph = 6. (a) Field lines and flux density of the SPM case,
(b) Field lines and flux density of the Spoke case, (c) Field lines and flux density of the V-shape case,
(d) No-load EMF of the SPM case, (e) No-load EMF of the Spoke case, (f) No-load EMF of the V-shape
case, (g) EMF harmonic composition, (h) EMF harmonic composition, (i) EMF harmonic composition.

5.4. Design Optimisation Results of the Case nph = 7

The optimistion, in the case of the 7-phase with s/p : 56/44, is performed using a peak
current of Is = 12 A, a current density J = 11 A/mm2, and DC bus voltage Udc = 400 V.
The optimisation results for the 3 PM positions are reported in Figure 14a–i, where the
same conditions are considered as the previous cases. For this motor topology, the obtained
EMFs present non-sinusoidal waveform, where the third harmonic amplitude is more
present than the fifth and seventh for the 3 PM positions.

5.5. Assessment of Number of Phases and PM Configuration Effects on the EM Performances

In order to assess the effect of the number of phases and PM configuration, an FEA
magnetostatic simulation is carried out for different configurations. Tables 7–9 compare
these configurations in terms of average torque Tavg (N·m), torque ripple (Trip (%)), torque
mass density (Tmd (N/kg)), torque volume density (Tvd (N·m/L)), motor active mass (Mmot
(kg)), PM mass (MPM (kg)), motor efficiency ηmot (%) at ωm = 4000 rpm, maximum core
flux density (Bm (T)), core losses Pcore (W), copper losses Pcopper (W), and mechanical losses
Pmv (W). Each table compares the EM performances, for a given PM configuration, for each
case of the number of phases.
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Figure 14. FEA analysis for the case nph = 7. (a) Feild lines and flux density of the SPM case,
(b) Feild lines and flux density of the Spoke case, (c) Feild lines and flux density of the V-shape case,
(d) No-load EMF the SPM case, (e) No-load EMF the Spoke case, (f) No-load EMF the V-shape case,
(g) EMF harmonic composition, (h) EMF harmonic composition, (i) EMF harmonic composition.

The increase in the number of phases, passing from the 3-phase to the higher phase
number case, makes it possible to improve the motor performance, such as torque mass
and volume motor densities, motor efficiency, weight, volume and losses. However, it is
remarkable that the increase in the number of phases by more than five phases causes a
drop in the performances as well as an increase in the motor weight, which is explained by
the decreased maximum amplitude of the injected current. Regarding the PM configuration
effect, it is noticeable that their effects are not conserved by the increasing phase number.
For instance, in the case of the 3 and 5 phases, the spoke configuration allows obtaining the
best motor in terms of performance and compactness; however, in the cases of the 6 and
7 phases, it is the SPM configuration that allows to obtain the best EM performances.

Table 8. Spoke PM EM performances for each case of number of phases.

nph
Spoke Configuration

Tavg Trip Tmd Tvd Mmot MPM ηmot Bm Pcore Pcopper Pmv

3 35.708 16.01 9.13 68.98 3.91 0.68 91.64 2.08 1130.5 174.32 59.09

5 37.11 6.30 12.82 95.50 2.89 0.42 93.60 2.02 453.66 559.04 52.81

6 37.82 4.25 10.41 77.49 3.64 0.47 93.35 2.02 578.88 481.89 68.04

7 36.91 4.23 9.36 69.79 3.94 0.49 91.03 2.036 669.94 786.28 66.40



Aerospace 2024, 11, 150 21 of 26

Table 9. V-shape PM EM performances for each case of number of phases.

nph
V-Shape Configuration

Tavg Trip Tmd Tvd Mmot MPM ηmot Bm Pcore Pcopper Pmv

3 36.00 15.27 6.90 52.01 5.21 0.83 91.13 2.50 1133.4 249.28 85.49

5 36.82 5.19 9.91 73.98 3.72 0.49 92.25 2.06 707.05 522.93 65.76

6 36.78 9.81 8.18 60.78 4.50 0.52 90.51 2.59 924.74 624.36 67.16

7 37.21 3.86 10.59 79.43 3.51 0.56 88.69 2.50 949.54 968.31 69.44

5.6. Assessment of Current Harmonics Effects on the EM Performances

The case of the 5-phase motor with a spoke configuration is taken as an example
to evaluate the effect of harmonic current ratio, where the optimisation, in this case was
carried out considering the pure sinusoidal current and non-sinusoidal current. Moreover,
the designed PM spoke machine, considering the sinusoidal waveform current in the
optimisation part, is used to validate the design approach under a load of Tm = 36 N·m
at ωm = 4000 rpm. This load represents the operating point imposed by specifications.
Figure 15 gives the instantaneous output torque using Sin and Sin + h current.
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Figure 15. Torque comparison with Sin and Sin + h current waveform.

As expected, the consideration of higher harmonic in the current waveform allows for
an improvement in the mean torque density of the EM of more than 18 %, in comparison
with the classical case of Sin current. This result is confirmed by Figure 15, which shows,
respectively, the output instantaneous torque in terms of the current density and the rotor
mechanical position for each optimisation case, as well as a comparison of their respective
performances, is shown in Table 10, with a current density of J = 11 A/mm2 and peak
amplitude of the injected current of Imax = 18 A.

Table 10. Spoke PM EM performances for each case of number of phases.

Performanaces of the 5-Phase Spoke EM

Tavg Trip Tmd Tvd Mmot MPM ηmot Bm Pcore Pcopper Pmv

(a) 36.58 1.42 10.25 76.41 3.57 0.60 93.01 2.03 600.41 488.88 61.53

(b) 37.11 6.30 12.82 95.50 2.89 0.42 93.60 2.02 453.66 559.04 52.81

Through the plots of Figure 16, it is remarkable that, for both cases, the instantaneous
torque increases with the increasing current density, where the torque peak values in the
case of optimisation with non-sinusoidal current (b) are much higher than the case with
sinusoidal currents (a). Table 10 gives more details about their respective performance,
where it is shown that torque, torque mass and volume densities, in the case (b), are
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improved by 3.28 %, 20%, and 20 %, respectively, with a weight gain of more than 600 g, as
well as an increase in the torque ripple.

(a) Optimisation with sinusoidal current. (b) Optimisation with non-sinusoidal current.

Figure 16. Instantaneous torque in terms of the rotor mechanical position and the current density.

6. Conclusions

This paper proposed a general and robust design optimisation approach of multiphase
PM OR actuators for multirotor aerial vehicle applications. The number of phases and the
PM positions were taken as input for design, where 12 motor topologies were designed
and analysed. This made it possible to assess their influence on the EM performances, as
shown in the comparative study.

The motor design requirements are formulated, where a two-blade fixed pitch pro-
peller was sized in order to assume the considered flight mission. The pre-sizing step,
including s/p combination selection, winding design, and analytical sizing, made it pos-
sible to validate the motor topology as well as the specifications, especially in terms of
the motor output torque. These results are refined using a multiobjective constrained
optimisation of the motor efficiency and weight, where constraints on the output torque,
EMF, and core maximum flux density amplitude are considered. It was shown that, in
comparison with the 3-phase motor, the higher number of phases allows for improved
EM performance, torque, torque densities and compactness, as well as reliability with the
redundant winding configuration. Moreover, the injection of current, including higher
harmonics in the case of multiphase configuration, allowed us to confirm these results.

Some perspectives will be considered in future work, e.g., the integration of FT capa-
bilities and thermal constraints in the multiphase EM design step, considering scenarios
of single OC fault, multiple OC fault of adjacent or non-adjacent winding phases and
inter-turn short circuit fault (ITSC).
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Appendix A

Table A1. Stator and Slot parameters for SPM case.

nph nph = 3 nph = 5 nph = 6 nph = 7

s/p combination 48/40 40/44 48/44 56/44

Stator outer diameter Dos (mm) 190.4 190.4 198.4 198.4

Stator inner diameter Dis (mm) 120.08 155.0 153.59 164.87

Stator yokeless thickness hsy (mm) 3 3 3 3

Stator pole pitch τs (mm) 12.46 15 12.46 10.68

PM width hm in the SPM case 11.78 10.71 10.71 10.71

PM materiel NdFeB

teeth width ht (mm) 3 3 3 2

Tooth hight h (mm) 27 8 6.5 5

Airgap length lg (mm) 0.8 0.8 0.8 0.8

Slot opening bs (mm) 3 3 3 3

Tooth head width Wt (mm) 9.64 12.0 9.46 7.68

Number of turns per coil Ns 20 17 14 12

Maximum currents Imax (A) 28 17 14 12

Currents density Jmax (A/mm2) 12

DC bus voltage Udc (V) 400

Stator materiel Pure Iron (M19 Jauge 1.9 mm)

Stator flux density Bsy 0.9 T

Teeth width flux density Bt 1.8 T

Table A2. Rotor parameters.

nph nph = 3 nph = 5 nph = 6 nph = 7

s/p combination 48/40 40/44 48/44 56/44

Outer rotor diameter Dor (mm) 206 206 206 206

Stack length Lstk (mm) 41.2 41.2 41.2 41.2

Inner rotor diameter Dir (mm) 200 196 200 200

s/p combination 3 3 3 3

Rotor materiel Pure Iron (M19 Jauge 1.9 mm)

Rotor flux density Bry 0.9 T

Table A3. Stator and Slot parameters for IPM and Spoke case.

nph nph = 3 nph = 5 nph = 6 nph = 7

s/p combination 48/40 40/44 48/44 56/44

Stator outer diameter Dos (mm) 198.4 198.4 198.4 198.4

Stator inner diameter Dis (mm) 142.72 164.11 170 173.7

Stator yokeless thickness hsy (mm) 3 3 3 3

Stator pole pitch τs (mm) 13 15 13 11.13

PM width hm in the IPM case 12.55 11.41 11.41 11.41
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Table A3. Cont.

nph nph = 3 nph = 5 nph = 6 nph = 7

PM width hm in the spoke case 3 3 3 3

PM materiel NdFeB

Tooth width ht (mm) 3 3 3 2

Tooth hight h (mm) 24.27 5.3 6 4.2

Airgap length lg (mm) 0.8 0.8 0.8 0.8

Slot opening bs (mm) 3 3 3 3

Tooth head width Wt (mm) 10 12.58 10 8.13

Number of turns per coil Ns 20 17 14 12

Maximum currents Imax (A) 28 17 14 12

Currents density Jmax (A/mm2) 12

DC bus voltage Udc (V) 400

Stator materiel Pure Iron (M19 Jauge 1.9 mm)

Table A4. Optimised geometrical parameters for the SPM configuration.

nph
SPM Configuration

Ror hm Lstk bs hry hsy tm lg NS d2 d3

3 102.00 11.33 40.78 1.78 3.42 3.42 3.17 0.30 6 1.50 1.50

5 91.00 8.67 37.34 2.00 4.78 4.78 4.17 0.25 15 1.11 2.70

6 92.89 10.00 37.11 2.70 3.42 3.42 3.17 0.38 14 2.00 1.50

7 93.00 11.00 40.83 2.33 3.42 3.42 4 0.30 14 1.67 1.12

Table A5. Optimised geometrical parameters for the Spoke configuration.

nph
Spoke Configuration

Ror hm Lstk bs hry hsy lg NS d2 d3

3 86.67 7.05 42.00 1.4 12.12 5.33 0.38 4 1.40 1.33

5 80.33 10.11 37.50 1.80 6.02 3.93 0.38 15 2.50 1.33

6 93.00 8.33 34.50 2.7 8.00 3.93 0.35 13 1.89 2.00

7 80.33 8.33 39.89 1.5 8.00 3.93 0.38 12 1.50 1.33

Table A6. Optimised geometrical parameters for the V-shape configuration.

nph
V-Shape Configuration

Ror hm Lstk bs hry hsy tm lg NS d2 d3 αm

3 103.78 10.00 45.89 1.20 13.00 4.00 2.00 0.37 5 2.00 1.33 24.50

5 80.33 10.1 37.5 1.78 6.03 3.93 2.00 0.38 15 2.00 1.33 24.50

6 91.00 9.50 38.56 1.80 9.11 3.75 2.33 0.30 12 1.50 1.33 26.67

7 92.00 9.50 41.33 2.00 9.00 3.75 2 0.30 14 1.80 1.11 26.00
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