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Abstract: This paper deals with the design and optimization of a 2.1 MW rim-driven electric thruster
for ship propulsion. For this purpose, a double stator ironless rotor axial flux permanent magnet
(AFPM) motor is considered as the propulsion motor. The analytical model of the selected AFPM
motor is presented. The magnetic field in the AFPM machine is calculated using the 3D magnetic
charge concept in combination with image theory and permeance functions to take into account the
stator slotting effects, and a simple thermal model is used to evaluate the heat dissipation capabilities
of the machine and the thermal dependence of the main electromagnetic losses. To optimally design
the AFPM, an optimization process based on genetic algorithms is applied to minimize the cost of
the active motor materials. An appropriate objective function has been constructed, and different
constraints related to the main electrical, geometrical, and mechanical parameters have been taken
into account. The achieved results are compared with the performance of a podded radial flux
permanent magnet (RFPM) motor, which is considered a reference propulsion motor. The obtained
results show a fairly satisfactory improvement in the cost and masses of the active motor materials.
Finally, the accuracy of the obtained optimum solution is validated by performing 3D finite element
analysis (3D-FEA) simulations.

Keywords: axial flux machines; design optimization; rim-driven thruster; ship propulsion

1. Introduction

Naval electric propulsion has undergone considerable development in recent years
and has taken on particular importance, leading to a large number of achievements [1].
Electrical propulsion has many advantages in terms of ship maneuverability, maintenance,
and acoustic noise [2]. In addition, the military navy has shown interest in this technology
as a means of propelling ships. The choice of the propulsion system for modern naval
vessels depends on criteria such as changes in operational requirements, shock resistance,
noise reduction, greater speed range, greater mission flexibility, longer periods away from
base with reduced crews, and cleaner emissions [3]. The electrical energy on this type of
vessel is classically produced by thermal machines associated with alternators or by other
power sources (fuel cells, energy storage systems) [4] and is distributed on board by an AC
or DC electrical network to the various systems on board and to the propulsion system [5].
This type of architecture offers greater flexibility, efficiency, and fault tolerance than con-
ventional mechanical propulsion architecture [6]. The electrical propulsion chain includes
a converter/motor system associated with propellers operating at variable speeds [7].

Electrical propulsion allows using a podded propeller where the electrical motor is
located in a nacelle outside the hull [8]. Concerning the motor and propeller association,
classically, the propulsor with outboard drive (POD) motor is located in a nacelle located
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behind the propeller blades. However, other emerging technologies have been studied in
the last decades. This solution consists of rim-driven systems, where the propeller and
propulsion motor are fully integrated [9]. In addition, direct-drive permanent magnet
motors appear to be the most promising solution that fulfills the requirements of the marine
industry [10], especially in terms of high efficiency and reliability [11].

The electric rim-driven thruster is a ducted propeller that includes the electrical motor
in the duct. The stator of the machine is integrated into the duct, and the rotor is built
in a ring surrounding the propeller blades [12]. As a result, the electrical motor air-gap
can be filled with seawater. Therefore, the active parts (windings, magnets, magnetic
cores) are sealed with specific materials to protect them from corrosion [13]. However,
seawater can contribute actively to the motor cooling, and the winding current density
can be augmented easily [14]. The permanent magnet machines are used in rim-driven
propulsors, especially the axial flux permanent magnet machines, which are characterized
by high 3D electromagnetic effects [15,16]. Furthermore, rim-driven machines usually have
a large diameter. However, these machines generally have a short axial length. The large
diameter requires that the back-core radial depth should be as small as possible to avoid
becoming overweight. These machines usually have to be operated at slow speeds, which
requires a high number of poles, thus reducing the radial core depth and minimizing the
weight and size of the machine [17].

Compared to the traditional electric podded propulsion system, the electric rim-
driven propulsion system has certain advantages, such as better hydrodynamic efficiency,
protection of the blades, and high power density [18]. Indeed, it provides a high degree of
integration, and the cabin collapses the complicated propulsion shaft system, additional
components, propulsion motors, and other equipment into a compact and weight-saving
structure [19]. In addition, in rim-driven technology, a shaftless propeller can be used. This
is a marine thruster that does not require a shaft or gearbox to transmit driving torque [20].

Thus far, most published works regarding the modeling and design of AFPM machines
for rim-driven applications used numerical simulations with 3D finite element analysis
(3D-FEA) [21,22], which is very expensive and time-consuming, especially when the accu-
racy of results is required [23]. To overcome this issue, some researchers have developed
simple analytical models [10]; the authors designed and analyzed the performance of
axial flux permanent magnet generators for rim-driven marine turbines. A comparative
study was then made with a radial flux generator which was optimally designed with
similar models and specifications. Additionally, multi-physic models (hydrodynamics,
electromagnetic, and thermal) were developed and a method to couple them for the de-
sign of an integrated rim-driven tidal turbine system was presented in [13]. However,
these two studies are based on analytical first-order electromagnetic models, which are
not efficient for fully taking into account 3D effects. For validation purposes, the team of
the French Naval Academy Research Institute in Brest, France, developed and tested a
prototype of a rim-driven marine current turbine using a radial flux permanent magnet
(RFPM) generator [24]. In other works, a rim driven motor with a Halbach array with
uneven segments was optimized to maximize the electromagnetic torque. Moreover, a new
kind of segmented Halbach permanent magnet motor for integrated motors was designed
and fabricated in [25]. The motor has no bearings and employs a Halbach array in its
rotor structure. Furthermore, the multicomponent fluid method is used to calculate the
thermal and fluid field of the integrated motor propeller. In addition, the coreless, slotless,
and slotted stators of an integrated motor were compared in [14]. Furthermore, the cal-
culation and analysis of frictional losses on the motor rotor in the flow field of the space
between the stator and the rotor of the Rim-driven motor were studied. The development
of an efficient propulsion system and the design of the hub-less, rim-driven propeller
through multidisciplinary integration (hydrodynamics, propeller shaping, electromagnetic,
and drive circuits) were presented in [26]. The authors in [27] discussed the performance of
slotless axial flux permanent magnet (AFPM) machines used for marine propulsion. A new
modular arrangement of the machine’s stator winding was proposed, and experimental
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results were presented. In [28], the authors proposed a new electric motor topology, called
ring winding AFPM, for the rim-driven thruster (RDT). They also presented a new method
for determining the specifications of the electric motor, taking into account the propeller
and the hull. The design methodology and constraints of the ring winding AFPM were
also reported. A numerical simulation comparison of the hydrodynamic performance of a
rim-driven propeller and a ducted propeller was performed in [29], using the same flow
configuration, on a Ka-47 propeller inside a 19A duct. In addition, a comparison of open-
water performance between hub-bed and unhub-bed rim-driven thrusters was carried out
in [30] based on the computational fluid dynamics (CFD) method. The achieved results
show that the hubless RDT has a higher efficiency than the hub-type RDT. The design
and optimization of high-power-density PMSMs for podded propulsion systems were
studied in [31]. The ship’s propeller characteristics were determined by parametric analysis
considering the ship’s thrust requirements. Its configuration was optimized to ensure its
high efficiency and to estimate the nominal engine power and torque.

In this paper, an electric rim-driven propulsion system based on a double stator ironless
rotor AFPM motor is optimally designed for practical naval specifications already used in a
RFPM motor designed for a classical POD propeller. In a first step (described in Section 2),
the hydrodynamic performance of the ship’s propeller is identified using parametric
analysis and considering the propeller’s thrust, shaft power, and velocity requirements
imposed within the specifications. Next, the propeller geometry is optimized to ensure its
high efficiency, and the external diameter of the motor is evaluated. The second part of
the paper describes the double stator ironless rotor AFPM machine and its main design
parameters. Models which are used for the AFPM motor design are presented. Especially,
the flux density in the air-gap is calculated using a fast 3D modeling method to evaluate the
magnetic field in AFPM machines using a combination of magnetic charges concept, image
theory, and 2D relative permeance functions. A design procedure is proposed based on an
optimization algorithm. The proposed objective function, relevant constraints, and constant
quantities are described. Then, the adopted motor AFPM design optimization algorithm is
presented. In the last part, the optimized AFPM machine is compared to the RFPM machine
designed earlier.

The main contribution of this paper is to propose a specific design method for AFPM
machines used in RD propellers. This method used a fast dedicated electromagnetic
model in an optimization procedure of the electrical motor taking into account rim-driven
specifications and propeller hydrodynamic behavior.

2. Problem Specifications Description

In this paper, a reference classical pod with a three-phase radial flux permanent
magnet (RFPM) motor propeller has been chosen as a specific comparative example for
ship propulsion application [32]. The machine characteristics are presented in Table 1, The
output power is selected to be 2100 kW at a nominal speed of 105 rpm.

Table 1. Reference electrical machine characteristics.

Parameter Symbol Value
Effective length L 1.125m
Stator diameter D 1.6m

Stator yoke thickness hys 0.05m
Mechanical air-gap g 0.005 m
Rotor yoke thickness Fyr 0.03 m
Magnet layer thickness I 0.015m

Remanent flux density B, 1.17T
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Table 1. Cont.

Parameter Symbol Value
Magnet volume Vem 83.51073 m?
Slot width (ts, tooth pitch) bs1 0.5 7
Slot width opening bso 0.25 75
Slot-closing thickness hse 0.005 m
Slot depth hs 0.065 m
Active copper volume Veu 95.6 1073 m3
Linear load A 6.1710* A/m
Current density Js 3.6510° A/m?
Total loss Piyss 75.38 kW
Magnet weight Mpm 411.92 kg
Coper weight Mcy, 861.94 kg
Core weight Meore 5330 kg
Magnet cost Cpm 47371%
Coper cost Ccu 6723.2%
Core cost Cecore 5330%
Total active material weight Mot 6603.9 kg
Total active material cost Crot 59424%

The machine has 60 poles and 216 slots; therefore, the number of slots per pole and
per phase is g = 6/5. This yields a fractional-slot stator winding arrangement with a
fundamental winding factor of 0.927. The rotor is made of fully pitched radial permanent
magnets with a 1.17 T remanent magnetic flux density. The predicted time constant of the
reference machine is about 0.112 s. For that value and the rated speed (150 rpm), a PWM
frequency of 1 kHz is considered to ensure a low level of parasitic current for this speed
range. The reference motor is used as a marine propulsion motor, and the achievement of
high power density when a low-speed application is not considered as an easy. The pre-
sented paper aims to compare this reference solution with another structure based on the
use of an AFPM motor included in a rim-driven propeller. This unconventional structure
will be studied for the same operating point and optimized for these specifications.

3. Propeller Design Methodology

Naval electric propulsion systems consist of three essential parts: the power electronics
stage, electric motors and propellers [7]. As the characteristics of the propeller associated
with the PM motor studied in [32] are not known, this section will focus on the determi-
nation of a propeller design corresponding to the reference motor operating point. This
propeller corresponds to the specification of a trampling cargo. The design of this propeller
will provide dimensional constraints for the RD motor. Then, the choice and modeling of
the electric motor designed for this application will be discussed.

In rim-driven structures, the rotor of the electrical motor is integrated with the pro-
peller. The 1,0,0principal of a rim-driven thruster (AFPM motor and propeller) is shown in
Figure 1.

At a given advance velocity V;, the propeller delivers the desired thrust T, and the
motor will have to operate in a steady state to produce the input torque Q,, and the propeller
speed 7n,. In addition, the internal diameter of the motor will be fixed to be the blade’s
external diameter D.

To determine the hydrodynamic performance characteristics of propellers, a method
usually employed in propeller design and analysis consists of using non-dimensional
propeller coefficients, namely the coefficient of advance (J,), the thrust coefficient (Kr),
the torque coefficient (K), and the propeller efficiency (7). The performance of any
designed or standard propeller can be easily obtained using these coefficients, which are

expressed as follows [33]:
Va

]o = npD (1)
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where p is the fluid density in kg/ mS.

Stator Duct

Propeller

Rotor

[T

i
Bearings

Figure 1. Rim-driven thruster schematic layout , 1,0,0adapted with permission from Ref. [9], 2017,
Elsevier.

The values of these coefficients are determined by a reduced scale model test in a
hydrodynamic basin or CFD calculation. In this study, it was decided to use a 4-blade-type
Wageningen Ka 4-70 series propeller.

The performance of these specific ducted propellers was characterized in the Nether-
lands ship modeling basin [13]. Figure 2 shows the thrust coefficient and efficiency curves
of the Ka N19A series propeller with an area ratio Ag/Ag = 3/4, and different values of
reduced pitch ratios P/D from 0.5 to 1.4.

y
Ay
20y
iy

Figure 2. Wageningen Ka series propellers 4 blades, Ag/ Ay = 3/4and P/D = 0.5 — 1.4 adapted
with permission from Ref.[34], 2010, IRENAV.
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The experimental curves of Kt and Kg can be expressed quite accurately by polyno-
mial functions in terms of the advance coefficient ], and the pitch ratio P/D as follows:

6 P i 3 .
Kr(Jo,P/D) = — i) 5
t(Jo ) ;}(D) <];]"‘J]> ®)

6 t/ 4 )
Kq(Jo, P/D) = Z(f)) (Z ﬁﬂé) ©)
i=0 i=0
where the coefficients a;; and f;; are constants presented in [34].

Generally, when designing a propeller, one takes a ship’s operating point (T and V)
and deduces the performance of the required propeller (Q, and n,). However, in this
study, the opposite path is followed; one takes a propeller operating point (Q, and n,) and
deduces the ship’s advance speed and the most appropriate propeller that could produce
the thrust imposed by the ship. The obtained propeller can then be associated with the
reference POD motor or with the proposed AFPM motor in an RD structure.

The main specifications of the propeller are shown in Table 2. The requirements of the
electric motor, such as output torque (I'y,t), inner diameter (D;), and rotational speed (1)
are considered equal to the propeller torque (Qy), propeller diameter (D), and propeller
speed (1), respectively.

Table 2. Specifications of the propeller.

Parameter Symbol Value
Rotational speed np 105 rpm

Thrust T 270 kN
Torque Qp 191 kN-m

The parameters considered fixed are Qj, 1, and T, whereas V,, P/D ,and D have to
be determined. Their realistic ranges of values are presented in Table 3.

Table 3. Realistic design variable ranges of the propeller.

Parameter Symbol Value
Advance velocity Va 5-10m/s

Reduced pitch ratio P/D 04-1.7

External diameter D 4-6m

Knowing Qy, np, T, Vs, P/ D, and D, it is then possible to calculate the torque coef-
ficient K, the thrust coefficient Kt, the advance coefficient ]y, and the efficiency of the
propeller 77,. From Figure 2, it is clear that only one pitch ratio P/ D is fitted to a realistic
operating point (Jo, K1, Kg) that satisfies Equations (1)—(3). Therefore, an iterative process
can be used to find a relevant in terms of propeller efficiency. Once the right pitch ratio
has been found, it is then possible to deduce the advance velocity V,, the efficiency Nps
and the diameter of the propeller D from the model. The propeller diameter value is the
main common dimension between the propeller and RD motor.

The propeller design and optimization procedure, which is presented in Figure 3, was
followed to find the propeller operating point that satisfies the propeller specifications
for which the hydrodynamic efficiency is maximum and to derive the propeller diameter
value. The calculation method used a model of propeller that is well known in the field of
propeller design. It is based on a set of typical ducted propeller data obtained from tests
in ship model basins. The interest of this model is that it is of good accuracy as directly
derived from tests. Furthermore, thanks to this non-dimensional approach, it is possible
to deduce the performances of a propeller whatever its dimensions, which is particularly
interesting in the case of a systematic design process.



Machines 2022, 10, 932

7 of 23

Introduction of the propeller
specifications (T, Qp, np)

Design problem variables
estimation (P/D, D, V,)

Calculation of hydrodynamic
performance (Jo, K1, Kg)

—»[ Propeller efficiency estimation]
Yes l

Constraints
satisfied?

Better
solution?

Figure 3. Propeller design and optimization procedure flowchart.

The first step of the adopted methodology includes the introduction of the propeller
specifications such as the thrust, torque, and rotational speed of the propeller, providing
an estimation of the main variables of the propeller. In our case, these parameters are
the advance velocity, the pitch ratio, and the diameter of the propeller; all of them have
to be calculated by the applied iterative algorithm and then the search for the operating
point. Finally, if the obtained point is an operating point, i.e., it satisfies Equations (1)—(3),
its corresponding efficiency is calculated and compared with the efficiency obtained by a
previous operating point, and the greatest of them is kept. The process is repeated until the
maximum hydrodynamic efficiency is achieved.

The design and analysis of the propeller were completed. The hydrodynamic per-
formances of the propeller corresponding to the optimal operating point are given in
Table 4.

The hydrodynamic curve of the optimized propeller is shown in Figure 4. In this
curve, the thrust coefficient (K7), the torque coefficient (Kg), and the propeller efficiency
(17p) from Equations (4)—(6) are plotted as a function of the advance coefficient (Jp). At the
optimum operating point (marked on the curve), the designed propeller has an efficiency
of 68.91%, which is quite satisfactory for such an application.
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Table 4. Hydrodynamic performance of the propeller at rated operating point.

Parameter Symbol Value
Advance velocity V, 5.36m/s
Reduced pitch ratio P/D 1.13
External diameter D 43 m
Advance coefficient Jo 0.7123
Thrust coefficient Kr 0.2528
Torque coefficient Ko 0.0416
Propeller efficiency Mp 68.91%
1 -
<
0.8
_y
2061
$
- 04F
&
o2t
0 1 1 1 I}

0 01 02 03 04 05 06 07 08 09 1
Advance coeficient (J,)

Figure 4. Propeller efficiency, thrust, and torque coefficients as a function of advanced ratio.

4. AFPM Machine Analysis and Design
4.1. Description of the Analyzed Machine

Marine propulsion motors have a significant effect on the overall performance of the
ship’s power system, as already mentioned in [35]. In addition, the motor must have low
back-EMF harmonics if a classical field-oriented control is used, as well as non-saturable
material operation, acceptable thermal behavior, low cogging torque, and low torque ripple.
To satisty these requirements, a double stator AFPM motor with an ironless rotor is selected
to be optimally designed. Several studies show that the double-sided AFPM configuration
presents the highest level of torque density among various types of axial flux and radial
flux PM machines [36]. This type of electrical machine is well known to be very useful for
specific applications such as direct ship propulsion due to the very high power and torque
densities [37]. The structure of this machine is shown in Figure 5; it comprises two stator
disks, which are made with magnetic materials (soft magnetic composite (SMC), magnetic
iron steel lamination, or both of them as a hybrid solution). Each stator disk supports three
phases of independent winding, which are positioned in the stator slots.

Figure 5. Double stator AFPM motor with ironless rotor structure, 1,0,0 reprinted with permission
from Ref. [38], 2022, Elsevier
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The rotor is made of permanent magnets, which are arranged with alternating polari-
ties around the circumference, and is centered between two iron stator cores. When the
rotor remains perfectly centered, the axial forces exerted on the rotor disk are balanced,
which allows for the minimization of the mechanical constraints, which is a key feature
for AFPM machines. The modularity of this kind of machine where two independent
stators are used allows for fault-tolerant operations and increases reliability. When a fault
appears in one of the stator windings or cores, the system can be used at half power by
disconnecting one of the two stators. The structure’s particular geometry also allows an
easier heat dissipation of the stator losses. However, the main disadvantage of the AFPM
structures is the mechanical stress due to the strong axial forces of magnetic origin exerted
between the rotors and stators. Therefore, the mechanical design of such a machine often
requires a complex assembly of the rotor and stator due to the attractive forces between
the rotor and stator. They also require special machining of the slots for machines with
stators containing ferromagnetic yokes. In addition, AFPM structures are mechanically
more complex than RFPM machines. Therefore, the manufacture and assembly of axial flux
machines are more delicate and require more structural materials [39].

4.2. Designed Machine Sizing Equations
4.2.1. Air-Gap Flux Density

In this study, the AFPM machine is modeled using a 3D fast and accurate magnetic field
calculation tool, 1,0,0which has been presented in [38] by the same team. This method is
based on a combination of magnetic charges concept, image theory, and relative permeance
functions. This can take into consideration the significant 3D effects, such as curvature and
edge effects, which are present in AFPM machines, as well as stator slotting effects. The flux
density created by the whole rotor in the air-gap Bg can be calculated by this method and
is used to determine the main characteristics of the motor. It is assumed that non-linear
phenomenon related to saturation of magnetic material are not taken into account.

4.2.2. Electromotive Force Computation

Through the knowledge of the axial flux density component B/, in the air gap,
the back-EMF can be calculated if the topology of the winding is known. Assuming that the
conductors of winding ‘i’ are distributed in the slot opening areas in the form of a conductor
angular density function, dc;(¢), the back EMF, E;, corresponding to this winding can be
computed as follows:

o
E®) = p(t) [ 7 [ 7 (Byyar, 9,6, 20dc;(p)r)drdg @)

where p and Q)(t) are the number of pole pairs and mechanical speed of the rotor, respectively.

4.2.3. Computation of Electromagnetic Torque

The electromagnetic torque expression, I'y;,,, can be deduced from the knowledge of
the EMF wave-forms, the phase-related current “i”, and the number of phases "m” as:

P (t) = Ql(t) Y E(1)is(t) ®)

P

4.2.4. Inductances Computation

One of the most important parameters in the design and analysis of electrical machines
is the inductances of the machine [40]. In considered AFPM synchronous machines, direct
and quadrature axis synchronous inductances are equal as long as the rotor has no saliency.
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The direct axis synchronous inductance Ly; consists of two main parts: the magnetizing
inductance L, and the leakage inductance L; [41].

Leg = Ly + Ly )

The magnetizing inductance can be given as a function of the average to the maximum
value of gap flux density «;, the effective air gap J,, the winding factor k;,, the number of
turns series per phase of one stator N, the average pole pitch 7, and the effective length
of the stator core in the radial direction L, as:

Ly = 4(%) (£2) (kwNph)zrpLe (10)

where 11 is the magnetic permeability of the vacuum. The geometry and main dimen-
sions of the studied AFPM machine are presented in Figure 6. The leakage inductance
is introduced as the sum of other components, which are as a function of the machine
geometrical parameters and the number of turns series per phase. It is calculated with the
following equation:

Ly=Li—siot + Li—pp + Li—s+ Li—Ew (11)

where L;_got, Lj—4t, Lj—s5, and L;_pyy are the slot leakage inductance, the tooth tip leakage
inductance, the harmonic leakage inductance, and the endwinding leakage inductance.
These leakage inductances are calculated using the classical formula, which can be found
in [42].

?Z
WS ﬁSTS I TS
- e 1<
o L
1 [} ( 1

J

EA IBmTp

N

v

Figure 6. Geometry and main dimensions of the double stator AFPM motor.

4.2.5. Estimation of Iron Losses

Iron losses in synchronous electrical machines are essentially located in the stator yoke
and teeth. The specific iron losses of standard FeSi sheets Py, can be estimated using the

Steinmetz formula as [43]:
15 22
B
Fre = Freo (};) (BPFEo> (12)
e

where f and Br, are, respectively, the frequency and the maximum flux density seen by
the ferromagnetic lamination. Pr,o (2.5 W/kg) is the value of the specific loss mass density
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established for the characteristic frequency fy (50 Hz) and the characteristic value of the
induction Bg, (1.5 T).

4.2.6. Axial Length of the Back-Iron

The stator core axial length s, as shown in Figure 7, can be calculated considering
a maximal flux density in the stator core to limit material saturation phenomena. That
leads to: v
hpe = — ¥ (13
v (Ro - Ri)Bmax )
where ¢, = 21, is the magnetic flux per pole calculated by integrating the axial flux
density over a pole pitch of the air-gap/stator contact surface. For the FeSi ferromagnetic
lamination, a maximum flux density of 1.8 T is admissible.

W

Figure 7. Magnetic flux path in a portion of the stator armature pole of an AFPM machine.

4.2.7. Copper Losses

The copper losses in the stator conductors are estimated from the RMS value of the
phase current I, and one phase resistance R, as follows:

Poo = 3Ry 1, (14)

The calculation of the phase resistance in AFPM machines is an approximation because
the length of the end-windings is not perfectly known. Considering the shapes of the end-
windings shown in Figure 8, the estimated length of a turn can be written as follows:

T
Lturn = 2Le + Lieng + Loena = 2Le + §<TCi + Teo) (15)
where Lj,,,y and L., are the lengths of the inside and outside end turns, respectively.
T.; and T, are the diameters of the half-circles that represent the inside and outside end
turns, respectively.
The phase resistance can be then expressed as follows:

20cu Nr%h Lturn

Ry = A (16)

where poy, k f and Aj; are the resistivity of the copper, the slot fill factor, and the slot cross
area, which is divided by two because in each slot there are two layers of conductors.
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Toof2 outside end turns

magnetic field
around the turn

slots

T.i/2

inside end turns

Figure 8. Geometry of a coil of the stator disk.

4.2.8. Phase Voltage

The two stators are considered to be supplied by two independent converters, which
are driven identically. The per-phase equivalent electrical circuit of an AFPM machine for
motor mode is shown in Figure 9, in which V is the source supply voltage and L;w is the
synchronous reactance.

Rph Ls 1
C—{——
e A

A

It
—
<

Figure 9. Per-phase equivalent electrical circuit of AFPM machine.

It is assumed that the motor is controlled with a maximum torque per ampere (MTPA)
strategy (zero value of direct current). In this case, the value of the angle ¥ (phase shift
between the fundamental of the electromotive force and the current) is null. Therefore, that
leads to the phasor diagram of Figure 10. The phase voltage for the motor application is
then expressed as follows:

V = E+ Ryl + jLswly (17)

4.2.9. Power Factor

Based on the phasor diagram shown in Figure 10, the rated power factor of the studied
AFPM machine is given by:

E+ Rphlph
\/(E + Rphlph)z + (LSWIph)Z)

cos @ = (18)

where E is the RMS value of the electromotive force at the rated operating point.
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Figure 10. Phasor diagram for non-salient AFPM machines.

4.2.10. Efficiency

Neglecting mechanical and parasitic losses, the overall efficiency of the motor can be
expressed as follows:
Pout

=~ 19
T Pout+PFe+Pco ( )

5. Optimization Problem Formulation

The design optimization was based on the modeling of the AFPM motor presented
in Section 4. The inner radius was fixed before the optimization process started, which
corresponds to the propeller diameter calculated from the iterative process described in
Section 3. A non-linear optimization technique was used to solve the design optimization
problem, taking into account relevant design constraints and objectives and determining
an optimal set of geometrical parameters for the AFPM motor. The formulation of this
problem will be presented in the next subsections.

5.1. Objective Function

The optimization of an AFPM machine can be considered as a non-linear constrained
problem, which can be solved for different objective function formulations. For ship propul-
sion applications, it is necessary to estimate the cost of the studied machine, which depends
mainly on the weight of its active materials, its structure cost, and its manufacturing cost,
to compare the studied solution to other systems from an economical point of view. In this
study, only the AFPM motor’s active materials (permanent magnet, copper, and iron) cost
is considered. The objective function of this optimization step is then the sum of the costs
of the three materials, which is defined as:

C = CpmWpm + CcuWey + CreWre (20)

where Cpyy, Ccy, and Cr, are the permanent magnet, the copper, and the iron specific costs,
as listed in Table 5, and Wpy;, W¢,,, and WE, are the permanent magnet, the copper, and the
iron mass, respectively. The cost of the AFPM motor is calculated only from the geometrical
parameters, which allow calculating the volume and mass of each material.

Table 5. Specific costs of active materials [44].

Parameter Symbol Value [$/kg]
Specific cost of NdFeB magnet Cpm 115
Specific cost of copper Cecu 7.8
Specific cost of laminated iron Cre 1

5.2. Optimization Variables

Considering the model presented in previous section, nine optimization variables were
chosen, including the outer diameter (D, ), the air-gap (g), the magnet axial thickness (h,,),
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the slot width to slot pitch ratio (Bs), the slot depth in the axial direction (h5), the winding
current (I,;,) , the magnet arc to pole ratio (B ), the pole pair number (p) and the number
of turns in series per phase (n;).

X" = minXng”f(X)H (21)

where X = (Do, g, hm, Bs, hs, I, am, p, 115) is a vector containing the independent variables,
and p is the space of possible solutions.
5.3. Optimization Constraints

The optimization problem includes several design constraints that guarantee the
required electromagnetical, thermal and mechanical behaviors of the machine, which
determine the set @, and are listed in Table 6.

Table 6. Optimization machine constraints and design variable ranges.

Parameter Symbol Value [$/kg]
Requirements and
constraints
Output power Pout 2.1 MW
Nominal speed N 105 rpm
Number of phases m 3
Maximum supply voltage Vir 690 V
Frequency f <150 Hz
Power factor cos@ >0.9
Current density s <3.5 A/mm?
Efficiency 1 >95%
Slots per pole and per phase Spp 0.5
Torque ripple Tyip <10%
Total loss to exjcernal WAT <13 W/cm?
surface ratio
Slot fill factor k i 0.5
Stator inner diameter D; 43m
Radial thickness AR 5-15 cm
Slot-closing thickness hy, 10 mm
Slot opening to slot pitch W 0.25 75
Design variables
Stator outer diameter D, 44-46m
Air-gap length g 10-15 mm
Axial magnet thickness h 20-50 mm
Slot width to slot pitch ratio Bs 50-70%
Slot depth (axial direction) hs 10-15 cm
Nominal current I <4kA
Magnet arc to pole ratio Ky 66-80%
Number of pole pairs % 20-45
Number of turns in series Ng 1-15
Material limitation
Remanence flux density B, 1.23T
Max. flux density at
<1.
stator yoke Bes <181
Max. flux density at
<
stator teeth Bt <18T
Flux density in air-gap Bg <1T

The first constraint is related to the heat dissipation abilities of the machine and there-
fore to the evaluation of the admissible losses and the rated current. The losses were
assumed to be generated from the 1,0,0internal volume of the stator and dissipated from
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1,0,0the stator external surfaces. This transfer is modeled by a heat transfer coefficient /1 [45].
A maximal heat flux per square meter of external stator surfaces was defined to limit the
internal temperature to a tolerable value. The quantity of heat transfer is then proportional
to the heat transfer coefficient /1, the temperature difference AT and the external surface Seyt,
as shown in Figure 11. 1,0,0The relation between losses, P;,s; and temperature difference,
AT, is then expressed as follows:

Ploss = hsextAT (22)

In this study, it was assumed that the reference machine and the optimized AFPM
machine have the same type of cooling. Therefore, they have the same heat transfer
coefficient h, so it is sufficient to compare the ratio between the total loss and the external
surface of the machine.

AT = Pioss/hSext (23)

External surface
Rotor Stator core

Winding
External surface \

i

Shaft Stator core Rotor

Axial-Flux Radial-Flux
Figure 11. Structure illustration of a conventional RF machine compared to an AF machine.

In the majority of cases, the operating frequency should be as low as possible to reduce
the motor core losses. Therefore, the upper limit of this parameter was set at 150 Hz. This
requires that the search space for the number of pole pairs (p) should be between 20 and 45.
Additionally, The maximum permissible flux densities in the teeth and stator yoke were set
at 1.8 T to avoid material saturation and reduce iron losses. In addition, there was a current
limit of 4.5 kA related to the properties of the inverter, which defines the maximum value
of the current that the motor could absorb. The maximum magnetic field Hy,qy(X) was
limited to be smaller than the permanent magnet coercive field to prevent any potential
demagnetization. Therefore, high-energy NdFeB magnets were selected, with a remanent
flux density value of 1.23 T. In addition, constraints related to the manufacturability of
the machine were introduced. The relative slot opening (i.e., the slot opening to the tooth
pitch ratio) was chosen to be between 50% and 70%. In addition, the conductors must be
able to be easily placed in the slots. In general, flat copper conductors are used for this
type of machine. Therefore, the width of the slot opening (bs9) should be greater than the
dimensions of the used wires. However, a higher slot opening will negatively affect the
cogging torque and flux leakage and should be well chosen. In addition, a fractional slot
winding with a double layer configuration was chosen to be studied in this work. This
configuration allows minimizing the end-windings to increase efficiency and compactness.
Thus, the number of slots per pole and phase was set to 0.5. The AFPM motor power factor
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was considered to be greater than 0.9 with an efficiency greater than 95%. The torque ripple
developed by the machine was limited to 10% to reduce mechanical vibration on output
performance. In addition, trapezoidal magnets were used because this geometry favors a
minimal torque ripple in AFPM machines [46].

6. Optimization Results and Discussion

The objective of this section is to investigate the performance of the optimal double
stator AFPM motor and to compare it with the reference radial flux PM motor, taking into
account the specifications listed in Table 6 and the proposed models and methodology
presented in Section 4. An optimization process is performed using genetic algorithm.
This optimization algorithm is known as the GA function in MATLAB. This algorithm has
successfully converged into an optimal design that satisfies all the imposed constraints.
The main dimensions and performance characteristics of the optimized double stator AFPM
motor are summarized in Tables 7 and 8, respectively.

Table 7. Optimal AFPM machine design sizes.

Parameter Symbol Value [$/kg]
Outer diameter D, 458 m
Inner diameter D; 43m
Radial thickness AR 14 cm
Slot width to slot pitch ratio Bs 61.65%
Slot depth (axial direction) hs 12 cm
Slot opening width to
slot pitch Ws 0257
slot top depth hy, 20.1 mm
Stator core axial thickness hys 28.8 mm
Air-gap length g 10 mm
Axial magnet thickness hy 50 mm
Magnet arc to pole ratio A 76%
Motor axial length L 16.78 cm
Number of pole pairs P 35
Number of slots Qs 105
Number of turns per phase ng 12

Table 8. Performance of the optimized AFPM machine.

Parameter Symbol Value [$/kg]
Nominal output power Pout 2.1 MW
Nominal output torque Tout 190.9859 kNm

Nominal speed N 105 rpm
Nominal current I 561 A
Current density Is 2.32 A/mm?
M.ax magnetlc field H,, 32 MA/m
inside magnets

Efficiency n 97.95%

Resistance Rpn 20.6 mQ)

Inductance Ls 79.11 mH

Copper losses Pcy, 19.44 kKW

Core losses Peore 2.18 kW

Total loss to exfcernal WAT 11W/cm?
surface ratio
Power factor cosg 0.96
Torque ripple Tiip 1.6%
Cogging torque torque Teogg 1.7 kN

Magnet weight Mpp 2559 kg
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Table 8. Cont.

Parameter Symbol Value [$/kg]

Coper weight Mcy, 603.2 kg

Core weight Meore 1097.5 kg
Magnet cost Cprm 29,429%

Copper cost Ccu 4705.1%

Core cost Ceore 1097.5%

Total active materials weight Mot 1956.6 kg
Total active materials cost Ctot 35,232%

According to Figure 12, the estimated total cost of the active materials of the optimized
double stator AFPM motor is equal to 35,323%. This value is lower than that corresponding
to the total active parts cost of the reference RFPM machine, which is 59,424$. A reduction
of about 40.55% has been achieved. This shows that the design and optimization procedure
followed seems to have achieved its main objective, i.e., the reduction of the total active
parts cost of the double stator AFMP machine. Regarding the mass comparison, the double
stator AFPM motor presents a reduction in the active parts mass of about 70% compared
to the total active parts mass of the RFPM machine as shown in Figure 13. Regarding the
electromechanical performance of the designed AFPM motor, a very satisfactory torque
density of 97.6 Nm/kg has also been achieved. This value is higher than the torque density
of the RFPM motor, which is equal to 28.9 Nm/kg. In addition, the better compactness of
the double-stator machine is due to the presence of a double air-gap. The use of an ironless
rotor also contributes to the reduction of the iron mass. It can also be seen that for the
AFPM machine, the copper mass is reduced by about 30% compared to the RFPM machine.
In the AFPM machine, 10% of copper is located in the coil ends. This can be explained by
its very low active length and the use of a more appropriate winding such as fractional
slots winding (g = 0.5), which has allowed a significant gain in the volume of copper
in the endwindings and an improvement in terms of efficiency. However, in this study,
the masses and costs of the inactive materials used to ensure the mechanical performance
of these motors as well as the manufacturing and assembly costs are not taken into account.
Generally, axial flux magnetic structures are mechanically more complex than radial flux
machines. Their manufacture and assembly are therefore more delicate and require more
structural materials. This leads to additional costs and masses, which have not been
evaluated in this comparative study.

70 L I I T

% __|[ERadial flux PM motor

< 60 [immA xial flux PM motor

250+

wn

=)

Q40+

Z

§30

0 20r

>

’g 10+

ol L :
Cost of back Cost of Cost of Total active
iron core copper magnets parts costs

Figure 12. Comparison of the costs of double stator AFPM and RFPM motors’ active parts.
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Figure 13. Comparison of the masses of double stator AFPM and RFPM motors’ active parts.

The optimized AFPM motor has an efficiency and power factor of 97.95% and 0.96,
respectively. Furthermore, at nominal operation, the single-phase current absorbed by
the motor is equal to 561 A, with a current density of 2.53 A/ mm?. This low value can
be explained by the presence of two stators, which allows segmentation of the power
between the stators. Therefore, if a fault occurs in one of the stator windings or stator cores,
the machine can be operated at half power by disconnecting one of the stators.

To confirm the validity of the optimal rim-driven AFPM motor’s EM behavior, a 3D
finite element analysis (3DFEA) is carried out using the commercial software ANSYS
(Figure 14 presents the 3D geometry of the motor). Figure 15 shows the axial magnetic
flux density distribution in the middle of the air gap at the mean radius, obtained from the
model used for the design process and 3D-FEA at no-load conditions. The obtained results
demonstrate 1,0,0good agreement beetwen numerical and analytical models.

Figure 14. 3D geometry of the AFPM.
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Figure 15. Computed and 3D-FEA air-gap axial flux density as a function of rotor mechanical position.

The back-EMF variation as a function of rotor angle is shown in Figure 16. The back
EMEF calculated with the model used for the design is in very good agreement with the 3D-
FEM computation. Furthermore, both axial flux density and back EMF have a sinusoidal
profile and a low level of harmonic content (THD = 3.1%) as shown in Figure 17. This leads
to a low motor torque ripple value, as illustrated in Figure 18.

900
— Computed
600 ° 3D-FEA
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>
= 0
$-300
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-600

_900 1 Il Il Il Il 1 Il 1 Il
0 1 2 3 4 S 6 7 8 9 10

Rotor mechanical position (°)

Figure 16. Computed and 3D-FEA no-load line voltage waveform as a function of rotor mechani-
cal position.
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Figure 17. Back-EMF harmonic order.
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Figure 18. Electromagnetic torque.

Figure 19 shows the profile of the cogging torque, which was evaluated by estimating
the differential magnetic pressure, as a function of the mechanical position of the rotor [38].
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Figure 19. Computed and 3D-FEA cogging torque profile as a function of rotor mechanical position.

The calculated cogging torque is also in good agreement with the 3D-FEM simulation.
It can be seen that the maximum amplitude of the cogging torque is equal to 0.89% of the
rated torque, which can be regarded as a low quantity in comparison with the rated torque
developed by the machine. Based on the previous factors, it seems that the optimized AFPM
motor will have good behavior in terms of vibration and noise. Moreover, the mapping of
the flux density distribution over the different parts of the optimized AFPM motor obtained
by the 2D-FEA for different positions of the magnet center, as shown in Figure 20, indicates
that the rim-driven AFPM motor’s stators core are not saturated during their operation.
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Figure 20. Flux density distribution. (a) Stator’s tooth center is between two adjacent magnets.
(b) Magnet center is aligned with the stator’s tooth.

7. Conclusions

In this paper, the design and optimization procedure of a double-stator AFPM motor for a
high-power naval rim-driven propulsion system is presented and discussed. First, the design
specifications of a RFPM motor used for naval propulsion found in the literature are taken as
a reference. Then, considering the requirements of the ship, a relevant propeller is designed.
Next, sizing models are described based on a fast and accurate 3D tool for the calculation of
the magnetic field in AFPM machines and are integrated into an optimal design process that
allows an optimal design of AFPM motors. This process minimizes the cost of active parts and
takes into consideration the constraints of the motor characteristics imposed by the application
and the considered system configuration. The resulting designed AFPM motor is validated
by 3D-FEA simulations. A comparison of the two topologies (AFPM and RFPM motors) is
conducted and mainly shows that the double stator axial flux permanent magnet motor has
a lower active material cost, lower mass, better thermal performance, higher efficiency and
power factor, non-saturable operation, low current density, low cogging torque, and low torque
ripple. Future improvements to the model should include other models that would represent
other physical phenomena, such as structural distortion or viscous torque in the air-gap, as well
as the development of a more comprehensive propeller model, suitable for a more accurate
optimization process, that may influence the performance of the machine.
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