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Abstract: There are two main beneficial characteristics that doubly salient permanent magnet (PM)
electrical machines present for aircraft applications: armature windings and PMs excitation sources
placed on the stator side (maintenance and thermal management), and having a clear-cut rotor
without PMs or excitation windings (vulnerable at high speeds due to associated centripetal me-
chanical stresses). Within this framework, a doubly salient permanent magnet (DSPM) generator
was conceived by optimizing the stator size and rotor structure to minimize the torque ripple and
maximize the root-mean-square (RMS) voltage value per turn of each generator phase. Firstly, a
comparison between the 2D and 3D finite element method (FEM) models is made considering the
results of 3D finite element analysis (FEA) as our benchmark in order to understand the accuracy of
the 2D results against our benchmark model, the 3D one. A multi-objective design strategy based on
a 2D FEA is made, it is set to have characteristics closest to optimal for a Boeing 767 turbine, that is,
the necessary electromotive force for a required power of 90 kW at 3000 rpm, feeding a simplified
Boeing 767 electrical power distribution system. The results show that the machine could not deliver
the required power at 3000 rpm since the 2D FEA demonstrates that the 2D model gives optimistic
results when compared with the 3D FEM model. However, with a 3D FEA of the machine feeding
the aircraft load, it was seen that the machine’s efficiency is 92%, suggesting that this machine can be
a plausible solution.

Keywords: switched flux generator; oscillatory torque; linked flux; torque density

1. Introduction

Some generators of aircraft power generation systems are synchronous machines
with permanent magnets (PMs) [1,2]. A higher power density and efficiency and being
more compact and lighter due to the lack of any slip-ring-based external excitation are
some advantages [3]. However, one emerging machine topology is the flux-switching
machine, or, more specifically, doubly salient machine, due to its higher reliability at
higher rotor speeds due to its simple rotor design [4]. This mechanical characteristic is the
main reason for studying a DSPM topology generator suitable for integration into aircraft
fuselage since it must endure all atmospheric conditions with the utmost reliability. The
electromechanical torque will be our study benchmark for the optimization process to
obtain the highest possible output power of the generator, optimizing only the 2D geometry
of the generator. Nevertheless, other points of the study are the reduction in the vibrations
and electromagnetic forces transmitted to PMs due to being placed in a stator iron core
[5] and the reduction in the temperature decaying flux effect in PMs due to the better
temperature dissipation [6].

Still, the current aircraft electrical generation systems can be separated into two kinds
of technology: variable-speed constant-frequency systems and constant-speed constant-
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frequency systems [1,7]. The integrated drive generator (IDG) is commonly denomi-
nated as a constant-speed constant-frequency system. Most of the civil aircraft use this
technology [7], which comprises a continuously set variable-speed (CVT) gearbox and
generator. The integration of a CVT becomes a useful resource in this area since it gives
the possibility to offer solutions with constant-frequency AC generation systems [8]. A
lower reliability and efficiency and higher weight are the main drawbacks of [1,8]. The
growing demand for the electrification of aircraft motivates the development of new solu-
tions. A new trend in research involves exploring the potential of integrating generators
within the structure of aircraft turbines, particularly for high-range aircraft, known as
aircraft embedded generation systems. In the work of [2], it was verified that, inside the
low-pressure turbine casing, there exists an enclosed space capable of accommodating a
generator without compromising the aerodynamics of the turbine. Some advantages over
the IDG can be depicted: being lighter, more efficient and reliable, less costly, and having
easier integration on aircraft fuselage systems. However, the increase in the complexity of
designing the turbines can be one drawback.

Consequently, the research aim is to integrate the DSPM generator into the aircraft
fuselage, assuming an IDG solution since it is a mature technology. Nevertheless, the
possibility of integrating the generator inside the aircraft turbine as an embedded generation
solution is investigated.

2. Doubly Salient Permanent Magnet (DSPM) Machine and Methodology of
Study Overview

The starting point of this project is the DSPM obtained in [9], which is presented in
Figure 1. This machine is now going to be called the DSPM S4R5. Also, the methodology
used to study the different DSPM geometries will be reviewed. The finite element anal-
ysis (FEA) will be our benchmark study of this machine using a distributed-parameter
simulation environment finite element method (FEM) program. More specifically, for all
multiphysics 2D and 3D FEM simulations, the software used was Comsol Multiphysics
version 6.1. So, it will be depicted to understand how the FEM models are built. Finally, an
overview of the optimization process is presented.

Figure 1. Presentation of the measures relating to the 3D geometry of the initial concept using a 2D
cut plane.
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2.1. Geometry

Figure 1 shows the parameters relative to the 2D plot of the DSPM S4R5 geometry.
Table 1 presents the machine dimensions of Figure 1. Depthpgpy corresponds to the active
length of the machine or stack iron length. The 3D plot is shown in the next section.

Table 1. Geometric parameter values.

Parameter Description Dimension
Rst,, External radius of ring stator 324 [mm]
Rt Internal radius of ring stator 284 [mm]
Rrotpy External radius of rotor 170 [mm]
Rroty, Internal radius of rotor 70 [mm]

Depthstr,m Depth of stator poles 112.4 [mm]

Depthmtmles Depth of rotor poles 100 [mm]

Depthpp Depth of PMs 4 [mm]
g Airgap distance 1.6 [mm]

0 Rotor pole angle 36°

P Stator pole angle 36°
OmAax Rotor pole pitch I%g?,; =72°
PmAX Stator pole pitch g?gp =90°
lEny Winding length 100 [mm]
Ocnr Winding aperture angle 0.04 [rad]
Depthpspm DSPM total length 80 [mm]

The main geometric feature of the machine is the shape of the rotor teeth, which is
given by a quadratic Bézier curve. In a Bézier curve, the initial and final points belong to it,
while the intermediate control points (for a quadratic curve, there is only one intermediate
control point) determine the curvature of the curve [10]. The minimum airgap value
considered is 1.6 mm as a minimum mechanical safety margin. The coils have 20 turns
each for the initial geometry’s number of turns (N;). Nevertheless, during the geometry
optimization process, one turn is assumed for the sake of simplicity.

2.2. Materials

The materials corresponding to the different components of the machine are presented
in Figure 2. The PMs are highlighted in Figure 2 by zooming in on one of them.

Copper Windings

Laminated Silicon Steel

NbFeB Permanent Magnet

—

Figure 2. Representation of the geometry of the DSPM S4R5 machine that shows the materials used

with a zoom-in PM.

For the iron core, Silicon Steel NGO 35JN200, which has a 0.35 mm lamination thick-
ness, is considered. Its density (or,) is 7600 kg/m3, with a B-H characteristic curve presented
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in Figure 3 as assumed in [9] and its electrical conductivity (or,) of 1 S/m being considered
as isotropic conductivity to reduce computational time.

1.8

“——— Knee Point

Ferromagnetic Material
NGO 35JN200
.g 0.6

0 1000 2000 3000 4000 5000 6000 7000
Magnetic Field [A/m]

Figure 3. B-H curve of Silicon Steel NGO 35]N200.

The NdFeB magnets present a B-H curve given by a slope with a remanent flux density
(Bypy,) of 1.4 T with a coercive magnetic field of 1.08 MA/m. Their relative magnetic
permeability (ypyy) is around 1.03. The electrical conductivity of the PM is assumed to have
a value of 1 5/m to mitigate simulation errors of induced currents. Also, the density of the
PMs (ppp) is 7600 kg/m3.

The copper windings are considered to have a relative magnetic permeability and
relative electrical permittivity similar to the air. However, their electrical conductivity
(0copper) has a value of 60 MS/m. Figure 4 shows the coil numbering and the permanent
magnet orientation.

Figure 4. Two-dimensional plane of DSPM S4R5 for illustration of PM flux direction and coil numbering.

2.3. Generator Specifications

The pretended specifications for this aircraft are based on [9,11]. So, the needed
electrical apparent power output is at least 90 kVA at a speed of 3000 rpm. As detailed later,
values such as phase voltage and current will depend on the final design achieved and the
AC/DC/AC power converters feeding the electric load typical of a 767 aircraft.

The aircraft load is simulated as a load fed by an AC/DC/AC converter. Therefore,
for simplification, the rectifier (AC/DC converter) is considered to have properly dimen-
sioned LC filters to have a two-level square current wave as phase current during the
optimization process.

The assumed value of nominal current density for the coils is 5 [A/ mm?], with a filling
factor of 0.5 to ensure the thermal limits and a normal slot factor [12].
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2.4. FEM Study of DSPM S4R5 Machine

The equations that govern the FEM models are presented in Equations (1) and (2),
where H is the magnetic field vector, B is the magnetic flux density vector, and ] is the
current density vector.

Formulation Vi, : V

1

12 12 (2)

The magnetic vector potential equations are considered for the stator side since cur-
rents are applied to the coils, and the magnetic scalar potential equations are neglected on
the rotor side since the eddy currents in the rotor are neglected.

2.4.1. Magnetic Flux and Torque Calculation

The study of magnetic flux (¥) and torque (T) is relevant since these components
relate to the output power, input power, and mechanical vibrations, respectively. Therefore,
the study process of these quantities considers an angular variation in the rotor position of
frmax, which corresponds to an electrical cycle.

Magnetic Flux Calculation

For the 3D model, an FEA is performed assuming a stationary condition, while, for
2D geometries, the FEA considers a time-dependent study since our work verified that the
time-dependent study is faster than a stationary one in this condition.

The induced voltage calculation in a stationary situation for 3D geometries is obtained
by running the gradient of flux to the position of the rotor since the rotor speed is assumed
to be constant. This avoids a time-consuming, time-dependent study.

Electromagnetic Torque Calculation: Arkkio’s Method

The software Comsol 6.1 can perform torque computation through Maxwell’s stress
tensor or by Arkkio’s method [13], characterized by a better precision than normal Maxwell’s
stress tensor. Like magnetic flux computation, the study of torque (T) will be time-
dependent for 2D geometry and stationary for 3D geometry, remembering that the rotor
rotates an electrical cycle.

2.4.2. Iron Losses Determination
Modeling of Iron Losses

The iron losses model assumed builds on Bertotti’s model, where Equation (3) presents
the equation that governs the model. The variables P, f, By, K, K r and K,,. are the
iron losses [W], the frequency [Hz], the peak value of the signal of the magnetic flux
density [T], and the dimensionless coefficients of hysteresis, eddy current, and excess losses,
respectively.

Pre = KyfBj + K/£°B) + Kexef °B° 3
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Iron Losses” Data Map

The majority of power loss data of the Silicon Steel 35]N200 is extracted from the
power loss manufacturer’s table. However, the remaining missing data are obtained by
extrapolating the manufacturer’s data by fitting those data with the iron losses model
Equation (3). The Berttoti coefficients are obtained by the data fitting for different frequen-
cies. Figure 5 shows 3D graphs to better visualize the values of losses in iron with the level
of induction, as well as the frequency relative to the extrapolation of the range of the most
significant harmonic components of the magnetic flux density evolution.

10? e

10! 10

10° 100
107!
107!
12 g

Massic Iron Losses (PFE) [W/Kg]

e 250 500 1000

Magnetic Flux Density (B) [T] 50 Frequency (f) [Hz]

1072

Figure 5. Iron losses 3D graphic representation for the frequency and magnetic flux density values
range where the most significant harmonics will be present.

Determination of Iron Losses

As a first step, acquiring B in the entire mesh and assuming two electrical cycles is
necessary for accurate fast Fourier transform (FFT) computation. With those harmonic
values of magnetic flux density, it is possible to obtain the massic losses in the machine’s
core by interpolating those values with the power loss data shown in Figure 5. Moreover,
the data obtained from FEM software also provide two other matrices: the identification of
the element nodes and their geometric coordinates. This allows us to compute the volume
of each element for either 2D geometries or 3D geometries. After obtaining the total volume
of each element, knowing the value of massic losses in each element and its density, the
total value of iron losses is given by Equation (4), where k is relative to the mesh elements.
Pre,, Pre,, VO, pr, are the iron losses in the core [W], the massic iron losses in each mesh
element [W/kg], the volume of each element [m?], and the density of the material that
corresponds the element [kg/m3], respectively.

n
Pre, = ) Pre, X Voly, X pFe 4)
k=1

2.4.3. Electrical Equivalent Circuit Study

The equivalent electric circuit is based on a first-order state-space model as shown in
Equation (5), where the state variable is the phase current. The matrices [R], [L], [N], [v],
and [i] are the resistance matrix, inductance matrix, [N] matrix, voltage vector, and current
vector, respectively. Those first three matrices are represented in Equation (6). For the sake
of simplicity, the phase current is considered the output variable, and the rotor speed (w)
and voltage are considered the input variables. This analysis considers one phase per pole,
so a four-phase system.

[0] = —[R][i] = [L][:] + [N]ew ®)
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Rs 0 ..
0 Rs O
[R] 0
Rs]|
. (6)
Lyy M .. My %1
M>1 Ly My 2
L - N =
M, .. Ly Ny

Firstly, we start to determine the parameters of the equivalent circuit model using the
FEM model. The FEM simulation software determines the resistive value of the windings
(Rs) by the quotient of the product between the number of turns in the winding (N;) and
the average length of the coil (Iyinging) by the product between 0copper and the cross-section
area of the wire of the winding (S¢,r). Recalling the axial symmetry in 3D geometry, the
resistive value in 3D is multiplied by two.

Using FEA results, the inductance and N maps are obtained by the gradient of each
phase’s linked flux to the current and rotor position, respectively. However, taking into
account that the study is based on only the phase current of coil 1, the inductance maps
obtained will reflect one phase, phase 1, which corresponds to the first column of [L]. The
column vector [N] is given by the derivative of the linked flux of the coils to the rotor
position. Equation (7) shows [L] and [N] matrices.

bn=50 (=g
Ly = aa%z N = %}ff @)
L3 = 63%3 N3 = %‘gf
Ly = aa%“ Ny = 95

Afterward, since there is symmetry between electrical cycles, only one electric cycle
was simulated using a stationary study. Visual observation of the linked flux evolution
of phase 1 indicates that the maximum and minimum values of linked flux correspond
to the location of the d and q axes, respectively. To corroborate the location of the dg axis,
one sets out the value of B; to 1.4 T and makes the stationary study once again to obtain
torque evolution since the electromagnetic torque is higher when the rotor is aligned with
the d-axis than when it is aligned with the g-axis.

2.5. Geometry Optimization
2.5.1. Optimization Objectives

The objective functions considered are the minimization of useless torque (f1(x) =

Min(T,se1es5)) and the maximization of torque density (f2(x) = Max(%)). Since our study
focuses on maximizing the output electric power and is made at stationary conditions,
the average value of input electromechanical torque is a good gauge for maximization.
However, without belittling, minimizing the vibrations transmitted to the PMs is also
considered to diminish the oscillatory component of the electromechanical torque. These
objectives are shown in Equation (8).

T (8)

f(JC) _ Min(TuselessRMS)/ Tuseless = (T — T)
Max(%), m — DSPM S4R5 machine mass
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2.5.2. Design Variables

This thesis will study the effect of geometric dimensions in electromechanical torque.
So, to maximize the freedom degree of the optimization, it will consider almost all geometric
independent variables as decision variables as exposed in Figure 1, which are Rstext, Rrotexts
Depthst pojesr Depthrot poress Depthpm, &5 6, ¥, lenr, Onr, Weightpc,,, Weightpc,, Weightpc,,
'pCg/ and GPCB .

2.5.3. Constraints

According to Figure 1, it is possible to observe that there are geometrical constraints
that cannot be violated so that there are no intersections between the different DSPM
machine elements. Therefore, the geometrical constraints are enumerated below.

RStext — (DepthStpoles + g+ Rmtext) —8 [mm] >0
Estoyt — (Depthstpa,es + 9+ Rrot,,,) —40 [mm] < 0
lgnr — DePthstmzes <0

#)Max - lP - ZGEnr 2 0
rPCB - Rrotgxt > 0
rpcg — (Rmtext + 8 + DePthst

The limits of the design variables are presented in Table 2.

AL N N

— Depthpp) <0

poles

Table 2. Lower and upper limits of design variables used to optimize DSPM S4R5 machine.

Design Variable Lower and Upper Limits
Rstext 240-290 [mm]
Ryotext 135-155 [mm]

Depthst 1 70-90 [mm]
Depthyot o5 50-110 [mm]
Depthppy 4-50 [mm]
8 1.95-2.2 [mm]
OEnr 0.05-0.45 [rad]
leny 55-70 [mm]
14 0.25-0.65 [rad]
0 0.5-0.8 [rad]
T'pCy 170-220 [mm]
Opcy —0.1-0.1 [rad]
WeighfpcA 0.2-0.6
Weightpc, 0.2-0.7
Weightpcc 0.4-1

2.5.4. Optimization Program: Genetic Algorithm

To perform the optimization, the NSGA-II (Non-Sorting Dominant Genetic Algorithm)
algorithm is used, which is based on the basic idea of the evolution of populations through-
out generations, considering a sufficient number of generations to acquire the Pareto front
or curve [14], where, next, the optimization algorithm is briefly described.

Considering the operation principle of the NSGA-II algorithm, the optimization pro-
cess starts evaluating the constraints violated to study only the valid geometries. The
admissible geometries are studied in a stationary study of an electrical cycle, and its results
are sorted as described previously to make the next generation. This process is repeated
to the next generations until the Pareto curve converges. The number of generations and
the number of individuals considered are at least 150 [15] and 75, respectively. Figure 6
illustrates a flowchart of the whole process considering the NSGA-II algorithm and electro-
magnetic study algorithm to visualize the parallelism of the processes in the optimization.
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| Initialization of Population |

| NSGA-Il Procedure

FEM Software Procedure

|

Objective Function |
Evaluation

X ]

| Binary Tournament |

=
| i=0

| i=i+1 |

| Crossover and mutation |

¥

| Combination |

| Selection Best Solutions |

Objective Function

Definition of Decision
Variables

I

Simulation FEM 2D
Stationary — Electrical Cycle

Calculation of

3N

and Tseicss

Evaluation

Final Population

Figure 6. NSGA-II and FEM procedure for DSPM S4R5 machine optimization. Adapted from [16].

3. Results

3.1. Comparison of Flux and Torque Calculations Based on 2D and 3D Geometries at No Load and

Lumped Parameters Study

Figure 7 illustrates, on the left side, the DSPM S4R5 and, on the right side, the axial
symmetry of the DSPM S4R5 model used to reduce computational time. The PMs are
represented in blue to highlight their visualization. Also, Figure 8 shows the corresponding
2D geometry.

Figure 7. Illustration of 3D complete geometry and a half-cross-cut plane of 3D entire geometry.

Figure 8. Two-dimensional geometric representation of DSPM S4R5.
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Figure 9 shows that the 3D geometry has a higher average and lower peak-to-peak
amplitude values of linked flux than its 2D counterpart. As 3D geometry presents lower
magnetic reluctance from the standpoints of the PMs, this means a rise in their magnetic
load and, in turn, in their total magnetic flux. The constraints imposed on leakage paths
by the 2D geometry compel the magnetic flux to cross from the stator into the rotor. In
short, as 2D geometry gives more optimistic results in output voltage than 3D geometry,
2D geometry can only be used in the preliminary phase of designing machines with large
diameter—length ratios.

0.13 -

0.12
20.11
= 0.1
5 0.09
< 0.08
Loor
< 0.06

0.05 2D

0.04 | T 3D. 1 1 1 1 1 1 1 1 1 1

0 6 12 18 24 30 36 42 48 54 60 66 72
Rotor Position [°]

Figure 9. Linked flux results for 2D geometry and 3D geometry.

The linked flux evolution, as an image of the induced voltage, is studied to analyze the
voltage quality. So, the computation of the weighted total harmonic distortion (WTHD) of
linked flux is performed as shown in Figure 9. The WTHD is given by Equation (9) [17].

X () ,
WTHD = B n — harmonic order 9)
The WTHD for 2D geometry is approximately 4.17%, and the WTHD for the 3D one is
approximately 4.25%, thus demonstrating that the 2D geometry has a good approximation
to the 3D geometry in no-load conditions. This means that the voltage quality can be
analyzed using 2D geometry to reduce computational time.
On the other hand, as described in Section 2.4.1, Figure 10 is obtained regarding the
electromechanical torque evolution.

10

Torque [Nm]

2D
-15F 3D

0 6 12 18 24 30 36 42 48 54 60 66 72
Rotor Position [°]

Figure 10. Torque results for 2D geometry and 3D geometry.
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The 3D results present a certain unexpected ripple in torque. The torque data were not
processed to maintain the peaks since our study verified that smoothing the data imposes a
deviation in peaks. The ripple effect is caused by the inaccuracy of the mesh and stationary
study. As in 2D geometry, the torque amplitude is higher, which means that 2D geometry
gives more conservative results on oscillatory torque than its 3D counterpart. So, once
more, 2D must be used only in a preliminary design phase. To obtain more accurate results,
3D geometry must be used.

As the study of magnetic flux was already made, a study of the lumped-element
parameters of the equivalent electric model of the machine is performed, as described in
Section 2.4.1. The stator coil resistance is 7.2 mQ). We recall that the windings have only
20 turns to a total active cross-section of 543 mm?, meaning a value of 27.15 mm? of the
cross-section of each turn.

Figures 11 and 12 show the preponderance of the effects of the rotor position in
inductance fluctuation compared to the effects of phase current. The peak-to-peak value
of 300 uH due to the rotor position effect and a neglectable peak-to-peak value due to the
phase current effect justify the previous sentence. Therefore, the core saturation effect is not
visible. The self-inductance is about five times greater than the adjacent mutual inductances
and around seven times higher than the opposite mutual inductance. Their geometrical
arrangement gives the differences between mutual inductance values, either mean or
oscillatory values. Relative to the parameter N, these maps relate the EMF produced by
the DSPM S4R5 machine with the rotor position and the current apart from rotor speed as
displayed in Equation (5). Moreover, it is highlighted that the decaying effect due to the
current is similar for the N maps to the linked flux maps.

Figures 11 and 12 show each coil’s inductance and N maps. The yellow and blue
colors represent each map’s higher and lower values.

Self-Inductance Coil 1

—4
x10 a) oy,
=6 "".'.""n' Ay
< Tt
[} TR
Q5
c
8
o4
=]
T
£

50

Current [A] Angular Rotor Position [°]

Mutual Inductance Coil 3

X
—
9

e

T G s

et ,"n'"'n'.';
o7 eyt sss
o TR
c 2 l','

886

S

o)

o

=3

Current [A] Angular Rotor Position [°]

. Mutual Inductance Coil 2
x107°

b)

Inductance [H]
50 & o 0 ot

Current [A] Angular Rotor Position [°]

Mutual Inductance Coil 4

Current [A]

Angular Rotor Position [°]

Figure 11. Inductance maps: (a) self-inductance of coil 1; (b) mutual inductance of coil 2 with regard
to phase current of coil 1; (c) inductance of coil 3 with regard to phase current of coil 1; (d) inductance
of coil 4 with regard to phase current of coil 1.
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Parameter N of Coil 1 Parameter N of Coil 2

N [Wb/6]
N [Wb/6]

Current [A] Angular Rotor Position [°]  Current [A] Angular Rotor Position [°]

Parameter N of Coil 3 Parameter N of Coil 4

N [Wb/6]
N [Wb/6]

S 1
N So o v

Current [A] Angular Rotor Position [°]  Current [A] Angular Rotor Position [°]
Figure 12. N Parameter map: (a) N of coil 1; (b) N of coil 2; (¢) N of coil 3; (d) N of coil 4.

3.2. Iron Loss Calculations at No Load

The method discussed in Section 2.4.2 applied to 3D geometries will be our benchmark
since the 3D geometry is the most accurate model. Therefore, the loss values obtained for
2D and 3D geometry are 362W and 284W, respectively.

Thus, the 2D geometry results present an oversize of about 45% concerning the most
accurate value, 3D geometry. Once more, this means that the 2D model enables a rough
estimation of iron losses in the preliminary phase of the design of machines with a large
diameter—length ratio. Due to the high discrepancy in results, the 3D geometry must be
used for improved accuracy.

3.3. Phase Current Shape Study

This study is based on the results of [18-20], where four current waveforms are seen
as a sinusoidal waveform, a square waveform, and two rectified sinusoidal waveforms.

The different kinds of waveforms of current assumed to be studied are shown in
Figure 13 for only one phase current with an amplitude of 110 A. Also, it is highlighted
that the number of points considered to acquire the results is enough to represent the fast
transitions of the waveforms with the required accuracy. For the sinusoidal waveform, the
power angle § that provides the biggest torque mean value is 0°.

Most current waveforms in Figure 13 derive from a cosine wave, where the blue one
is the proper one. To replicate a current waveform given by a power electronic converter,
the waves in the orange and violet lines are the cosine waves considering firing angles.
However, as the theory of conventional switched reluctance machines mentions, the higher
output power is given when the range given by firing angles is in the interval where the
inductance of the machine is decreasing. So, a square wave is obtained (green color).

Table 3 shows the average reaction torque value results, the standard deviation of the
torque to represent the oscillatory torque, and the ratio between them.
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Full Wave Half Wave with -4.5° firing angle
120 L Half Wave Square Wave
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Figure 13. Different current waveforms used to obtain the best current waveform regarding input
torque mean value and oscillatory torque.

Table 3. Current waveform results in terms of electromagnetic torque mean value and oscilla-
tory torque.

Current Waveform T [Nm] ot [Nm] %
Cosine wave —0.42 40.7 97.1
Half-cosine —0.57 20.4 35.8
Half-cosine with —4.5° firing angle —0.86 21.1 24.5
Square wave —20.1 11.1 0.553

The best waveform is the square waveform, which occurs when imposed at the
moment, and a misalignment of the rotor and stator poles occurs since it has the lowest
ratio. So, the square current waveform will be used in the optimization process. Also,
the phase current waveform can significantly improve the electromechanical torque mean
value and, in turn, the delivery of active power.

3.4. Optimization of the DSPM S4R5 Machine Results

The best front obtained by the optimization process is illustrated in the left part of
Figure 14. The selected point is in the middle part of the Pareto curve. The region above the
red line represents an output power equal to the minimal power requirements of 90 kW,
considering 3000 rpm. The right part of Figure 14 illustrates the geometry representative of
the selected point.
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Figure 14. Pareto curve obtained for the optimization process (in left part) and the optimal geometry
selected from the point shown in the Pareto curve (in right part).

The geometry obtained has a decrease in its total volume, concerning the initial
geometry, of around 35%, by a reduction in its radius to about 19.4% relative to the
initial geometry. The most relevant difference is the rotor teeth design, approximating
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a rectangular shape like the classical switched reluctance machines’ rotors. The main

geometrical parameters of the machine are exposed in Table 4.

Table 4. Geometric parameter values of the optimized DSPM S4R5 machine.

Parameter Dimension
Rt 261.3 [mm)]
Rrotext 144.5 [mm]
Depthstpoles 74.8 [mm]
Depthmtpoles 80.1 [mm)]
Depthppy 4 [mm]
2.04 [mm
Gfm 0.445[[rad]]
Iy 61.9 [mm]
P 0.395 [rad]
0 0.8 [rad]
7pCy 208.8 [mm]
QPCB 0.065 [I‘ad]
Weightpc, 0.292
Weightpc, 0.598
Weightpcc 0.717

Moreover, to visualize the behavior of this new optimal geometry with nominal load,
Figures 15 and 16 illustrate the magnetic flux and torque evolution along an electrical cycle

for the 3D geometry.

-240
-260
-280

-300 -

Torque [Nm]

=320 +

Torque
Average Torque

0 12 24 36 48 60 72

=340 il

Rotor Position [°]

Figure 15. Torque evolution of the results of optimized DSPM S4R5.
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Figure 16. Magnetic flux evolution of the results of optimized DSPM S4R5.
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The torque presents a sharp evolution when the stator poles are almost at the right and
when right after the alignment, which can impose mechanical stress on the material. How-
ever, as the peaks are at around 10% of the nominal mean value of the electromechanical
torque, the mechanical stress is not harsh. The linked flux evolution presents discontinuity
zones due to the imposed switching load currents, translating into voltage peaks.

Figures 17 and 18 show the results for the 3D geometry of torque and linked flux in
the same load condition as the 2D geometry. Once more, these results are our benchmark
results.

-120 ¢
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Torque [Nm]

ok Lk
DO o og) (=2}
o o o o

L Torque
= = = Average Torque

-240 : : : : : :
0 12 24 36 48 60 72
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Figure 17. Electromagnetic torque evolution of the 3D geometry of the optimized DSPM S4R5 in
same load condition as optimization process.
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Figure 18. Magnetic flux evolution of the 3D geometry of the optimized DSPM S4R5 in same load
condition as optimization process.

The mean value of linked flux and electromechanical torque decreased. The average
value of torque has a decrease of around 46.5%, meaning that the selection of the geometries
of the optimization process must take that into account. The average of the electrome-
chanical power is about 47.75 kW. Also, the average value of linked flux decreased its
value by 82.8%, and the maximum value decreased by about 45%, indicating that the 2D
geometry gives errors above 10% compared to 3D geometry for the linked flux values
of large-diameter—length ratio machines in load conditions. In short, this confirms that
the 2D model must be oversized for high-diameter-length ratio machines to attain the
requirements in the most accurate 3D model.

The voltages, currents, and total electric instantaneous power are presented in Figures
19-21. The indexes 1, 2, 3, and 4 shown in the legends are relative to coils 1, 2, 3, and 4. It is
recalled that the voltages were obtained without considering the resistive voltage drops of
coils since, for one turn, these components were around three orders of magnitude below
the output voltage value. Nevertheless, we recall that the generator voltage distortion does
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not affect the load since it is considered an electronic interface with respective AC filters
between the generator and load that must guarantee that the load voltage has low WTHD.

As visualized in Figure 18, the voltages are highly distorted as linked flux due to the
imposition of pulsed currents. The transient zones of the commutation of the current cause
voltage peaks. So, the peaks seen in the power are derived from that fact.

The difference between the average output power and average input power could
occur due to the lack of accuracy of the results. During the work of this dissertation,
the torque results were more accurate than the voltage results. So, our benchmark is the
electromechanical torque. This indicates that, for studying electrical power, it is necessary
to use a simpler model: the electric equivalent model of the DSPM S4R5.

Although knowing that the Joule losses and iron losses can be studied, the efficiency
of the machine is given by the quotient of the difference between the total mechanical
power and the studied losses by the proper total mechanical power. As visualized in
Figures 20 and 21, the four phases are switched on by a quarter of the electrical period. So,
relative to the Joule losses, this means that it can be computed for a single coil, presenting
a value of 722 W. The iron losses computed as mentioned in Section 2.4.2 have a value of
3.05 kW. So, the efficiency of the optimized machine is around 92%, neglecting mechanical
losses. This efficiency value is acceptable since the optimization process did not consider
this aspect.
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Figure 19. Evolution of the generator voltages imposed by the ideal phase current waveforms.
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Figure 20. Evolution of the generator ideal phase current waveforms.
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Figure 21. Evolution of the total generator instantaneous power feeding the ideal phase current
waveforms.

3.5. Comparison of Initial and Optimized Geometries at No Load and Lumped Parameters Study

The initial geometry is recalled to visualize its differences to the optimized geometry,
being the first one illustrated in Figure 22 and the last in Figure 23.

Figure 22. Illustration of the initial 3D geometry.

Figure 23. Illustration of the optimized 3D geometry.



Energies 2024, 17, 1698

18 of 23

To compare with [9], the number of turns per coil is now assumed to be 20. Figure 24
shows the evolution of the linked flux for the initial and optimized machines in order to
compare both. The major difference remains in the mean value since the optimized geome-
try presents a reduction of 42.9% relative to the initial one. Besides that, it is observable
that the peak-to-peak value of the optimized geometry is about 60 mWb compared to
50 mWb. This translates into a higher output voltage considering the same rotor speed for
both geometries.

Original
Optimized

0 6 12 18 24 30 36 42 48 54 60 66 72
Rotor Position [°]

Figure 24. Linked flux results for initial geometry and optimized geometry for no-load condition.

Once more, using the WTHD in linked flux waveform to compare the voltage wave-
form quality, the WTHD value is 1.1% compared to 4.2%. This means that the voltage
quality of the optimized DSPM S4R5 machine is greater than the original one.

Figure 25 illustrates the electromagnetic torque for the initial and optimized 3D ma-
chines for comparison purposes. The evolution in the lower peaks is less rough in the new
geometry than in the original one since there is just one abrupt variation in those peaks
instead of two, as in the initial geometry. This helps to minimize the mechanical stress
imposed on the shaft. Once more, the results present a significant ripple because they are
not filtered since the smoothing would distort the peak values.

8~
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Figure 25. Torque results for initial geometry and optimized geometry for no-load condition.

For the comparison of iron losses of the original and optimized DSPM S4R5 machines,
the iron losses calculation was made by an element method as described in Section 2.4.2,
obtaining 286 W for the original geometry and 204 W for the optimized geometry. Thus, it
can be verified that there is a reduction of 28.67% in core losses compared with the original
geometry. As the rotor speed of both machines is 3000 rpm, the difference between them,
according to Equation (3), is the magnetic flux density in the core of both machines. Since
the harmonic spectrum of linked flux reflects the behavior of each harmonic of magnetic
flux density, the WTHD is a measure of the higher harmonics amplitude relative to the
fundamental one. So, as the WTHD of the linked flux of the optimized geometry is lower
than the original geometry, the decaying of the harmonic components for the optimized
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geometry is higher than the initial geometry. This means that the main difference between
the machines is the lower harmonic component of the optimized one.

The lumped parameters representation of the optimized machine is studied, as referred
to in Sections 2.4.1 and 3.1. The stator coil resistance has an ohmic value of 0.62 mQ.

Figures 26 and 27 show each coil’s inductance and N maps. Once more, the inductance
of the machine is higher in the aligned position than in the misaligned position. Figure 26
shows, for coil 1, its self-inductance and the mutual inductances with coils 2, 3, and 4.
By making a comparison between Figures 11 and 26, it can be observed that the self-
and mutual inductances of the optimized machine have lower values than the original
one. The superiority of self-inductance over mutual inductance is similar to what was
seen in Section 3 since there is a proportionality that is around four times greater for the
mutual inductance of adjacent phases and around five times greater for the inductance
of the opposite phase. The N parameter tends to be a more sinusoidal wave than the
initial geometry, as verified by the reduction in the value of WTHD, which implies a non-
oversizing of the filters of the converter. The peak values are similar between the geometries.
So, considering constant rotor speed, the induced voltage generated is expected to be the
same for both geometries in no-load conditions. Once more, the yellow and blue colors
represent each map’s higher and lower inductance values. In essence, the optimization
process studied allows for improving the overall electric performance of the DSPM S4R5.
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Figure 26. Inductance maps: (a) self-inductance of coil 1; (b) mutual inductance of coil 2 with regard

to phase current of coil 1; (c) inductance of coil 3 with regard to phase current of coil 1; (d) inductance
of coil 4 with regard to phase current of coil 1.
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Figure 27. N Parameter map: (a) N of coil 1; (b) n of coil 2; (c) n of coil 3; (d) n of coil 4.

3.6. Loading Analysis of the Optimized Geometry
3.6.1. Aircraft Equivalent Electrical System

To study the optimized generator in an electric circuit, the equivalent circuit of the
aircraft is considered, as depicted in [11]. The generator is modeled by a controlled current
source, which is the control signal given by the equivalent electric system. The voltage
measurement of each controlled current source gives the system feedback.

3.6.2. Electrical Response of the Generator with Non-Commanded AC/DC Converter

The simulation of the equivalent electric system of the aircraft studied in [11] and the
equivalent model proceeded in a lumped-parameter circuit software using the methodology
described in Section 2. Figures 28 and 29 illustrate the evolution of the voltages and the
currents of each coil. The voltage waveform of each coil is highly distorted due to the
no-load situation since the AC and DC filters were not properly adjusted for this generator.
Also, the voltage waveforms between coils are not symmetrical. Figure 30 represents the
generator output’s instantaneous power evolution. The average output power is around
4 kW, well below the output power obtained in the ideal case. The voltage decaying is
abrupt just after the peak, implying an abrupt output power decrease. So, the lack of
control implies a degradation in the electric performance of the generator, which results in
a significant reduction in its output power. This shows the need to design a control system
to improve the DSPM performance.
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Figure 28. Evolution of the generator voltages imposed on the AC/DC converter of the equivalent
electric aircraft system.
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Figure 29. Evolution of the generator currents feeding the AC/DC converter of the equivalent electric
aircraft system.

12000

Power

10000 = = = Average Power

8000

6000

Power [W]

4000 - —

2000

0 Il Il
0 12 24 36 48 60 72 84 96 108 120 132 144

Rotor Position [°]

Figure 30. Evolution of the generator output instantaneous power feeding the AC/DC converter of
the equivalent electric aircraft system.

4. Discussion

This study has two main sections. The first one studied the initial geometry of
the DSPM S54R5 in no-load and load conditions, and the second one studied the opti-
mization process and the optimized geometry in load conditions and also viewed the
no-load response.

First, the results of the 2D geometry were compared with the 3D geometry to under-
stand what quantities can be studied in 2D. The 2D geometry did not provide enough
accurate results for linked flux, torque, and iron losses, allowing us to neglect the 3D model
study. However, the 2D WTHD had a neglectable deviation (—0.08%) concerning the 3D
model, so the voltage quality can be studied in 2D. Also, the shape of the electromechanical



Energies 2024, 17, 1698 22 of 23

torque evolution is accurate enough in the 2D geometry study compared to the 3D one.
The overestimation in iron losses of the 2D model compared to the 3D one (+45%) can
also provide robust results in the design of the machine. In short, the 2D model can be
used in the preliminary phase of the design and in the optimization of the process of large-
diameter—length ratio machines since it gives more robust results in terms of oscillatory
torque. So, an important contribution of this work is that it shows a methodology of study
by 2D FEA to minimize the computation time of large-diameter—length ratio machines
where the end-winding effects are significant.

Finally, regarding the optimized geometry, an optimization process, a study of the 3D
geometry in load conditions, a study in no-load conditions, and a study of the electrical
response to the aircraft simplified electrical system of [11] were made. The main conclusions
of this work are as follows: for large-diameter-length ratio machines, the preliminary 2D
study must be oversized to the total electric power output to comply with the requirements
of the application being the oversize factor, dependent on the proper diameter—length
ratio; the optimized generator obtained presented a plausible performance for ideal phase
currents in terms of oscillatory torque (peaks around 10%), induced voltage, WTHD of
linked flux, iron losses (decreased around 29%), and efficiency (92%), which allows us to
confirm that the DSPM topology can be a possible solution to integrate into an aircraft
power generation system.
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