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Sommario

Questa tesi presenta I'integrazione dell’Additive Manufacturing con la progettazione,
I'ottimizzazione e la realizzazione di diverse tipologie di macchine elettriche: un
motore a riluttanza tubolare, un motore a rotore avvolto e una macchina a flusso
assiale. L’obiettivo dei progetti proposti € massimizzare le prestazioni delle macchine

senza ricorrere all’utilizzo di materiali a terre rare.

La massimizzazione della densita di potenza dei motori elettrici riveste oggi un
ruolo cruciale nelle applicazioni speciali. Essa puo essere raggiunta attraverso una
progettazione accurata della macchina e grazie all'impiego di materiali e tecniche
produttive innovative. L’additive manufacturing offre un potenziale significativo per
rivoluzionare la progettazione e la produzione delle macchine elettriche, consentendo
di migliorarne le prestazioni termiche, elettromagnetiche e meccaniche. Inoltre,
rispetto ai processi produttivi tradizionali, permette una notevole riduzione degli

sprechi di materiale.

Inizialmente sono presentate le diverse tipologie di motore elettrico e una tratta-
zione generale sulla modellazione analitica dei motori. In seguito, viene descritto
un modello non lineare per la simulazione dei motori elettrici realizzato nel corso
del dottorato. Tale modello consente di effettuare simulazioni rapide in ambiente
PLECS ®, includendo la non linearita tramite le mappe delle induttanze e le perdite

del ferro.

Viene presentato un metodo analitico di ottimizzazione generale per massimizzare la
densita di potenza delle macchine elettriche. Partendo da un progetto di riferimento,
il metodo consente di ottenere diverse geometrie di macchine con massa minimizzata,

in funzione del diametro esterno dello statore.

In questo lavoro di tesi si presentano tre progetti di motori elettrici, accomunati
dallo sfruttamento dell’Additive Manufacturing per ottenere geometrie innovative e

ottimizzate.

Il primo motore ¢ una macchina sincrona a riluttanza tubolare, con pistone rea-
lizzato tramite Additive Manufacturing. E stato sviluppato un modello analitico

a parametri concentrati, derivato dallo stato dell’arte relativo ai motori rotativi, e



successivamente sono state condotte simulazioni parametriche per individuare le so-
luzioni piu adatte all’applicazione proposta. Il prototipo e stato realizzato tramite
additive manufacturing (in collaborazione con Raw Power Srl e m4p GmbH) utiliz-
zando diverse polveri metalliche e successivamente testato per confrontare i risultati

sperimentali con il modello analitico e con simulazioni FEA 2D.

Il secondo motore ¢ un motore a rotore avvolto, il cui avvolgimento puo essere
realizzato mediante Additive Manufacturing. La particolare forma dei conduttori
consente di massimizzare il fattore di riempimento del rotore, riducendo cosi le
perdite Joule complessive a parita di punto di lavoro. Sono stati inoltre considerati

avvolgimenti in alluminio per ridurre ulteriormente il peso del motore.

Il terzo motore & una macchina sincrona a riluttanza a flusso assiale a doppio sistema
trifase. Anche in questo caso, grazie all’additive manufacturing, e stata sviluppata
una geometria innovativa del rotore, che semplifica la configurazione tradizionale del-
le macchine a riluttanza per la topologia a flusso assiale, riduce la massa complessiva

e migliora la densita di potenza.



Abstract

This thesis presents an integration of Additive Manufacturing with the design, op-
timization, and fabrication of different kinds of electrical machines: a tubular re-
luctance motor, a wound rotor motor and an axial flux machines. The proposed
designs have the purpose of maximizing the performance of the machine without

any dependence on rare-earth materials.

Nowadays the maximization of power density of electric motors is crucial for spe-
cial applications: it can be obtained through a careful design of the machine and
exploiting innovative materials and manufacturing techniques. Additive Manufac-
turing (AM) has the potential to innovate the design and manufacturing of Electric
Machines (EMs) allowing an improvement in machine’s thermal, electromagnetic,
and mechanical performance. In addition, it is possible to reduce the waste of raw

material compared to traditional manufacturing techniques.

Initially, the different types of electric motors and a general discussion on the ana-
lytical modeling of motors are presented. Subsequently, a nonlinear model for the
simulation of electric motors developed during the PhD is described. This model
enables fast simulations in the PLECS ® environment, including nonlinear effects

through inductance maps and iron losses.

A general analytical optimization method to maximize the power density of electrical
machines is presented. Starting from a reference design, thanks to this method
different geometries of electrical machines with minimized mass can be obtained as

a function of different outer stator diameter.

Three motor’s design are presented, all of them exploit additive manufacturing to

obtain innovative and optimized geometries.

The first motor is a tubular synchronous reluctance machine, whose plunger is pro-
duced using additive manufacturing. An analytical lumped parameter model for
tubular machines is derived from the state of the art relating to rotational motors,
then parametrized simulations are carried out to obtain the best solutions for the
proposed application. The plunger was produced through metal additive manufac-

turing (thanks to Raw Power Srl and m4p GmbH) with different powder materials



and then tested to compare experimental results with the analytical model and

2D-FEA simulations.

The second motor is a wound rotor motor, whose rotor winding must be fabricated
through metal additive manufacturing. The particular shape of the conductors
allows the rotor filling factor to be maximized, reducing the total Joule losses in the

rotor. Aluminum rotor windings are considered to reduce the weight of the motor.

The third one is a double three phase axial flux synchronous reluctance machine: also
in this case, exploiting metal additive manufacturing, an innovative rotor geometry
is obtained to simplify the traditional reluctance machine configuration, reducing

the total mass of the machine and improving its power density.
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Introduction

Nowadays, additive manufacturing (AM) has the potential to innovate the design
and manufacturing of electric machines (EM). Thanks to AM new optimized geome-
tries can be designed and manufactured with the purpose of improving machine’s
thermal, electromagnetic and mechanical performance [1], [2], [3]. In addition, it is
possible to reduce the waste of raw material compared to traditional manufacturing

techniques.

Nevertheless, AM still has some limitations that make it unsuitable for today’s

industrial production. Some of the most relevant disadvantages are:
e limited maximum size of the part;
e long manufacturing times;
e the need of finishing machining;

» the need of post processing such as annealing to obtain the desired mechanical

or electromagnetic properties;
e high cost.

Recent scientific researches have shown some promising results for the manufacturing

of the high efficiency EM.

In the context of the energy transition, electric motors are strictly connected to
renewable energy sources, since they constitute one of the main technologies for
converting electrical energy from sustainable generation systems into mechanical
power. In 2019, only 4.5% of the total electricity harnessed in the EU came from

the conversion of solar thermal energy to electricity by photovoltaic effect [4], [5].

Referring to 2022, more than half (56.1%) of the net electricity generated in the
EU in 2022 came from non-combustible primary sources. Less than half (43.9%)
came from combustible fuels (such as natural gas, coal and oil). Less than a quarter
(21.4%) came from nuclear power stations. Among the renewable energy sources, the

highest share of net electricity generation in 2022 was from wind turbines (15.4%),
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followed by hydropower plants (11.2%) and solar power (7.7%).

The relative significance of renewable energy sources in relation to EU net electricity

generation was almost constant between 2019 and 2022.

Geothermal

Geothermal 02%
02% Solar Other
Solar Other 7.7% 0.2%
4.5% 02%
Hydro \ Hydro
12.2% 11.2 %

Combustible
fuels
439 %

Combustible
] fuels
Wind 43.6 %
13.0% Wind
15.4 %

Muclear
214 %

(a) (b)

Nuclear
26.2 %

Figure 0.1: Net electricity conversion, EU; 2019(a) and 2022 (b) (% based on
GWh) [4]

In addition, EMs for industrial applications, indicatively, took up 40% of the total

available electricity and were expected to increase by 15% per year in the near future.

Referring to the present year a preliminary report on the renewable energy genera-
tion sources in the EU was made at the end of the first quarter of 2025 (see Figure

0.2).

The electricity conversion from combustible fuels has significantly decreased, going
from 43.9 % to 9.8 %. On the other side, solar, hydro and wind became the most
important sources for electricity conversion during the last years. With respect to
2022, the relative significance of renewable energy sources in relation to EU net

electricity generation increased.

The massive and increasing use of EMs is evident, so it is of paramount importance

to continuously develop and innovate EMs.

In this regard, in order to meet the new EU efficiency parameters required for all
electric motors rated from 0.75 up to 1000 kW belonging to IE4 class. This task

is really challenging beacuse in order to raise the efficiency by 2 percentage points
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Combustible Geothermal
fuels - renewable @ 0.5%
9.8%

Solar

Wind
18.1% 42.5%
Hydro
29.2%

Figure 0.2: Net electricity conversion, EU; 2025 (% based on GWh) [4]

from 92% to 94%, the machine energy losses should be reduced by 25% [6]. In fact,
most motor losses result in heat rejected into the atmosphere, reducing losses can
significantly reduce cooling loads on an industrial facility’s air conditioning system
[7], [8].

In light of this, the development of new materials integrated into modern Additive
Manufacturing (AM) technologies is what could have the greatest impact on the
performance of future EMs [9]. Other areas of research such as control, design,
and optimization allow for the refinement of the machine for implementation in
the specific application, but it is the materials and manufacturing techniques that

impose the practical limits of the machine itself [10].

This work of thesis presents different machines designs obtained using metal additive
manufacturing. Initially, Chapter 1 provides an overview of the electrical machines
topologies and their analytical modeling. Chapter 2 presents an efficient fast sim-
ulation non linear model which simulates electric motors. In Chapter 3 the well
known traditional analytical design procedure for SPM machines is reported and,
then an optimization analytical method to increase the power density is presented
applied to a 10 kW electric motor. Then Chapter 4 presents a general overview on
the AM technologies applied to electrical machines. After that, three applications

of AM to electrical machines are presented and analyzed:
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o Chapter 5 presents the analytical model and feasibility assessment of a syn-

chronous reluctance tubular electrical machine with the rotor in additive man-

ufacturing;

o Chapter 6 investigates an innovative additively manufactured winding design

for a wound rotor machine;

o Chapter 7 presents an innovative double three phase axial flux machine with

the rotor obtained through additive manufacturing.

The main software used for the simulations of these machines are FEMM®[11],

MATLAB®[12] and PLECS®[13].
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1. An Overview of Synchronous Electrical

Machines

In this chapter, the essential characteristics of synchronous motors are presented.
Synchronous electric motors play a fundamental role in modern electromechanical
systems, offering high efficiency, precise speed control, and excellent torque density.
Unlike asynchronous machines, synchronous motors operate at a constant speed that
is directly proportional to the supply frequency, regardless of load variations. This
characteristic makes them highly suitable for applications requiring accurate speed

regulation, such as industrial automation [1], robotics, and electric vehicles [2], [3].

Recent advancements in materials, power electronics, and control algorithms have
significantly improved the performance and reliability of synchronous machines.
Among the various configurations, Permanent Magnet Synchronous Motors (PMSMs)
have gained particular attention due to their high power density, compact size, and
reduced losses. However, challenges such as thermal management, demagnetization
risk, and cost of rare-earth materials still represent important aspects of ongoing

research and optimization.

This chapter provides an overview of synchronous motor technologies, describing

their operating principles, main topologies, and key design considerations.

A general overview about the operating principle of synchronous electrical machines

is made and the d — ¢ axis reference frame is introduced.

1.1 Operating Principle of Synchronous Electric
Motors

An electric motor is a device that allows to convert electrical energy into mechanical
energy. Its operation is based on electromagnetic principles and the interaction

between magnetic fields and electric currents.

The electromechanical conversion they perform follows the operating principle of

7



An Overview of Synchronous Electrical Machines

electrodynamic systems, which is based on the interaction between current-carrying
conductors and magnetic fields generated by other conductors or by permanent
magnets. The conductors on which the forces act are placed in the stator (the

stationary part), while the permanent magnets are mounted on the rotor.

The stator is characterized by a three phase winding, in which each phase has the
same total number of conductors. The three phases are mutually phase-shifted by

120 degrees and they are connected to an external three phase voltage source.

Referring to traditional radial flux machines, permanent magnet brushless motor
are made of two parts: a stator, in which there are the windings, distributed in the
slots, and a rotor, in which there are permanent magnets. Permanent magnets are
fixed on the rotor laminations by high resistivity resins, and they are the excitation

system of the machine.

The stator windings can be distributed, when the winding has a width of a polar
pitch and there is an integer number of slots per pole per phase, or non-overlapping
concentrated, in which every winding is wrapped around a tooth and the number of

slots per pole per phase is fractional.

The rotor can be internal (as in Figure 1.1) or external, both configuration having
radial flux; usually the internal configuration is the most utilized because it makes
easier to remove the heat from the joule losses into the stator. Otherwise, it can be

used a rotor disc, which leads to an axial flux.

Figure 1.1: Example of an inner rotor synchronous permanent magnet machine.



1.2 d-q Axis Reference Frame for SPM Machines

The great innovation of brushless motor is, as suggested by the name, the absence of
brushes on the rotor shaft, which leads to several advantages such as a lower main-
tenance in long-term, since brushes were the most fragile part and they generated a
lot of heat, a lower production of electromagnetic noise, a lower motor inertia which
allows a better control in speed and in torque. In face of all these advantages, there
are a few disadvantages such as the need of a complex and expansive controller and

the high costs of the permanent magnets needed for the operating of the machine.
Synchronous machine can be divided into:

o surface permanent magnet machines, which can have inner or outer rotor;

o internal permanent magnet machines;

o axial flux machines;

e pure reluctance machines;

« wound rotor machines.

1.2 d-q Axis Reference Frame for SPM Machines

The convention used for PM machines states that the d-axis is oriented along the
direction of minimum inductance of the rotor (Ly < L,). This convention is generally
used for SPM (where Ly = L;) and IPM motors. As shown in Figure 1.2, the magnet

flux vector A, is oriented along d-axis.

Figure 1.2: Convention of d — ¢ axis reference frame for PM machines.

In SPM machines Lq = L, so isotropic electrical machines are taken into account,

9
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and the stator synchronous inductances of d-q axis have the same value, which
corresponds to rotor magnetic permeance and it is equal in every radial direction.

So, in this case, the saliency ratio £ = Lg,/Lsq is equal to 1.

Given the three-phase stator reference frame of a three-phase sinusoidal electrical
machines, reported in Figure 1.3, it is possible to obtain the voltage equation as in

(1.1), according to the passive sign convention.

Usu

() = Ryisu(t)
(

dA sy (t)
+
Vso(t) = Ryigy(t) + Lo

(1.1)

Usw(t) = Rsisw(t) + dAzlilz(t)

i /2

Figure 1.3: Three-phase stator reference frame.

Where i4,, is, and iy, are the phase currents that flows in the three-phase winding
and Ag,, Ay, and A, are total magnetic fluxes linkage to each stator phase. The R,

term is the stator phase resistance and it is assumed equal for each stator winding.

According to (1.1), each winding terminal voltage is the sum of the resistance voltage
drop and the inductive voltage drop occurring along the winding. Assuming that
magnetic circuits work in linear magnetization conditions, which means far from the
saturating point, the total magnetic flux is given by the sum of two contributions,

according to (1.2).

10
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Asu(t) = Asuw@) + Asu,pm(t)
Asv (t) = Asv,cp(t) + Asv,pm(t) (1 2)
Ag(t) = Nsw,ep(t) + ANgwopm (t)

Where A, is the magnetic flux induced by stator currents and it relies on winding
distribution and type and A ,,, is the magnetic flux produced by permanent-magnets
and its value is a function of the relative position of the rotor to stator windings. The
current flowing in each phase produces a Magneto-Motive Force (MMF), according
to the Ampere’s Law, which induces a magnetic flux. The induced magnetic flux
links both with same phase winding and the other two phases. The magnetic flux
can be split into two components: the self-inductance coefficient L, which considers
the magnetic flux linked with the winding in which flows the same current that es-
tablish the magnetic flux, and the mutual-inductance coefficient M, which considers
the magnetic flux linked to the other windings of the two phases. Considering a
symmetrical three-phase system, these coefficients are equal for each phase, so the

magnetic flux induced by stator currents A; ., can be obtained as in (1.3).

Asup(t) = Ligy(t) + Migy(t) + Migy(t)
Ao ep(t) = Mg, (t) + Ligy(t) + Migy,(t) (1.3)
Asworep(t) = Mgy (t) + Migy(t) + Ligy(t)

Three phase systems are usually connected with wye-connection, so the Kirchhoff

principle must be verified, and the following system of equation is true at any time.

isv(t) + Z.sw(t) = _isu(t)
() + d(t) =~y (2) (1.4)
isu(t) +isp(t) = —isw(t)

Substituting (1.4) in (1.3), a new system of equations for A, ., can be obtained.

11
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The synchronous inductance L, is defined as the sum of the contribution of the

self-inductance and the mutual inductance, as in (1.6).

Li=L—-M (1.6)

So, in the end, the system can be written in function of the synchronous inductance,

as in (1.7).

Agucp(t) = Lgisy(t)
Asv,cp(t) = Lsisv (t) (17)
Asw,ep(t) = Lisy(t)

The magnetic flux of the permanent magnet links each stator winding, assuming a
sinusoidal distribution of flux density vector field B , the linkage permanent magnet

flux Ag,m for each phase is expressed with the following system of equations:

Asu’pM(t) = APM COS (6)
Asy pri(t) = Apas cos (9 -z ) (1.8)
Asw,PM(t) = APM COS (0 -3 )

wWIN

W~

Where 6 is the electric angle and Apy; is the peak value of the permanent magnet
leakage flux. It is now possible to obtain the machine equations in the two-axis
stationary frame o — 3, starting from the machine equations just obtained in the

three-phase system and using Clarke’s transformation. Figure 1.4 represents the

12
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three phase reference frame and the o — [ reference frame.

w

Figure 1.4: From three phase reference frame to two-axis stationary frame a — 5.

The Clarke’s Transformation is a mathematical transformation to simplify the anal-
ysis of three-phase systems. The three-phase winding is transformed in a two-axis
system in the stationary frame composed by a —  windings perpendicular to each
other. The matrix used for Clarke’s transformation can have two forms, one at

constant amplitude and one at constant power.

To get the new notation in a more readable way, it is convenient to consider a matrix

representation of the systems of equations found before, as in (1.9).

. d [Zs] d [As PM]
_ L uvwW > uvw 1.
[Us]uvw [Rs]uvw [Zs]uvw + [ S]uvw dt + dt ( 9)

Where
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[is]uvw = Z.sv (11[))

Here, the phase resistances and the synchronous inductances can be represented as

two matrices, according to (1.11) and (1.12).

R, 0 0

(R = |0 R, 0 (1.11)
0 0 R,
L, 0 0

[Lsluww =0 Ly 0 (1.12)
0 0 L,

To obtain machine equation in the two-axis stationary frame, both members of (1.9)

are multiplied by Clarke’s transformation matrix 77 reported in (1.13), assuming

uvw?

the constant power form, so considering K = \/g )

1
T =K

uvw

1
—32
s (1.13)

2

(@]
N‘% [\')l\»a

After some calculations, currents (1.14) and voltages (1.15) in the two-axis stationary

frame are obtained.

isu
isa 1 -1 —1
—K g jg i (1.14)
ZSB 0 9 — 5 ;
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USU
Vs 1 -1 -2
‘| = K \/; \2 Ve (1.15)
Usp 0 %5 -9 .

THen, the phase resistance and the synchronous inductance in the two-axis station-

ary frame are found as in (1.16) and (1.17).

R, 0
R, = (1.16)
0 R,
L. 0
[Lsl s = (1.17)
0 L.

The machine equations in two-axis stationary frame become as in (1.18).

— y dAsa
Vsa = Rylsa + 5

(1.18)
Vsg = RSZ.SB + dl;;ﬁ
Which in matrix notation can be written as in Equation 1.19.
d [As]aﬁ
[US]aﬁ = [Rs]aﬁ [[S]ag + (1.19)

Now Park’s transformation Tjg, can be applied, to move from the two-axis stationary

frame a— 3 to the two-axis rotational frame d — ¢, which rotates synchronously with

the rotor angular speed w. The current phasor i; has a constant amplitude and an

do

o and it is out-of-phase of a generic angle v, as shown in Figure

angular speed w =

1.5.
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B i g a

lsa

Figure 1.5: From two-axis stationary frame a— 8 to two-axis rotational frame d—gq.

Park’s transformation matrix is reported in (1.20).

ng _ | cos () sin(6) (1.20)
—sin (0) cos (0)

So, the machine equations in two-axis rotational frame can be found by multiplying
Park’s transformation matrix for each term of (1.19). In (1.21) the matrix form is

reported, while (1.22) shows the system of equations.

— IR I d[AS]dq ; A 1.21

[Us]dq = S]dq[ S]dq + dt + jwe | S]dq (1.21)
. dA, .

Vsa = Rszsd + d{gd + jwelAd (122>

. dAs .
Vsq = Rslsq + dtq + .]welAq

The term jwe [As] 4q Tepresents the counter electromotive force and it is due to the
rotational motion of the d — ¢ frame. The terms [Ay],, and j[A],, have the same

amplitude and are perpendicular to each other, since a multiplication for j means a

16



1.2 d-q Axis Reference Frame for SPM Machines

counter clock rotation of 90 °.

—)j‘h‘.\{f =A

)’-A.\[{ = A_\d

Figure 1.6: Correlation between vectors [Ag],, and j [Ag]y,.

The magnetic linkage flux can be expressed as in (1.23), because the direct axis d
coincides with rotor polar axis, so the permanent magnets produce a constant flux

Asdpm in the axis d direction and null in axis q direction.

As = Lgigq + As m

I 4T el (1.23)
Asq = Lsisq

Substituting (1.23) in (1.22), the voltage equations in d-¢q axis rotational frame are

obtained as in (1.24).

. di .
Vsa = Rszsd + Ls did - welLszsq

(1.24)

. dis .
Vsq = Rslsq + Ls dtq + welLsst + we + WelAsd,pm

Starting from (1.24), the torque expression can be obtained, by multiplying each
row by current isq and 75, and then, by summing the two equations’ members to get

the power balance.
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d‘s . d‘S . .
ﬁlsd + Lsglsq + welAsd,mesq (125)

Vsdisd + Vsqisqg = Riing + Ryicg + Ly T 7

Where it can be noticed that:
o Usqlsd 1 Usqlsg = Paps is the input power absorbed by the electrical machine;
e R, (iid + izq) = Pjoue represents the Joule losses inside the windings;

. Ls(dzl;d lsq + d;;qisq) = Pjqg represents the magnetic energy stored inside the

stator magnetic circuits;

o WerNsdpmisg = Parec Tepresents the mechanical power produced by the electrical

machine.

So, (1.25) can be rewritten in a simpler way, to highlight the power terms.

Pabs = PJoule + Pmag + Pmec (126>

Knowing that the mechanical power produced by the electrical machine can be ex-
pressed in function of the torque produced T},.. and the mechanical angular velocity
wmee and supposing that all the electrical power produced will be transformed in

mechanical power, (1.27) can be obtained.

Tmecwmec = WelAsd,pmisq (127>

So, the torque produced by the electrical machine can be easily found as in (1.28).
e AS m .S
Tmec - Ll Zsdipm’sq (128)
wmec

Wel
p

Where wee = can be substituted, in which p is the number of pole pairs.
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Tmec = pAsd,pmisq (129)

Generally, the Clark’s transformation from a three-phase system to a two-axis sta-
tionary frame is made using the coefficient for a constant amplitude transformation,
as seen before. According to that, the mechanical power computed in the two-axis
reference frame is less than the real one in the three-phase system, according to

(1.30).

2
Pag = 5Puvu (1.30)

To guarantee the correct energy balance, the toque equation found in (1.29) must

be multiplied by a corrective coefficient. The final formula is expressed as in (1.31).

3 .
Tmec = §pAsd,mesq (131)

1.3 d-q Axis Reference Frame for IPM Machines

When IPM machines are taken into account the inductances on d and on q axis
have different values and generally the relation is Ly < L,. In this case, anisotropy

is introduced and the saliency ratio is major than 1.

In this case, the inductance value for each phase depends on an oscillating term
which is different depending on the phase and the rotor position. So the fluxes

found in (1.3) can be rewritten according to (1.32) for IPM machines.

Asu,cp(t) — Luulsu(t) + Muvisv(t) + Muwisw(t)
Asv,cp(t) = Mvuzsu(t) + vaisv(t) + Mvwisw (t> (132)
Asw,cp(t) = Mwulsu(t) + vaisv(t) + stiww(t)
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For each phase auto inductances can be computed according to the following equa-
tions, where L is the mean magnetizing inductance, L, is the leakage inductance
and L is the oscillating term generated by motor anisotropy as it depends on rotor

position.

A

Ly = Lgo+ Ly — Lo cos (26,) (1.33)
- 2

Ly, = Lgo+ Ly — Lgy cos (2961 + 37‘[’) (1.34)
o 4

wa = LgO + La — ng COS (2061 + 377') (135)

The mutual inductances can be found as follows, assuming the same oscillating term.

My, = My + M, — Ly cos (260.)) (1.36)
. 2
My = Mgy + M, — Ly cos (2961 + 37r) (1.37)
- 4
My = Mgy + M, — Lo cos (2961 + 37T) (1.38)
Generally, it is My = —%. These components generates the inductance matrix

[Ls],,., for the matrix notation as in (1.9).

Employing the transformation matrix 7% reported in (1.13) it is possible to obtain

uvw

the inductance matrix in the two axis stationary frame for IPM machines.
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L. - %Lgo + L, — %ﬁgg cos (20) —%EgQ sin (26,;) (1.39)
S alg - ~ X A .
—%LQQ sin (26,;) %Lgo + L, + %ng cos (20.;)

This matrix is used to model IPM machines as in (1.19) in two axis stationary frame.

Then to obtain the final model in d-q axis rotational frame Park’s transformation

matrix 7 jg, reported in (1.20), is used.

Ly 0 3Lg0+ Ly — 3L 0
Lilgg=| = | 27 ) (1.40)
0 L, 0 SLgo+ Lo+ 3Ly

With this matrix the final model in d-q axis rotational frame can be obtained for

IPM machines as in (1.21).

1.4 Conclusions

This chapter has provided a rigorous derivation of the mathematical model for syn-
chronous electric motors, focusing on the fundamental coordinate transformations
that simplify the analysis of three-phase electromagnetic systems. By transitioning
from the physical abc reference frame to the stationary af frame and, ultimately, to
the rotor-aligned dgq synchronous frame, a coherent analytical framework has been

established.

The application of the Clarke and Park transformations has successfully decoupled
the time-varying nature of the stator inductances. This transformation converts a
system of differential equations with time-dependent coefficients into a more man-
ageable set of equations, where the electrical quantities are represented as constant

vectors during steady-state operation.

The adoption of the Space Vector formalism provides a powerful tool for visualizing
the interaction between the stator magnetomotive force and the rotor magnetic
field. This representation is not only elegant from a mathematical perspective but

also essential for the implementation of modern pulse-width modulation (PWM)
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techniques.

The dg model developed herein serves as the indispensable baseline for any high-

performance control strategy, such as Field-Oriented Control (FOC).

In conclusion, the transition from phase variables to dg components provides the

necessary analytical clarity to describe the motor’s behavior under both transient

and steady-state conditions. This mathematical structure constitutes the essential

"skeleton" upon which the non-linearities (such as saturation and cross-coupling)

and the models discussed in the subsequent chapters will be built.

1.5
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2. Inductance Based Lumped Parameter
IPM Machine Model for Fast Simula-

tion

The increasing demand for high power density and superior energy efficiency in mod-
ern electromechanical conversion systems has pushed the design of electric motors
toward operating points characterized by deep magnetic saturation. In this con-
text, the traditional assumption of magnetic linearity—while computationally con-
venient—is no longer a viable approximation for describing the dynamic behavior of
the machine, particularly during heavy load conditions or high-speed flux-weakening

operations.

This chapter employs the analytical model presented before to build an advanced
non-linear model of the electric motor, centered on the accurate characterization of d
and g-axis inductances as functions of the stator currents. Moving beyond constant-
parameter models, the proposed approach explicitly accounts for two critical physical

phenomena that dictate high-performance drive behavior:

« magnetic Saturation: the variation in the permeability of the ferromagnetic
core, which leads to a non-linear reduction of inductances as current magnitude

increases;

o cross-magnetization (Cross-Coupling): the mutual interaction between the d
and ¢ axes, where the flux linkage of one axis is significantly influenced by the

current component of the orthogonal axis.
Furthermore, this model includes the voltage drop due to iron losses.

The following sections will detail the model and the parameter identification proce-
dure through Finite Element Analysis (FEA). In the end a robust validation of the
model is provided through experimental measurements. The results demonstrate a
significant improvement in voltage estimation accuracy and dynamic response com-

pared to conventional linear modeling.
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2.1 Non linear models of electric motors

To obtain the desired performance from an IPM machine a good control design is
crucial and during this design phase, it is fundamental to have a good model which
allows to simulate the behaviour coupled with the inverter and the related control

strategies.

The traditional d-q axes reference frame is based on the assumption of constant L,
and L,, nevertheless it can lead to a significant error respect to the performance of
a actual machine where the inductances show a current dependent behaviour and a

cross saturation between the d and ¢ axes.

The difference between the performance with a constant inductance and a complete
magnetic model based on frozen permeabilty method for steady state condition is
presented in Figure 2.1 (a) and in Figure 2.1 (b) from [1]. As expected not only the
MTPA, FW, MTPV trajectories are different, but also the voltage limit ellipses are
heavily distorted.
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Figure 2.1: MTPA, FW and MTPV trajectories with constant d — ¢ inductances
(a) and with variable d — ¢ inductances computed with frozen permeability method

(b) [1].

The control of IPM machines, even when operating under Maximum Torque per Am-
pere (MTPA) conditions, may be difficult to implement because of the pronounced

nonlinear magnetic behavior of the machine. In particular, the inductances are
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2.1 Non linear models of electric motors

strongly dependent on the stator current components, owing to the saturation of
the iron core. Therefore, the d- and g-axis inductances cannot be assumed con-
stant, but vary with the operating point, making the machine model inherently
nonlinear. This nonlinearity significantly affects the accuracy of the control strat-
egy, since MTPA operation requires precise knowledge of the machine parameters
to generate the optimal current references. Neglecting saturation effects may result
in inaccurate torque estimation, suboptimal current trajectories, and a reduction in

overall drive performance.

Consequently, a complete magnetic model of the machine is essential for the proper
simulation and implementation of the control loops, as it allows the flux-current
relationships and the cross-saturation effects to be represented with sufficient accu-

racy.

In [2], [3] and [4] the impact of cross saturation effect in synchronous reluctance
machines is exposed and the importance of taking it into account during the control

design of the machine is highlighted.

The importance of a complete magnetic model was also highlighted in [5] where the
inductances maps are used to optimize the control of IPM motors with the purpose
of increasing the robustness of the PI controller and reducing the mismatch between
the control and the motor model. A comparison between different model of IPM

machines can be found in [6], [7], [8] and [9].

A model based on the magnetic flux of the machine can be an alternative approach,
as shown in [10], but it is less suitable to develop an equivalent circuit model based
on electrical lumped-parameter, so in the following a model employing variable in-

ductances will be presented.

Taking into account the analytical considerations exposed before, it is possible to
build a model for fast simulation of electrical machines. In this case, the model was
built in PLECS® environment. The proposed approach uses the apparent induc-
tance maps on i, and 7, axes that can be computed by 2D FEA using the frozen

permeability method.
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2.2 The Reference IPM Machine and 2D-FEA

The reference IPM machine is shown in Figure 2.2 and the main motor data are

reported in Table 2.1. The motor considered as a reference is a 24 slots 8 poles IPM
machine.

Table 2.1: Motor and Inverter Parameters.

Name Symbol Value  Unit

Pole Pairs Number P 4 -

Slot Number Q 24 -
Stator Resistance R, 1.8 ms)
Synchronous inductance Ly 0.025 mH

Voltage constant ke 825  V/krpm

PM Flux Linkage APy 0.024 Vs
Rated Torque T, 12 Nm
Rated Current I, 110 Ay
DC BUS Voltage Ve 48 Vv
Rated Speed W, 3500 rpm

Figure 2.2: Reference motor.

The main data reported in Table 2.1 would be enough to simulate a simple linear

model of the machine. Nevertheless, this would not include in the simulation all the

26



2.3 The Model

non linearities that characterize the effective behaviour of the machine.

Some 2D FEA simulations are performed to obtain the data necessary to build an

accurate dynamic model such as flux and inductance map.

The frozen permeability method allows to compute the inductance values of the
machine including the flux of the magnets using 2D-FEA as in [11]. The method
is composed by two simulation steps: the first one which consist in a non linear
load simulation and the second one is a linear load simulation where the flux of the

permanent magnet is set to zero.

Figure 2.3 a) and Figure 2.3 b) show respectively the d-axis and the g-axis inductance

map of the machine obtained using with frozen permeability method.

D-axis Inductances x10° Q-axis Inductances x10°®

"2
- w0 2

Linel [ApK] Line I, [ApK] Linel [Apk] Line 1, [Apk]
(a) (b)

Figure 2.3: L,; (a) and L, (b) maps obtained via 2D FEA using froze permeability.

2.3 The Model

The electric model of the IPM machine was implemented on a three-phase stationary
reference frame. With this approach the circuit is designed with an equivalent star
connection of the three phases and each phase is composed by a resistor, a variable
inductor, a variable resistor and a voltage source. The voltage source is driven
by a Back-EMF block, necessary to model the voltage due to the presence of the

permanent magnet.

The lumped circuital model of the IPM machine was implemented in PLECS® following
the above description Figure 2.4.
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Figure 2.4: PLECS® circuit model.

As shown in Figure 2.4, the model allows to obtain a representation of the dynamic

behaviour of the electrical machine thanks to:

e The dynamic update of the phase inductance value and the magnet flux con-

tribution from the maps obtained with 2D FEA for different operating points;
o The modeling of the iron losses of the machine.

In the following, each subsection will deepen different characteristics of the dynamic

model.

2.4 Phase Inductance Computation

When a three-phase system is considered the IPM machine inductances matrix can
be written including both the auto and the mutual terms with their dependency on

the rotor position respect to the stator winding. In (2.1) the phase inductance matrix

_Leo

is reported, where L, represents the leakage inductance component, My = —=3

and M, represent the leakage mutual inductance component. Otherwise Lo is the
synchronous inductance component and f/gg is the inductance component due to
the anisotropy of the machine, in fact it is multiplied by a sinusoidal waveform

depending on the angular position of the rotor.
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2.4 Phase Inductance Computation

Lyo+ Ly — Lyz cos 20, Mgy + My — Lgp cos2(0 + 27)  Myo + M, — Lyz cos2(0 — %)
[Luws) = | My + My — Lypc082(0u + 27)  Lgo+ Ly — Lypcos2(0u — 27) Mo + M, — Ly cos 20, (2.1)
Mo+ M, — Ly cos2(0 — 27) Mo+ M, — Lgy cos 20, Lgo+ Ly — Lyz cos2(0 + %)

The flux along d and ¢ axes can be found as a function of inductances and currents

according to (2.2) and (2.3).

dv, 7 Jig  OLg4 .

_; Ola | OLq 2.9
dt o T (2:2)

dwv i oL

— =L, 4+ =1, (2.3)
dt dt dt

The flux depends on the inductance value and its derivative with respect to the time,

so this component must be evaluated. Each component of the matrix reported in

(2.1) is derived with respect to the electric angle and, then, everything is multiplied

by the electric speed, as in (2.4).

sin 260, sin2(0 + 3m) sin2(fg — 27)

dLuvw T s
[ o 1 = 2wei Lgo |sin2(6e; + %71') sin2(0,; — %7?) sin 20, (2.4)
sin2(6 — %7‘[’) sin 26, sin 2(0; + %7?)

The implemented model is in the d — ¢ reference frame, so Clarke’s and Park’s
transformations should be adopted to find correlation between the phase inductances

just defined and the d — ¢ inductances.

At first the inductance on oo — 3 reference frame are computed using Clarke’s trans-

formation matrix, according to (2.5).

Then Park’s transformation matrix is used to pass from a — [ reference frame to

d — q reference frame.
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[L ] _ %LgO + LU — %I:gg Ccos 29@[ —% sin 296l (2 5)
slap —3 5in 26, 3Lgo + Lo + 3Ly cos 20,
3 37
7-[/90 + Lo’ - 7Lg2 0
[LS]dq =|” ’ 3 37 (26)
0 5.[/90 + Lo’ + 5L92

According to Clarke’s and Park’s transformations, it is possible to find a direct rela-
tion between the inductance on d and ¢ axes and the main inductance components

that allow to define the inductance value on the original three phase system.

Lqg+ L
Ly = d;q (2.7)
. Lg—L
Lyp =21 = (2.8)

Thanks to (2.7) and (2.8) an immediate relationship between phase and d — ¢ in-
ductances is found. The d — ¢ maps can be integrated with the model in order to
select depending on the current value of the motor the correct d — ¢ inductance and
computing the auto and mutual inductance components for the modeling, without
neglecting the inductive coupling between each phase and updating dynamically the

inductance value according to 2D-FEA results.

PLECS® allows to use a variable inductor [12] which needs as input values the
complete inductance matrix and its derivative with respect to the time. In this way
also the cross saturation effect is considered in the modeling. In the logical part of
the model the computation of the inductance matrix is implemented, starting from

the inductance values on d and q axes given from the maps obtained with 2D-FEA.
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2.5 d Axis Flux Evaluation

In Figure 2.5 and 2.6 the stator currents obtained from simulations results with
a torque load applied at 0.2 s are shown. The difference between the currents in

transient conditions is evident.
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Figure 2.5: Stator currents with constant inductance model.
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Figure 2.6: Stator currents with the proposed variable inductance model.

2.5 d Axis Flux Evaluation

The model is inductance based, so to introduce correctly the flux generated by the
permanent magnets it is appropriate to evaluate it with 2D FEA. Thanks to the

performed simulations, the flux map on d and ¢ axes with permanent magnets on
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and off can be found. The permanent magnets flux contribution is on d axis, so the
variation on d axis flux obtained with and without the magnets can be introduced

in the model to evaluate correctly permanent magnets contribution.

Figure 2.7 shows the difference between the theoretical permanent magnets flux
contribution and the effective variation on d axis flux when magnets are involved or

neglected.
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0.024
0.0235
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Figure 2.7: Theoretical permanent magnets flux (in red) and effective variation on
d axis flux with magnets on and off (colored map).

The effective variation on d axis flux is not constant, so the map representing this
variable is introduced in the model in order to evaluate correctly the total d axis

flux and the torque.

Using the map representing the Apj; contribution, the total flux on d and the torque

can be computed in the model.

Ad = Ldid + )\pM (29)

T —

NNV

[(La — Lg) taiq + Apu] (2.10)

The computed electromagnetic torque is used in the mechanical part of the model,

where the inertia of the rotor and friction are introduced.
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2.6 Iron Losses Model

2.6 Iron Losses Model

Iron losses represent a crucial aspect in the analysis and modeling of electric motors,
and their contribution should be properly taken into account in any accurate ana-
lytical formulation. These losses originate in the magnetic core of the machine and
are mainly associated with hysteresis and eddy-current phenomena, both of which
arise from the time-varying magnetic field within the ferromagnetic material. Their
magnitude is strongly influenced by the operating conditions of the machine, and in
particular by the electrical frequency. As the electrical frequency increases, the pe-
riodic magnetization and demagnetization of the core occur more rapidly, resulting

in a substantial growth of the associated losses.

This effect becomes particularly relevant in high-speed applications, where the elec-
trical frequency can reach very high values. In such conditions, iron losses may no
longer be regarded as a secondary contribution, but instead become a significant
component of the total power losses of the machine. In particular, eddy-current
losses exhibit a quadratic dependence on frequency, making them increase very
rapidly as the operating frequency rises. Consequently, neglecting iron losses in
the analytical model may lead to an underestimation of the total losses, an overesti-

mation of efficiency, and a less accurate prediction of the machine thermal behavior.

For these reasons, the inclusion of iron losses in the analytical modeling of electric
motors is essential, especially when the machine is intended to operate over a wide
speed range or at elevated frequencies. A proper representation of these losses allows
a more realistic evaluation of machine performance, efficiency, and thermal loading,

thus improving both the design process and the reliability of the overall model.

In simplified models, iron losses are often neglected; however, when they are non-
negligible, it is essential to account for them in the analytical formulation in order
to achieve a motor simulation that accurately reflects real operating conditions. In
particular, it is important to model their voltage drop. It is fundamental that the
global phase-to-phase voltage is modeled in order to verify that the DC BUS voltage

can power correctly the machine.

In this case a variable resistor, always from PLECS® library [12], is used. The

resistance value is updated dynamically depending on the working point of the
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machine, identified by the current on d and q axes and the mechanical speed of
the rotor. A 3D map of the losses trend as a function of d and q current and the
mechanical speed of the rotor is found from 2D FEA simulations and given as an

input to the model.

The model defines a 3D lookup table of the losses values and compute dynamically
the losses in the operating point. These losses are assumed as the power dissipated
by the variable resistor introduced in the machine model. The current flowing in
each phase is measured from the ammeter, so the resistance value is computed.
Figure 2.8 shows the 3D maps used for iron losses representation for the motor

under analysis.

[ =520 rpm
600 [ . = 2000 rpm
I > =4000 rpm

-400
800 -600

1 IA 0 g -1000
. [A] 1200 |d Al

Figure 2.8: Iron losses map obtained as a function of the current value on d and g
axes and the speed.

The introduction of the iron losses map at different speed values allows to represent
the voltage drop of the machine due to the iron losses. Generally, this voltage
contribution is neglected, but in some cases, especially at high speed, this component

can become quite high with respect to the voltage in input from the DC BUS.

Figure 2.9 and Figure 2.10 show the phase voltage of the machine obtained, respec-
tively, including and neglecting the iron losses. According to simulations results, the
voltage drop has an increment of about 5 V when the iron losses are introduced in

the model.
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Figure 2.10: Phase voltage including the iron losses at 3500 rpm.

2.7 Global Model

All the equations seen before are implemented in the IPM machine model. Figure

2.11 shows the model implemented in PLECS®and the necessary input data.
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Figure 2.11: IPM machine model: required input data.

The IPM machine model, shown in Figure 2.12, consists of three main parts:
e an electrical circuit, which simulates the electrical connections of the machines;

o two logical subsystems, one for the computation of the BEMF generated by the

voltage sources and the other one for the computation of the phase inductances;

e a mechanical part.
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Figure 2.12: TPM machine model.

Inside the motor model subsystem, the computation of the inductances is imple-
mented. Then, thanks to the current signal measured in the electrical circuit the

d-q flux and the electrical torque are computed.

The logical part of the model allows also to compute the Back-EMF, the torque, the
fluxes on d and ¢ axes of the motor. Thanks to the dynamic model adopted, the

torque computation is obtained taking into account the saturation effects, getting
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an accurate evaluation of the global machine’s performance.

Moreover, there is a mechanical part which allows to introduce motor inertia and
friction in order to compute the motor rotational speed.
2.8 Experimental Validation

The obtained simulations’ results are validated experimentally with the motor under

analysis. Figure 2.13 shows the test bench used for the experimental validation.

Figure 2.13: Motor test bench.

Table 2.2 resumes the phase-to-phase voltage values obtained from simulations with
and without the iron losses model integration and experimental measurements at

different speed values.

Table 2.2: Experimental and simulations results comparison.

Speed [rpm] Peak voltage Peak voltage
from simulations with iron losses [V/] from experimental[V]
1750 30 30.3
2500 38 37
3000 38.8 37.5
4000 39 38

According to experimental measurements the phase-to-phase voltage value obtained
is very similar to the one obtained in simulations with the model adopted, consid-

ering the same operating point.
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2.9 Conclusions

This chapter presented an inductance based lumped-parameter dynamic model for

IPM machines considering iron losses.

Thanks to the dynamic update of the inductance values and permanent magnet
flux in the machine, the dynamic model allows to take into account iron saturation,

magnets working points and cross saturation effect on the d — ¢ axes.

The input data set of the model are easily computed by means of 2D FEA, employing
frozen permeability method. The model inputs are based on d — ¢ reference frame

equations.

The magnetic model is implemented with a variable inductance matrix and the iron

losses are modelled with a variable resistors put in series in each phase.

Generally iron losses are represented with an equivalent resistor in parallel, actually
what can be measured on a real setup is an increase of the voltage drop across the
motor terminals when the iron losses increases, while there is no change in the motor

phase currents.

The iron losses maps for different operating points (i.e. i, i, points) at different
speed values are computed with 2D FEA. The maps are introduced in the model in
a 3D lookup table: in this way for each operating point at a specific speed, the right
losses value is considered. The iron losses value computed via 3D lookup table is
the power dissipated by the variable resistor and then according to the Ohm’s law

and the instantaneous phase currents is converted in an equivalent resistance.

The model was validated on a reference machine and the experimental results are

in good agreement with the model ones.
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3. Electrical Machines Design and Opti-

mization

The optimization of electric motors has become a critical field of research and de-
velopment in light of growing efficiency requirements, sustainability goals, and in-
creasingly demanding performance specifications. Modern applications, spanning
from industrial automation to electric vehicles, require machines that not only de-
liver high power and torque but also maintain minimal losses, high reliability, and

competitive cost.

Building upon the theoretical foundation of synchronous motor modeling estab-
lished in the previous chapter, this chapter shifts the focus from the analytical
representation of electromagnetic behavior to the systematic design optimization
of the machine. While the previous chapter detailed how non-linearities and flux
linkages define the motor’s operation, this stage focuses on determining the optimal
physical dimensions, specifically the stator diameter and stack length, required to

meet specific performance targets.

The purpose of this method is to find the minimum stack length for a given set of
stator outer diameters that ensures the desired performance while respecting the
thermal equilibrium of the machine. By integrating iron losses into the analytical

sizing loop, the model provides a robust tool for early-stage design.

The following sections describe the fundamental performance metrics, the main cat-
egories of design variables (geometric, electromagnetic, and thermal), and the ap-
plication of the framework to a case study. This optimization process highlights
the inherent geometric and thermal constraints of conventional motor architectures,
setting the stage for the advanced manufacturing solutions discussed later in this

thesis.

The application of the framework to a case study motor is presented, highlighting
how optimization leads to significant improvements in terms of efficiency and weight

reduction.
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3.1 General Overview

As weight and mass reduction becomes evermore a crucial objective in transport ap-
plications such as aerospace, marine and traction, the need for higher power density

electrical machines is becoming ever more important [1], [2].

Electrification efforts over the whole transport industry have in the past few decades,
achieved very important improvements of system and sub-system performances, such
as efficiency and power density. In the aerospace industry, the more electric [3]
and the all electric [4] aircraft initiatives have resulted in modern aircraft employ-
ing electric systems that can improve improve efficiency, emissions, reliability, and
maintenance costs [5]. For traction applications, the need for high performance,
high efficiency and at the same time cost-effective traction electrical machines has
resulted in the development of compact electric drives with a high level of torque

per volume ratio [6], [7].

In maritime operations, traditional diesel engines are however much more common
among the majority of the applications. The concept of turbo-electric systems has
been used in marine applications for decades [8]. While being highly consolidated
and proven to be the most efficient system to date, however the inclusion of internal

combustion engines still results in a significant environmental impact [9].

In fact, fully and/or hybrid electric propulsion has also become an interesting solu-
tion to transform the maritime industry [10]. Typical examples of hybrid solutions

are given in [11], which presents two different design criteria, namely:

« one aiming to ensure that the engine-generator group runs at fixed speed and

power;
« another focusing on variable power and speed operation points.

In all these applications, the performance and quality of the electric drive is paramount.
In particular, electrical machines with a high power density is critical [12]. In [13]
a design method for a stator core shape for an improvement in power density of
a small surface-mounted permanent magnet (SPM) motor is proposed. The stator
core shape design method improves the machine’s power density by reducing the

machine weight without compromising the operational torque.
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3.2 Analytical Design of the Reference Machine

The requirements for the reference machine are reported in Table 3.1.

Table 3.1: Requirements

Parameter Symbol Value Unit

Nominal power P, 10 EW

Nominal speed n 6000 rpm
DC BUS voltage Ve 48 Vv

Power density Pien 2 kW /kg
Number of phases m 3 -

Due to the nominal operating speed, the number of pole pairs p is fixed at six. The

operating frequency at the nominal working point would be found according to (3.1).

pn
="— =600 3.1
At this operating frequency iron, AC and magnet losses becomes consistent. To

mitigate the amount of iron losses a M250 or NO20 lamination is recommended;

hereafter, for the analytical design procedure an M250 lamination is chosen.

Regarding the magnets, NdFeB N42SH are chosen for the analytical design proce-
dure. Considering the operating frequency at nominal conditions, a segmentation

will be recommended to mitigate magnet losses.

Since the motor will be cooled with natural air convection, a desired value for the

current density j . inside the slot is 6 A/mm? with a slot filling factor of 0.4.

The analytical procedure considered for the design of the reference machine is the

one reported in [14].

The airgap flux density at noload By for SPM machines can be found as in (3.2),
where B,.,, is the remainance of the magnet, u,; is the relative permeability of the

magnet and ¢, is the magnet thickness.
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Brem
(3.2)

By = ——rem
g0 Krel9
14 .

Considering that generally the ratio ¢,,/g ~ 3 = 6 it can be taken as a first approx-

imation By ~ 0.75B;¢m.
The desired torque at nominal power can be computed according to (3.3).

b (3.3)

T= "%
60

As known, the torque can also be expressed as in (3.4), where k,, is the winding
factor, K, is the peak electric load, égl is the first harmonic flux density in the

airgap and Lg; is the stack length.
s AoA T
= —kwKnglszLstk (3.4)

V2

The electric load represents the current that is distributed on the airgap and can be

T

found according to (3.5).
o 3kyNov2I
B = — .
s 7TD,L' (3 5)

Dividing the numerator and the denominator for QQ, another expression for the elec-

tric load can be found.
(3.6)

2 kw]slot

° s

Generally the electric load stays between 30 and 100 kA /m
The first harmonic flux density can be found as in (), where By, is the magnetic
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load in the airgap and «of, is the electric angle spanned by the magnet.

A

4
By = —Bysinay, (3.7)
7r

The magnetic load depends on the iron saturation and generally it stays between

0.7Tand 1 T.

The ratio between the stack length Ly, and the airgap diameter D, can be found

according to the empirical equation reported in (3.8).

L. 1+23
= 3.8
= (3.5)
Here, LDS—;’C = \1/% is chosen.
Considering the variation of flux density due to the current reported in (3.9).
KD
ABS /,605Hs o g (39)

And knowing that the magnet thickness is expressed according to (3.10), where ¢ is
the relative permeability of the magnet, ¢” = gk. ks, is the equivalent airgap which
take into account the Carter’s coefficient £, ~ 1.1 and the saturation coefficient

ksat ~ 1.2.

By

— x4 3.10
Brem - Bg() i ( )

b = Mrelg”
It is possible to find the electric load, the airgap diameter and the stack length.

The stator design starts with the definition of the slot pitch according to the empir-

ical equation reported in (3.11), where D, is expressed in mm.
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D
ps = 1.6,/ =2 (3.11)
b
Then the number of slots is obtained as in (3.12).

mD,
Ds

Q=

(3.12)

Then the number of slots per pole per phase can be computed as shown in (3.13).

qg=—— (3.13)

So, ¢ = 0.5 is chosen and the number of slots and the slot pitch are computed as a

consequence.

Imposing a desired flux density in the tooth, the tooth width can be computed as
in (3.21), where B; = 1.6T is the desired flux density in the tooth and ¢ = 0.96 is

the stacking factor.

Byo + 0B,

S“Ss ].4
B, P (3.14)

Wy =

In the same way the back iron thickness can be found, starting with the computation
of the magnetic flux through the back iron as a function of the total flux at load

conditions ¢yqq4, as shown in (5.24), where a,, is the angle spanned by the magnet.

_ ¢load _ }

D,L,
Db 5 5 (BgangLstk + ABsgptk> (3.15)

Consequently, considering a flux density in the back iron By; = 1.3T', the back iron

thickness is found according to (3.16).
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P

b =
Bbi Lstk Cs

(3.16)

Then the slot surface must be computed in order to obtain the external diameter of
the machine. The rms phase current necessary for the torque generation is found as

in (3.17), where N, is the number of turns per phase.

D,K,
[y = =978 (3.17)
3 kwNpn\/2

Fixing a desired current density j,,., of 6 A/mm? with a slot filling factor of 0.4 and
considering 6 parallel connections, the slot surface can be found according to (3.18),

where n., is the equivalent number of conductors in series per slot.

I,
Sslot = Ne¢s— (318)

rms

From this the slot dimensions can be found and, then the outer stator diameter can

be obtained as shown in (3.19).

D, = D, + 2hg + 2hy; = 148mm (3.19)

3.3 Analytical Volume Minimization

For a lot of applications maximizing the power density of the motor is the main
task. So one of the key point is to obtain the desired performance from the machine

with the minimum volume.

The analytical procedure reported hereafter allow to find the minimum stack length
of a motor to reach the desired performance. This procedure can be applied consid-

ering different external stator diameter.
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The analytical procedure considers also the iron losses: starting from a reference
machine, the iron losses of this machine are computed via preliminary 2D FEA

simulations or they can be estimated analytically.

Figure 3.1 shows a flowchart of the proposed optimization method.

Analytical Design 2D FEA

Simulation

of a Reference
Machine

Reference Volume

Iron Losses Coefficient

( kfe ) Computation

[De,min De,maw ]

N

Hy¢ , Sqot Maximum Current Density Allowed
kfill ) Q jrms,max
Desired o

Torque T Minimum Stack Lenght L g

Figure 3.1: Flowchart of the proposed optimization process.

The data of the reference motor are reported in Table 3.2.

Table 3.2: Reference Motor Data

Parameter Symbol Value Unit

Stator outer diameter D ,ef 148 mm
Airgap diameter Dy rer 98 mm
Stack length Lthref 34 mm
Current density Jrms,ref 6 mﬁl 5
Torque Trer 17.7 Nm

Joule losses P ey 166 W

Iron losses Piyey 262 w

The main input for the analytical process are resumed in Table 3.3.
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Table 3.3: Reference Motor Data

Parameter Symbol Value Unit

Desired torque T 16 Nm
Heat flow coefficient Hy 2300 %

Stator outer diameter vector D, [100 ... 160] mm
Diameters ratio D, atio 0.65 —
Magnetic load Eg 0.9 T
Tooth induction Et 1.7 T
Stator yoke induction By, 1.5 w
Slot filling factor ki 0.4 —
Stacking factor ki 0.96 —
Polar expansion coefficient kpp 0.93 —

The flux in the airgap can be expressed according to

®, = B,mDy Ly (3.20)

Where D, and Lg;, are respectively the airgap diameter and the stack length of the
optimized machine. So the tooth width and the stator yoke can be found considering

the desired operating point.

s (3.21)

B Bthtk ksth

Wy

Substituting (3.20) in (3.21), the expression of the tooth width is found indepen-
dently from the stack length. Figure 3.2 (a) shows the resulting teeth width for

different stator outer diameters.

w, = Ba™a (3.22)
Btksth
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The same procedure is applied to find the stator yoke. The results obtained are

reported in Figure 3.2 (b).

A

— q)g _ BQW‘DQ 3.93
— _ (3.23)
By Lagksrdp  Buiksiedp
x1073
0.01

£
£ 0.008 g
c

= ol
= 0.006 5
= 3

= &4
= 0.004 z
3 g

= =
0.002 &

0 — . 0 - - - - - |
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.1 0.11 0.12 0.13 0.14 0.15 0.16
External Diameter [m)] External Diameter [m)]
(a) (b)

Figure 3.2: Tooth width (a) and stator yoke (b) for different stator outer diame-
ters.

The total stator iron surface can be found summing the total teeth surface and the
total surface of the back iron, as shown in (3.24), where D, = D, — 2hy,; is the
diameter at the end of the slot and D; = D, + 2g is the inner stator diameter.

Dy, — D;
Ste;ror = Sget + Stepi = thbT +7/4 (D? - D?) (3.24)

The slot surface can be found according to (3.25) where Syqi0r = T (D2 — D7) is the

total surface of the stator.

Ss ator S e,7OT
SSlOt = tQt <1 - sttator ) kpp (325)

As well known, the joule losses can be expressed as in (3.26).
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Pj = stslotkfilljfms[/stk (326)

This expression neglects the end windings. For this reason this procedure should be

applied to concentrated windings.

The iron losses of the machine can be expressed simply as a function of the iron
losses obtained from the 2D FEA simulations of the reference machine. An iron
losses coefficient ky. is computed to find the iron losses as a function of the length

D? D?

of the stack as shown in (3.27), where V,.; = M[&stk is the stator volume

of the reference machine.

_ Preses D2 = D}

ke 3.27
S TSP (3.27)

So, the iron losses can be expressed as in (3.28).
ID@' = kfeLstk (328)

The dissipating power of the machine is given by (3.29) where Sy = ko kimDe Ly, is

the dissipating surface of the considered machine.

Py = H;Sy (3.29)

To compute the dissipating surface some coefficients can be added in order to include
also the fins and the fact the the length of the frame is major than the stack length.
In this case, two coefficient are introduced: k,; that take into account the wings of

the frame and k; that increase the stack length accordingly to the frame length.

To respect the thermal equilibrium of the machine, the dissipating power of the

machine should be major than the total losses (joule losses and iron losses), as in
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(3.30).

P> P+ P, (3.30)

So, converting the inequality into a mathematical equality, it is possible to find the
expression of the maximum rms current density allowed by the machine’s thermal

limit independently from the stack length, as shown in (3.31).

. ™ DeH f— k fe
Jrmsmaz = \| Ao 3.31
rms,max J QpSslot klel ( )
The trend of the current density as a function of the outer stator diameter is reported

in Figure 3.3 (a).

Imposing this current density to the machine, the minimum stack length that allow
to obtain the desired torque can be found. Starting from the torque expression,
reported in (3.32), the stack length is obtained considering the maximum electric

loading K, computed using Jrms,mazs & shown in (3.33).

1. . D
T = SB,R, = Dyr L (3.32)
2T
Lok = = 3.33
" BKDer (3:33)

In this way the machine with the minimum volume that allows to obtain the desired
performance is found for different stator outer diameters. The resulting stack length
are reported in Figure 3.3 (b) as a function of the outer stator diameter. The volume
of the machines obtained considering different stator outer diameters is reported in
Figure 3.3 (c). A first analytical estimation of the efficiency considering iron and

joule losses is reported in Figure 3.3 (d) as a function of the external diameter.
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Figure 3.3: Current density (a), stack length (b), volume (c) and efficiency (d) for
different stator outer diameters.

With this method a set of thermally feasible machines that allow to obtain the
desired performance and minimize the volume is obtained. From these analytical
consideration it is evident that the machine volume increase significantly with the

outer stator diameter, so the power density is expected to decrease.

3.3.1 2D FEA Validation

In the following the results obtained from the analytical optimization are verified via
2D FEA. The machines simulated are reported in Figure 3.4. The nominal operating

point is considered for all the motors.

53



Electrical Machines Design and Optimization
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Figure 3.4: Simulated machines: a) D, = 100mm, b) D, = 110mm, ¢) D, =
120mm, d) D, = 130mm, e) D, = 140mm, f) D, = 150mm, g) D, = 160mm, h)
legend.
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The iron operating point is the same for every motor, as imposed with the optimiza-

tion design process.

For each machine the power density is computed. As expected from the analytical
optimization, the machines with bigger diameters and shorter stack length have a
higher volume, so higher mass (see Figure 3.3 (c¢)). As a consequence, their power
density is lower compared to the ones with lower outer diameter and longer stack,

as shown in Figure 3.5 (a).

Nevertheless, the machines with higher power density have lower efficiency and high
current density in the slots. Figure 3.5 (b) shows a comparison between the efficiency

obtained from the analytical optimization process and 2D FEA simulations.

4, 100 ¢
——2D FEA

= Analytical
¥ 35 98
~
Z 3
= 3] 1) e —
ey Z —
A 2.5 = 94+
§ £a)

2t 21
ch 9
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100 110 120 130 140 150 160 100 110 120 130 140 150 160
External Diameter [mm] External Diameter [mm]
(a) (b)

Figure 3.5: Power density (a) and efficiency comparison (b) of each machine for
different stator outer diameters from 2D FEA.

Considering all the aspects analyzed, a good choice for the specific application would
be the machine would be the machine shown in Figure 3.4 (d), the 130 mm outer
stator diameter machine. This machine ensures 3 kW /kg power density, 95.8 %

efficiency and 120.3 A rms phase current.
The main contributions of this analytical procedure are:

o The minimization of the total volume, so the weight, is obtained considering
the thermal equilibrium for each machine with different stator outer diame-
ter. Every machine design obtained through this method ensures the desired

performance in terms of nominal operating point and thermal management.

o As a consequence of the previous point, the power density for every machine
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design is maximized through this method.

e A good estimation of the efficiency of each machine is obtained analytically

thanks to the inclusion of iron losses in the analysis.

3.4
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4. Additive Manufacturing Applied to Elec-

trical Machines

Additive Manufacturing (AM), commonly known as 3D printing, has emerged as a
manufacturing technology in the field of electrical machine design and production.
By enabling layer-by-layer fabrication directly from digital models, AM allows the
creation of complex geometries, customized components, and material distributions
that are not achievable through conventional manufacturing methods. This opens
new opportunities for improving the performance, efficiency, and compactness of

electric motors.

In recent years, researchers have been exploring the potential of AM in producing
key motor components such as stators, rotors, and cooling structures. Additive tech-
niques enable optimized magnetic circuit topologies, improved thermal management,
and the integration of multiple functionalities within a single part. Furthermore,
the possibility of tailoring material properties (for example, through selective heat
treatments or graded compositions) allows designers to better balance magnetic,

mechanical, and thermal requirements.

However, despite its advantages, the application of additive manufacturing to elec-
tric motors still faces several challenges. Issues such as surface roughness, residual
stresses, anisotropy of magnetic properties, and scalability of production need to be

carefully addressed to ensure reliable and cost-effective implementation.

This chapter provides an overview of the current state and prospects of additive
manufacturing for electric motor applications. It discusses the main AM processes
suitable for magnetic materials, their influence on microstructure and magnetic per-

formance, and how these aspects impact overall motor design and optimization.
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4.1 General Overview

The expression AM includes a wide variety of techniques that create a component by
layer deposition using different type of materials (e.g. plastics or metals). Focusing
on EM manufacturing, the “Powder Bed Fusion” is the most employed method:
it melts or sinters particles of metal powder (e.g. aluminium and titanium alloys,
electric steels, soft magnetic composites, etc.) using a laser (e.g. SHS, SLM, SLS,

DMLS) or electron beam (e.g. EBM) [1], [2].

The AM technologies mentioned before require an energy source which leads to a

very high thermal gradient whose effects will be further explored in this Chapter.

From a theoretical standpoint, the efficiency of an electromechanical system is
strictly bound by its magnetic flux distribution. Conventional manufacturing forces
engineers to use simplified geometries (rectangles, circles, or laminations) that lead
to flux leakage and suboptimal power density. AM allows for Topology Optimiza-
tion (TO). By placing material only where the magnetic field lines require it, dead
weight is minimized. This aligns with the fundamental principle of maximizing the

magnetic loading while minimizing reluctance in the flux path.

From the point of view of iron losses, additive manufactured rotors or stators exhibit
much higher losses than laminated ones because of the solid construction, which
causes an increment of eddy currents induced in the part. All of these aspects are

deepened in Chapter 4.

For this reasons some scientific papers are focused on methods to reduce the iron
losses, in [3] a multi-material printing method is proposed to overcome iron losses

drawback in AM rotors.

AM introduces inherent material anisotropy, which is particularly interesting for
winding design in the case of high-frequency applications and for grain oriented

magnetic synchronous reluctance rotors [4], [5].

As Naseer et al. point out. [6], by innovating materials and component fabrication
technologies, it would be possible to make EMs with higher power density, increased
efficiency, and reduced weight/volume. In addition, the greater freedom in the
design and construction of complex geometries would allow the integration of heat

dissipation into the structural components of the EM itself with consequent thermo-
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mechanical benefit.

The construction of high-performance metal components by means of AM tech-
niques has reached high levels of maturity in a relatively short time and with even
good production volumes while still being relatively high in cost, which limits its
application to high-tech industries [7], [8]. For example, GE Aviation [9] from 2015
to 2021 made by means of "Metal 3D-printing" 100’000 pieces of its fuel nozzle.

More recently, Porsche Industry [10] has produced entirely by SLM its electrical
drive housing. It is a prototype, but compared with a weight reduction of 40%
compared with the same component made by conventional mechanical technologies,
the mechanical properties are almost the same. In addition, the production cycle

promises to be leaner.

AM allows a freedom of design and construction previously unknown in EMs by
paving the way toward entirely new geometries no longer constrained by previous

planar-symmetry parameters.

In 2013 Aguilera et al.[11] constructed nonmetallic structural components within

the active components such as magnets and windings can then be inserted.

The first "metal additive manufactured" rotors appear in 2016 as demonstrated by
the attempt made by Selective Laser Melting (SLM) by Lammers et al. [12]. Due
to the lack of specific materials, Lammers et al. chose H13, which was identified
as the most suitable AM material and it is formed by adding alloying elements to
carbon steel, to build their prototype to compare with a commercial target rotor in
order to test its mechanical and electromagnetic properties in order to scientifically

validate their method.

The poor magnetic properties were attributable to the martensitic microstructure
with austenite parts of H13; however, by performing heat treatment in a furnace
under "argon atmosphere" at 780°C for 20 minutes with subsequent slow cooling in
the furnace, a significant improvement in the permeability of their prototype was
possible. On the other hand, since the rotor was not structured with laminations
the energy losses due to eddy currents became dominant as the frequency increased.
Obvious were the mechanical advantages as they reduced the mass by 25% and the

mass moment of inertia by 23%, which meant a restriction of the initial acceleration
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transient by 23%.

Starting from 2018, there has been a strong acceleration of research in the field of
AM applied to EMs as evidenced by the appearance of an increasing number of
papers on the subject devoted to the design and implementation of new geometries
for "active" and "passive' components and the development of hard or soft magnetic
materials specific to the AM techniques. In [13], authors printed a full E-type
transformer core, then they present a comparison between its properties and the
ones of commercial FeSi alloys, with particular focus on iron losses generation. This

aspect will be further analyzed in Section 4.4.

This push for scientific research can be attributed, according to Wrobel et al.[1],
to the 18% growth that the AM market, to be understood as "hardware, materials,
software, manufactured parts' related to the aerospace, biomedical, automotive etc.
industries, has accomplished just in 2018, settling at $9.3 trillion and with even the

future forecast to exceed $41 trillion in 2027.

AM offers the possibility to optimize the plunger geometry of reluctance tubular
machines, as authors do in [14]. In Figure 4.1, the mock up prototype of machine’s
plunger pole is reported; thanks to additive manufacturing it was possible to ex-
plore more geometries with a different number of flux barriers, with the purpose of

maximizing the performance of the machine.

Figure 4.1: Additively manufactured mock up prototype of the plunger pole of the
synchronous tubular machine with five layers [14].

In addition, thanks to AM, it is possible to optimize the geometry of electrical ma-
chines windings, with the purpose of maximizing the slot filling factor and obtaining

a better current distribution in the slots, leading to a maximization of the perfor-
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mance of the machine, as shown in [15], [16] and [17]. Another important application
of Am in electrical machines regards the cooling system, which can be optimized to

reach the desired power dissipation, as shown in [18] and [19].

Taking a cursory look at the items selected and studied, it can be said that about half
of them involve "Laser Powder Bed Fusion" (L-PBF), used in [20]. This is explained
by virtue of the high manufacturing densities it provides. About one-fourth of the
articles concern different extrusion methods that are well suited for the production
of low-density parts and also of permanent magnets, by virtue of the advantages
that the non-homogeneous structure can guarantee in PMs. Other AM techniques
for metallic materials pioneered in the field of EMs are "Electron Beam Melting"

(EBM, "Direct Energy Deposition" and "Bitter Jetting" (BJ).

AM application in the EM field has reached different grades of maturity. Large-scale
production using AM is possible for the non-active assemblies for mechanical and
thermal management. On the other hand, active parts such as windings, magnetic
cores and permanent-magnets have a lower maturity. With AM, however, it is
possible to design structures for these components that are impossible to realize

through conventional manufacturing techniques [21].

The power density of a high-performance EM is not limited by its electromagnetics,
but by its thermal limits. Heat dissipation is proportional to the surface area in
contact with the coolant and AM enables the integration of internal cooling channels
and lattice structures that exponentially increase the surface-to-volume ratio. This
allows the system to operate at higher current densities (J) without exceeding the
insulation’s thermal class, effectively shifting the theoretical "thermal ceiling" of the

machine.

4.2 AM Technologies

In general, the term "Additive Manufacturing" refers to those technologies of building
layer upon layer from a 3D model in .STL format through seamless digital Computer
Aided Design (CAD) and Computer Aided Manufacturing (CAM) integration; by
varying the material used, the energy source and other macroparameters, different
AM techniques can be specified. For the American Society for Testing and Standards
(ASTM) [22] there are 7 types of AM:
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. Vat Photopolymerisation (VPP): the liquid photopolymer in a vat is selectively

cured by light-activated polymerization;

. Material Jetting (MJT): the droplets of build material are selectively deposed;

. Binder Jetting (BJT): the liquid bonding agent is selectively deposited to join

powder materials;

. Material Extrusion (MEX): the material is selectively dispensed through a

nozzle or orifice;

. Powder Bed Fusion (PBF): the thermal energy selectively fuses regions of a

powder bed;

. Sheet Lamination (SL): the sheets of material are bonded to form an object;

. Direct Energy Deposition (DED): the focused thermal energy is used to fuse

materials by melting as they are being deposited.

Variable subclasses can also be identified for each of the previous 7 main classes

based on the materials with which they operate.

4.2.1 AM for Polymers

As can be seen in Figure 4.2, taken from [23], PBF applied to polymeric materials
includes "Multi Jet Fusion" (MJF) and "Selective Laser Sintering" (SLS).

" v ¢
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agent + energy laser Filament Granulate UV light laser projector
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Sintering Modeling Freeforming

R ENERGY w * * (A

1 1
- Riw
(66'$) | HoT! (;7» HoT! B 66 (609 ~:

B v v v v v

Figure 4.2: Schematic representation of AM technologies for polymers [23] (Graph-
ics were created by Prof. Dr.-Ing. Steffen Ritter from Reutlingen University, Ger-
many in cooperation with Formnext/Mesago Messe Frankfurt GmbH, Germany ©).
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In MJF, the process begins from layer of polymer powder. Then, liquid droplets are
applied to the powder layer and, thanks to a infrared source, the material is melt.
The SLS exploits a movable laser beam which sinters the polymer powder locally
layer by layer. The component is generated by solidifying its cross section in each

layer.

MEX applied to polymers include the "Fused Deposition Modeling" (FDM), used in
[24], and the "Arburg Plastic Freeforming" (APF). The FDM uses a hot nozzle unit
to plasticize a polymer filament. The APF instead of a wire-shaped plastic uses a

plastic granulate.

The "Material Jetting" for polymers (MJ) applies locally and layer by layer small
droplets of photopolymer through many nozzles and, instantly, cures the viscous

photopolymer by mean UV-light.

The "Stero Lithography" (SLA) and the "Direct Light Processing" (DLP) are two
examples of VPP applied to polymers. The SLA cures selectively the viscous pho-
topolymer in layers by means of a movable laser beam. The DLP polymerizes the

exposed photopolimer layer by layer using a projector.

In [25] an interesting application, which uses 3D printed polymers, is presented for

lightweight silicon photovoltaics technology.

4.2.2 AM for Metals

In Figure 4.3 there is a schematic recap of the AM technologies that could be applied
to metals. About PBF, it’s possible to recognise the "Selective Laser Melting" (SLM)
and the "Electron Beam Melting'. The SLM melts locally layer by layer the selected
metal powder by means of a movable laser beam, thus solidifying a cross-section of
the component. Compared to sintering there is a higher density of the component
and a different microstructure due to the different process of consolidation which
leads to greater mechanical characteristics for the same material used. The main
challenges of this technology are deeply analyzed in [26]. The EBM works in the
same way, but instead of a laser, it uses an electron beam to melt locally layer by
layer the selected metal powder; for this reason the EMB can be used with only few

metals (e.g. titanium, tungsten, Co-Cr, Inconel 718, etc.).
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Figure 4.3: Schematic representation of AM technologies for metals [23] (Graphics
were created by Prof. Dr.-Ing. Steffen Ritter from Reutlingen University, Germany
in cooperation with Formnext/Mesago Messe Frankfurt GmbH, Germany ©).

The "Laser Engineering Net Shape" (LENS) [27], the "Metal Powder Application'
(MPA) and the "Wire and Arc Additive Manufacturing" (WAAM) are DED tech-
nologies. The LENS applies and melts the metal material simultaneously by a laser

beam. The solidification of the melt generates new layers.

The MPA, also called "Cold Spray", applies the metalic powder with very high
kinetic energy layer by layer; in this way, the component is close to the final shape

and it’s also possible to combine more materials.

The WAAM applies locally and layer by layer the melted metal wire by means of
the arc welding; in this way, it’s possible to quickly produce near-net-shape metal

components.

The MEX for metals is called "Fused Deposition Modeling" (FDM) and plasticizes
a metalic filament by means of a hot mozzle unit and doses selectively the material

layer by layer.

The "Binder Jetting" for metals (BJ) applies selectively tiny binder droplets onto

metal powder by means of many nozzles to stick it layer by layer.

In the end, the MJT applied to metals is called "Nano Particle Jetting" (NPJ). The
NPJ doses selectively and locally a solvent fluid cointaining nano-metal particles;

when the solvent evaporates the nano-particles bond togheter. The components

made by FDM, BJ and NPJ must be sintered afterwards.
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4.2.3 AM for Other Materials

Watching the Figure 4.4, the tecnologies for other materials are pretty similar to

those we have already discussed in the previous "subsection".
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Figure 4.4: Schematic representation of AM technologies for other materials [23]
(Graphics were created by Prof. Dr.-Ing. Steffen Ritter from Reutlingen University,
Germany in cooperation with Formnext/Mesago Messe Frankfurt GmbH, Germany
©).

It’s possible to add that the MEX of composite material is called "Continuous Fila-
ment Fabrication" (CFF) and uses a hot nozzle unit to plasticize selectively a wire-
shaped plastic that is dosed layer by layer around continuously deposited reinforcing
fibers. Another MEX technologies is the "Paste Extrusion Modeling" (PEM) which

doses selectively layer by layer any pasty material by means of a piston-nozzle.
The BLT joins with a bonding agent sand or gypsum.

The MJT is called "Drop on Demand" because it microdoses selectively, through

many nozzle, heated wax droplets layer by layer.

The SHL laminates composite or paper and is called "Selective Deposition Lami-
nation" (SDL) or "Laminated Object Manufacturing" (LOM). Nozzles are devices
that are designed to control the direction or characteristics of a fluid flow, usually to

increase its velocity. In this application, they are used to guarantee a good level of
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precision to apply locally adhesive to the respective material layer. Each level can be
stacked and laminated directly or subsequently and, then, the finished component
can be cut out along the contour. Nozzles are devices that are designed to control
the direction or characteristics of a fluid flow, usually to increase its velocity. In this
application, they are used to guarantee a good level of precision to apply locally
adhesive to the respective material layer. Each level can be stacked and laminated
directly or subsequently and, then, the finished component can be cut out along the

contour.

4.2.4 AM for EMs

Focusing on EM manufacturing, the “Powder Bed Fusion” is the most employed
method: it melts or sinters particles of metal powder (e.g. aluminium and titanium
alloys, electric steels, soft magnetic composites, etc.) using a laser or electron beam.

It is possible to classify the following PBF techniques:

 Direct Metal Laser Sintering (DMLS)

Electron Beam Melting (EBM)

Selective Heat Sintering (SHS)

Selective Laser Melting (SLM)

Selective Laser Sintering (SLS)

After the previous general review about the AM technologies for metal aditive man-
ufacturing, a particular focus should be dedicated on the main ones among them

that are used for fabricating permanent magnets, like cold spray.

Cold Spray, also called "Metal Powder Application", is recently applied to the fab-
rication of PMs. In a CS process, the fine magnetic particles, in a compressed gas
stream, are hurled at high-velocity, in general higher than 300 m /s, throw a substrate
or backing plate; they deform plastically so they can mechanically interlocking and

metallurgically bond creating a layer.

The metalic powder remains solid state during the entire deposition process and, in
this way, the thermal defects, e.g. oxidation and thermal stresses, are not seen in
the PMs so made. Moreover, CS lets to spray on metalic surface as the rotor core.

In this way, it possible to obtain complex near-net-shape geometry.
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4.3 Origin of Mechanical Defects

There are different kind of defects that can be originated from distinct factors. Some
of them can be related to the powder, such as trapped gas or surface contamination
and oxidation. Besides, others can be related to the process, like the lack of fusion

porosity, formation of columnar grains or surface finish and roughness [28].

It is also important to take into account the possibilities of defects generation after a
post processing treatment, as it can be annealing, which can cause thermally induced
porosity. Limiting the arise of these kind of defects is fundamental to obtain a part

with the desired mechanical properties.

One important parameter to set in an additive manufacturing process is laser energy
input, which can affect significantly the mechanical properties of the material. In
fact, increasing the energy input brings to an improvement in powder melting and
a reduction in melt-pool instabilities, so the part becomes more dense. Anyway,
as said before, the increment of energy input leads to spherical pores and cracks

generation, which cause difficulties for the part to reach full densification.

When the energy input is high the melt-pool shape changes from flat to protuberant,
the conduction mode welding is replaced by key-hole welding. The surface vapor-
ization of material brings to the formation of a key-hole. In this process, the gas
bubbles generated can remain trapped inside the melt-pool during the solidification

process.

Thermal stresses are the main cause which brings to the formation of cracks during
SLM process. In fact, since SLM process bases its working principle in the concen-
trated application of high energy in a short time in the same point, tensile residual

stresses could be introduced in the part.

Considering this and the low heat conductivity of the powder bed, an high thermal
gradient is generated near to the laser spot. In these conditions, differential thermal
expansion are generated, so the heat affected zone, that presents a reduction of the
tendency to expand due to the surrounding material is inhibited by the surround-
ing material, could be plastically compressed. During cooling, tensile stresses are

generated because of the upper layer’s tendency to contract.
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4.3.1 Effects of Annealing on FeSi6.9

Annealing is the process of heating a metal or alloy to a temperature below its
melting point in order to improve its mechanical characteristics. In [29] authors
investigate the effects of annealing on the properties of FeSi6.9 produced by SLM.
Some sets of different samples were manufactured with different shapes: cubic, wall
and ring. Then they were annealed in argon atmosphere for 1 h at four different
temperatures (400 °C, 700 °C, 900 °C and 1150 °C) before furnace cooling. Au-
thors noticed that, thanks to the annealing at 900°C, the melt-pool boundary lines
disappear, probably because of the dissolution of silicon in the solid. At 1150°C,
the sample has an homogenized microstructure, which presents a non-uniform grain

size, so the recrystallization process has not finished yet.

The technique used to do these analysis is electron backscatter diffraction (EBSD),
which is a scanning electron microscopy (SEM) technique for material characteriza-
tion, in which the electron beam is scanned across the surface of a tilted crystalline
sample; the diffracted electrons at each point form a pattern that can be detected

and, then, analyzed with appropriate hardware and software.

The results obtained shows that annealing does not modify the < 001 > texture
induced by SLM in the building direction (BD), so it can be used to improve mate-
rial’s mechanical and magnetic properties without weakening the beneficial crystal-
lographic texture induced by SLM. The properties obtained from the tests done on
the as-built and annealed ring samples are resumed in the following points with a
comparison with a commercial grade of electrical steel high-Si. These results shows

that:

o The permeability grows with the increase of the annealing temperature, reach-
ing the value of the commercial sample. This happens thanks to the fact that
stress relief and grain growth reduce the amount of lattice defects, that cause
permeability reduction since they act as pinning sites for the magnetic domain

walls.

e Induction B, which is the flux density at an applied field strength H =
1000A/m, increases with annealing temperature; otherwise, Bsg is little af-

fected by annealing, which means that the considered applied field is strong
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enough to overcome most of the manufacturing-induced obstacles to magneti-

zation.

o Hysteresis loss, expressed in terms of H., decreases with the increase of the

annealing temperature.

e The remanence B, has a non monotonic dependence with the annealing tem-
perature. Its initial increase is due to the effect of the residual stress relief,
but, then, thanks to grain enlargement, the defect density decreases, hindering
demagnetization and leading to a reduction in Br at high annealing tempera-

ture.

o The total power loss decreases with increasing annealing temperature, with
a trend similar to the one of H.. This suggests that the eddy current loss

component does not increase significantly with grain growth.

Materials produced by Selective Laser Melting (SLM) generally exhibit a very fine
microstructure, owing to the rapid solidification rates that characterize the process.
This results in a small grain size, which negatively affects the magnetic properties of
the printed material. Indeed, the high density of grain boundaries hinders domain
wall motion, leading to increased hysteresis losses and lower magnetic permeability.
Consequently, as-printed SLM materials are often not suitable for practical elec-
tromagnetic applications without further post-processing. In this context, anneal-
ing treatment becomes essential, as it promotes grain enlargement and relieves the
residual stresses generated during fabrication. These microstructural modifications
improve the magnetic response of the material, making annealing a fundamental

step for the effective use of SLM components in electrical machine applications.

4.3.2 Effects of Annealing on FeCo049V2

For FeCo49V2 produced by SLM, the heat treatment consists of pre-annealing at
700°C for 2 hours, followed by annealing at 820°C' for 10 hours, as described in
[30] and [31]. The two-stage approach optimizes the microstructure for improved
magnetic performance, as reported in Section 7?7, and allows to achieve more uniform
and larger grain size which is known to be beneficial for reducing hysteresis losses

and increasing permeability.

The as-built and heat-treated samples, illustrated in Figure 4.5, underwent tensile
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testing to assess their mechanical properties and evaluate the material’s printability
under various conditions, such as variations in thickness, the presence of air gaps,

and different laser building directions.

Figure 4.5: FeCo49V2 samples used for tensile testing to evaluate the mechanical
proprieties of the additively manufactured material.

Table 4.1 summarizes the key findings of the tensile tests. The heat treatment
significantly altered the mechanical properties of the FeCo49V2 alloy.

Table 4.1: Mechanical of as-built and heat-treated Fe-Co-V samples.

Tensile strength Yield strength Elongation at break

R,, [N/mm?3 Ry, [N/mm?] As [%]
As built 900 - 1000 800 - 900 5-20
Heat-treated 250 - 280 290 - 330 2-15

The as-built samples exhibited high tensile strength (R,,) ranging from 900 to 1000
N/mm? and yield strength (R,p.2) between 800 and 900 N/mm?.

After heat treatment, both tensile and yield strength decreased, with tensile strength
falling to 250-280 N/mm? and yield strength to 290-330 N /mm?.

The observed reduction in strength is likely attributed to the relaxation of internal
stresses during the heat treatment process and to the reduction of grain boundary

strengthening associated with larger grain size.

Ductility, represented by the elongation at break (As), also exhibits notable changes.
The as-built samples show elongation values between 5% and 20%, indicating moder-

ate ductility, with variation possibly linked to microstructural heterogeneity. How-
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ever, the heat-treated samples display a reduced elongation range of 2% to 15%,
signifying a substantial loss in ductility that can be attributed to embrittlement
mechanisms, grain boundary weakening, and/or the precipitation of brittle phases

during heat treatment.

The observed results highlight the need for a careful balance between desired prop-

erties based on the intended application.

Table 4.2 summarizes the key magnetic properties extracted from the DC charac-
terization of the FeCo49V2 samples. These properties are comparable to those of
Fe-Co alloys [32], and also, in particular, to the Fe-Co-1.5V alloy produced by Laser
Engineered Net Shaping (LENS) [33].

The data presented include the maximum applied magnetic field strength (H pax),
the corresponding magnetic flux density (B), the magnetic field strength at which
maximum relative permeability occurs (H,, .. ), and the maximum relative perme-
ability (frelmax). These parameters are provided for each printing orientation 0°%

45°, and for the as-built (NO-h) and heat treatment (HT) conditions.

Table 4.2: Summary of DC magnetic properties

Samp]‘e Hmax [A/m] B [T] Hﬂmax [A/m] Mrel,max

0° NO-h 15005.55 1.883 2093.14 293.62
0° HT 14974.88 2.192 838.56 1415.50
45° NO-h 14998.01 1.805 1088.48 448.03
45° HT 14992.79 2.284 833.78 1475.76

The table indicates that heat treatment significantly enhances the magnetic proper-
ties, particularly the maximum relative permeability. For instance, the heat-treated
sample exhibits a firel max €xceeding 1400, roughly four times greater than that of
the non-heat-treated (as built) counterparts. It is noteworthy that between the
heat-treated samples, the 45° build orientation yields the highest saturation mag-
netization. However, the building direction does not strongly affect the magnetic

properties of the FeCo49V2 alloy.

Figure 4.6 compares the BH curves of the various samples.
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Figure 4.6: BH curves for the FeCo49V2 samples fabricated at 0° and 45° build
orientations, with and without heat treatment, and for traditional Hiperco-50 alloy.

The as-built samples, 0° NO-h (blue curve) and 45° NO-h (green curve), exhibit
a lower initial slope, indicating a lower initial permeability. In contrast, the heat-
treated samples, 0° HT (red curve) and 45° HT (yellow curve), show a steeper initial

slope, suggesting a substantial increase in initial permeability.

The heat-treated samples also demonstrate higher saturation magnetization, partic-
ularly the 45° HT sample, which reaches the highest saturation point. The curves
for the heat-treated samples are nearly superimposed for the lowest field range, until
1000 A/m, and have the same qualitative trend at the highest applied fields, with a
little difference in favor of the 45° HT sample compared to the 0° HT.

The heat treatment markedly improves the magnetic properties compared to the as-
built samples, confirming its effectiveness in enhancing the performance of additively
manufactured FeCo49V2. Differences between build orientations are less significant,
especially in the initial magnetization region, suggesting a minor influence of build

direction on the magnetic properties for these orientations.

Focusing on the results of Figure 4.7, the as-built (NO-h) samples (blue and green
curves) exhibit low and relatively constant permeability as the magnetic field strength
increases. In contrast, the heat-treated (HT) samples (red and yellow curves) demon-
strate significantly higher permeability, especially at lower H values, indicating a

superior ability to concentrate magnetic flux.
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Figure 4.7: Relative permeability (u.e;) versus magnetic field strength (H) for the
FeCo049V2 samples fabricated at 0° and 45° build orientations, with and without
heat treatment, and for traditional Hiperco-50 alloy.

This aligns with the microstructural changes induced by heat treatment, which likely
promotes larger grain size and reduces defect density, thus hindering domain wall

motion less.

The permeability peak observed in the heat-treated samples highlights the existence
of an optimal operating range in which the magnetic responsiveness of the mate-
rial is maximized. This suggests that the heat treatment effectively modifies the
microstructure, enhancing domain wall mobility and thus improving the magnetic
response under specific excitation conditions. Such behavior is particularly relevant
for electrical machine applications, as it identifies the conditions under which the

material can provide the highest magnetic performance.

Moreover, the limited influence of printing direction on permeability, especially after
heat treatment, indicates that the optimized thermal treatment promotes a nearly
isotropic magnetic behavior. Although additive manufacturing processes typically
introduce directional anisotropies due to their layer-wise nature, the annealing treat-
ment appears to reduce these effects by homogenizing the microstructure and re-
lieving residual stresses. Consequently, the heat-treated material exhibits a more
uniform magnetic response, which is a highly beneficial feature for practical electro-

magnetic applications.

Hiperco-50 alloy is considered as a reference traditional soft magnetic material. The

chemical composition is the same of the powder used for the printed samples: it is
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an iron-cobalt soft magnetic alloy comprised of 49 % cobalt, 2 % vanadium, balance
iron. It still exhibits better magnetic performance, even compared with the annealed

samples.

Figure 4.8 compares the DC hysteresis loops and the results are summarized in
Table 4.3.

Table 4.3: Summary of DC hysteresis test for the FeCo49V2 samples fabricated at
0° and 45° build orientations, with and without heat treatment.

Sample  Hpo [A/m] Buee [T]  pr Jp [T] Hc [A/m]

0° NO-h 15024,86 1,885 99,85 0,892 1420,65
0° HEAT 15021,71 2,197 116,40 1,602 730,30
45° NO-h 15002,63 1,799 95,43 0,987 868,07
45° HEAT 14950,85 2,29 121,72 1,672 748,39
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Figure 4.8: DC hysteresis loops for the FeCo49V2 samples fabricated at 0° and 45°
build orientations, with and without heat treatment.

The NO-h samples show wider loops, indicating higher coercivity and hysteresis
losses, likely due to a higher density of pinning sites, such as grain boundaries and
defects, which impede domain wall movement. The HT samples exhibit narrower
loops, meaning lower coercivity and reduced energy losses. This improvement can
be attributed to the larger grain size and reduced defect density achieved through

heat treatment, facilitating easier domain wall motion.
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The narrower loops imply lower energy dissipation during magnetization reversal,
making the HT samples more energy-efficient. The minimal effect of printing di-
rection on the hysteresis loops, especially for the HT samples, further supports the

largely isotropic magnetic response after heat treatment.

Table 4.4 summarizes the magnetic properties of the samples at 20 Hz and 50 Hz,
highlighting the impact of heat treatment (HT) and build orientation (0° vs. 45°).
The HT samples consistently demonstrate superior magnetic performance, exhibit-
ing significantly higher relative permeability (pe) and remanence (Jr) compared
to the as-built (NO-h) samples. The specific losses (Ps) are higher for the heat-
treated samples, reasonably ascribable to the higher values of the maximum flux
density Bpax. The influence of build orientation is minimal, particularly after heat
treatment, supporting the conclusion that the optimized heat treatment effectively

mitigates any significant anisotropy introduced during the L-PBF process.

Table 4.4: Magnetic Properties at 20 Hz and 50 Hz

Hequeney Sample Hmax Bmax Hrel Jr Hc Pspec
[Hz] [A/m] [T] [T]  [A/m] [W/kg]

0° NO-h  6105.37 1.409 183.71 0.957 2536.13  28.19
0° HEAT 4395.70 2.000 362.07 1.694 2443.05  46.85

2 45° NO-h  5880.63 1.406 190.34 1.064 1988.48  26.87
45° HEAT 3981.94 2.005 401.10 1.759 2328.53  44.18

0° NO-h  5823.85 1.205 165.02 0.952 3608.68  90.32

0 0° HEAT 6180.02 1.703 219.93 1.571 3864.93 156.69

45° NO-h  6170.77 1.303 168.22 1.076 3283.16 100.74
45° HEAT 5545.67 1.699 244.48 1.573 3550.13  138.77

Figures 4.9 and 4.10 illustrate the AC hysteresis loops of the samples at 20Hz and
50Hz respectively. These measurements evaluate the dynamic magnetic properties
of the additively manufactured material and assess the impact of heat treatment

and build orientation on core losses under AC excitation.
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Figure 4.9: AC hysteresis loops measured at 20Hz for the FeCo49V2 samples, com-
paring the effects of build orientation (0° and 45°) and heat treatment (HT and NO-
h).
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Figure 4.10: AC hysteresis loops measured at 50Hz for the FeCo49V2 samples,
comparing the effects of build orientation (0° and 45°) and heat treatment (HT and
NO-h).

At 20 Hz (Figure 4.9), the NO-h samples (blue and green curves) exhibit significantly
wider hysteresis loops than the HT samples (red and yellow curves). This indicates
higher hysteresis losses in the NO-h samples, consistent with the DC hysteresis
measurements. The larger loop areas suggest a greater density of pinning sites,

hindering domain wall motion. The HT samples show narrower loops, implying
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reduced hysteresis losses. At this frequency, the effect of build orientation is minimal,

with both NO-h and HT curves for 0° and 45° orientations closely aligned.

At 50 Hz (Figure 4.10), the loop areas for all samples expand, indicating increased
core losses due to the growing contribution of both hysteresis and eddy current losses.
The HT samples maintain smaller loop areas than the NO-h samples, confirming
the continued benefits of heat treatment. Interestingly, while build orientation had
a minimal effect at 20 Hz, at 50 Hz the curves of the HT samples are almost su-
perimposed, whereas a slight difference emerges between the NO-h samples. The
green curve (45° NO-h) is slightly wider than the blue curve (0° NO-h), suggesting
a minor degree of anisotropy in the as-built material that becomes more apparent
at higher frequencies, possibly related to microstructural variations from the L-PBF

process.

The same measurements were performed at higher excitation frequencies. As an
example, the test at 500 Hz is reported, with the resulting hysteresis loop shown in

Figure 4.11. As expected, the loop areas increase for both the HT and the NO-h

samples.
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Figure 4.11: AC hysteresis loops measured at 500Hz for the FeCo49V2 samples,
comparing the effects of build orientation (0° and 45°) and heat treatment (HT and
NO-h).

Collectively, these AC hysteresis measurements highlight the effectiveness of heat

treatment in improving the dynamic magnetic performance of additively manufac-
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tured FeCo49V2, especially at relatively low frequencies.

4.3.3 Relationship between laser energy input, microstruc-
tures and magnetic properties of soft ferromagnetic

materials

Laser energy input is an important parameter which must be defined in a proper way
to obtain the desired performance from the material. With the purpose of defining
the better way to produce a part, it is a good starting point to analyze the correlation
between construction parameters and magnetic end mechanical properties of the

generated material.

Authors in [34] defined the main SLM parameters as recommended by the Realizer
SLM-50 manufacturer, which is an industrial desktop 3D printer made by Real.izer,
for processing stainless steel powders (Figure 4.12); in this way, the thermal and
optical properties of the material obtained are expected to be the closest to those
of silicon steel. Varying the scan speed (v), the effect of energy input £ = % on the
material properties can be studied. The energy input is a very important parameter,

which can affect a lot the crystallographic structure of a component generated using

AM, modifying its mechanical and magnetic properties.

TOP VIEW _
Z-AXIS Laser focus — Haich Spacing
(BD) position : |_|
X / Top view
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Side view
Layer [ y
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I (sD,) -
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(SDy) Scan of layer N-1
Scan of layer N
a) b)

Figure 4.12: Overview of the SLM processing parameters and laser scan strategy.
The build (BD) and scan directions (SDx and SDy) are indicated with respect to the
sample coordinates. In (a) the different views of the cubic sample are indicated and
the definitions of layer thickness and layer focus position are represented. Top view
of the sample with the bidirectional scan vectors is provided in (b) by Garibaldi et
al. [34]
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In Figure 4.13 (a) the porosity and pore morphology obtained in the samples are
reported, showing effects of the laser energy input. According to the results reported,
the samples obtained with laser energy input £ < 280% are characterized by large
pores with an irregular shape. Increasing the energy input, the pores present a more
regular shape, but crack generation is induced;in fact, considering £ > 420% little

spherical pores come out and crack formation is promoted.

As shown in Figure 4.13 the samples which ensure the best compromise between
part densification and crack formation are Si4 and Sagg. Considering samples Si40
and Ssgg, in Figure 4.14 the results of PFs are reported, which quantify the texture
intensities for the three crystallographic direction families < 001 >, < 101 > and
< 111 >. Both samples have a < 001 > texture along the building direction (BD).

Increasing the energy input to 280 J/m, the fiber texture in sample Sy49 becomes a

cube texture.
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Figure 4.13: Effect of processing laser energy input on sample porosity. In (a) the
optical micrographs of different SLM samples are shown (left), alongside the values
of percent porosity and c.c.l. plotted against laser energy input (right). The SEM
micrographs in (b) show two examples of irregular (left) and spherical pores (right).
The dashed and solid lines indicate the transversal and longitudinal melt-pool cross-
sections, respectively by Garibaldi et al. [34]
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So, the laser energy input largely affects the intensity of the texture, intensifying the
crystallographic texture along the BD; this is due to the amount of partial remelting,
which has increased, and the improved smoothness of the deposited layers, which
occurs when the energy input of the scanning laser is increased. Having a great

quantity of optimally oriented grains will lead to stronger texture intensities.

Furthermore, augmenting the energy input from 140 J/m to 280 J/m modifies the

< 001 > fibre-texture into a cubic texture, as shown in Figure 4.14.

S'I4|'.I

b)

Figure 4.14: Pole figures (PF) showing the preferred orientation of the < 001 >
crystallographic direction for samples Sagp and S149 and for three samples views
(front, side and top) by Garibaldi et al. [34]

Figure 4.15: SEM micrographs for the top view of sample Sagg the letter E and C
indicate regions of elongated and equiaxed grains, respectively by Garibaldi et al.
[34]

As a consequence, deeper melt-pools are generated, leading to a shift of about

90° in the growth direction of the cellulardendritic solidification structure. In the
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scanning plane, some grains have been produced with an elongated cross-section and
oriented following the solidification front normal. The morphological orientation has
also prompted a crystallographic texture and the EBSD results have shown that in
the scanning plane the < 001 > crystallographic axes follow the morphological

orientation of the grains.

The most common soft magnetic material used for the manufacture of electrical
machines is FeSi electrical steel [4]. In these alloys, there can be a different per-
centage of silicon, depending on the purpose of the specific application. Silicon is
a substitutional element which increases the resistivity of the alloy and reduces the
coercive field, so it leads to lower energy losses per (de)magnetization cycle. Thanks
to silicon’s properties, FeSi alloy is a very good soft magnetic material for electri-
cal machines, where it is responsible for carrying and amplifying the magnetic flux
density B. One of the most important properties for a soft magnetic material is the
magnetic relative permeability p, which strongly depends on the crystal direction of
the electrical steel; usually, in FeSi based alloys a preferential < 100 > crystal orien-
tation is obtained with a dedicated thermomechanical processing, which generates

a textured material (known as grain oriented electrical steel).

The magnetic relative permeability is optimum along any of the crystal direction
< 100 >. Compared to grain non oriented steels, grain oriented ones present a
magnetic relative permeability which is twice higher and much lower magnetic losses
(about one order of magnitude). Anyway, until now, grain oriented electrical steel
have been mainly used in transformers application, because the locked < 100 >
crystal direction cannot be optimal for the requested B path in application which
include a rotating field. To make these materials attractive for variable direction
magnetic flux applications, author in [4] propose a methodology to change the flux

direction according to specific boundary conditions.

A material that can combine the best crystallographic texture and the optimized
anisotropy synergy has high potential in terms of machine’s performance. In Figure
4.16 a comparison of the total core losses of the printed samples and commercial
materials is shown. The figure presents core losses measured at 50-60 Hz, at mag-
netic polarization of 1 T (10 kGauss), because of the overall lower polarization that

can be obtained from the printed samples. Since the total core losses depend on
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the geometry of the sample, the physical dimensions are considered through a nor-
malized geometric parameter. Most measurements have been conducted on ring
samples, which have an outer dimension that goes from 28 to 60 mm. For solid
printed samples, core losses are significant, up to approximately 10 W/kg (Wig50),

but by refining sample topologies, lower losses were obtained.

The refined samples were built with the introduction of internal airgaps, both parallel
and perpendicular to the build direction. In comparison, for typical commercial
materials, the total core losses are significantly lower. For NO JNEX super core
laminations 0.5 W /kg, for NO 3% FeSi laminations 0.8 W /kg, and for SMC 5 W /kg.
The superiority of 3D printed soft magnetic cores to SMC cores is evident per weight.
In fact, considering the per volume value, the conclusion made before would not be
true, since in 3D printed parts airgaps were introduced with the purpose of reducing

the eddy current component, but they increment the volume of the sample.

Losses Comparison 1T, 50-60 Hz

12
Commercial

10 Comparison

Core Loss (W/kg)
w
<
(@]

Lamination 0.1 mm

Sample
6.5% Segregated ring (40/60x10) sample, SLM

(Wt% Si content, topology (ID/OD x h), Method)
3.7% Si Solid ring (39/45x6) sample, SLM
6.7% Solid ring (25/35x5) sample, SLM

3% Segregated ring (40/60x10) sample, SLM
3.7% Segregated ring (39/45x6) sample, SLM
6.5% Segregated full transformer, SLM

3% Segregated full transformer, SLM SLM

9% Si Solid ring (20/30x?) sample, BJ
3% Segregated bars (4pcs 6.35x63.5) samples, SLM “

6.5% Segregated bar (10x10x90) sample, SLM

6.9% Solid ring (20/28x2) sample, SLM

Figure 4.16: Comparison of total core losses of additively manufactured soft mag-
netic FeSi cores and typical commercial materials from the literature. (ID/OD x h)
denotes the topology of the sample — inner diameter/outer diameter x h [35].

Authors in [36] made magnetic measurements on ring samples and the results ob-

tained are resumed below, in function of the laser energy input. It can be noticed
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that:

e The maximum permeability is not affected by the first two value of energy

input but it starts decreasing when E=420 J/m.

o The p49, which is the relative magnetic permeability at an applied field strength
H=40 A/m, has a non-monotonous behavior with maximum value at E=280

J/m.

o The Bsp, which is the flux density at an applied field strength H=5000 A /m,

has a non-monotonous behavior with maximum value at E=280 J/m.
e The remanence B, decrease slightly with the increment of the energy input.
e H, has a non-monotonous behavior with minimum value at E=280 J/m.

o The total power losses have a non-monotonous trend with minimum value at

E=280 J/m.

It is evident that in soft magnetic materials a compromise between finer grain struc-
ture and large grains should be found. The first one leads to a poorer quasistatic
magnetization properties and higher hysteresis losses, otherwise larger grains cause
eddy losses to increase. In fact, eddy losses depend on the grain size, since their
increment worsens superficial roughness, leading to undesired electrical shorting be-
tween walls. In addition, as stated in [37], the optimal grain size depends on the

working conditions of the material, such as frequency or working induction.

Manufacturing defects represent pinning sites, which leads to an increment of the
coercivity and hysteresis losses and a decreasing of permeability. If large enough,
pores and cracks represent airgaps from which demagnetization fields emanate, re-
sulting in sheared B-H curves. As shown in [34], when the energy input is high the
sample porosity decreases, so cracks are generated in the part. The crystallographic
texture can help to clarify the magnetic behavior of the material treated at high
laser energy inputs. As a consequence, the horizontal plane loses its isotropic char-
acter. The small grain size obtained with SLM is the factor limiting the magnetic
performance of the printed material, for this reason a grain enlargement obtained
with an heat treatment, like annealing described before, becomes fundamental for

practical applications.
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4.4 Hysteresis and Eddy Current Losses

Considering high motor speed, the magnetic losses of electrical machines increase,
so magnetic components generate more heat that must be dissipated in the environ-
ment, causing an increment of machine’s internal temperatures. Focusing on soft
magnetic materials application in electrical machines [38], [39], the losses generated

inside them can be divided into:

o Hysteresis losses, which are directly related to grain size, texture and structural

disorder in the material.

o Eddy current losses, that are generated from induction currents in the core

and depends on the electric resistivity of the material.

Eddy currents development is promoted in the material when its size is larger than

the skin depth, which can be found according to (4.1).

1
5= o (4.1)

Where o is the electrical conductivity [S/m]; f is the frequency [Hz]; p is the mag-
netic permeability [Vs/Am].

Gargalis et al. in [40] realized an electrical machine with additively manufactured
rotor and compared its performance with a conventionally laminated rotor, con-
sidering different operating conditions. In the low speed region the behaviour of
the two machine was comparable, while at high speed core losses have a significant
increment. The optimized geometry of the rotor leads to high efficiency and ele-
vated performance of the machine, but when the speed increase, it is necessary to

implement some strategies to reduce the losses generated.

In traditionally manufactured FeSi devices, laminated sheet metal are used; thanks
to this configuration, eddy current development is limited and so are its associated
power losses. The purpose of authors in [41] is to understand the impact of additively
manufactured geometries on power losses. As seen in previous sections the grain
structure affects a lot the magnetic performance of soft ferromagnetic materials, so

geometries must be designed considering also grain structure development. Eddy
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current development should be modeled as a function of cross-sectional geometry

and the heat conduction during AM process.

From the schematics of the scan patterns used for additively manufactured thin wall
structures by Plotkowski et al. it can be noticed that the scan pattern is rotated by
67° between each layer. In order to increase the energy deposited per layer, a double
scan was performed: this technique include a second scan pattern which perform a
first scan on each layer equal to the first sample and a second scan oriented paralelly

to the sample edge (this procedure should be adopted for all layers).

The solidification cooling rates can be decreased by increasing the energy stored
per layer. Then, annealing procedure at 1150 °C was performed, with the purpose
of eliminating any residual porosity and enable recrystallization and grain growth
to increase the magnetic performance. In [41], the authors could characterize the
behavior of the tested components by describing the total losses using the approxi-

mated formula reported in (4.2), which comes from Steinmetz law [42].

Pcycle - Chyst(B)f + Ceddy(B)fQ (42)

Where P, is the total power loss per cycle, f is frequency, cpys is a coefficient
associated with hysteresis (materials) losses and ceqqy is a coefficient associated with

eddy current losses.

The linear last-square fit performed on the data based on [41] is obtained using (4.3).

Ecycle == Chyst(B> + Ceddy(B>f (43)

Where E,yq. is the total energy loss for a given cycle that is equal to the integrated

area of the hysteresis loop.

The linear trend described by (4.3) represents the loss behaviour depending on
frequency, showing that this approach can be used to decompose the origins of the
energy losses for this material. Using the coefficient ¢, and ceqqy as quantitative

indicators of the material and eddy current losses, the fraction of power losses due
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to eddy current can be computed as follows.

Ceddyf (44)

I eddy —
Y
Chyst Ceddyf

Plotkowski et al. in [41] compares the ESBD of the bulk cross-sections, highlighting
that the single scan pattern shows a chaotic structure with many small grains, while
in the double scan pattern an orientation of the < 100 > type crystallographic

direction is conserved with larger grains.

The magnetic test results show that the double scan pattern has lower hysteresis
loss coefficients, because of the increased strength of the fiber texture which grant
a more convenient magnetizing direction. Using (4.4) the fraction of power losses
due to eddy current is computed; even if the double scan pattern improves the
material properties, it leads to very small improvements in the overall efficiency on
a device value. In fact, conventionally, soft magnetic components are produced using

laminated sheet metal to confine eddy current loops to the sheet thickness.

To obtain performance similar to the one obtained with laminated configurations,
AM should be used to produce thin wall structures. In this way the arising of eddy

currents in the material is restrained.

Plotkowski et al. in [41] realized samples of different shape and thickness and did an
experimental comparison between the loss behaviour for bulk, thin wall and mesh
cross section; the mesh and the bulk components show a similar behaviour, but the

mesh one is characterized by a lower saturation inductance.

The structure that shows a lower level of performance is the mesh one; otherwise,
the Hilbert structured sample shows a significant improvement, leading to lower

values of eddy current loss coefficient.

An heat treatment was made to the samples considered in [41], with the purpose of
studying the trend of the loss behaviour after that. The treatment chosen in this
case is hot isostatic pressing; after the treatment, it can be noticed a reduction of the
hysteresis loss coefficients, and, at the same time, an increment of the eddy current
loss coefficient, which is more evident in the thin wall sample with 13 parallel plates.

The Hilbert structures seems to be the best one, since it has the lowest eddy current
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and hysteresis loss coefficient. Nevertheless, the increase in eddy current losses, the
heat treatment brought to a net decrease in power losses. Moreover, thanks to the

heat treatment it can be observed also an increment in the effective permeability.

Heat treated samples exhibit an increase in maximum effective permeability and
a decrease in the total loss density at an applied field of 3000 A/m. As shown
in previous section, heat treatments bring to a grain growth, so that confirm the
evidence which shows an increment in permeability (leading to and increment in
eddy current losses) and a reduction in hysteresis losses, since materials with larger

grains can be magnetized and demagnetized easily.

These factors bring to a reduction of the skin depth, according to (4.1). The results
obtained suggests also that the influence of geometry is greater than the effect of
manufacturing an ideal composition, since the loss density shows an increment with
the increase of the sample mass. In particular, the Hilbert structure sample showed a
very good response to heat treatment, being the sample with the lowest loss density

and one of the best sample in terms of permeability.

Also in [43], the Hilbert structure is the one which shows the lowest losses compared
with other samples and it was used to produce the prototype of a transformer core in
AM. Test results showed performance comparable to the conventional non-oriented

sheet, as shown in Figure 4.17.
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Figure 4.17: Comparison of magnetic performance for the three FeSi6 designs to
an FeSi3 Hilbert cross-section and a conventionally laminated non-oriented steel
(M15), showing (a) the measured hysteresis loss coefficients and (b) eddy current
loss coefficients, as well as (c) the power loss per unit mass for 60 Hz operation by
Plotkowski et al. [43]
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Anyway, in particular for the FeSi6 alloy, fractures were induced in the AM core due
to the high silicon content. It is also important to notice that the 54% of this AM
core is made of air, so the majority of the losses generated are due to this pure air

insulating, represented in Figure 4.18.

Figure 4.18: Example of one of the FeSi6 transformer cores showing (a) the Hilbert
inspired cross-section, (b) the assembled core, (c) examples of fractured features

that occurred during machining, and (d) examples of the air gaps at the leg joints
by Plotkowski et al. [43]

In [44], the properties of additively manufactured electric steel powder cores with
increased Si content, obtained by the definition of the best laser powder bed fu-
sion printing conditions, are presented and compared with commercial FeSi alloys.
The analysis shows promising results regarding the magnetic behaviour of FeSi6.5

samples.

In the following, the magnetic characterization of other two FeSi alloys with different

silicon content is presented.

4.4.1 Magnetic characterization of FeSi4

In [45] samples from FeSi4 powder were fabricated using SLM to do the magnetic

characterization of the material and compare its properties with commercial samples.
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The powder used to make the toroidal specimens by SLM is gas-atomized pre-
alloyed powder of FeSi with an average silicon content of 3.8-4.1 % and 1.1-1.3%
of chronium content, which slightly low magnetic saturation magnetization of the
material. In order to achieve less than 2% porosity and avoid macroscopic defects,
such as visible cracks, delaminations or uneven growth and photographed in Figure
4.19, the technique of "laser re-melting" was applied, which consists of making two
consecutive scans of the same layer before proceeding the fresh powder and making
the next layer. This study showed excellent DC magnetic properties, comparable to
commercial soft ferromagnetic materials at low magnetization. After the annealing,
the Hysteresis losses decrease, but eddy currents increase a lot when the material
gets into saturation region. These losses can be reduced introducing some airgaps

by realizing a split material internal structure.
Two issues were found in the powder coating of toroidal samples:

o Uneven growth (Figure 4.19 (a)) due to powder balling, caused by uneven

powder deposition, which was solved brushing away the excess powder.

o Delaminations (Figure 4.19 (b)), that are generated because of an excessive

powder deposition on the printed part.

Figure 4.19: Toroid printed with uneven growth and toroid printed with a delami-
nated layer by Tiismus et al. [45]

In [46], the ring method was used for the measurements of printed material magnetic
properties, considering different frequencies: 25 mHz (quasi-static), 1 Hz, 10 Hz and
50 Hz in the magnetizing range of 0.9-1.6 T. The setup was organized in a way

similar to [45] and its schematic is reported in Figure 4.20.

91



Additive Manufacturing Applied to Electrical Machines

Wavefrmn Leneraine
Rl [e051022

Data Aguismion Sigral Amplifier
Dizwowron DEWEZ-M

J {hmicoom CMES 1)

U

Figure 4.20: Toroid dimensions and the schematic of the hysteris measurements by
Tiismus et al. [45]

Where Nj is the number of turns of the primary coil, N5 is the number of turns of the
secondary coil, I is the instantaneous current value, e is the instantaneous induced
electromotive force, [; is the toroid average length and S is the toroid cross-section

area. The magnetic field and the average flux density can be found as follows:

H = ? (4.5)
B- Ni </ Ce(t) dt (4.6)

After constructing the hysteresis curves for measured data, the specific iron losses

Ps were calculated as a subtraction of the curve areas and can be expressed as:

P, ! THdB THdB 4.7
o ([ - [ mas.) 4
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Where p is the average density and T is the period. Quasi-static measurements of
the sample are presented in Figure 4.21. The sample shows DC magnetic properties
that are comparable to commercial and 3D printed soft ferromagnetic materials from
the literature. Anyway, it has a low value of saturation (1.3 T at 5000 A/m), while
the commercial materials usually has 1.6 T-1.7 T at 5000 A/m. The reduction in
saturation magnetization comes from the pinning effect of intragranular porosities

on the large recrystallized grains.

B(T] "
. Maximum relative permeability i, = 21,500 aicat
21,000
1
] 18,000
0.5
' 15,000
H=49 Afm
a 12,000
2000
-0.5
000
, )
3000

-1.3 J L 0

-2500 -2000 -1500 -1000 -500 O 500 1000 1500 2000 2500
H (Afm)

Figure 4.21: Quasi-static hysteresis curve and permeability of the toroid (an-
nealed), Measured with sinusoidal excitation of 2500A4/m at 25mH z by Tiismus et
al. [45]

A comparison between some parameters obtained in the study and SLM-fabricated

FeSi6.7 and FeSi6.9 found in the literature is proposed in Table 6.1.

Table 4.5: Parameters comparison

Parameters Component

FeSi4 FeSi6.7 - FeSi6.9

Relative permeability 21500 25000-31000
Coercivity [A/m] 49 16
Total iron losses [W/kg]  7-9 0.5-0.7

AC measurements confirmed an increase in iron losses, which are dominated by eddy

current losses. Besides, the losses augment their value when the material saturates;
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in fact, the losses coefficient goes from 8.17 W/kg (at 1 T) to 83.7 W/kg (at 1.5 T)
with the increment of the saturation of the material for the ring sample after the

annealing.
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Figure 4.22: Hysteresis curves measured at 50 Hz in the magnetization range of
1-1.5 T (annealed) by Tiismus et al. [45]

4.4.2 Magnetic characterization of FeSi6.7

High silicon FeSi alloy impose strict constraint concerning AM production param-
eters. As shown in the previous sections and in [34] for high laser energy input,
cracks can occur, which negatively affect the magnetic and mechanical properties of
the component. In order to obtain an optimized microstructure and good magnetic
properties, AM parameters must be properly defined, united with post annealing
parameters. In [38], prototypes using FeSi6.7 were realized to do the magnetic

characterization of the material.

Heat treatment like annealing showed a positive effect on the hysteresis losses gen-
erated by the material. In fact, the hysteresis losses decrease with the increasing of
the laser power only for the annealed material; on the other side, for the as built
sample the opposite effect is encountered. This can be explained by the fact that
with higher laser power, the cooling rate decreases, leading to a larger average grain
size and, consequently, lower losses. Anyway, a good balance between laser power
and optimized magnetic performance should be found, since with a too high laser
power the material tends to generate residual stresses and therefore crack formation

is enhanced.
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The maximum permeability reached by the FeSi6.7 is 31000 at H=24 A /m for the
optimized sample. This value is much higher than the one reported in literature
for FeSi6.9 (24000) [29]. The core losses are also studied and they can be separated
into hysteresis losses P, and eddy current losses P.; both of them increase with the
increment of the frequency. It is evident that to obtain good performance in high

frequency applications, the eddy current losses must be reduced significantly.

Then the DC hysteresis loop of additively manufactured FeSi6.7 (optimized) is com-
pared with common commercial electrical steel and SMC material. The additively
manufactured sample showed the lowest value of coercivity (H. = 16%), the high-
est maximum permeability (31000) and largest remanence (J, = 1.26T"). So, the
DC properties of additively manufactured FeSi6.7 can compete with conventional

electrical steel.

4.4.3 Adding boron to FeSi alloys

It is known that high iron loss due to eddy current affects the additive manufactured
bulk iron cores. Pham et al. [47] have already showed that adding boron for binder
jet printing of FeSi reduces the hysteresis losses, so S.N.Foster et al. [48] found a

nonlinear relation between boron particle size and magnetic properties.

For their studies S.N.Foster et al. used three binder jetting printed samples with

the same identical boron content but with different boron particle size:
e boron particle size of sample 1: 0.1 um;
e boron particle size of sample 2: 0.5 pum;
e boron particle size of sample 3: 1.0 um.

The experimental results of the quasi-static at 1Hz testing for DC characterization
show that the maximum relative permeability (i, 42, the magnetic flux density Bs,
Bss and Bjgg (at 500, 2500 and 10000 A /m respectively) are pretty the same even if
the particle size changes; otherwise, the intrinsic coercivity H. and the correspondent
hysteresis losses per cycle, P,/ f , change non-linearly with the boron particle size

changing.

The core loss density are maximum for the sample with the biggest boron particle size

for all frequencies and for all magnetic flux density. So, decreasing the boron particle
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size is possible to reduce the core losses, even if there isn’t a linear correspondence

between the specific core losses reducing and the boron particle size.

S.N.Foster et al. simulated also a 48-slot/8-pole interior permanent magnet machine
with the BJP core made of, alternatively, of the three material studied and the 2D
FEA simulation confirms what experimental tests showed. Indeed, the combined
hysteresis loss as function of the speed decreases with the growing of the boron
particle size, while the combined eddy current loss as function of the speed increases

with the growing of the boron particle size.

In the end, comparing the simulated iron loss at the maximum torque in the speed
range the IPM machine with smallest boron particle size shows the lowest iron loss

and the highest efficiency.

4.5 Multi Material Additive Manufacturing

The initial adoption of AM in electrical machine design focused on the geometric
optimization of single component, such as integrated heat exchangers or variable-
section windings, but the true technological frontier is represented by Multi-Material
Additive Manufacturing (MMAM). This approach enables the simultaneous or se-
quential deposition of materials with divergent physical properties (conductors, in-

sulators, and ferromagnetic materials) within a single production process.

A primary limitation of conventional electric motors lies in the discrete nature of
their components. The mechanical assembly of copper, magnetic steel, and poly-
meric or ceramic insulators introduces contact thermal resistances and mechanical

parasitic effects.
MMAM offers the potential to overcome these barriers through:

o functionally graded materials: creating gradual transitions between dissimi-
lar metals (e.g., copper and steel) to mitigate residual stresses arising from

differences in the coefficients of thermal expansion («);

o integrated insulation: depositing dielectric ceramic layers directly onto the
conductors during the build process. This eliminates the need for traditional

impregnation resins and significantly increases the slot fill factor (k.,).
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In addition, the ability to locally vary material composition allows for tailoring
the magnetic properties of the core. Utilizing techniques such as Directed Energy
Deposition or multi-material Binder Jetting, it is possible to achieve eddy current

mitigation and active thermal management.

In this context, authors in [49] provide a significant benchmark for the application
of multi-material additive manufacturing to electrical machines. By investigating a
Permanent Magnet (PM) generator, the authors demonstrate that the simultaneous
deposition of shaped-profile copper conductors and ceramic insulation layers allows
for a radical departure from traditional winding constraints. Their study highlights
that the direct integration of ceramic dielectrics—which possess a thermal conduc-
tivity significantly higher than conventional organic resins—enables a superior heat
dissipation path. Furthermore, the use of 'shaped-profile’ geometries tailored to the
magnetic flux lines facilitates a simultaneous reduction in AC proximity losses and
an increase in the slot fill factor. According to their findings, this multi-material
approach not only improves the thermal envelope, potentially reducing hot-spot tem-
peratures by up to 30°C, but also enhances the overall power density and efficiency

of the machine across its operating range.

Complementary to the optimization of windings, the strategic application of Multi-
Material Additive Manufacturing (MMAM) in rotor structures offers a transfor-
mative approach to electromagnetic performance, as demonstrated by [50]. Their
research focuses on Synchronous Reluctance Machines (SynRMs), specifically ad-
dressing the critical role of rotor edge bridges. Traditionally, these bridges are
necessary for structural integrity but act as leakage paths for magnetic flux, thereby
increasing quadrature inductance (L,) and limiting the saliency ratio. By employ-
ing MMAM to strategically combine magnetic and non-magnetic materials within
the rotor’s architecture, authors illustrate how local material tailoring can suppress
these parasitic flux paths. This localized material functionalization leads to a sig-
nificant enhancement of the machine’s torque density and efficiency. Their findings
underscore that MMAM is not merely a geometric tool but a means to achieve a
superior electromagnetic design that is physically unattainable through conventional

single-material subtractive or formative manufacturing processes.

Despite its potential, applying MMAM to electric motors faces non-trivial metal-
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lurgical challenges. Disparities in optical reflectivity (in laser-based processes) and

differing melting/sintering temperatures can lead to:
« brittle intermetallic phases at the interface of dissimilar materials;

o localized porosity caused by the distinct dynamics of the melt pool for each

material.

4.6 Conclusions

In this chapter a general presentation of the state-of-the-art of additive manufac-
turing applied to electric motors is presented. Post-processing treatments such as
annealing are very important since they give the material better mechanical and
magnetic properties. In fact, the crystallographic structure and grain dimensions
of the material, which are highly influenced by post-processing treatments and the
AM input parameters, are fundamental to obtain the best material properties in
terms of mechanical resistance and magnetic performance. In the last section of
the paper, the problem of eddy currents’ development and hysteresis losses was ex-
plored, and the magnetic characterization of some common alloys was proposed.
The main problem in losses’ generation is due to the fact that the AM material is
generated as a block, so eddy current development is favored. The main solutions
found in the literature propose finding an optimal laminated structure that can lead
to a reduction of the power losses’ generation in the material by exploiting the main
advantage of AM, which is the possibility to produce optimized geometries. In the
end potentialities and challenges of multi material additive manufacturing applied

to electric motors are presented and discussed.

To conclude, AM is a promising technique for EM fabrication since it allows ob-
taining optimized geometries for particular motors, and by focusing on the study of
the losses’ development, also a good compromise can be found that can limit their

generation inside the material.
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5. Synchronous Reluctance Tubular Ma-
chine by means of Additive Manufac-
turing: Analytical Model, 2D FEA Sim-

ulations and Experimental results

Tubular electric motors represent a specific class of linear actuators characterized by
their cylindrical geometry, which provides compactness, symmetry, and high force
density. Among them, Permanent Magnet Tubular Motors are particularly attrac-
tive due to their excellent dynamic performance, high efficiency, and direct linear
motion without mechanical transmission elements. These machines are widely em-
ployed in precision applications such as robotics, medical devices, and transportation

systems where smooth force production and fast response are essential.

However, the performance advantages of permanent magnet machines rely heavily
on the use of rare-earth materials, such as neodymium or dysprosium, which exhibit
high remanence and coercivity. The limited availability and geopolitical concentra-
tion of these materials lead to supply risks and cost fluctuations, motivating the
search for alternative motor technologies that can maintain high performance while
reducing or eliminating rare-earth dependence. Furthermore, environmental and
economic considerations are encouraging researchers and manufacturers to explore

more sustainable design solutions.

In this context, tubular reluctance motors have emerged as a promising alterna-
tive. These machines operate without permanent magnets, relying instead on the
variation of magnetic reluctance to generate motion. Synchronous tubular reluc-
tance machine are characterized by a complex magnetic structures and intricate ge-
ometries, which lead to significant manufacturing challenges when using traditional

production techniques.

Recent progress in Additive Manufacturing offers a compelling solution to this prob-

lem. The layer-by-layer fabrication approach of AM enables the realization of so-
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phisticated flux paths, optimized topologies, and integrated cooling or structural
features that were previously impractical. As a result, the combination of reluc-
tance motor design and additive manufacturing opens new possibilities for creating
efficient, sustainable, and compact tubular actuators suitable for next-generation

electromechanical systems.

This chapter deals with the design and optimization of a synchronous tubular reluc-
tance machine, whose plunger is fabricated through additive manufacturing. In the
end a feasibility assessment and some experimental results are reported to validate

the proposed design and the analytical modeling.

5.1 General Overview

Tubular linear electrical machines (TL) are a particular subset of linear machines.
Linear machines present many advantages with respect to their rotating counterparts
such as direct motion (e.g no need of additional mechanical parts), resulting in high
dynamic and position accuracy. In addition to the aforementioned advantages, the
axial-symmetry geometry of the TL machine ensures theoretically null radial force
components, thus only the axial oriented force is produced, simplifying plunger

bearing support structures requirements.

The most studied TL topology is the permanent-magnet machine (TL-PM) because
of its high force density and high dynamic performance. In [1], the authors present
accurate analytical models to analyze and design different topologies of TP-PM (e.g.
surface and interior permanent-magnet and Halback rotor). Further analysis on the
TL-PM motors were carried out on the influence of the inner to outer diameter
ratio on the output force [2]. An analytical study on different TL-PM topologies is
presented and validated via 2-D and 3-D finite element analysis (FEA).

In literature another studied TL topology is the switched reluctance (SR) one. The
authors of [3] present an optimal design approach for SR-TL motor adopting both
reluctance network modeling and 2-D FEA. A comparison between PM-TL and

SR-TL motor in terms of static force production capability is addressed in [4].

The pure reluctance (SynR) topology for TL was not fully investigated because of the

high complexity of the plunger’s geometry and the lower force density with respect
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to the TL-PM. The resulting intricate rotor geometry affects the manufacturing
process since it results in complex fabrication and longer construction times, higher

material waste and low stiffness [5].

The metal addictive manufacturing (AM) techniques could help to overcome the
manufacturing drawbacks related with the SynR-TL topology, in addition by virtue
of freedom of the AM more optimized rotor geometries can be adopted to increase

SynR-TL performance.

In addition, the interest towards electrical machines without permanent-magnets
(PMs), particularly the ones with rare-earths (REs) composition, has remarkably

increased in the last decade.

Rare-earths PMs entered in the market around 1980s and introduced a revolution for
the EM sector because of their high energy density with respect to the existing hard
magnetic materials. Rare-earths, however, present a series of drawbacks related to

cost, availability and sustainability.

The most widespread hard magnetic materials are: Neodynium-Iron-Boron (NdFeB),
Samarium-Cobalt (Sm2C0l7), ferrite and alnico. Among them, NdFeB is the most
common one in consequence of its superior magnetic properties, but it is listed as a

critical material because of its high risk in supply [6].

The most critical drawbacks of REs magnets are their future availability and the
related environmental footprint [7]. Moreover, the high price uncertainty [8] and
efforts in energy efficiency policies [9],[10] moved the interest of electrical machine

manufacturers towards EMs with a lower amount of REs or even without REs.

In this context, synchronous reluctance motors (SynR) are gaining the industry’s
attention, thanks to theirs high efficiency and the absence of PMs. SynR allows not
only to meet the aforementioned requirements of low cost and sustainability, but

also to increase efficiency using cost-effective solutions [8], [11].

The biggest motor manufacturers and research institutions are working on the re-
luctance alternative and the industrial acceptance of the SynR is a matter of time

12].

In the following, the optimal design of a SynR tubular linear machine via 2-D finite

element analysis along with its effective realization by means of Additive Manufac-
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turing (AM) is presented. The proposed linear actuator is specifically designed for
integration into an industrial oven environment. The target force is 60 N and the ge-
ometrical constraints are maximum 50 mm for the external diameter and maximum

200 mm for the total length of the actuator.

Figure 5.1 shows the proposed machine geometry.

Figure 5.1: Cross-section of the 3-D rendering of the proposed SynR-TL actuator.

5.2 Synchronous Reluctance Machine Design

Synchronous reluctance motors exploit magnetic reluctance to produce torque. The
big difference with PM electrical machines seen previously is that they do not have
permanent magnets in the rotor, but there are some grooves which are called flux
barriers and are essential to guide the magnetic flux in the direction of the direct
axis (see Figure 5.2). Flux barriers can be filled with resins to increase mechanical
rigidity.

Rotor rotates at a speed which is synchronous with the magnetic field with no current
conductive parts. Rotor losses are minimized compared to the one generated in an
induction machine. One motivation to develop synchronous reluctance motors is to
assess its suitability as an alternative actuator for high precision tools. Permanent
magnets are a high-cost components and they also attract metallic swarf in a harsh

environment such as in a machine tool.

The most used hard magnetic materials are Neodymium-Iron-Boron (NdFeB),
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Figure 5.2: Example of a pure reluctance rotor.

Samarium-Cobalt (Sm2Co17), ferrite and AINiCo. Among them, Neodymium-Iron-
Boron is the most common thanks to its superior magnetic properties, but both
Nd and Dy, needed to increase the magnet’s stability at higher temperatures, are
rare-earths (REs), so presents a series of drawbacks related to cost, availability and

sustainability.

The most critical drawbacks of REs magnets are their future availability and the
related environmental footprint. In fact, their sourcing and manufacturing processes
are very carbon intensive, and their recycling is still immature. The high price
uncertainty and efforts in energy efficiency policies, moved the interest of electrical
machine manufacturers towards electrical machines with a lower amount of REs or

even without REs.

In this context, synchronous reluctance motors are gaining industry’s attention,
thanks to their high efficiency and the absence of permanent magnets. In fact,
they allow not only to meet the previously mentioned requirements of low cost and
sustainability, but also to increase efficiency using cost-effective solutions. Another
advantage of synchronous reluctance motors is that they can be more easily tolerated
under overload conditions, because, since they do not have permanent magnets, there
is no risk of demagnetization. Generally, to generate higher torque, anisotropy is
needed. In order to obtain anisotropy, it is convenient to have a lot of flux barriers;
for this reason, additive manufacturing can be a very useful technology to produce
these geometries, which can become more and more complex when a high number

of flux barriers is required.
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5.2.1 D-Q Axis Reference Frame for Synchronous Reluc-

tance Machine

The convention used for synchronous reluctance machines (SyR) states that the d-
axis is oriented along the direction of maximum inductance of the rotor (Lg > L,).
This convention is generally used for SyR and PMASR (Permanent Magnet Assisted
Synchronous Reluctance) motors, in which the magnet flux vector A, is oriented

along the negative direction of g-axis.

So, the two-axis rotational reference of pure reluctance synchronous machines has a
different convention, with respect to the general axis convention of PM synchronous

machines, corresponding to an axis rotation of 90° of the conventional d-q reference.

According to this, the role of the synchronous inductances L; — L, is reversed; thus,
the direct axis corresponds to the plunger magnetic path with the lowest reluctance
for each pole. In the following discussion, the two-axis rotational frame of SyR
machines will be denoted with capitol letters D — @) in order to distinguish it from

the one used for PM machines (see Figure 5.3).

Figure 5.3: Two-axis rotational reference frame of pure synchronous reluctance
machine compared against the classic PM reference frame.

Accordingly to the 90° rotation, inductances should be referred to the D-Q axis

reference.

Lp =L, (5.1)
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Lo=La (5.2)

The 90° rotation modifies the expression of the saliency ratio ¢ as denoted in (5.3),
which for synchronous reluctance machines is greater than 1. In fact, synchronous
reluctance machines and permanent magnet assisted machines are anisotropic be-
cause there are magnetic paths with different magnetic permeance values, given by
the flux barriers, which build preferential paths for the magnetic linkage flux. Gen-
erally, to generate higher torque, anisotropy is needed. In order to get anisotropy,
it is convenient to introduce a number of flux barriers and additive manufacturing
can be a very useful technology to produce these intricate geometries, which can

become more and more complex when a high number of flux barriers is required.

o (5.3)

§

The expression of the torque for synchronous reluctance machines can be written
using the D-Q axis reference. The ideal SynR machine has an infinite permeance on
the D-axis and infinite reluctance on the (J-axis, as shown in the following figure:
this leads to a torque angle of 90° and unitary power factor. In real situations,
however, the actual SyR machine has a magnetization current and a flux along

g-axis different from zero.

3 o
Telectr == i(LD - LQ>ZDZQ (54)

The D and Q inductances can be split in two terms: the magnetizing inductance

L,, and a leakage inductance L, .

LsD = Lcr + LmD
LSQ =L, + LmQ
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The leakage term L, can be omitted in (5.4), since the leakage flux does not con-
tribute to torque production, therefore the torque equation could be expressed by

the magnetizing terms only as in (5.6).

3 o
Telectr - i(LmD - LmQ>2D7'Q (56)

5.2.2 D-Axis Inductance Computation

To compute the magnetizing inductance on the D-axis, the winding function should
be introduced. The winding function N (#) is a numerical function that can be used
to model the machine winding and the airgap. It can be found from the counting

function n (), which depends on the number of wires in the machine.

iron

air

iron

Figure 5.4: Flux path in an example machine.

Applying the Ampere’s law to the path reported in Figure 5.4, the counting function
should be used. It is ecpressed as in (5.7) where g is the mechanical airgap of the

machine.

H(6)-g—H(0)-g=n(0)-i (5.7)

The counting function is a staircase function always positive, so with a non-zero

mean value, that depends on the starting point which is considered.
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n(d)

0, #, thy

Figure 5.5: Counting function.

From (5.7), the value of the magnetic field at 6 can be obtained.

) = "5 (o) (5.8)

The magnetic field H (0) depends on the considered starting pointH (0) which can
be found applying the Gauss’ law.

5 5 ! 2 2
ﬁB”M:// B@mw@:mm/ H(8)dd =0 (5.9)
0 Jo 0
Substituting (5.8) in (5.9), the expression for H (0) can be obtained.

1

H(0) = —gavg [n(0)] (5.10)

Where avg [n(0)] = 5& [77n (0) df is the mean value of the counting function. So

now the winding function can be defined as in (5.11).

N (0) =n(0) — avg [n(0)] (5.11)

Thus, the magnetic field can be rewritten using the winding function N (@) that has

a mean value equal to zero and does not depend on the starting point.

113



Synchronous Reluctance Tubular Machine by means of Additive Manufacturing:
Analytical Model, 2D FEA Simulations and Experimental results

MMF
o

L L L L
0 5 10 15 20

Figure 5.6: Winding function.

H () = ;N 0) (5.12)

Once the winding function is defined, it is possible to find the flux along the D-axis,
from which the expression of the magnetizing inductance L,,p can be written. In

the proposed approach, a square wave winding function is considered (as in Figure

5.7).

7f N
Ap =ip-Lyp =1Ly B,— cos 6df (5.13)
- 2p
N(8) Ny turns in series — 2 poles concentrated winding
S —
Ny '
2
Nnm nND
= e v
2m
Ny
2

Figure 5.7: Square winding function when p=1.

_ s koN(9)
Where B, =ip kg

so the equation becomes:
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. rLstk N ? . i )
Ap =ip - Lpp = 2% 0 (2 / 6240 5.14
D =1p D kacgﬂo <2p> 1D - COS ( )

Solving the integral and simplifying 7, the magnetizing inductance on the D-axis

can be expressed as follows.

2
T N\ rLg
Lypp == () 5.15
o= () T (515)

Where N is the number of turns in series per phase, k. is Carter’s coefficient and
r is rotor radius. In order to obtain optimal values of L,,p, some guidelines are

suggested, such as:
« Small airgap, generally smaller than 1/100 of the pole pitch;

o Appropriate thickness of the rotor back iron, generally bigger or equal than

the one of stator back iron.

Otherwise, premature saturation of the rotor occurs, causing unwanted reduction of

L,,p and increase of the D current component.

5.2.3 Q-axis Magnetic Circuit Model

The magnetizing inductance on the Q-axis is given by the sum of two terms, that

are:

o The circulating term ¢, which includes the field lines circulating in the tips of

the rotor flux guides;

e The flow-through term f, which includes the field lines crossing the flux bar-

riers.
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Flow - Through
Flux Lines

NN N
Circulating
Flux Lines

Figure 5.8: Scheme of the circulating term, in blue, and the flow-through term, in
red.

Ling = Leg + Lyq (5.16)

These two terms are generated from the distribution of the Q-axis flux, from which
the inductances are derived. Every flux barrier has a different magnetic potential,
which is constant into the barrier, in fact the circulating flux lines \.g are generated

from the difference between the magnetic potential in two consecutive flux barriers.

The circulating inductance term L.g depends on ny,y, so from the number of equiv-

alent rotor slots.

A magnetic circuit model is used in [13] and [14] for evaluating the Q-axis flux
linkage and, therefore, L,,p. Here, a five flux barriers tubular machine is taken into

account, in order to minimize the force ripple generated, according to [15], [16].

Since the magnetic circuit model for a pole pitch is symmetric, only half of the pole

pitch will be considered to simplify the model.

The MMF generators represent the Q-axis component of the stator MMF', while the
net of permeances stands for barriers (p,) and airgap flux tubes corresponding to
the flux guides ends (p,). In this simplification, steel is considered as a magnetic
short-circuit, so there is no MMF drop. Since a regular rotor pitch is considered, the

airgap flux tubes and then the permeances (py1 = pg2 = Dy3 = Pga = Pg5 = Pg) are
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all the same. The Q-axis stator MMF, considering one phase only, is a sinusoidal

wave of amplitude:

Ja éF _ ékaNiQ _ kw2Nig
s T  4dp ™

(5.17)
Where % is the factor needed to pass from a square wave to a sinusoidal one and F
is the peak value of the MMF’s square wave. It is possible to approximate (5.17),
considering a form factor which derives from the distance of the conductor and

include the winding factor, simplifying the formula as in (5.18).

3 Nig

invg (5.18)

All the components in the proposed Q-axis magnetic circuit model are normalized

with different bases:
o For the MMF, the base is its amplitude F;
o For the permeances, the base is o Ls;

o For the magnetic fluxes, the base is [LQF L.

DPb1 Dov2 DPo3 Db4 Dbs
AVAVAY AVAVAY; AVAVAY; AVAVAY; AVAVAY

Dy Py Py Py Dy

f1 fo f3 fa fs

Figure 5.9: Normalized Q-axis magnetic circuit model.

The MMF generators fi, fa, f3, fa, f5 are the average values of the sinusoid over the
angular span of each rotor flux guide. The more are the layers, the more are the

steps of the staircase.
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Figure 5.10: Q-axis MMF staircase for the definition of MMF generators.

The values of f; can be found as follows.

1 Orkt1) o8 O, — 08 Oy (111
= 0,db, = 5.19
fx N sin A ( )

For k=1,2,3,4,5. Where A0, = 0,(;41) — 0+ and represent the electric angle between

two consecutive MMF generators. The sinusoidal MMF is split into two components:
o The just defined staircase, which is the one that supplies the flow-through flux;

e The residual MMF, given by the difference between the sinusoid and the stair-

case, which is the one that generates the circulating component.

Q MMF [p.u.]

Lgq

S Leo
NN
NN N /]

0, rotor coordinate [electrical degrees]

Figure 5.11: Stator MMF and its two components.

118



5.2 Synchronous Reluctance Machine Design

Assuming a sinusoidal stator MMF as in Figure 5.11, the circulating term L. can

be found as follows.

nlay (k1)

Lo = 4C Z / sin @, (sin (6, — fx)) db. (5.20)

Integrating and substituting the expression of L,,p found in (5.15) a simplified form

can be obtained.

Lc 4 nlay
LJ =1 =3 f2AO, (5.21)
mD T k=1

The ratio between L.g and L,,p should be as small as possible and it decreases

when the number of layers increases.

A rotor with more layers produces a staircase that is more similar to the MMF
sinusoidal waveform and it has a reduced MMF harmonic content; in fact, this is
reflected by the circulating flux linkage term. Usually, for 74, > 3, such inductance

component is steadily low and a high saliency value is granted.

To determine the value of the flow-through flux component L g, the magnetic circuit
model must be resolved. Given the airgap thickness and the flux barrier’s dimen-
sions, the permeances’ value of the model in per unit can be easily found. Then
the magnetic circuit model can be resolved using Kirchhoff’s laws and finding the
values of the magnetic fluxes and the potentials at the nodes. Considering the two
components of stator MMF sinusoid, represented in Figure 5.11, the flow-through

inductance component can be found.

nlay

Liq =4C Y fi (f — 1) Ay (5.22)

k=1

Which can be rewritten in per unit.
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nlay

LmD m k=1

Where 7y is the magnetic potential at node k. It is also possible to write (5.23) in
function of the airgap magnetic fluxes, that can be found resolving the magnetic

circuit model. In fact, knowing that the airgap magnetic flux can be expressed as:

Sgk

= (fr —rk) g (5.24)

Where sy, = %, in which 7 is mover radius. The expression found in (5.23) can

be rewritten as follows.

nlay

LfQ 4 g
— —p2 § : 5.25
LmD ﬂ-pr k=1 fkwk ( )

It is also possible to pass from airgap magnetic fluxes to barrier magnetic fluxes,

applying the simplified hypothesis that the potential drop in the airgap is negligible.

nlay

Lig 4 g 9
L= g:lpbk (Afk) (5.26)

So, the torque produced by the motor can be computed using (5.6), which can also

be written as:

Trnec = gpkdq)\mdiQ (527)

Where:
e p is the number of pole pairs;

o kgg=1-— % is the anisotropy factor, or torque coefficient;
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e A\np = L,,pip is the magnetic flux, representative of magnetic loading and

airgap surface.

The components that generates the magnetizing inductance on Q axis can be summed
according to (5.16), where the two components can be found rearranging (5.21) and

(5.23).

4 Loy
Leg = Lup (1 - > f,fAerk> (5.28)
k=1
4 ey
Lyq = Lmp - o fielfe = r) Al (5.29)
k=1

With the purpose of maximizing the torque generated by the motor, torque coeffi-

cient k4, should be maximized. This can be pursued by:
o A small airgap, that maximizes L,,p;
» At least three layers per pole, which minimizes L.q;

e A maximized insulation, provided that the rotor core is compatible with the

stator core size, imposed by design parameters.

Considering the power factor of synchronous reluctance machines, maximizing kg,
contributes to increase the power factor, so there is nothing better to do from the

rotor design standpoint.

Lp— Lo kag
Rl Y Emg t2lr (5.30)
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5.3 Permeances computation for tubular reluc-

tance machine

The previously presented lumped parameter model can be adapted to the different
configuration of tubular machines with some corrections. Generally speaking, the

permeances value can be computed as follows.

A
f

Where g is the permeability of air, A is the area of the section considered, [ is the
length of the flux path. In the lumped parameter model considered, everything is
in per unit; in particular, permeances are in per unit of pplg,. Referring to the flux

barrier k, the value of its permeance in per unit can be expressed as follows.

l
Poe = — (5.32)
Shi

Where [, is the total length of the flux barrier (considering only half pole pitch)
and sy, is the thickness of the flux barrier. Since the machine considered is tubular,
the value of [y corresponds to the perimeter of the circle with radius the distance
between the axis of the machine and the considered point, so this value is not
constant in every part of the machine. In order to obtain the same model in per
unit, a coefficient which considers the reduction of the [y of the machine should be
introduced in permeances’ computation. As reference value for [y ,cr, the length of
the stack at the airgap is considered, because the airgap is where the electromagnetic

phenomena occurs.
Figure 5.12 represents the section of the tubular machine:

o The green dashed line represents the ’stack lenght’ of the point in which the

permeance is computed;

e The red dashed line represents the 'stack length’ taken as a reference, which

corresponds to the circumference at the airgap and can be computed according
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to (5.33).

Figure 5.12: Section of the motor to highlight the differences between each circum-
ference value.

lstk,ref = 2TTpot (533)

The coefficient d; will state the following relationship between the reference value
of the length of the stack and the value considered in the specific point in which the

permeance should be computed.

Ustioe = UsthorefOr (5.34)

So, the computation of the generic permeance in per unit becomes:

1 A [
Dok = —,uo—k = —kdk (5.35)
Molstk,ref Shk Shk

Where Ay, = lplax is the reference area of the flux barrier considered.
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5.4 Application to a synchronous tubular reluc-

tance machine

To minimize the force ripple and maximize the thrust force for the chosen configu-
ration, a five mover layers machine is taken into account, in accordance with [16].
Since the plunger geometry will be obtained by means of additive manufacturing,
the material considered for the analysis is the alloy FeCo49V2, which is a new metal

powder studied for AM applications.

As the computation of each permeances is equivalent, the complete procedure is
reported just for the first one, the external one. The figure below highlights the
main considered parameters. The required parameters are measured in reference
to half pole pitch, as in the magnetic model represented in Figure 5.9. Axial and
longitudinal cross sections of the machine are depicted in Figure 5.12 and Figure

5.13 respectively.

—Ty
e &5 T

Figure 5.13: Main parameters for permeances computation.

The previously described lumped parameter model has been expanded to include the
iron located between the end of each flux barrier and the airgap, the stator tooth,
and the second airgap at each stator tooth’s end. These elements were added due
to mechanical constraints. To accommodate these features, permeances associated
with the iron layer were added in parallel to those tied to the flux barriers, while
the tooth and gap permeances were placed in series with the airgap ones, as shown

in Figure 5.14.
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Table 5.1: Machine Dimensions and Parameters.

Parameter Symbol Machine Parameter Value U. M.
l Length of the machine 200 mm
D, External Diameter 50 mm
D, Airgap Diameter 24 mm
s, Thickness of the flux barriers 0.9 mm
dy, Thickness of the iron 0.1 mm
Q Number of Slot 48 -
P Number of pole 8 -
q Number of slots per pole per phase 2 -
Ne Number of conductors 100 -
Niay Number of flux barriers 5 -

-
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Figure 5.14: Half pole sketch with the new permeances introduced.

The newly proposed lumped parameter model is illustrated in Figure 5.15. The
permeance of the flux barrier is divided into two parts: one for the vertical section
and another for the horizontal section. For each section, a coefficient is calculated
representing the considered barrier’s circumference, which is crucial for accurately

determining the total permeance.

Initially, end effects were considered but were found not to significantly impact the
machine’s overall performance. However, including them would greatly complicate
the analytical model due to the asymmetry they introduce. Thus, end effects were

excluded from the analytical model proposed in this study.
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Figure 5.15: Lumped parameter model of the tubular machine.

In order to solve the circuit model, first, the total area of the flux barrier is computed.
For simplicity, the middle segment of the mover layer is considered, as shown with
green lines in Figure 5.13. Considering the parameters shown in Figure 5.13, the

area can be computed as the sum of two surfaces:

o The first one is the external lateral surface of the cylinder obtained from the

revolution of the vertical segment along the axisymmetry axis;

o The second one is the surface given by the circular crown with external radius

ro and internal radius 7.

Al = 27T7’1h1 —|—7T(7’§ —7’%> (536)

Since the two surfaces are different, it is appropriate to split the computation of
the permeance into two components, a vertical one, consisting of a cylidrical shape,
and an horizontal one, having a ring shape; each of them will have a different
coefficient for the correct computation of the circumferential length, because they
have a different radius. Considering, at first, the vertical segment of length h;, the
vertical coefficient is computed as the ratio between the external circumference of

radius 71, which corresponds to the length of the stack at the considered point, and
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5.4 Application to a synchronous tubular reluctance machine

the length of the stack at the airgap taken as reference.

lstk,ref = 7TDg (537)
2

L (5.38)
lstk,ref

Now the value of the permeance corresponding to the vertical segment of the flux
barrier can be computed considering the coefficient just obtained. The thickness of

each flux barrier s; is equal to 1.1 mm.

Po1v = 761,1} (539)
h

The same procedure is repeated for the computation of the permeance corresponding
to the horizontal segment, for which a new coefficient must be calculated considering

the length of the stack at the middle point of the segment.

o [ )
_ 2

510_

)

(5.40)
lstk,ref

Where % is the radius at the middle point of the horizontal segment considered.
The computation of the desired permeance in per unit can be done, including the

corrective coefficient just found.

T2 — T

Pv1,o = 51,0 (541)

Sh

The correspondent value of reluctance is found from its definition as the inverse of
the total permeance, given by the sum of the vertical and the horizontal component,

since they are connected in parallel.
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The same methodology is applied to determine all the necessary permeances for
accurately solving the magnetic model. Additional permeances (and corresponding
reluctances) are calculated relative to the original model, as it did not account for
the iron situated between each flux barrier and the air gap. Although this iron
section has minimal thickness, it does not reach a saturation level that allows it
to be ignored in the proposed model for this machine configuration. Consequently,
the permeances of the teeth and the secondary gap between the teeth and the
stator yoke are considered. Now, the entire magnetic circuit can be addressed using
Kirchhoff’s voltage and current laws to determine the magnetic fluxes and potentials
at each node, facilitating the calculation of inductance values along the D and Q axes
by applying the equations previously mentioned and adapted for tubular electrical
machines. The magnetizing inductance along the D-axis can be calculated using

(5.15).

This computation allows to obtain a good estimation of the value of L,,p when
premature saturation of the mover does not occur; on the contrary, an unwanted
reduction of L,,p is generated and, consequently, an increase of D-current compo-
nent occurs. Nevertheless, in tubular electrical machines the mover often saturates
in some points, because of its geometrical features, since in this case the mover is
reduced to a cylindrical plunger. In order to obtain a better estimation of the in-
ductances, a new coefficient should be introduced: the saturation coefficient k.,
which is obtained as the ratio between the sum of the M M F of all the paths in the
magnetic circuit and the M M F' in the airgap. Each MMF values are computed as
the voltage drop in each of the resistors of the lumped parameter model shown in

Figure 5.15.

SMMF, + SMMF; + SMMF, + SMMF, + SMMF,,
SMMF,

(5.42)

ksat -

Thanks to this coefficient, an equivalent magnetic airgap which takes into account
saturation phenomena inside the motor can be computed and used to increase the

performance of the analytical model. So (5.15) can be rearranged as shown in (5.43).
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2
™ N rl
Lop == _ 5.43

P ZMO (p > kcksatg ( )

The magnetizing inductance along () axis can be computed using (5.16). Where the
value of the circulating term L. can be found applying (5.20) and the flow-through
term using (5.22). It is important to highlight that the expression in (??) cannot
be used in case of tubular machines, since in this case the electric angle spanned
by two consecutive flux barriers cannot be used to find the airgap flux considering
only the rotor radius, because the machine is linear. In fact, the definition of airgap
magnetic flux in the model in per unit, reported in (??) for rotative machine, should
be modified according to the tubular configuration, by introducing the correct co-
efficient which takes into account the gradual decrease of the circumference of the
section considered and the fact that the iron has a non constant thickness in the
magnetic path. According to that, the expression found in (??) should be rear-
ranged as shown in the following, by introducing the v coefficient and considering

the correct dimension concerning the tubular configuration.

Niay

Lig = Lmp p ka¢k (5.44)

727rk: 1

Then L.g component can be found from the model, according to (5.28). Then,
the slot leakage inductance L, g0, and the zigzag inductance L, .. are computed

according to the following equations.

La,slot = quluolstk,refngkslot (545)

La zz — QQpHOZstk’ reflle k kzz (546)

Where k,, is the winding fator, kg, is a coefficient which takes into account the
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shape of the slot (5.47) and k., is the zigzag coefficient (5.48).

hSO

SO

kslot =

Where hg; = hy — hyed — Pso-

kzz =

hwed W hsi
+ —"—In—+
Ws — Wso Wso Wse
i 1 (wy + wts>2

mg 4(psr +ps)

(5.47)

(5.48)

Where p, and ps, are respectively the slot step and the polar step, w;s and wy, are

respectively the iron width at the airgap respectively for the stator and the mover.

So the total inductance value along D and ) axis can be found as follows.

LO’ = La,slat + La,zz
LD = LmD + LO’
Lo = Lng + Ly

5.5 Materials

(5.49)

(5.50)

(5.51)

The FeCo49V?2 alloy was chosen for the prototyping test phase. Magnetic properties

of the material were evaluated using full ring samples with a Brockhaus MPG 200

system.

Comprehensive information on the measurements and the experimental setup can

be found in [17]. The findings, shown in Figure 5.16, were incorporated into the

2D-FEA software to conduct simulations with the final material. The annealing
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process significantly enhances the alloy’s magnetic capabilities, achieving saturation
similar to conventional FeCo lamination stock. The sample in its initial state has a
lower initial slope, indicating reduced initial permeability, whereas the heat-treated
sample presents a steeper initial slope, reflecting a marked improvement in initial
permeability. The BH curve of the annealed FeCo49V2 sample is employed for the

simulations.

0.5+ ———45° As sintered
45° Annealed

0 5000 10000 15000
H [A/m]

Figure 5.16: BH curve of FeCo49V2 sample: as sintered (green line) and after an-
nealing (yellow line).

5.6 Comparison with simulations’ results

In order to verify the accuracy of the proposed model, the obtained results were

compared with 2D FEA simulations results from MatlabFEMM toolbox. Simula-

tions were performed by considering a current density of 7.5 m’; 5. The AM material
considered for the mover is a metal powder of FeCo49V2, which is a new metal
powder studied for AM: it exhibits interesting magnetic properties, but research ac-
tivity is focused on how to improve its mechanical properties and to reduce internal

residual stress which could also affect magnetic properties.

In [18], a comparison of the performance of the machine obtained considering tradi-
tional laminated material and AM material is presented, showing a slight decrease
in the thrust force with the proposed solution. Nevertheless, the solution with tra-
ditionally laminated material is not feasible for this configuration so this slight loss
in performance is acceptable. As shown in Figure 5.17, a thrust force of 62.95 N is

obtained from the load simulation.
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Figure 5.17: Thrust force obtained with 2D FEA simulations.

Figure 5.18 shows the mesh used for the analysis together with the visualization of
the flux lines and flux density of the machine obtained in the 2D FEA post processor.
Due to the tubular configuration, the mover is brought to saturation more easily
than in conventional rotative machines. Hence, saturation is a phenomena which

must be taken into account in the analytical design phase.
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Figure 5.18: 2D FEA mesh (on the left) and post processor (on the right).

Considering the equality between electrical and mechanical power, an analytical

expression of the thrust force produced by the tubular machine can be obtained:

P, =P, (5.52)
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Fv=mEIl (5.53)

Where v is the linear velocity of the machine, m is the number of phases, F is
the electromotive force and [ is the total current. Hence, the thrust force can be

expressed as follows:

3
F= 55 (Lnp — Limg) ipio (5.54)
T

Where 7 is the polar pitch.

The value of the inductance value along D axis decreases with the increase of the
current density. However, L,,p was first estimated with (5.15), which considers only
the potential drop in the airgap and neglects the one in the iron. This is correct
only for low values of j because, when the mover saturates, the potential drop in
mover iron causes a reduction of L,,p and cannot be neglected. This phenomena
can be represented by adding the saturation coefficient kg4, according to (5.43).
Figure 5.19 shows the trend of the inductances along D and () axis, comparing the

estimation using 2D FEA simulations against the analytical model results.

Lp analytical

_0.15F L analytical |
T Lp 2D-FEA

© — Lo 2D-FEA

= 01f .
CG = -
+~

Q

5

a 0.05 .
[

0 1
) 10 15

Current Density [A/mm?]

Figure 5.19: Inductances along D and @ axis obtained with 2D FEA simulations
and analytical model.

The leakage inductance component is included in both the computed values for Lp
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and Lg. It is important to notice that in the computation of the total leakage in-
ductance reported in (5.49), the belt inductance was neglected. However, with the
increasing of saturation level of the machine, this component can become an impor-
tant factor, causing a different increment in D-axis and Q-axis leakage inductances,
as shown in the different FFT of the flux density in the gap computed for D and Q
axis (respectively Figure 5.20 and Figure 5.21).

0.5
I FFT of B inthe gap @ 15 A/mm*2
_ 04 I FFT of B inthe gap @ 2.5 A/mm™2
=
203
=}
=
=, 0.2
E
0.1
0
0 10 20 30 40 50

Harmonic order

Figure 5.20: FFT of the flux density in the gap comparison at 2.5 and 15A4/mm?
(D axis).
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Figure 5.21: FFT of the flux density in the gap comparison at 2.5 and 154 /mm?

(Q axis).
5.7 Machine Design Optimization

The optimization of a tubular synchronous reluctance motor requires an integrated
approach combining analytical modeling and numerical simulation. In the first stage,

an analytical investigation is carried out to determine the optimal ratio between the
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outer diameter and the air-gap diameter, aiming to maximize the electromagnetic
and mechanical performance of the machine. Subsequently, finite element simula-
tions are performed to conduct a detailed parametric analysis, allowing the evalua-
tion of the influence of additional geometric parameters and the global optimization

of the motor design.

5.7.1 Optimal Diameters Ratio

Some preliminary analytical considerations help to identify the optimal ratio be-
tween the external and air gap diameters of the machine. The force produced by
the linear actuator is give by (5.55), where S, is the air gap surface, B is the magnetic

loading and A is the electric load.

| F |x S,BA (5.55)

The produced force can be written as function of the external and air gap diameters

as in (5.56).

| F|oc LwD, (D2 — D2) (5.56)
Defining the air gap to external diameters ratio as in (5.57).

g (5.57)

The force expression of (5.56) can be rewritten as follows:

| Floc xD? (1= x) (5.58)

The maximum force is achieved by an optimal diameter that is computed by setting

to zero the derivative of (5.58) with respect to the diameters ratio x, as in (5.59).
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The optimal value of y corresponds to 0.58 according to (5.60).

=(1-x*)=2x*=0 (5.59)

3
Y= V3 _ o8 (5.60)

To validate the effectiveness of the proposed analytical approach, a set of 2-D FEA
simulations on the reference SynR-TL machine was performed. For a given external
diameter, the air gap diameter will affect the slot area. Hence, for a fair compari-
son, the slot current density was adapted consequently with the aim of keeping the
Joule losses at a constant reference value. The current density can be computed

considering the expression of the Joule losses of (5.61).

P; < RI* (5.61)

Considering the SynR diameters the phase resistance R and phase current I can be

expressed as follows:

R=pgoxp (5.62)
S (Dg D;) T
. . T
I = jksinS = jkgu (Dz - Dﬁ) 1 (5.63)

where ky;; is the slot filling factor. Substituting (5.62) and (5.63) in (5.61), Joule

losses can be expressed as:
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<M + Dl) T [ Dz — D2 2
Pjocp (D2§ ~ Dg) - (Jk?fiugﬁ> (5.64)

Introducing the diameter ratio in (5.64), Joule losses can be rewritten as:
Poc DY (1= %" +x = x°) (5.65)

For the purpose of keeping constant Joule losses the right-hand side of (5.65) must

be set equal to a constant value ¥, thus Joule losses can be rewritten as in (5.66).

¥ = 52D} (1-x*+x = x°) (5.66)

Finally, the expression of the current density can be obtained as follows:

v,
= 5.67
/ \/Di(l—x2+x—x3) (5:67)

The trend of the current density of the reference SynR-TL machine versus the di-

ameters ratio y is reported in Figure 5.22.
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Figure 5.22: Current density as a function of diameter ratio x.
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The per-unit force as a function of the diameter ratio is reported in Figure 5.23.

05 L L L 1
0.45 0.5 0.55 0.6 0.65

x [ad]

Figure 5.23: Thrust force as a function of diameter ratio y.

5.7.2 Design Optimization via 2-D Finite Element Analysis

The simulations were carried out on the reference SynR-TL machine, whose param-
eters are summarized in table 5.1 and the optimization analysis was conducted with

regards to plunger’s parameters to find the best plunger configuration.

Two types of material were assigned to the rotor: traditional C40 iron steel and metal
powder FeSi6.9 for AM. C40 is well-established material for laminated machines, but
unsuitable for the proposed SynR-TL motor. FeSi6.9 is a new metal powder studied
for AM: it exhibits interesting magnetic properties, but research activity is focused
on how to improve its mechanical properties to reduce internal residual stress which

could also affects magnetic properties [19].

The first part of 2-D FEA optimization was aimed to validate the optimal diameter
ratio of (5.60); for this analysis a 4-layer plunger has been designed. As shown in
Figure 5.24, the analytical approach leads to an optimal diameter ratio close to the
2-D FEA one, respectively, 0.58 with analytic approach and 0.54 with the 2-D FEA

one.
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Figure 5.24: Thrust force as a function of diameter ratio x: red line represents the
analytical results and blue line represents simulation results.

Figure 5.25 shows the force ripple (a) and the thrust force (b) of the 4-layer SynR-
TL machine as a function of diameters ratio. The SynR-TL machine with AM rotor

exhibits a higher force ripple than the SynR-TL one with C40 rotor.
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150 | Force Ripple FeSi6.9 AM | 150 | Force FeSi6.9 AM| |
5 Z
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0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6
Airgap vs External Diameter Ratio Airgap vs External Diameter Ratio
(a) (b)

Figure 5.25: Force ripple (a) and thrust force (b) of the 4-layers SynR-TL machine
as a function of diameter ratio .

The second part of the optimization was aimed at determining the optimal number
of plunger layers. As explained earlier, the number of flux barriers per pole affects
the Lg inductance and the plunger spatial harmonics, therefore it has an impact on

the average thrust force and the force ripple.

These simulations were carried out assuming the same percentage of plunger air
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quantity, where the thickness of flux barrier was set equal to 35% of the pole pitch
7 for every configuration of the machine. A peak current density of 15 A/mm? was

chosen, assuming an intermittent periodic duty.

Figure 5.26 (b) shows the thrust force as a function of the number of plunger layers
and as expected the thrust force tends to increase as the number layers increase.
According to 2-D FEA, 4-layer and 5-layer SynR-TL machines exhibit similar per-
formance of thrust force and force ripple (see Figure 5.26 (a)). As expected, the
3-layers there SynR-TL machine exhibit a quite high thrust force, but its force rip-
ple is the highest due to the interaction of stator and plunger harmonic orders. The
SynR-TL machine with AM rotor has a thrust force of 10% lower than SynR-TL

one with C40 iron steel.

Force Ripple Iron Steel 150 + Force Iron Steel
300 ¢ Force Ripple FeSi6.9 AM ] Force FeSi6.9 AM
2 | 5 100¢ :
& 5
~ | =
8 %
= =}
g |5 a0
=
0 1 1
2 3 4 5
Number of Layers Number of Layers
(a) (b)

Figure 5.26: Force ripple (a) and thrust force (b) with j = 15 (A/mm?) and differ-
ent number of layers.

The 4-layer SynR-TL machine was chosen for subsequent evaluations to avoid too

low thickness of plunger flux barriers.

Then, the optimization analysis was focused on the choice of the best thickness
of the plunger layers and the current density was maintained equal to 15 A/mm?.
Figure 5.27 shows the thrust force as a function of the plunger barrier thickness,
expressed in per unit with respect to half of the polar pitch (7). According Figure
5.27 (b), the SynR-TL configuration with the maximum force corresponds to a flux

barriers thickness equal to the 22 % of the half pole pitch.
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Figure 5.27 (a) shows the trend of the force ripple as a function of the plunger
barrier thickness.The percentage of the force ripple was computes as the ratio of the
peak-to-peak value to the mean one. As shown, the force ripple increases as the

plunger air quantity increases due the saturation of plunger iron paths.
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Figure 5.27: Force ripple (a) and thrust force (b) of the 4-layers SynR-TL machine
as a function of plunger barrier thickness with j = 15 (4/mm?).

The previous analysis was carried out also with a current density equal to 30 A/mm?,

thrust force and force ripple profiles are reported in Figures 5.28 (a) and (b).

100 " T T .
Force Ripple Iron Steel 300 L Force Iron Steel
%0 Force Ripple FeSi6.9 AM Force FeSi6.9 AM
- =l 250 /\
s Z,
& 2
& S
~ 150
§ 40 -;g
2 5 100+
20| a
50 F
0 . . : . 0 . : . :
0.05 0.06 0.07 0.08 0.09 0.1 0.05 0.06 0.07 0.08 0.09 0.1
Barrier Thickness [p.u.] Barrier Thickness [p.u.]
(a) (b)

Figure 5.28: Force ripple (a) and thrust force (b) of the 4-layers SynR-TL machine
as a function of plunger barrier thickness with j = 30 (A4/mm?).
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5.8 Metal Additive Manufacturing Feasibility
Validation

To assess the feasibility of producing the proposed plunger design, a segment of
the mover’s pole pitch was fabricated using a 3D printing technique with mild steel
powder. The printed model incorporates a 270° cutaway for direct examination and
evaluation of the internal layout of the flux barriers. Despite the slim flux barrier
thickness of 1.9 mm, the design was manufacturable via Selective Laser Melting

(SLM), which yielded well-defined barriers.

SLM is a metal additive process that uses a moving laser beam to melt metal powder
layer-by-layer, creating solid cross-sections of the part. This method is prevalently
used in fabricating electrical machine components as it produces parts with enhanced
density and microstructure in contrast to sintering. The distinct consolidation pro-
cess results in improved mechanical properties compared to traditional methods for

the same material [20].

As depicted in Figure 5.29 (a), an example of a 3D-printed mover pole is illustrated,
wherein the rib thickness was increased from 0.1 mm to 0.5 mm. Figure 5.29 (b)

showcases the full mover prototype.

() (b)

Figure 5.29: Sample of 3D printed mover: one pole in Fe-545 (a) and the complete
mover geometry in FeCo49V2 (b).
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Two identical prototypes were produced through 3D printing, with one cut along
its longitudinal axis to scrutinize the printing quality. A machining allowance of 0.5
mm was factored in. However, challenges in printing the entire geometry can occur if
the component isn’t angled at 45° during the additively manufactured process, due
to perpendicular features to the build direction, necessitating additional support

within the flux barriers for the full-length mover.

These supports could be straightforward wall structures or more sophisticated de-
signs, which can help minimizing eddy current losses. To facilitate the full geom-
etry’s printing, a manufacturability-oriented redesign was imperative. Drain chan-
nels were incorporated at the flux barriers’ termini at 120° intervals—totaling six
per circlet—and the rib thickness was adjusted from 0.2 mm to 0.7 mm to offer a
0.5 mm allowance for machining. This machining allowance is critical for meeting
post-processing needs due to surface and cylindricity demands. The four-pole con-
figuration, importantly, can still be sintered at a 45° angle without needing internal

supports.

As highlighted in [20] and [21], printing a non-laminated, solid conducting material
for components in electrical machines leads to increased iron losses, due to enhanced
generation of eddy currents and hysteresis losses. To minimize these losses in the
mover, it is possible to adopt more complex internal structures that introduce gaps
within the material. Various design strategies suitable for metal additive manufac-
turing are available, such as Hilbert structures or mesh-type geometries. Neverthe-
less, a careful trade-off must be achieved between reducing iron losses and ensuring
sufficient mechanical strength of the component to undergo the annealing process

with minimal distortion and to allow for machining to final dimensions.

5.9 Experimental Results

A prototype of the motor (see Figures 5.31, 5.32) was built to validate some of
the results obtained analytically and through 2D FEA simulations. The stator was
constructed using stacked lamination rings housed in a tubular outer shell, and the
coil terminals were left unconnected to allow flexible interconnection for testing and

parameter measurement.

Initially, the phase winding resistance was measured, yielding a value of 2.69 €2,
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which matches the value obtained through analytical calculations.

The leakage inductance associated with a single stator slot was measured. A value
of 811 mH was obtained from 2D FEA simulations (see Figure 5.30 (a)), while exper-
imental measurements on the prototype yielded a value of 813 mH. The analytical

results also show good agreement with both the 2D FEA and experimental values.

The mover was manufactured through metal powder bed fusion using FeCo49V2
powder. It was printed with a building direction of 45 degrees. After the printing

process, the mover was annealed to improve the magnetic properties of the material.
The complete annealing cycle, descried in [22] and [23], consists of:

e Pre-annealing at 700 °C' for two hours;

o Annealing at 820 °C' for ten hours.

The two-stage approach optimizes the microstructure for improved magnetic per-
formance and allows to achieve more uniform and larger grain size which is known
to be beneficial for reducing hysteresis losses and increasing permeability (further

results are reported in [17]).

Additional measurements including the mover were made. As shown in Figure 5.30
(b) the single phase inductance value is slightly lower than the one obtained via 2D

FEA simulations, about 0.2 mH less.
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Figure 5.30: 2D FEA and measured L, (a) and phase inductance (b).
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5.10 Conclusions

It is worth noticing that the saliency ratio for the simulated machine and the proto-
type is nearly the same, equal to 0.89 for the prototype and 0.91 from simulations.
In Figure 5.31 the complete 3D geometry of the prototype is shown and a picture
of the prototype is reported in Figure 5.32.

Figure 5.31: Complete CAD 3D rendering of the proposed tubular machine.

Figure 5.32: Fabricated linear motor prototype.

5.10 Conclusions

A novel configuration of a pure synchronous reluctance tubular linear machine is pre-
sented in this chapter. The complex geometry of the rotor part can be manufactured

thanks to the metal additive manufacturing.
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Furthermore, the lumped-parameter model of a pure synchronous reluctance tubu-
lar linear machine was presented. The analytical equations for rotating machines
were adapted to linear tubular machines. This model can be used to obtain a first
estimation of the expected performance of a machine in terms of thrust force. The
results obtained analytically were compared with 2D finite-element simulations’ re-
sults in order to verify the accuracy of the proposed model. A good correspondence
was found between simulations’ results and the analytical model over a broad range
of current values and especially at low currents, thanks to the introduction of the

saturation coefficient in the computation of L,,p.

Analytical and simulation analysis were held to define some design guidelines, with
a focus on the rotor structure. The proposed analytical approach was validated by
the 2-D FEA simulation to define the optimal diameters ratio that produces to the
maximum of thrust force; results showed that the optimal ratio ranges between 0.54

and 0.58.

An extensive set of 2-D finite element simulations was performed to optimize the
rotor structure. Findings showed that a number of rotor layers equal or greater than
four is recommend to reduce the force ripple and that a percentage ratio of the rotor
air to the pole pitch close to 22 % is optimal to increase the force density and reduce

the force ripple.

In addition, some considerations relating to the re-design process for the manufac-
turing of the innovative geometry were given, and the first results from a prototype
were presented. The measured quantities were in good agreement with the results
obtained via 2D FEA and analytical computations when the mover was neglected.
The inductance values measured with the mover inserted were slightly lower than

the computed ones. Nevertheless, the saliency ratio was nearly the same.
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6. Innovative Rotor Winding Geometry for
Synchronous Machine By Means of Ad-

ditive Manufacturing

Wound-Field Synchronous Motors (WFSMs) represent a versatile and robust class of
synchronous machines in which the rotor magnetic field is generated by an excitation
winding rather than by permanent magnets. This configuration offers significant
advantages, including controllable field strength, wide speed range, and the absence
of rare-earth materials. However, the efficiency and performance of these machines
are strongly influenced by the design and manufacturing of the rotor winding, which
must balance electrical conductivity, thermal management, and mechanical integrity

within a limited space.

Traditional manufacturing techniques impose geometric constraints on the winding
layout, limiting the achievable slot fill factor. A low fill factor results in higher copper
losses and reduced efficiency. To overcome these limitations, Additive Manufacturing
(AM) offers a promising alternative. By enabling the direct fabrication of complex
winding geometries, AM makes it possible to significantly increase the fill factor,

optimize current distribution, and improve overall performance.

In the first part of this study, a rotor winding made of copper is considered, serving
as a reference configuration due to its high electrical conductivity and established
industrial use. In the second part, the same approach is extended to aluminum,
whose lower conductivity is compensated by the enhanced slot utilization achieved
through additive manufacturing. The maximization of the fill factor allows the
aluminum winding to reach performance levels comparable to those of the copper
design, while offering potential benefits in terms of weight reduction, cost, and

sustainability.

This chapter therefore investigates the chance of applying additive manufacturing
to rotor windings in wound-field synchronous machines, highlighting how this tech-

nology enables new design freedoms and efficiency improvements unattainable with
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conventional production methods. In this context, only analytical analysis and sim-
ulations results relating to the innovative rotor winding configuration are reported

and at this stage the printing process is not analyzed.

The chapter is organized as follows: Section 6.2 presents the main characteristics of
the reference traditional motor considered for the comparison, Section 6.3 introduces
the innovative winding geometry, Section 6.4 reports some analytical considerations,
in Section 6.5 and Section 6.6 the magnetic and mechanical simulations’ results are

discussed.

6.1 General Overview

AM could be applied both for soft magnetic materials [1], [2] or copper [3], [4] and
aluminum [5] for coils; in both cases it allows to obtain innovative and optimized
geometries which can improve the machine performance and minimize the waste of

material produced during the manufacturing process.

Many AM research related to electrical machines’ try to improve the stator windings,
as a substitution of copper wires and hairpin. In particular hairpin are getting
popular in automotive applications, because they grant an higher filling factor and
allow to reduce the AC losses respect to random wound windings. AM gives the
possibility to further improve the hairpin design optimizing the shape of the winding,
with innovative solutions that were not feasible with more traditional manufacturing

techniques (for example variable hairpin cross section).

Authors in [6] shows an additive manufactured coil whose end windings are re-
designed with the purpose of improving the heat transfer coefficients, so optimizing
the cooling of these components. At the end, a significant reduction (about 30%) of

the steady state temperature was measured.

Nevertheless, the insulation of additive manufactured windings is more complex
and require an higher thickness of the insulating system. In addition, they are
more sensitive to deterioration phenomena of the insulation related to the stress
introduced by the PWM on the stator windings due to the insulation obtained
typically with potting techiniques. In [7] the fabrication of an insulation coatings

on an electrical windings made in CuCrZr is deepened considering three processing
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techniques.

Furthermore, to obtain an higher fill factor in [8] authors proposes a geometry with
variable cross-sectional area, which lead to an increment of the sensitivity of the

winding losses to frequency variations.

Electrically excited synchronous motors (EESMs) are widely used in industrial ap-
plications, such as large pumps, generators and, more recently, also in automotive
industry, due to their performance and high efficiency [9], [10], [11]. Nevertheless,
to achieve the desired performance an optimal design and pole shaping of the rotor
becomes crucial. In [12] an optimal pole shaping method is found analytically with
the purpose of optimizing the MMF waveform at the airgap. Optimal shaping for
electrically excited synchronous motors is an important aspect of motor design that

has a significant impact on its performance and efficiency.

Furthermore, authors in [13] proposed a fluid dynamic-based pole shaping; com-
bining fluid dynamics and electromagnetic considerations in the rotor design an

improvement of the overall performance of the machine is obtained.

In [14], [15] and [16] hybrid excited PM synchronous motors are analyzed: thanks to
the presence of both magnets and windings the flux on the rotor can be adjusted to
achieve an higher maximum feasible speed in flux weakening condition. In [17] the
control strategy of this configuration is deepened: a new FW control scheme suitable
for anisotropic HEPM motors with high motor inductances is presented. A hybrid
FW architecture is developed, including a feed-forward generation of the excitation
current reference and a voltage loop for the direct-axis current reference. On one
hand, the feed-forward excitation current reference generation aims to maximize the
output power. On the other hand, the voltage loop for the direct axis current is

inspired by conventional IPM sensorless schemes [18].

For these reasons, a design of a rotor winding for a synchronous machine is presented.
With the purpose of maximizing the slot filling factor of rotor slots, the new rotor
coil is completely re-designed and it must be produced employing AM. In this case
DC voltages are used and lower values are involved compared to the ones relating
to the ones generally used in stator windings, so from the insulation point of view

the application is less critical.
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6.2 Reference Machine

The reference machine considered for this work is shown in Figure 6.1 and its main

data are reported in Table 6.2.

The classic geometry is a 36 slot-6 pole electrically excited salient pole machine,
where the external pole shape was already optimized according to [12]. Optimal
shaping for electrically excited synchronous motors is an important aspect of motor
design that can have a significant impact on its performance and efficiency. Authors
in [12] present a preliminary analytical method which provides a fast and effective
way to design high-performance motors that meet the demands of modern industrial

applications.

Considering traditional manufacturing techniques, generally rotor windings are char-
acterized by a low filling factor, so the maximum copper surface is limited by the
productive process. Incrementing the filling factor could lead to a reduction of rotor

winding resistance and overall better performance of the machine.

Table 6.1: Reference Machine Parameters

Machine Parameter Parameter Symbol Value U. M.

Pole pairs P 3 -
Slots number Qs 36 -
External stator diameter D, 184 mm
Internal stator diameter D; 126 mm
Airgap g 0.8 mm
Axial length L. &0 mm
Slot area Silot 66.8 mm?
Stator nominal current Lom 26 Ans
Rotor ampere turn N1, 540 As
Mechanical base speed We 4500 As
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Figure 6.1: Reference machine.

6.3 AM Rotor Winding Geometry

Rotor windings are way more difficult to produce with traditional manufacturing
techniques and, generally, a low filling factor is obtained. So, a complete re-design
of the coil geometry was made. The proposed geometry, shown in Figure 6.2a, was
designed considering 8 conductors with equal cross section area but different shapes

with the purpose of maximizing the filling factor.

In Table 6.2 the main parameters of the rotor winding for the reference motor and

the proposed one are presented and compared.

Table 6.2: Reference Machine Parameters

Machine Parameter Reference Motor Proposed Motor

Number of conductors 8 8
Filling factor 0.5 0.97
Conductor section 13.5 mm? 33.5 mm?

Current density 5 A/mm? 1.96 A/mm?

In Figure 6.2b an optimization of the pole shape is proposed, with the purpose of
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reducing the mechanical stress, according to [13]. To exploit all the available area,
the coil geometry is adapted to the optimized pole shape. It is evident, how the
proposed geometry perfectly fits with the pole shape, while with more traditional

manufacturing techniques a lower filling factor should have been used.

o

Figure 6.2: One pole sketch with the new coil geometry (a) and with the new pole
shape (b).

a)

The coil geometry was realized as a result of an optimization process, whose main

purposes are:

« the maximization of the copper area between each pole, in order to exploit all

the empty spaces and follow the pole shape geometry;

o keeping constant the cross section area of each conductor, so that the current
density is the same in every conductors and there are not problem with the

insulation of some conductors;
 finding a good balance of the overall rotor inertia.

Figure 6.3 shows the complete motor design with the innovative coil and the re-
design of the poles. In the next sections the performance of the two machines will

be compared through a magnetic analysis and a mechanical analysis.

6.4 Analytical Analysis

Figure 6.4 shows the per unit flux as a function of the rotor excitation. The per

unit values are based on the nominal operating condition of the machine.

The proposed geometry is evaluated analytically with both copper and aluminium
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6.4 Analytical Analysis

Figure 6.3: Innovative geometry proposed.

windings and at the same rotor Joule losses value of the traditional machine. The

rotor Joule losses can be expressed as

PJ,rot = pCuSCuLstkjg; (61)

Where p¢,, is the resistivity of the copper, S¢, is the total copper cross section area,

L. is the stack length and j. is the rotor slot current density. Considering that:
o The copper resistivity of a printed winding has an increment of about 10 %;
o The total copper cross section is incremented by 2.5;
o The lenght of the stack is the same.

The following relations between the reference motor and the proposed one can be

defined.

pcuam = L1pcy; (6.2)
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Figure 6.4: Per unit flux as a function of the rotor excitation.

SCu,AM = 2-5SC’u§ (63)

The corespondent current density which must be applied to obtain the same rotor

Joule losses can be found equaling the two rotor Joule losses.

peuScuLlsinie = pouantScuant Lstkje ans: (6.4)

Then

[1  Scu . A
3 = o — =0.65. =3 ; 6.5
Je,AM J 1.1 SCu,AM J mm? ( )

Referring to the per unit flux linkage trend reported in Figure 6.4, the increment of

the flux linkage is 25 %, which is directly related to the torque increment.

The same procedure was implemented considering an aluminum rotor winding, in
which the resistivity of the winding material of the additively manufactured machine

must be re-adaped according to aluminum properties.
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[1  Scu . A
B = Jor| — = 0.48j, = 2.42——; 6.6
J AM, AL J 171 SCu,AM J me ( )

In this case, always referring to Figure 6.4, the increment of the flux linkage is 16

%. This result can be compared with the one obtained with 2-D FEA simulations

reported in Section 6.5.

6.5 Magnetic Analysis

The magnetic analysis was performed via 2D Finite Element Analysis (FEA). In
Figure 6.5 and Figure 6.6 the 2D FEA post processor is reported for, respectively,

the traditional topology and the innovative proposed winding and pole shape.

In Subsection 6.5.1, the two geometries were analyzed considering the same working
condition, reported in Table 6.2. Otherwise, in Subsection 6.5.2 the two config-
urations are compared considering the same rotor Joule losses. Simulations were
performed considering for the new geometry a filling factor of the rotor windings of

0.97 to take into account the thickness of the insulation.
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Figure 6.5: 2D FEA post processor for the traditional configuration.
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Figure 6.6: 2D FEA post processor for the proposed innovative coil geometry.

6.5.1 Constant torque comparison

From the flux density values found at load conditions (Figure 6.5 and Figure 6.6) a
benefit related to the more fluid pole shape can be appreciated in the reduction of
the maximum flux density value in the pole. With the traditional configuration a
maximum value of 1.8 T is found, on the other side with the optimized pole shape

the maximum inductance is reduced to 1.6 T.

Since the proposed geometry is characterized by lower rotor winding resistance,
the reduction of the Joule losses generated in the rotor can be appreciated. So, a
comparison between aluminum and copper windings is made: aluminum is becoming
increasingly studied for electrical machine windings because it is less expensive and
lighter than copper. Nevertheless, its electrical conductivity is lower, so its resistivity
is higher, leading to an increment in the winding resistance and, consequently, the

Joule losses.

Thus, with the proposed rotor coil geometry, the overall losses can be reduced even

with aluminum, obtaining better performance with fewer costs and total weight.

Furthermore, thanks to the potentiality of AM, a re-design of the end windings
could be made to improve the heat flow thermal coefficient by incrementing the

total dissipating surface. Hence, the innovative geometry allows minor rotor-joule
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losses to be obtained with a better thermal dissipation.

Neglecting the end windings re-design, the joule losses reduction obtained with the
proposed aluminum winding is reduced of the 37 % compared with the traditional
solution. Otherwise, if the proposed geometry is realized using copper, a 60 % rotor
Joule losses reduction can be appreciated. Obviously this leads to great advantages

in terms of overall efficiency of the machine.

These results do not consider the increment of copper resistivity related to the lower
density of the printed material. However, according to [3], this increase is less than

10 %, so the results continue to be optimal for the innovative geometry proposed.

6.5.2 Constant rotor Joule losses comparison

Then a comparison is proposed considering the same Joule losses of the rotor between
the traditional geometry and the innovative one with aluminum rotor windings.
Figure 6.7 shows the 2D FEA post-processor of the proposed machine with the
same Joule losses of the traditional configuration. It is interesting to notice how,
due to the fluid design of the pole shape, the maximum induction value in the pole

is still lower than in the traditional configuration (1.7 T).

In this case, an increase of the 10 % of the aluminum resistivity was considered in

order to include the effect of the lower density of the printed material.
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Figure 6.7: 2D FEA post processor for the proposed innovative coil geometry with
the same rotor Joule losses.
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In Figure 6.8 a torque comparison between the traditional and the proposed machine
is shown. The torque increment from 25 Nm to 29.6 Nm, so an improvement of the

18 % can be appreciated.

351 Proposed Machine
30 Reference Maching

\’\/\/\/\f\/\/\/\/\/\f\/\

20+

15+

Torque [Nm]

10}

0 20 40 60 80 100 120
Angle [deg]

Figure 6.8: Torque comparison between the traditional and the proposed machine
with the same Joule losses.

6.6 Mechanical Analysis

Another important aspect that must be considered is the mechanical resistance of
the rotor. This analysis was performed with 3D FEA. Generally the most critical

points are:
e the connection between the pole body and the rotor;
« the connection between the pole body and the airgap pole shoe.

In these points the maximum stress reached can be dangerous, especially when high
speeds are involved. In the case of AM rotor it is possible to adopt a more smooth
transition between the inner part of the rotor and the teeth to reduce the stress in

this section.

Incrementing the fitting radius in those points leads to a more fluid geometry with

reduced over stress in critical points.

In Figure 6.9, Figure 6.10 and Figure 6.11 the results of the mechanical simula-

tions are shown. The simulations were performed considering the centrifugal force
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generated with a maximum speed of 4500 rpm.

The simulation are referred to the base speed of the motor with the aim to compare
the stress with the different rotor winding configurations, obviously an higher speed

can be reached in the constant power region.

A: Static Structural
Equivalent Stress - Lamierina
Type: Equivalent tvan-Mises) Stress
Unit: MPa
Tirme: 15

25/03/2024 18:46

17,022 Max
15,13

13,230

11,348

94560

7,5657

5,6745

3,7634

1,8022
00010036 Min

Figure 6.9: Von Mises equivalent stress with the traditional wound rotor.
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Equivalent Stress - Lamiering
Type: Equivalent (von-Mises) Stress
Unit MPa

Time: 1
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7,6665 Max
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426

34054

25567

1,7051

085342
0,0018493 Min

Figure 6.10: Von Mises equivalent stress with Aluminum AM coils.
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According to these results, the proposed geometry with aluminum windings is the
one with the lower maximum Von Mises equivalent stress. In the traditional original
machine 17 MPa was detected in the connection between the pole body and the
airgap pole shoe (Figure 6.9). Otherwise, with the proposed innovative geometry,
the most stressed point is the connection between the pole body and the rotor, but
the overall values are much lower than the ones obtained before, so the maximum

value here is 7.7 MPa (Figure 6.10).

When copper coils are considered (Figure 6.11), the maximum stress obtained is a

bit higher, 15.3 MPa, due to the fact that copper has a higher density.

A: Static Structural

15.281 Max
13,583

11,886

10,188

£,4003

6,797

5,0951

33974

1,6908
0,0022101 Min

Figure 6.11: Von Mises equivalent stress with Copper AM coils.

Another important advantage from the mechanical point of view is that the pro-
posed aluminum coil weights 24 % less than the traditional copper coil, despite the

proposed winding geometry has higher volume.

The prototype is under construction, in Figure 6.12 the rotor poles are shown.
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Figure 6.12: Rotor poles.

6.7 Conclusions

AM applied to electrical machines is gaining more and more interest thanks to the
possibility of designing and manufacturing innovative optimized geometries. There
are several applications in literature where AM is used to fabricate special stator
hairpin windings, but in these applications the insulation of the windings is critical

due to the PWM and high working voltages.

Here, AM is employed to design an innovative rotor winding for a synchronous
electrically excited motor, in this case the insulation is less critical since the rotor

winding is typically powered with low voltage DC current.

Furthermore a fluid pole shaping is made to reduce the mechanical stresses in the
most critical points. The new coil geometry was designed with the purpose of max-
imizing the filling factor and granting constant cross section area of the conductors,
to avoid undesired fluctuations in the current density of each conductor. The result
is a coil design which perfectly fits into the pole shape obtained before. The final
results of the comparison between the traditional and the innovative configurations

can be summarized as follows.

1. The saturation in the pole, at the same working point, are reduced compared
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d.

to the ones obtained with the reference machine.

. For the same MMF, the current density in rotor conductors is reduced by 60

%.

. The rotor Joule losses generated with the innovative rotor configuration with

aluminum windings are divided by 1.6 with respect to the ones obtained with
the traditional motor. When copper is considered, this reduction increases to
a factor of 2.5 . This is a very good achievement because it allows to modify
the rotor winding material; in fact, using aluminum could lead to lower costs
and total weight of the machine, with a gain in the overall efficiency of the

machine.

The proposed pole shaping is characterized by lower mechanical stress in rotor
most critical points and the total area at disposal can be exploited, creating a

geometry which perfectly fits with the fluid pole shape.

The total coil weight is reduced by 24 % with aluminum.

A future development of this work could be, thanks to the potentialities of AM, the

redesign of rotor end windings to obtain a geometry which increments the thermal

dissipation of the machine.
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7. A Double Three-Phase Axial-Flux Syn-

chronous Reluctance Motor

Axial-flux machines have attracted growing interest in recent years due to their
compact geometry, high torque density, and suitability for applications where axial

space is limited.

In conventional manufacturing for radial flux machines, the rotor of a reluctance
machine is typically realized through stacked laminations with well-defined flux bar-
riers. While this approach is practical and widely adopted, it imposes strong geo-
metric constraints that limit the manufacturability for axial flux motors. Additive
Manufacturing (AM) offers a new degree of freedom in this context, allowing for the
realization of complex three-dimensional structures that are not achievable using

traditional techniques.

In this study, the design process begins with a traditional barrier-type rotor ge-
ometry, which serves as a reference configuration. Subsequently, a simplified rotor
topology is proposed, with the objective of maximizing the magnetic flux trans-
fer between the two stators. This approach not only enhances the electromagnetic
coupling and torque production but also demonstrates how additive manufacturing
can enable innovative design strategies that simplify construction while improving

performance.

This chapter presents the design methodology, modeling considerations, and compar-
ative analysis between the conventional and additively manufactured rotor config-
urations, highlighting the advantages and challenges associated with implementing

AM in axial-flux reluctance machines.

The chapter is organized as follows: in Section 7.2 the main parameters related
to motor geometry are presented and in Section 7.3 the proposed geometry is de-
scribed, then, Section 7.4 describes the 2-D FEA simulations results obtained with
a modified rotor geometry. To conclude, Section 7.5 shows the final design proposed

and presents the 3-D FEA simulations results.
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7.1 General overview

In recent years, there is continuous research about the design of new motors and

new motor geometries. The main aims are:
e to increase the motor torque;
e to have compact electrical machines;
« to achieve a proper redundancy;
e to reduce the rare-earth material used in machine.

The synchronous reluctance machine has been studied for many years and only
recently is adopted in industrial and traction applications. The analysis of this
machine reached a maturity and the design procedure is well described in literature,
e.g. [1].

The highest advantage of the synchronous reluctance machine is the total absence
of permanent magnets, in particular of rare-earth permanent magnet. This aspects

makes these motors highly sustainable, since rare-earth permanent magnets are

expensive and of difficult disposal.

The torque is due to the rotor anisotropy, in particular to the difference of the d-
axis and g-axis inductances. Thus the rotor is often characterised by several flux
barriers that limit the flux along the g-axis without obstructing the flux along d-axis.
Figure 7.1 shows the flux lines along d-axis and ¢-axis in a traditional radial flux

motor.

Figure 7.1: Flux lines along d-axis and g¢-axis in axially laminated motor.
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Sometimes, low-energy PMs, like ceramic Ferrite, are adopted to saturate the iron
bridges and to increase the power factor [2], [3], [4]. They are commonly adopted
in radial flux machine, while they are barely used in axial-flux machine due to the

complex structure of the rotor in such a configuration.

Figure 7.2 shows a possible rotor geometry of an axial-flux reluctance rotor, showing
how the flux paths have to be designed. The difficulty of achieving such a geometry

by using laminations is evident.

Nevertheless, it can be obtained using Soft Magnetic Composites (SMC) [5] or ei-
ther with metal additive manufacturing, a new technology which allows customized
geometries to be obtained for several applications. On the other hand, the rotor
is not laminated, so eddy currents and hysteresis losses may be generated by flux

density variations due to stator slots and MMF harmonics [6].

Figure 7.2: Complex geometry of an axial flux reluctance rotor.

Hysteresis losses are due to a non optimal grain dimension obtained during the
additive manufacturing process. An annealing process can reduce significantly the
impact of these losses, but this leads to an increment of the resistivity of the material,
so eddy current losses will be higher. As authors state in [7], an annealing process

is mandatory to obtain good performance from a 3D printed ferromagnetic core.

Nevertheless, additive manufaturing gives almost unlimited chances to redesign the

171



A Double Three-Phase Axial-Flux Synchronous Reluctance Motor

iron core geometry, included the possibility to introduce some micro structures to
reduce the losses induced in the iron, as pointed out in [8]. In fact, authors in [9]
build an additively manufactured iron core for a transformer exploiting the hilbert

structure to reduce the induced current in the core and, consequently, the iron losses.

Axial flux machines are compact machine, characterised by a high torque per volume
ratio. However, in comparison to the radial flux machine, in the axial flux machine
there is a high axial force that acts on the two parts [10]. The stator is attracted
by the rotor and vice versa. To compensate such an attractive force, it is possible
to adopt an axial flux machine with one rotor and two stators [11], or two rotors
and a single stator [12]. Hereafter a solution with two-stator and a single rotor is
studied, where the two stator are powered by two different inverters, achieving a

double three-phase machine.

Multi-phase motors are considered for various reasons. At first they allow the total
power to be subdivided on different parts. This is advantageous especially for high-
power machines, to split the current on various paths. Therefore they exhibit an
intrinsecal redundancy, which make these solutions advantageous for fault-tolerant
applications. In the event of a fault on a single three-phase set, the other three-
phase set can continue to operate [13]. In addition, some solutions in which the two
three-phase sets are shifted of 30 electrical degrees allow the MMF waveform to be

improved, since some harmonics are removed [14].

Hereafter, an axial-flux synchronous reluctance machine is proposed. It is charac-
terised by two stators and a single rotor in the middle. It is a double three-phase
machine: the first set of three phase winding is addressed on the first stator, and

the second set of three phase winding is addressed on the second stator.

7.2 Analytical Design

The proposed dual three-phase axial-flux synchronous reluctance machine is char-
acterised by a single inner rotor and two external stators, each of them addressing
a separate three-phase winding. The currents in the two winding sets are controlled

separately, by means of the strategy described in the following.

Table 7.1 resumes the main data of the motor.
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Table 7.1: Motor Parameters.

Name Symbol Value U. M.

Pole Pair Number P 2 -

Slot Number Q 24 -
External Diameter D, 120 mm
Inner Diameter D; 50 mm
Air gap g 0.3 mm
Rotor core height h, 15 mm
Stator core height hg 30 mm

Number of phases m 3 -
Nominal frequency f 50 Hz

7.2.1 Stator design

The two stators of the machine have the same geometrical dimensions, so the design
of only one stator is needed. The stator slots have rectangular shape, as shown in

Figure 7.3. A polar expansion can be added to have a better MMF distribution in

the airgap.

Figure 7.3: Stator slot dimensions.

Generally, the slot depth h,, the slot width w,s and the slot pitch p, can be con-
sidered related by:

173



A Double Three-Phase Axial-Flux Synchronous Reluctance Motor

hss = <h55> <w53> Ds
Wss Dss

Where typically the two ratios needs to be in the following range of values:

hss

—4-6
wSS
Wss —04-0.6
Ds

(7.1)

(7.2)

(7.3)

Choosing hgs/wss = 5 and wgs/pss = 0.5, the stator slot height results about 15 mm.

Consequently, the stator slot width can be computed as

hSS

hss

Wss

= 3mm

Wss =

The ratio between wg, and py is 0.46, which stays in the range given in (7.3).

The final stator geometry is represented in Figure 7.4.

Figure 7.4: Stator core with 24 slots.
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7.3 The Motor Geometry Development

7.2.2 Traditional rotor design

The rotor has 4 poles, so each of them has an angular amplitude of 8, = 90 degrees.
To reduce torque ripple it is important to compute the optimal number of barriers
which depends on the slot-pole configuration of the machine. In this case a 4 barriers
per pole design is chosen. The barriers need to be at the same distance in the

circumferential direction, in this case spanning an angle of 5 degrees.

Figure 7.5 shows the rotor design with four flux barriers per pole. The geometry
obtained is complex and difficult to manufacture, so in the following a simplification

of the rotor geometry is proposed.

Figure 7.5: Rotor core.

7.3 The Motor Geometry Development

Since the classical reluctance geometry can be difficult to manufacture, a simpli-
fication of the original flux barrier configuration is proposed, with the purpose of

maximizing the flux concatenated with the two stators.

As shown in Figure 7.6, the original number of flux barrier is reduced and the exter-
nal one is removed. This is possible because in the central part of the rotor, there
is no flux in the horizontal direction, considering the original geometry. Therefore,
the horizontal iron layer can be replaced by air, and then the external flux barrier
can be simplified. This is confirmed also with 2D FEA simulations, as shown in

Figure 7.7.
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Figure 7.6: Flux barriers geometry evolution: starting from the classical geometry
in (a) with a classical flux distribution, shown in (b), the new configuration is pro-

posed in (c).

The flux barriers geometry can be re-designed in order to reduce the saturation in the
rotor iron and therefore the torque ripple, which is particularly high in synchronous

reluctance machines.

Furthermore, the total number of rotor slots has to be chosen carefully, according to
[15], to minimize the torque ripple generated. Adopting the right number of rotor

slots the saturation level of the rotor can be reduced with this geometry.

In Figure 7.7 and Figure 7.8 the 2D FEA post processor is reported for, respectively,
the original geometry and the proposed one; according to these data, the maximum

flux density value in the flux barrier is 1.7 T for the traditional geometry and 1.6 T

for the proposed one.
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1.710e+000 : >1.800e+000

— ] 1.620+000 : 1.710e+000
1.530e+000 : 1.620e+000
e 1.440e+000 : 1.530e+000
% 1.350e+000 : 1.440e+000
1.260e+000 : 1.350e-+000
1.170e+000 : 1.260e+000
1.080e+000 : 1.170e+000
9.901e-001 : 1.080e+000
9.001e-001 : 9.901e-001
8.102¢-001 : 9.001e-001
7.202e-001 : 8.102¢-001
6.302¢-001 : 7.202¢-001

T 5.402e-001 : 6.302e-001

J 4.502e-001 : 5.402e-001

[ 3.602e-001 : 4.502e-001

[ - 2.702e-001 : 3.602e-001
1.803e-001 : 2.702e-001

W

Figure 7.8: 2D FEA post processor of the proposed geometry.

_ \\\\/\W

<2.783e-004 : 9.026e-002
Density Plot: |B|, Tesla

2

7.4 2D FEA Simulations Results

The control of the flux angle is carried out controlling the phase angle of the currents
of the two three-phase sets. In particular, thanks to the double stator configuration,
it is possible to control separately the input currents to the two stators, with the
purpose of obtaining a reduced torque ripple, which is one of the main drawback of

traditional reluctance synchronous machines when the design is not optimized.

The torque obtained from the simulations of the two geometries is reported in Fig-

ure 7.9 and Figure 7.10.
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Figure 7.9: 2D FEA resulting torque of the original geometry.
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Figure 7.10: 2D FEA resulting torque of the proposed geometry.

At first the results obtained with the two stators powered with the same phase
currents were considered. The main torque ripple frequency could be found and the
angle shift at which the ripple is verified. This can be used as the power current

angle of the second stator.

Furthermore, the mean torque value is incremented with the proposed geometry
from 0.83 Nm to 0.92 Nm. In particular, in this case it is more interesting to

evaluate the torque density per unit volume, computed as:

t= (7.5)

Where T is the mean torque generated by the machine and Vol is the machine
volume. In this first comparison the volume of the two machines is the same, so the

only parameter which affects the torque density is the mean torque.

The total volume of the machine is 1.02 dm? so the torque density is 0.8 Nm/dm?
for the traditional geometry and 0.9 Nm/dm? for the proposed one.

The torque ripple of the traditional configuration is 0.85 Nm while the one of the
proposed new geometry is 0.65 Nm. It is worth noting that it remains still high, but

the improvement from the traditional configuration is significant.
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7.5 New Geometry Proposal and 3D FEA Simu-

lations Results

Starting from the configuration proposed in Section 7.4, a new geometry proposal
is made, with the purpose of further simplifying the manufacturing of the rotor. In
Figure 7.11 a representation of the new topology is shown: the flux barriers of the
rotor are reduced to a single radial barrier, so the circumferential part is removed.

The flux can now flow directly from one stator to the other.

Figure 7.11: 3D sketch of the new geometry proposed.

Exploiting the double three-phase systems, the control of the flux angle is carried out
controlling the phase angle of the currents of the two three-phase sets. In particular
the flux angle is varied acting on the shift between the currents controlled in the

two separate three-phase stators.

Thanks to this control technique the rotor flux barriers are completely modified and

the rotor manufacturing results simplified.

The purpose is powering the two stators with currents that can ensure high torque

and low torque ripple.

At first, the two stators are powered with the same current. A sketch of the flux
lines induced in this case is shown in Figure 7.12. The flux lines flow from one stator

iron to the other stator iron flowing on the rotor iron paths, without considering the
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air barriers between them. Such a flux corresponds to the d-axis flux.

This behaviour is the same for all the current angle. The motor operates without
seeing any saliency, the flux value is maximum and the machine does not produce

any torque.
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Figure 7.12: Sketch of the d-axis flux lines when the currents of the two stators are
in phase.

Then, thanks to the double stator and the chance to have a double three phase

system, the two stators are powered with different current angles.

Figure 7.13 shows a sketch of the flux lines when the currents of the two stators are
of phase of 180 electrical degrees. The flux lines flow from each stator iron to the
rotor and they flow back to the same stator crossing the rotor flux barriers. Thus
the flux is strongly limited by the rotor flux barriers. Such a flux corresponds to the

g-axis flux.
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Figure 7.13: Sketch of the g-axis flux lines when the currents of the two stators are
out of phase.

Figure 7.16 a) shows the 3D sketch of the proposed rotor design.
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As stated before, this configuration when both the windings are excited with the
same current does not produce any torque. For this reason, the stators are now
powered with two different current angle. The first stator is powered with only
direct-axis current and the other with quadrature-axis current. The purpose is

to have one stator producing the flux and the other one powered with a current
generating the torque.
The flux lines generated by the two stators, shown in Figure 7.14, are both generating

a torque contribution, but the two stators produced torque in opposites directions.

The global result is an average torque value which is near to zero.
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Figure 7.14: 2D FEA post processor of the simplified rotor design with constant
rotor teeth width with one stator powered with d-axis current and the other with g-

axis current.

Since the two stators generate a torque, a single stator motor was simulated with

the proposed rotor design. Nevertheless, the motor does not generates torque.

This is due to the fact that the stator does not recognize the pole geometry in the
rotor, so some anisotropy was introduced, as shown in Figure 7.16, where start-

ing from the just described solution, Figure 7.16 a), the tooth height is modified
progressively.
In Figure 7.16 b) the tooth height is modified only on one side of the rotor; this

solution was simulated considering only one stator. The total geometry is reported

in Figure 7.15. This configuration introduces a variable permeability path for the

flux, allowing torque generation.
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winding

stator

rotor

Figure 7.15: Single stator motor geometry with variable rotor teeth height.

Figure 7.16 c) shows the final rotor design proposed for a dual stator axial motor. A
variable height of the rotor teeth is designed to obtain magnetic paths between stator
and rotor with variable permeability. The proposed rotor design has a sinusoidal
trend through the air gap. The geometry obtained is greatly simplified compared

to the more traditional reluctance machine design (reported in Figure 7.5).

Figure 7.16: 3D representation of the rotor evolution: constant rotor tooth width
(a), variable tooth height on one side of the rotor (b) and variable tooth height on
both side of the rotor (c).
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Furthermore, the new rotor geometry allows to reduce the rotor total thickness

thanks to the removal of complex barriers. The 3D sketch of the proposed geometry

is reported in Figure 7.17.

winding 1

stator 1

stator 2
winding 2

rotor

Figure 7.17: 3D sketch of the new geometry proposed with variable rotor tooth
height.

S eovee—— 1.710e+000 : >1.800e+000
1.620e+000 : 1.710e+000

| 1.530e+000 : 1.620e+000
Lt 1.440e+000 : 1.530e+000
. 1.350+000 : 1.440e+000
B 1.260e+000 : 1.350e+000
| = > 1.170+000 : 1.260e+000
1.080e+000 : 1.170e+000

9.901e-001 : 1.080e+000

\ 9.001-001 : 9.901e-001

| 8.102e-001 : 9.001e-001

| 7.202e-001 : 8.102¢-001

6.302e-001 : 7.202e-001

5.402e-001 : 6.302e-001

-
e | | 4.502¢-001 : 5.402¢-001
3.602¢-001 : 4.502¢-001
2.702e-001 : 3.602¢-001
1.803e-001 : 2.702¢-001
9.026e-002 : 1.803¢-001
<2.783e-004 : 9.026e-002
T e | Density Plot: | B}, Tesla

sl

Figure 7.18: Flux density distribution in the rotor from 2D FEA simulations.

The resulting average torque of the proposed geometry is 1.6 Nm, higher than the
one obtained with the traditional geometry. The volume of the new rotor is halved
with respect to the original one, so the total volume of the machine is 0.86 dm?. So

the torque density per unit volume is 1.86 Nm/dm?.

Another important aspect of the new geometry is the low saturation of the rotor. In

the traditional configuration the flux barriers had quite high saturation level due to
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the thin iron ribs between the barriers; in the new rotor configuration the saturation
level reached in the operating point considered is much lower (see Figure 7.19). The

maximum flux density value in rotor teeth is about 1.5 T.
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Figure 7.19: Flux density distribution in the motor from 3D FEA simulations.

A parametric study based on the per-unit current 4,, of the stator is made. The per

unit current is defined as follows.

i = (7.6)

The trend of the torque is reported in Figure 7.20 and Figure 7.21.
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Figure 7.20: Torque trend as a function of the per unit current of the stator.
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Figure 7.21: Torque density per unit volume trend as a function of the current
density of the stator.

To keep a reasonable value of saturation in the rotor (around 2 T) the current density
that should be considered is about 20 A/mm? and the torque density obtained is 6
Nm/dm?.

A comparison between the performance obtained from the proposed machine can be
made with an axial flux permanent-magnet spoke-type coreless machine reported in
[16]. The paper investigates the flux focusing technique in coreless structures with
NdFeB PMs. The motor proposed in the paper has a double rotor configuration and

a comparison with traditional surface mounted PM machines is made analytically.

The performance obtained in [16] are reported here in terms of torque density per
unit volume, in order to obtain a fair comparison. The external overall volume of
the machine considered in the paper is 0.6 dm? the torque obtained in the paper is

4.6 Nm with a current density of 19 A/mm?; so the torque density per unit volume
is 7.67 Nm/dm?.

Referring to the innovative reluctance machine proposed here at 19 A/mm?, the
torque density is about 5.5 Nm/dm?, which is comparable to the one obtained with
the permanent magnet coreless machine. With the advantages of having completely

removed the rare earth in the motor and simplified the rotor structure to obtain.

7.6 Conclusions

An innovative rotor geometry for a double three phase axial flux synchronous reluc-

tance machine was presented. The main purpose was to obtain a simplified rotor
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design. The flux barriers, typical for reluctance radial machines, in axial configura-
tion become difficult to be manufactured with traditional manufacturing techniques.

So, a new rotor design was made in three steps:

o Firstly, the external flux barrier was removed because the flux in the internal
horizontal iron path is null, so the last barrier can be removed. The proposed
design allows to reduce the saturation level in the rotor. This leads to a reduc-

tion of the torque ripple and an increment of the average torque generated.

e Then, to maximize the flux flowing from one stator to the other, the flux
barriers in the rotors are removed and substituted with rotor teeth. The two
stators can be powered separately. Thanks to the double three phase system,
it is possible to obtain the d-axis or the-q axis flux by modifying the current
angle of the two stators. When the stators are powered with the same current
angle, they are generating torque in opposite directions, resulting in a null
average torque contribution. Also a single stator design configuration was
analyzed with the proposed rotor geometry. The average torque produced is

still null, because there is no anisotropy in the rotor.

e The designed geometry could not ensure the right anisotropy of the rotor,
so the height of the different rotor teeth was modified. In this way, iron
paths with variable permeability are introduced with a sinusoidal trend of the
variable height of the rotor teeth. The machine proposed has a saliency and

generates a torque value comparable with other axial flux machines.

The final design shows good results both in terms of generated torque per unit
volume and rotor iron saturation. The total volume of the motor is reduced. This
reduction is obtained thanks to the simplification of the rotor geometry. The initial
rotor dimensions are halved; nevertheless, the average torque generated increment.
In addition, with the new rotor design there is a lower saturation in the iron paths

when the motor is powered with the same current density of the traditional geometry.

The innovative motor proposed allows to obtain performance that are comparable
to the one of others axial flux PM machines with similar dimensions. The main

advantages of the proposed rotor design are:

o The absence of permanent magnets, so the absence of rare earth materials
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inside the machine. Notoriously they are expensive and difficult to dispose.

o An easy geometry of the rotor which allow to obtain the desired saliency, so a

good torque value, without the traditional flux barriers.

e A good flux density distribution in the rotor which allows to reduce the satu-

ration value in the rotor barrier.
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Conclusions

The main contributions of this thesis are discussed hereafter. The focus of the thesis
was the development of high performance electric motors exploiting the advantages
of additive manufacturing. Thanks to this manufacturing technique it is possible
to obtain complex and optimized geometries. This thesis starts from the analytical
basement for the modeling of electrical machines, moving on to their design and
optimization, up to the design of three innovative motor topologies that exploit
additive manufacturing and complex shapes to maximize their performance without

the usage of rare earths.

Chapter 1 presents an overview of electrical machines topologies and their most
general analytical model. In the end a lumped parameter non linear model for fast
simulation is presented. This model was developed during the PhD to obtain a
direct model in PLECS® that could have as an input the results obtained from
2D FEA. The model takes into account the non linearities of the machine and the
iron losses. The simulations were compared with experimental results to validate

the model.

Chapter 3 exposes the classical analytical design procedure for electrical machines.
Then an analytical optimization method that include the iron losses is proposed.
Given a range of external diameters it is possible to obtain for each of them the
machine with minimized volume. In this way the mass of the motor is minimized,

leading to the maximization of the power density of the machine.

In Chapter 4 a literature overview about metal additive manufacturing applied to
soft magnetic materials is presented. Aspects such as iron losses, mechanical de-
fects and the effects of post processing treatments like annealing are analyzed and

deepened.

All of the concepts reported in the previous chapters were exploited to carry out the

design of three innovative machines.

The first one is a tubular synchronous reluctance machine (Chapter 5). A novel
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pure synchronous reluctance tubular linear motor was developed, featuring a com-
plex rotor geometry made possible by metal additive manufacturing. An analytical
lumped-parameter model was formulated and validated against 2D finite-element
simulations, showing good agreement across operating conditions. Design optimiza-
tion identified an optimal rotor diameter ratio between 0.54 and 0.58 and recom-
mended at least four rotor layers with an air-gap-to-pole-pitch ratio of about 22 %
to minimize force ripple. Prototype measurements confirmed the accuracy of both
the analytical and simulation results, demonstrating the feasibility and effectiveness

of the proposed design.

The second innovative machine design is described in Chapter 6. Additive manu-
facturing was applied to the design of an innovative rotor winding for a wound-field
synchronous motor, enabling complex geometries and a higher slot fill factor. Unlike
stator applications, insulation requirements are less critical due to the low-voltage
DC excitation of the rotor. A fluid pole shape was also introduced to reduce me-
chanical stress and ensure an optimal fit of the new coil geometry. The optimized
design achieved significant performance improvements: magnetic saturation was re-
duced, rotor current density decreased by 60 %, and Joule losses were lowered by
factors of 1.6 with aluminum and 2.5 with copper compared to the conventional
configuration. Additionally, the total coil weight was reduced by 24 % when alu-
minum was used. These results demonstrate the effectiveness of AM in enhancing
both the electromagnetic and mechanical performance of wound-field rotors. Future
developments could focus on redesigning the rotor end windings to further improve

thermal dissipation.

To conclude, an axial flux machine design was reported in Chapter 7. An innovative
rotor geometry for a double three-phase axial flux synchronous reluctance motor
was developed to simplify the rotor structure and overcome the manufacturing limi-
tations of conventional flux barriers. The design process evolved through successive
simplifications, ultimately replacing traditional barriers with shaped rotor teeth to
facilitate flux transfer between the two stators. By varying the height of these
teeth, a sinusoidal permeability profile was achieved, introducing rotor saliency and
enabling effective torque generation. The final configuration demonstrated improved
performance, with higher average torque, reduced torque ripple, and lower iron sat-

uration compared to the initial design. The overall motor volume was halved while
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maintaining torque levels comparable to similar axial-flux machines. Moreover, the
rotor geometry eliminates the need for permanent magnets, avoiding the use of
rare-earth materials, reducing costs, and simplifying recyclability. The proposed
design thus combines mechanical simplicity, good electromagnetic performance, and

sustainable material use.

The shift from subtractive to Additive Manufacturing represents a fundamental
change in how high-performance electric motors are conceived. By removing the
constraints of traditional tooling, the transition from 'design for manufacture' to
"manufacture for design' is made, allowing for electromagnetic and thermal opti-

mizations that were previously physically impossible.
The main limitations of conventional manufacturing are:
o high waste of material;
o long lead times due to custom tooling;
e high energy intensity in raw material processing.

Additive manufacturing allows to overcome the traditional constraints of conven-

tional manufacturing, since it ensures:
o minimal waste, thanks to near net shape production;
e rapid prototyping and direct production;
o reduced carbon footprint through optimized weight;

o the chance to optimize the design to maximize the performance of the machine,

such as the insertion of integrated cooling channels.

The adoption of AM in the electric motors sector directly addresses the global de-
mand for sustainability. The ability to produce lightweight components reduces
the overall inertia of the motor, leading to higher system efficiency and lower en-
ergy consumption during the operational phase. Furthermore, the reduction in raw
material usage and the potential for localized production significantly reduce the
environmental impact of the supply chain, aligning the electric machine industry

with circular economy goals.

The findings of this research suggest that AM will be the cornerstone of the next

generation of traction motors, particularly in high-stakes industries such as aerospace
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and automotive racing.

The main disadvantage of additive manufacturing is the high cost, but in the long
term, as AM scales and costs decrease, we can expect a democratized access to

high-efficiency machines.

An important aspect that was deepened in this thesis is related to the properties of
printed materials, which are responsive to printing parameters and post processing
treatments. As pointed out in this thesis, after a printing process a post processing
annealing treatment is mandatory to increase the magnetic properties of the printed
material. The annealing cycle that must be implemented improves magnetic prop-
erties of the printed material but it reduces its mechanical properties. A good trade
off between mechanical resistance and magnetic performance of the material must

be found, depending on the specific application.

The next frontier in AM for electric machines lies in multi-material printing. Future
research should focus on the simultaneous deposition of conductive, magnetic, and
insulating materials. Developing functionally graded components, where material
properties change locally to optimize magnetic flux or thermal dissipation, could
lead to a level of power density that is currently unattainable with mono-material

processes.

This thesis has demonstrated the potential of AM for high-performance electric
motors, several avenues remain for further exploration to bridge the gap between
prototyping and large-scale industrial adoption. To move beyond high-performance
applications (such as aerospace or motor sport), the scalability of the AM process

must be addressed. Future studies should investigate:
e high-speed printing techniques to reduce manufacturing time and costs;

« certification and qualification protocols to ensure the structural integrity and

fatigue resistance of printed parts over long operational life cycles.

As the carbon footprint becomes a primary KPI, future work should evaluate the re-
cyclability of 3D-printed metal powders. Investigating life-cycle assessments (LCA)
for AM-produced motors—comparing the energy saved during operation (due to
light weighting) against the energy used in the printing process will provide a defini-

tive road map for the green future of electric mobility.
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