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Abstract

This paper presents the analytical model, feasibility assessment, and testing of a novel
synchronous reluctance tubular machine, whose mover is manufactured using additive
techniques. This approach enables the maximization of the machine’s saliency. The analyt-
ical model traditionally used for rotating machines was adapted to match the geometric
characteristics of the innovative tubular design proposed in this work. The analytical
results were validated through 2D finite element analysis (FEA). Subsequently, several
mock-ups were 3D-printed using iron metal powder to evaluate the manufacturing feasi-
bility of the proposed machine. Finally, the machine was tested to verify the accuracy of
the analytical model.

Keywords: tubular linear machines; synchronous reluctance machines; additive manufacturing;
analytical modeling

1. Introduction

Tubular linear electrical machines (TL) represent a specific subset of linear machines.
Compared to their rotary counterparts, linear machines offer several advantages, such as
the ability to produce linear motion directly, eliminating the need for additional mechanical
components. This results in improved dynamic performance and greater motion precision.
Moreover, the axisymmetric geometry typical of tubular machines ensures a balanced radial
force, significantly reducing the demands on the machine’s support structure compared to
other linear motor topologies.

The most extensively studied configuration among tubular electric motors is the per-
manent magnet (PM) type, due to its high force output and reliable dynamic performance.
In [1], the authors present detailed models for the analysis and design of various TL-PM
topologies. In contrast, the pure reluctance configuration has not yet been thoroughly
investigated, mainly due to the challenging geometric features of the plunger. Indeed, the
resulting mover structures in this type of motor can be quite intricate, which significantly
impacts their manufacturability [2]. Furthermore, the analytical design of reluctance ma-
chines is inherently challenging. In [3], a mathematical model is proposed for the magnetic
field analysis of a tubular reluctance machine, including the calculation of integral field
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parameters. An optimized design of a tubular transverse flux reluctance machine is intro-
duced in [4], based on a lumped-parameter model. A comparison between PM-TL and
SynR-TL motors in terms of static force production capability is presented in [5].

Nevertheless, most of the permanent magnets used in conventional electric motors
are composed of rare-earth materials. While these materials offer a high energy density,
they also present several disadvantages, particularly in terms of cost [6], availability, and
sustainability [7]. From a sustainability standpoint, rare earths involve carbon-intensive
extraction and production processes, and their recycling technologies remain underdevel-
oped. In this context, synchronous reluctance motors are attracting growing interest in
industry due to their high efficiency and the elimination of permanent magnets [8].

An additional advantage of synchronous reluctance motors is their improved toler-
ance to overload conditions: the absence of permanent magnets eliminates the risk of
demagnetization. These machines not only satisfy key requirements for cost-effectiveness
and environmental sustainability but also offer opportunities to enhance efficiency through
affordable solutions [6,9].

To address manufacturability limitations, the authors in [10,11] propose the use of
metal additive manufacturing to produce the mover, enabling the realization of optimized
geometries. In fact, metal additive manufacturing makes it possible to design and fabricate
reluctance machines with enhanced anisotropy by incorporating a greater number of flux
barriers [12]. This technology, also known as 3D printing, operates by transmitting a digital
file to a machine, which then constructs a three-dimensional object layer by layer [13]. This
production technique provides exceptional flexibility in design and enables the creation of
components using numerous metal-based materials, offering multiple advantages [14].

This paper presents the analytical design and feasibility assessment of a synchronous
reluctance tubular electrical machine. The mover is manufactured using metal additive
manufacturing, which enables greater design freedom for creating complex flux-barrier
geometries. This approach results in a reluctance machine with enhanced saliency and
improved performance, thanks to the optimized shape of the mover’s flux barriers. Ad-
ditive manufacturing also enables the production of this innovative geometry with zero
material waste.

Section 2 briefly introduces the classical model of conventional rotating electrical ma-
chines. Sections 3 and 4 then present an adaptation of this model to a synchronous tubular
electrical machine. In Section 5, the adapted model is applied to the specific geometry
selected for the machine, and analytical expressions for the D- and Q-axis inductances are
derived. Starting from the traditional model used for rotational radial-flux machines, an
equivalent formulation is developed for linear machines, with the permeance calculations
revised to fit the proposed geometry. Furthermore, due to the specific shape of the mover,
the iron core operates under deep magnetic saturation. As a result, a dedicated modeling of
the mover’s iron is incorporated into the lumped-parameter approach. Section 6 presents
the magnetic characterization of the ferromagnetic powder selected for the 3D printing
of the mover. Section 7 provides an analytical estimation of the thrust force generated
by the machine, which is then compared to 2D finite element analysis (FEA) results for
model validation. Section 8 discusses the feasibility of the proposed innovative geometry,
including the fabrication of a mock-up produced in mild steel via selective laser sintering
and the redesign process aimed at manufacturing optimization. Finally, Section 9 presents
experimental results obtained from a first prototype, and the conclusions are drawn in
Section 10.
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2. Reluctance Machine Design

Generally, referring to pure SynR machines, an alternative axis convention is con-
sidered for the two-axis rotational reference frame. Compared to the traditional PM syn-
chronous machine, the reference frame for SynR machines corresponds to an axis rotation
of 90° from the conventional d-q reference (see Figure 1).

Based on this, the roles of the synchronous inductances are interchanged; consequently,
the direct axis aligns with the plunger’s magnetic path that exhibits the lowest reluctance
for each pole, as illustrated in Figure 1. Hereafter, the rotational reference frame of the SynR
machine is indicated by capital letters D-Q, to clearly differentiate it from that used for the
PM machine.

Figure 1. Comparison between the two-axis rotational reference frame of a pure synchronous
reluctance machine and the conventional PM machine frame.

Then, considering a SynR machine, inductances should refer to the D-Q axis reference.

Accordingly, the expression of the saliency ratio ¢ should be modified as shown
in Equation (1), which, for synchronous reluctance machines, is greater than 1. In fact,
synchronous reluctance machines and permanent-magnet-assisted machines are anisotropic
because there are magnetic paths with different magnetic permeance values, given by the
flux barriers, which build preferential paths for the magnetic linkage flux. Generally, 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.

_Ip
-

The expression of the torque for synchronous reluctance machines can be written

¢ (1)

using the D-Q axis reference. Ideal SynR machines are characterized by infinite permeance
on the D axis and infinite reluctance on the Q axis, leading to a torque angle of 90° and a
unitary power factor. Nevertheless, in actual practice, a SynR machine has a magnetization
current and a flux along the Q axis different from zero.

3 ..
Tetectr = E(LD - LQ)lDlQ (2)

The D and Q inductances can be split in two terms, the magnetizing inductance and a
leakage inductance, as shown in Equation (3).

Lp=Ls+Lup

(©)
LQ =Ly + LmQ
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The leakage term L, can be omitted in Equation (2), since the leakage flux does not
contribute to torque production; therefore, the torque equation can be expressed by the
magnetizing terms only, as in Equation (4).

3 ..
Telectr = E(LmD - LmQ)ZDlQ (4)

3. 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 air gap. It can be found from the counting function n(8),
which depends on the number of wires in the machine.

Applying Ampere’s law to the path reported in Figure 2, the counting function should

be used.
83 92 91 =10
iron
air
iron
Figure 2. Example of a flux path.
H(6)-¢—H(0)-g =mn(0) i (5)

where g is the mechanical air gap of the machine.
The magnetic field H(0) depends on the considered starting point H(0), which can be
found by applying Gauss’s law.

H(0) = ;avg[nw)] ©)

where avg[n(0)] = 5 027r n(0) do is the mean value of the counting function. So now, the

winding function can be defined as follows:

N(8) = n(6) — avg[n(6)] %

Thus, the magnetic field can be rewritten using the winding function N(0), which has
a mean value equal to zero and does not depend on the starting point.

H(0) = ;N(Q) (8)

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 was considered, as shown in Figure 3.

T N
®p = ip - Lyp = rlstk/ By cosfdf )
—r 2p
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where By = ipt ’ZO;\,](C(? is the magnetic induction in the air gap, so by solving the integral

and simplifying ip, the magnetizing inductance on the D axis can be expressed as follows:

o (NN rly
Lup = 2;{0(}7) kcg (10)

where N is the number of turns in series per phase, p is the number of pole pairs,  is the
rotor radius, Iy is the stack length, and k. is Carter’s coefficient.

On the other hand, L,,q is given by the sum of two components: a circulating term
and a flow-through term.

LmQ = LCQ + LfQ (11)
where L.o comes from the field lines circulating in the rips of the mover’s flux guides,

given by the difference between the magnetic potential between the flux barriers, and Lq
is obtained from the field lines that cross the flux barriers.

N(® . . L
®) N, turns in series — 2 poles concentrated winding
—
N,
2
Mg oM

2

No

2

Figure 3. Square-wave winding function when p = 1.

A magnetic circuit model is used in [15,16] for evaluating the Q-axis flux linkage and
therefore L,,q. Here, a five-flux-barrier tubular machine was taken into account in order to
minimize the force ripple generated, according to [17].

Since the magnetic circuit model for a pole pitch is symmetric, only half of the pole
pitch are considered to simplify the lumped-parameter model, as shown in Figure 4. The
MMF generators represent the Q-axis component of the stator MMEF, while the net of
permeances stands for the barriers (p;) and air-gap flux tubes corresponding to the flux
guides” ends (pg). In this simplification, steel is considered as a magnetic short circuit, so
there is no MMEF drop. Since a regular mover pitch is considered, the air-gap flux tubes
and their permeances (pg1 = pg2 = pg3 = pg) are all the same. All the components in the
proposed Q-axis magnetic circuit model are normalized with respect to different bases:

e  For the MMF, the base is its amplitude £;
e  For the permeances, the base is polsy;
e For the magnetic fluxes, the base is yoFl .

Pb1 Pb2 Pb3 Pba Pbs

Figure 4. Lumped-parameter model for reluctance machines.
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The MMEF generators f1, f2, f3, fa, and f5 are the average values of the sinusoid over
the electrical angular span of each mover’s flux guide. The more layers, the more staircase
steps; see Figure 5.

Q MMF [p.u.]

fs
0.996 [Femaneussmnsmms et

o947 T T

in®

0.806

0.586 [

0.308 |---

Or1 02 Or3 6ra 6.5 90 @ rotor coordinate [electrical degrees]
Figure 5. Q-axis MMF staircase for the definition of MMF generators.

where the values of f; can be found as follows.

(12)

1 O €08 0, — €08 0, (141
fr = AO, / sinf, do, = A6,

grk

Fork =1,2,3,4,and 5, where A8, = 9r(k 1)~ 6, represents the electric angle between
two consecutive MMF generators.
The sinusoidal MMF is split into two components, represented in Figure 6:

*  Thejust defined staircase, which is the one that supplies the flow-through flux;
¢ The residual MME, given by the difference between the sinusoid and the staircase,
which is the one that generates the circulating component.

Q MMF [p.u.]
- AN

N
N N N /]

0, rotor coordinate [electrical degrees]

Figure 6. Stator MMF and its two components.

Assuming a sinusoidal stator MMF and doing some substitutions, the circulating term

L.g can be found as follows:

Mgy

LCQ 4 2
—==1-=) fiA8 13
i kilfk rk ( )
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The ratio between L.g and L,,p should be as small as possible, and it decreases when
the number of layers increases.

Considering the two components of the stator MMF’s sinusoid, represented in Figure 6,
the flow-through inductance component can be found:

Mgy
£2 = 2% A= o (1)
where ry is the magnetic potential at node k. It is also possible to write Equation (14) as a
function of the air-gap magnetic fluxes, that can be found by solving the magnetic circuit
model. In fact, the air-gap magnetic flux can be expressed as follows, and used to rewrite
the expression of Lq:

S gk

= (fo— 1) 2 15
or = (fx Vk)g (15)

where so; = (rA6,)/ p, in which r is the mover s radius. The expression found in Equation (14)
can be rewritten as follows:

Mgy

Lig 4
fQ _ 2 8
e k;fkcpk (16)

Thus, for the computation of the magnetizing inductance on the Q axis, Equation (11)
can be used, where the two components can be found by rearranging Equations (13) and (14):

4 Myay
Leg=Lup|1— =} fiA6y (17)
T =1
4 Mgy
Lo =Lun | — Y fie(fie — 1) ABy (18)
k=1

4. Permeance Computation for Tubular Reluctance Machines

The previously presented lumped-parameter model can be adapted to the differ-
ent configuration of tubular machines with some corrections. Generally speaking, the
permeance values can be computed as follows:

A
pP= P‘Of (19)
f

where p is the permeability of air, A is the area of the section considered, and Iy is the
length of the flux path. In the lumped-parameter model considered, everything is per unit;
in particular, permeances are per unit of yglyy. Referring to the flux barrier k, the value of
its permeance per unit can be expressed as follows:

I
ok = —- (20)
Shk

where I is the total length of the flux barrier (considering only a half-pole pitch) and sy
is the thickness of the flux barrier. Since the machine considered is tubular, the value of
Istx 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 per unit, a coefficient which considers the
reduction in the Iy, of the machine should be introduced in the permeances’ computation.
As a reference value for [ . ¢, the length of the stack at the air gap is considered, because
the air gap is where the electromagnetic phenomenon occurs:
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lstk,ref = 27T ot (21)

The coefficient J;, states the following relationship between the reference value of the
length of the stack and the value considered at the specific point in which the permeance
should be computed:

Istkk = Lstkre fOk (22)

Thus, the computation of the generic permeance per unit becomes:

1 Ay I
Pk Holstk ref PSS *

where Ay = [ily i is the reference area of the flux barrier considered.

5. Application to a Synchronous Tubular Reluctance Machine

To minimize the force ripple and maximize the thrust force for the chosen configura-
tion, a five-mover-layer machine was taken into account, in accordance with [18]. Since
the plunger geometry was obtained by means of additive manufacturing, the material
considered for the analysis was the alloy FeC0o49V2, a metal powder studied specifically
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 were measured in reference to the half-
pole pitch, as in the magnetic model represented in Figure 4. Axial and longitudinal cross
sections of the machine are depicted in Figure 7 and Figure 8, respectively.

Figure 8. Main parameters for the permeances’ computation.
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The previously described lumped-parameter model was expanded to include the iron
located between the end of each flux barrier and the air gap, the stator tooth, and the
second air gap 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 air-gap ones, as shown in Figure 9. The newly proposed
lumped-parameter model is illustrated in Figure 10. The permeance of the flux barrier
was divided into two parts: one for the vertical section and another for the horizontal
section. For each section, a coefficient representing the considered barrier’s circumference
was calculated, which was crucial for accurately determining the total permeance.

A — NWM—
= Dy t f_\f 5 Pg1
L AL AW——
L p g D¢ vlf 4 p g1
—AVW—— AW + >
/ O
e Pg (| P g
L AW AA i -
2z Pg | Pe f2 Pg1
Pb1 — AW N\ W ——
Piiz Pg J%? fi Pg1
o«

Figure 9. Half-pole sketch with the new permeances introduced.

Initially, end effects were considered but were found not to significantly impact the
machine’s overall performance compared to the simulation results. 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.

Pi1 Pi2 Pi3 Dia Dis
Pp1 Pp2 Pb3 Pba Pps

pg p g pg pg P g
P Pt Pt Pt Pt
Pg1 Pgx. Pg1 Pg1 Pg1

f1€> fz\i) fs\? f4© I5

Figure 10. Lumped-parameter model of the tubular machine.

In order to solve the circuit model, first, the total area of the flux barrier was computed.
For simplicity, the middle segment of the mover layer was considered, as shown with green
lines in Figure 8. Considering the parameters shown in Figure 8, the area can be computed
as the sum of two surfaces:
*  The first one is the external lateral surface of the cylinder obtained from the revolution
of the vertical segment along the axisymmetry axis;
*  The second one is the surface given by the circular crown with external radius r, and
internal radius ry.

Ay = 27trihy + w(r3 —1%) (24)

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 cylindrical shape, and a
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horizontal one, having a ring shape; each of them has a different coefficient for the correct
computation of the circumferential length, because they have a different radius.

Each coefficient is computed with respect to a reference circumference, which is
the circumference at the air gap. This value is considered as the reference stack length,
computed as in Equation (25).

lstk,ref = NDg (25)

Considering, at first, the vertical segment of length £, the vertical coefficient is com-
puted as the ratio between the circumference of radius r1, which corresponds to the length
of the stack at the considered point, and the length of the stack at the air gap taken as
reference [y ref:

27rq
lstk,re f

S0 =

’

(26)

Employing the coefficient J; ;, the value of the permeance corresponding to the vertical
segment of the flux barrier can be computed:

!
Prio = — 610 27)
Sn

The same procedure is repeated for the computation of the permeance corresponding
to the horizontal segment, for which a new coefficient must be calculated. In this case, the
component has a ring shape, so for the computation of the coefficient, the circumference
obtained with the medium radius between r; and r, should be considered.

2t
b0 = ——2— (28)
lstk,re f

where % is the radius at the middle point of the horizontal segment considered. The

computation of the desired permeance per unit can be carried out, including the corrective
coefficient just found.
Piio =g 29)

The corresponding 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.

The same methodology was applied to determine all the necessary permeances for
accurately solving the magnetic model. Additional permeances (and corresponding re-
luctances) were 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 had
minimal thickness, it did not reach a saturation level that allowed 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 were considered. Then, the
entire magnetic circuit could 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
could be calculated using Equation (10).

This computation allowed us to obtain a good estimation of the value of L,,p when
premature saturation of the mover did not occur; on the contrary, an unwanted reduction
in L,,p was generated and, consequently, an increase in the D-current component occurred.
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Nevertheless, in tubular electrical machines the mover often saturates at some points
because of its geometrical features, since in that case, the mover is reduced to a cylindrical
plunger. In order to obtain a better estimation of the inductances, a new coefficient should
be introduced, the saturation coefficient ks,;, which is obtained as the ratio between the sum
of the MMF of all the magnetic paths in the stator and the MMF in the air gap. Each MMF
values are computed as the voltage drop in each of the resistors of the lumped parameter
model shown in Figure 10.

EMMF; + ZMMF,
EZMMF,

ksat = (30)

Thanks to this coefficient, an equivalent magnetic air gap which takes into account
saturation phenomena inside the motor can be computed and used to increase the per-
formance of the analytical model. Thus, Equation (10) can be rearranged as shown in
Equation (31).

T N\? 7l
L, = — — ) — 31
mb = 5 Plo( p ) Fkonrg (31)

The magnetizing inductance along Q axis can be computed using Equation (11), where
the value of the circulating term L.g can be found by applying Equation (13) and the
flow-through term using Equation (14). It is important to highlight that the expression in
Equation (16) cannot be used in the case of tubular machines, since in that case, the electric
angle spanned by two consecutive flux barriers cannot be used to find the air-gap flux
when only considering the rotor radius, because the machine is linear. In fact, the definition
of the air-gap magnetic flux per unit in the model, reported in Equation (15) for a rotating
machine, should be modified according to the tubular configuration, by introducing the
correct coefficient which takes into account the gradual decrease in 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 Equation (16) should be rearranged
as shown in the following, by introducing the 7 coefficient and considering the correct
dimension concerning the tubular configuration.

Mgy

4
Lig = LmD;le Y fedx (32)
Y2r k=1

Then, the L.g component can be found from the model, according to Equation (17).
Then, the slot leakage inductance L, 5,; and the zigzag inductance L, ., are computed
according to the following equations:

La,slat - qu,uolstk,refn%kslat (33)

Loz = quﬂolstk,refn%k?ukzz (34)

where k;, is the winding factor, k4, is a coefficient which takes into account the shape of
the slot (Equation (35)), and k, is the zigzag coefficient (Equation (36)).
hso haed Ws hsi
ksjop =—+ ———In—+ — 35
slot Wso  Ws —Wsp  Wso  Wse (39)

where hy; = hs — hyeq — hso-

o ll (wtr + wts)z

— AT T 36
mg 4(psr + ps) (36)

4
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where ps and p,, are the slot step and the polar step, respectively, and ws and wy, are the
iron widths at the air gap for the stator and the mover, respectively.
Thus, the total inductance value along the D and Q axes can be found as follows:

Ly = La,slat + LU’,ZZ (37)
Lp =Lup + Ls (38)
Lo = Lug + Lo (39)

6. Materials

The FeC049V2 alloy was chosen for the prototyping test phase. The magnetic prop-
erties 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 [19]. The findings, shown in Figure 11, were incorporated into the 2D-FEA
software (FEMM 4.2) to conduct simulations with the final material. The annealing process
significantly enhanced the alloy’s magnetic capabilities, achieving saturation similar to that
of conventional FeCo lamination stock. The sample in its initial state had a lower initial
slope, indicating reduced initial permeability, whereas the heat-treated sample presented a
steeper initial slope, reflecting a marked improvement in initial permeability. The BH curve
of the annealed FeC049V2 sample was employed for the simulations.

2.5
21
— 1.5
)
R
0.5F 45° As sintered |1
45° Annealed
0 1 1
0 5,000 10,000 15,000

H [A/m)]

Figure 11. BH curve of FeCo49V2 sample: as sintered (green line) and after annealing (yellow line).

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?. This reduction was due
to the relaxation of internal stresses during the heat treatment process and to the larger
grain size that reduced the strengthening between grain boundaries.

In addition, the as-built sample showed elongation values between 5% and 20%,
indicating moderate ductility. However, the heat-treated sample was characterized by a
reduced elongation range of 2% to 15%, signifying a loss in ductility that could be attributed
to embrittlement mechanisms, grain boundary weakening, and/or the precipitation of
brittle phases during heat treatment.

In our case, the purpose was to maximize the magnetic performance of the alloy, so
the annealing process was chosen accordingly. The authors in [20] show various annealing
strategy that can improve the mechanical properties of an additively manufactured metal
alloy. Depending on the application, it is essential to find the correct annealing procedure
that can grant a careful balance among desired properties.
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7. Comparison with Simulation Results

To verify the accuracy of the proposed model, the obtained results were compared
with 2D FEA simulation results from Matlab’s FEMM toolbox. Simulations were performed
by considering a current density of 7.5 ﬁ. The AM material considered for the mover was
a metal powder of FeCo49V2. Although this powder shows promising magnetic properties,
current research is mainly aimed at enhancing its mechanical performance and lowering
internal residual stresses, which may negatively affect its magnetic behavior.

The motor parameters considered for the simulations are reported in Table 1.

Table 1. Machine dimensions and parameters.

Parameter Symbol Machine Parameter Value U. M.
l Length of the machine 200 mm
T Pole pitch 20 mm

D, External diameter 50 mm
D, Air-gap diameter 24 mm
g Air gap 0.25 mm
Sh 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 -

In [10], a comparison of the performance of the machine obtained when considering a
traditional laminated material and an AM material is presented, showing a slight decrease
in the thrust force with the proposed solution. Nevertheless, the solution with a traditionally
laminated material was not feasible for this configuration, so this slight loss in performance
was acceptable. As shown in Figure 12, a thrust force of 62.95 N was obtained from the load
simulation. Figure 13 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 was brought to saturation more easily than in
conventional rotating machines. Hence, saturation is a phenomenon which must be taken
into account in the analytical design phase.

Force ()
801 ——Mean 63 [N]
FAAAAADAAAAA AN ASA,
=60
@
(&)
S 40+
L
20+
0 1 1 1 1 I
0 10 20 30 40 50

Displacement [mm]

Figure 12. Thrust force obtained with 2D FEA simulations.
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=
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Figure 13. Two-dimensional 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:

Py =P, (40)
Fv=mEI (41)

where v is the linear velocity of the machine, m is the number of phases, E is the electromo-
tive force, and [ is the total current. Hence, the thrust force can be expressed as follows:
_3n

F =3~ (Lup — Lug)inig (42)

where T is the polar pitch.

The value of the inductance value along the D axis decreased with the increase in
current density. However, L,,p was first estimated with Equation (10), which considers
only the potential drop in the air gap 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 the mover’s iron
causes a reduction in L,,p and cannot be neglected. This phenomenon can be represented
by adding the saturation coefficient ks, according to Equation (31). Figure 14 shows the
trend in the inductances along the D and Q axes, comparing the estimation using 2D
FEA simulations against the analytical model results. According to the comparison of
analytical and 2D FEA results, neglecting the end effects did not significantly affect the

analytical model.

Lp analytical

_ 0.15 Lg analytical |
E Lp 2D-FEA

) —— Lg 2D-FEA

S o1} ]
CG -
4+

3]

=

= 0.05 .
=

0 1
) 10 15

Current Density [A/mm?]

Figure 14. Inductances along D and Q axes obtained with 2D FEA simulations and analytical model.
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The leakage inductance component was included in both the computed values for Lp
and Lg. It is important to notice that in the computation of the total leakage inductance
reported in Equation (37), the belt inductance was neglected. However, with the increasing
saturation level of the machine, this component can become an important 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 the D and Q axes (Figure 15 and Figure 16,
respectively).

0.5
I FFT of B inthe gap @ 15 A/mmy*2
04 I FFT of B inthegap @ 2.5 A/mm2
=l
<03
=
=
2, 0.2
g
< 0.1
0
0 10 20 30 40 50

Harmonic order

Figure 15. FFT of the flux density in the gap comparison at 2.5 and 15 A/mm? (D axis).

I FFT of B inthe gap @ 15 A/mmy*2
I FFT of B inthe gap @ 2.5 A/mm2

e
=
T

Amplitude [T]
o o
[\ w

o
=

0 10 20 30 40 50
Harmonic order

Figure 16. FFT of the flux density in the gap comparison at 2.5 and 15 A/mm? (Q axis).

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 a mild steel
powder. The printed model incorporated a 270° cutaway for direct examination and
evaluation of the internal layout of the flux barriers. Despite the slim flux barrier thickness
of 0.9 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 the fabrication of electrical machine components, as it produces
parts with an enhanced density and microstructure in contrast to sintering. The distinct
consolidation process results in improved mechanical properties compared to traditional
methods for the same material [21]. As depicted in Figure 17a, 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 17b showcases the full mover prototype. 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
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printing the entire geometry can occur if the component is not 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 designs, which
can help minimizing eddy current losses. To facilitate the full geometry’s printing, a
manufacturability-oriented redesign was imperative. Drain holes were incorporated at
the flux barriers’ termini at 120° intervals—totaling six per circlet. For the 270° printed
mock-up, they were not necessary, but they can be seen in the picture shown in Figure 17b).
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 configuration, importantly, can still be
sintered at a 45° angle without needing internal supports.

b)

Figure 17. Sample of 3D-printed mover: one pole in Fe-545 (a) and the complete mover geometry in
FeCo49V2 (b).

As highlighted in [21,22], printing a non-laminated, solid conducting material for
components in electrical machines leads to increased iron losses, due to the 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 manufacturing are available,
such as Hilbert structures or mesh-type geometries. Nevertheless, a careful trade-off must
be achieved between reducing iron losses and ensuring the sufficient mechanical strength
of the component to undergo the annealing process with minimal distortion and to allow
for the machining to final dimensions.

9. Experimental Results

A prototype of the motor (see Figures 18 and 19) 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 a flexible interconnection for testing and parameter measurement.
Initially, the phase winding resistance was measured, yielding a value of 2.69 (3, which
matched the value obtained through analytical calculations.
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Main Body
(Backiron)

3D Printed
Plunger
Stator Slot

Figure 18. Complete CAD 3D rendering of the proposed tubular machine.

Figure 19. Fabricated linear motor prototype.

Experimental measurements were performed employing an LCR meter at 50 Hz with
the bias current provided by the LCR meter. The 2D FEA simulations were performed
under the same powering conditions as a comparison.

At first, the leakage inductance associated with a single stator slot was measured.
A value of 811 mH was obtained from the 2D FEA simulations (see Figure 20), while
experimental measurements on the prototype yielded a value of 813 mH. The analytical
results also showed 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, described in [23,24], consisted in the following:

¢  Pre-annealing at 700 °C for two hours;
*  Annealing at 820 °C for ten hours.

The two-stage approach optimized the microstructure for improved magnetic perfor-
mance and allowed one to achieve a more uniform and larger grain size which is known to
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be beneficial for reducing hysteresis losses and increasing permeability (further results are
reported in [19]).

%1073
1r —L_FEA
La measured
08} ————
— 06
L.
—
04+
0.2r
0 1 1 1 1
0 1 2 3 4

Phase Current [A]

Figure 20. Two-dimensional FEA and measured L, of one stator slot.

Additional measurements including the mover were made. As shown in Figure 21,
the single-phase inductance value was slightly lower than the one obtained via 2D FEA
simulations, about 0.2 mH less. It is worth noticing that the saliency ratio for the simulated
machine and the prototype was nearly the same, equal to 1.12 for the prototype and 1.1 in
simulations. In Figure 18, the complete 3D geometry of the prototype is shown.

-3
g X 10
L FEA
L measured
7 L
6 L
z
-
5 L
4 .
3 1 1 1 1 ]
0 10 20 30 40 50

Displacement [mm]

Figure 21. Phase inductance obtained via 2D FEA and measured on the prototype.

10. Conclusions

In this paper, the lumped-parameter model of a pure synchronous reluctance tubular
linear machine was presented. The analytical equations for rotating machines were adapted
to linear tubular machines. The complex shapes of the flux barriers, difficult to obtain by
conventional manufacturing techniques, can be realized by means of metal additive manu-
facturing. 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’ results in order to verify the accuracy of the proposed
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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. In addition, some
considerations relating to the re-design process for the manufacturing 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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