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ABSTRACT We study the use of topology optimization in the design of low-loss ferromagnetic core
structures for additively manufactured electrical machines. The test case was a simple toroid core with a
primary and a secondary winding. A 2D axisymmetric finite element method model was implemented for
the toroid, and the core topology was optimized for minimum losses and maximum secondary flux linkage.
The optimized core was then modified for additive manufacturing, and test samples were built via laser
powder bed fusion. The B-H characteristics and losses of the core were measured in several operation
points. The losses were compared against an additively manufactured solid core, a laminated core, and an
additively manufactured core with evenly placed air gaps (i.e., grooves). The results show that the losses
in the topology-optimized core are on the same level as the losses in the laminated core and considerably
smaller than those in the solid core, which is a considerable improvement to previous published works.

INDEX TERMS Eddy currents, magnetic cores, optimization, soft magnetic materials, three-dimensional

printing.

I. INTRODUCTION

The active parts of rotating electrical machines comprise
windings, cores, and possibly permanent magnets. The cores
are typically composed by stacking thin, insulated electri-
cal steel sheets together to fortify the magnetic flux and to
mitigate the eddy-current losses. While this approach has its
proven benefits, it is best fitted to creating essentially 2D
magnetic circuit designs, such as those of radial flux electrical
machines. The preparation of the laminated ferromagnetic
cores includes several steps—for example, casting, rolling,
cutting, welding, and heat treatment—which make the whole
process rather rigid and laborious. The desired shape of the
electrical steel sheets is attained by punching or laser cut-
ting. During the cutting process, a considerable amount of
material is wasted. Further, these processes deteriorate the
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electromagnetic characteristics of the steel sheets, especially
near the cut edges [1].

In comparison with traditional manufacturing methods,
additive manufacturing (AM) or 3D printing provides unpar-
alleled design freedom. Recently, the AM of electrical
machines has gained a lot of interest in the research commu-
nity [2], [3]. AM can be used to manufacture ferromagnetic
cores [2], coils [4], permanent magnets [5], and also support-
ing structures for electrical machines [6].

However, one major challenge exists that in practice pre-
vents the wider usage of the currently available AM technolo-
gies in manufacturing the ferromagnetic cores of electrical
machines. The present AM cores typically suffer from high
eddy current losses due to their massive structures without
any insulating layers between the ferromagnetic material.
As a result, these cores are not competitive to the traditional
laminated cores.

In order to improve the performance of AM produced
cores, the eddy current issue should be considered during both
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the design of the cores and when choosing the material and
AM method. Present AM techniques for ferromagnetic cores
include laser powder bed fusion (PBF-LB, also abbreviated as
L-PBF), binder jetting (BJT), material extrusion (MEX), also
known as fused deposition modeling (FDM), and laminated
object manufacturing (LOM) [2]. The most commonly used
technology is PBF-LB due to its maturity and because it has
been shown to provide a good balance between the mechani-
cal and quasi-static magnetic characteristics of ferromagnetic
cores [7]. In order to get good electromagnetic properties,
thermal post-processing is required after the printing pro-
cess [7]. However, though initial demonstrations exist [8], the
current PBF-LB technology has limitations in producing thin
electrically insulated structures, and therefore, the PBF-LB
manufactured cores are typically solid, leading to excessive
eddy-current losses, especially at high frequencies [9].

Regarding the alternative options, BJT can produce fer-
romagnetic cores with high magnetic permeability and
increased resistivity [10], but sintering is required after the
printing process to densify the structure and to mitigate crack-
ing [10], and the resulting shrinkage has to be taken into
account in the design before printing a part. Compared to [7],
in [10] the electrical resistivity of the cores was doubled. This
increase of the resistivity reduces the losses but not to a level
comparable with the laminated cores. MEX is also capable
of producing ferromagnetic parts with high resistivity [2], but
the saturation magnetization is low [2], [11], and sintering is
required after the printing to densify the structure [11]. LOM
is a method that could allow printing laminated structures
similar to electrical steel sheets, and thus sounds promising
in the reduction of the eddy currents. However, currently the
material options are limited to copper and stainless steel,
the material utilization is equivalent to the processing of
laminated steel, and the smallest achievable thickness of the
laminated structure might not be small enough to efficiently
reduce the eddy current losses. Therefore, this method is not
quite ready for the ferromagnetic cores yet [12].

For these reasons, we chose to focus on the PBF-LB
technology, and to implement a workflow that can take
into account the eddy current mitigation when designing the
shape of the ferromagnetic core. With the PBF-LB, the most
commonly used soft magnetic materials are Fe-Si or Fe-Co
alloys [2]. Fe-Co alloys enable higher saturation magnetic
flux density than Fe-Si alloys, but the high price of cobalt can
be a restriction, especially in the industrial-scale manufactur-
ing of electrical machines. As our goal was to obtain high
power density, we decided to use Fe-Co. A Fe-Co-V material
with high-saturation magnetic flux density and reasonably
high resistivity [7] was used in this work as a starting point.

To achieve performance that is competitive with tradi-
tional laminated cores, the PBF-LB cores should be carefully
designed so that the losses are minimized. In literature, intro-
duction of different kind of slits or gaps is proposed [13],
[14], [15]. In [13], using computational analysis, the gaps
were estimated to reduce the eddy-current losses by 85%,
but at the same time, the active core cross-sectional area
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was reduced, causing the magnetic flux density to drop from
1.5 T to 1.2 T. This suggests that in the core design, there
has to be a trade-off between the reduction of losses and the
reduction of magnetic flux density. A somewhat similar idea
was introduced in [14], where slits were introduced both at
the sides of a ring-shaped test core and also inside it. The
losses were estimated to lower 17% of those of the bulk
material using computational methods. However, the losses
in the experimental test core were larger than estimated due to
an imperfect structure. Goll et al. [14] also presented the idea
of alternating layers of different materials, creating a structure
similar to that of a laminated core. A sample core with alter-
nating layers of pure iron and FeAl16 was found to reduce the
losses from 4.7 W/kg of pure iron to 0.5 W/kg at 0.2 T and
50 Hz [14]. Annealing treatment was reported to be possible
for alternating layered components up to 900 °C for 1 h
without losing the effect of the higher resistance separation
layers [8]. Higher temperatures resulted in the deterioration of
the separation layers and thus higher eddy-current losses. The
annealing is important for reducing the hysteresis losses in the
soft magnetic materials. In [15], grooves were cut to the rotor
air gap surface in order to reduce eddy currents. Peripheral
grooving was found to reduce the losses significantly. In [16],
a slit structure was proposed to reduce eddy-current losses in
a 3D-printed axial flux permanent magnet machine made of
soft magnetic composite (SMC). The slits were introduced in
the stator core in a similar manner as a laminated structure
is used in radial flux machines. However, to this date, the
methods for producing the loss mitigating structures have
been more of empirical nature and not relying so much on,
e.g., numerical optimization.

All the work presented above have attempted to reduce the
eddy current losses, nevertheless a clear framework for eddy
current mitigation is still missing. In this work, we propose a
workflow to consider the eddy current issue by employing
topology optimization (TO) [17], [18]. Various TO meth-
ods exist in literature, including density based, level set and
topological derivatives [19]. For electromagnetic TO, most
commonly used method is solid isotropic material with penal-
ization (SIMP) [20], which has been proposed in e.g. [21],
[22], [23]. The main advantages of the SIMP method are
the continuity of the control variables, which allows to use
gradient-based optimization algorithms. A drawback is that
SIMP can sometimes leave grey areas (intermediate state
between solid and air) which can be hard to realize in practice.
Level set method has been used in [24] and [25], and topologi-
cal derivatives in e.g. [26]. Electromagnetic TO in literature is
typically used to e.g. rotor design of electrical machines [21],
[22], [23], [26], [27]. Eddy currents have been previously
presented as a part of TO in [28], where an induction heater
apparatus was optimized in time domain, and the heating
power of the eddy currents was maximized.

In this work, we employ the TO method to produce loss
mitigating ferromagnetic core design for the fabrication with
PBF-LB. As a test case, we use a simple toroid with a primary
and a secondary winding. For TO method, we have chosen
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material density TO with SIMP due to its simple implemen-
tation, and good availability. The purpose is not to further
develop any TO method, but to investigate if TO could be used
to create loss mitigating core structures. The formulation of
the optimization problem and its constraints requires specific
attention as the sole minimization of the eddy current losses
would lead to an empty space solution. After obtaining loss
minimizing structures from TO, we produce samples using
PBF-LB. The manufacturability of the TO produced designs
is also addressed at this point. Three different samples are
manufactured: solid, one with evenly placed grooves, and one
designed using TO. The B-H curves and losses of the sample
AM cores are measured and compared against the measured
losses of a laminated Fe-Co-V core. Finally, the portion
of the eddy current losses of the total losses is analyzed
via computations to see how much the eddy current losses
themselves were reduced. The main novelty of our work is
that we introduce a workflow from the design to the additive
manufacturing of the eddy current minimizing soft magnetic
cores.

Il. COMPUTATIONAL METHODS

In this section, we present the electromagnetic model of the
toroid core and explain how TO is used to mitigate the core
losses. Two different finite element method (FEM) models
are employed: the core losses of the produced samples are
analyzed with a time-dependent model incorporating the non-
linear magnetic properties whereas the TO is performed with
a simplified model assuming sinusoidal time variation (the
time-harmonic approach) with linear B-H characteristics.

A. ELECTROMAGNETIC MODEL
The governing equations of the electromagnetic problem are

1 0A
Vx —=(VxA)=—-0—+Je, 1)
I Jt
where A denotes the magnetic vector potential, i is the per-
meability of the material (i.e. & = prpo where pg is the
permeability of vacuum), u; is the relative permeability of the
material, o denotes the electrical conductivity of the material,
and J . denotes the external current density. The magnetic flux
density fulfils

B=V xA. @

In the case of 3D computation, a unique solution is ensured
via gauge fixing of the A field:

V. (cA) = 0. A3)

The permeability, w, defines the constitutive relation
between the magnetic flux density, B, and the magnetic field
strength, H, as B = pH . During the timedependent analysis
of both solid and optimized cores, a B-H curve is used instead
of relative permeability for the constitutive relation between
B and H in order to take into account the saturation of the
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ferromagnetic core as

B =7 (IH]) ul “)
IH|
where f is an interpolation function of the single-valued B-H
curve.

The external boundaries of the model geometry were given
the magnetic insulation boundary condition n x A = 0 or
perfect magnetic conductor boundary condition n x H = 0,
as appropriate for the considered symmetry sector.

In the time-harmonic case, the field quantities are approx-
imated to vary sinusoidally with time, and (1) is reduced to

1
Vx—(VxA)=—jwcA + Je, 5)
"

where j is the imaginary unit and w the angular frequency.
The current density in the primary coil domain is
_ prlpw

Jo=———, (6)
¢ Acoil

where Iy, is the primary current, Npy is the number of turns
in the primary winding, and Ao is the cross-sectional area
of the current region, perpendicular to the current direction.

The flux linkage is computed as a surface integral of the
area inside the coil:

W = Neop / BydA, )
Acoil

where N, is the number of turns in the coil, Aco is the
crosssectional area of the coil, and By is the out-of-plane
magnetic flux density.

The magnetic flux density in the cores is obtained as

v
B=_—"— (3)
NswAcore

in which Wy, denotes the flux linkage in the secondary wind-
ing, Ngw the number of turns in the secondary winding, and

Acore the cross-sectional area of the core. This area is defined
by the standard IEC 60404-4 [29] as

2m

pm (D+d)’ ®

Acore =
in which m denotes the mass of the sample, p the density of
the sample, D the outer diameter, and d the inner diameter.

The eddy-current losses are calculated in the following
way:

[
Ploss = —JdV. (10)
where J Ais the current density in the core, obtained as
J = —o% in the time-dependent case and J = —jwoA in

the time-harmonic case.
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B. TOPOLOGY OPTIMIZATION

In the material density TO method, the material density vari-
able p is introduced so that p = 0 corresponds to air and
p = 1 corresponds to solid material. During TO, the density
variable is allowed to have values between O and 1 to avoid
an integer optimization problem. After TO, the TO problem
is fully converged if p is either 1 or O everywhere and the
intermediate values have disappeared.

The density variable affects the material properties in the
TO space, in this case, the relative permeability and electrical
conductivity. The SIMP method [20] is used for material
interpolation in TO, so that a penalized density variable 6,
is obtained:

Uy = ,urep (11)
o =006, (12)
Op = Omin + (1 — Omin) o’ (13)

where Oy, is the minimum penalization and p is the penal-
ization power.

The optimization problem is the weighted difference of
secondary flux linkage and core losses in order to minimize
the losses and maximize the secondary flux linkage:

maximize f = Ky Wew (0) — KlossPloss (P)
st.0<p<1. (14)

Wew (p) is obtained from (7) and Pioss (p) from (10)
based on the magnetic vector potential solved from the
time-harmonic equation (5). The TO problem was solved
using the globally convergent method of moving asymptotes
(GCMMA) [30]. The GCMMA is a globally convergent ver-
sion of the method of moving asymptotes (MMA) algorithm.
It consists of outer and inner iterations, and each outer iter-
ation can have one or more inner iterations. During outer
iteration k, the current estimate of the control variable p is
used to evaluate the objective function, constraints, and their
gradients. These are used together with asymptote estimates
Ix and uy to construct an approximating subproblem, which
is convex and feasible. The subproblem is passed to inner
iterations. During inner iteration j, the subproblem is solved
for unique optimum p; The values of objective function and
constraints are the solved for py;, and if the approximating
subproblem is conservative compared to the true function
values, the inner iterations are terminated, and Pij becomes
the next outer estimate p, ;. Otherwise, a next inner iter-
ation is performed with more conservative approximating
subproblem [30].

lIl. THE DEVELOPMENT OF LOSS-MITIGATING CORE
DESIGNS

The idea was to introduce air gaps inside the core in such a
way that they would cut the eddy-current paths, thus increas-
ing the effective resistance and decreasing the eddy currents.
Furthermore, the aim was also to understand how to balance
between eddy-current loss reduction and attainable magnetic
flux linkage.
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A solid toroid core with an outer and inner diameter of
60 mm and 50 mm, respectively, and a height of 5 mm was
chosen as a reference and starting point for the loss-mitigating
design developments. A 2D cross-section of the solid toroid
core is highlighted in grey in Fig. 1 a. For comparative
purposes, a laminated Fe-Co-V core with the same main
dimensions as the solid one was manufactured and analyzed
as well. The geometry of the laminated stack is highlighted
in gray in Fig. 1 b.

Prior to numerical optimization, intuitively proportioned
loss-mitigating toroid core designs were prepared. In a solid
core, the eddy currents follow a similar trajectory to that of
the supply current of the primary winding, and now, simple,
evenly placed air gaps were introduced to shorten their path.
The geometry of the thereby obtained grooved samples is
shown in Fig. 1 c. The width of the grooves is 0.4 mm in
the radial direction and 8 degrees in the tangential direction.
The distance from groove to groove is 0.5 mm in the radial
direction and 0.95 mm from outer boundary to groove on both
sides in the radial direction. In the tangential direction, the
distance between the grooves is 4 degrees.

Next, TO was used to find out the optimal placement of the
air gaps in the core, that is, in the TO design space marked
in gray in Fig. 2. The FEM model was 2D axisymmetric
with 6831 elements and 16206 degrees of freedom. In the TO
design space, a mapped mesh was used with an element size
of 0.1 mm, as shown in Fig. 2. Using smaller elements would
allow the TO to create smaller details; however, these would
be impractical to manufacture.

i ™
a)f- b)[ 7 ~
\_ /
Y W
\
C) e - ! dl \
"ﬂ |
v/

FIGURE 1. Model geometry of (a) a solid sample, (b) a laminated sample,
c) a grooved sample, d) a TO DfAM sample, showing the core in grey. The
2D coil geometry is presented in a way that allows defining the in-plane
current density in the different parts of the coil separately in the FEM
software.

For TO, the core material was assumed to have a relative
permeability of 2000, and the supply frequency of the primary
winding excitation was set to 500 Hz. A relatively high supply
frequency was chosen in order to imitate the presence of
higher harmonics in electrical machinery. TO was performed
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FIGURE 2. Finite element mesh used in the TO.

with Ky = 1000 and several values of Kjyss € [0.01, 2] These
values were chosen so that Ky was first used to scale the two
objectives (flux linkage and losses) to the same magnitude,
and after that, Kjoss Was varied in order to get more emphasis
on either the flux linkage term or the loss term A balance
has to be found between the two terms in the sum, as putting
too strong emphasis on the loss minimization will result to
empty space solution; in air there are no eddy currents, and
therefore also no losses. Minimum penalization 6pi, was set
to 0.001 and penalization power p was set to 1.

The TO problem was solved using COMSOL Multi-
physics software [31], and used hardware was two Intel Xeon
Gold 5118 CPUs at 2.30 GHz, in total 24 cores and 192 GB of
memory. The number of TO variables was 2601. The number
of GCMMA outer iterations and function evaluations for the
TO to converge is shown in Table 1, with the solution time
for different values of Kjogs.

The result geometries obtained are shown in Fig. 3. Larger
Kioss values give more weight to the minimization of losses,
which shows in the results as decreased volume of the fer-
romagnetic material. Putting too much weight on loss mini-
mization (i.e., having a too large Kjoss) will lead to unfeasible
geometries with too much material removed as seen in the
lower right corner of Fig. 3. On the other hand smaller values
of Kjoss give less weight to loss minimization and more
weight to the maximization of the flux linkage. This leads
to the larger volume of the ferromagnetic core. The set of TO
solutions front obtained by varying Kjoss is shown in Fig. 4.

From the generated set of solutions, the most promising
one was chosen for further study. The highest flux linkage
was found with Kjoss = 0.05, and the losses are on the higher
side, but not the highest. Further, the results having small
losses also have small flux linkage, which is undesirable.
From the manufacturing point of view, Kjoss = 0.05 is also
the most promising. Therefore, this result, outlined in red in
Fig. 3, was chosen to be converted into a 3D-printable core
geometry.
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TABLE 1. TO problem solution information.

Kioss Number of Number of Solution time
outer iterations objective function (s)
evaluations
0.005 192 196 148
0.01 302 308 235
0.05 208 212 161
0.1 656 659 497
0.15 599 602 460
0.2 296 297 233
0.25 279 280 217
0.5 1771 1772 1419
0.75 966 967 761
1 747 748 591
1.5 509 517 405
2 843 861 667

The original TO design, Kjoss = 0.05 in Fig. 3, had several
details that could not have been printed properly that are
shown in Fig. 5. Therefore, this design was taken as a starting
point, and manually refined into a 3D-printable one. The new
design was named TO DfAM (topology-optimized design for
AM). Horizontal tabs were changed to have angle of >45°.
In the lower part of the design, the tabs had to start from the
very bottom of the design, as shown in Fig. 5, on the right.

5 f Ill
AN

FIGURE 3. Different solutions to the TO problem presented in (14)

obtained by varying parameter Kj: top row, from left to right:

Kjoss = 0005, 001, 005, 01; middle row: K55 = 015, 02, 02505; bottom

row: Kjoss = 075, 1, 152 The TO solution initially chosen to be
manufactured is marked in red.

While changing the design, the eddy-current losses were
evaluated repeatedly and compared with those of the original
TO design to ensure that the loss-mitigating effect of the
structure was not lost. Also, the gaps in the vertical section
on the inner and outer surface of the toroid (see Fig. 5) were
manufactured as solid and machined open afterwards. Due
to the limitations in the 3D printing technology, the final
TO DfAM core shape is quite different from the original
TO result. At this point, there was no automated way of
converting the TO result to a 3D-printable core shape without
manual work. This is something of a drawback in the used
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FIGURE 4. Losses against the secondary winding flux linkage for different
Kioss- Kioss Vvalues are marked in the figure. Results correspond to the TO
solutions presented in Fig 3. Losses and flux linkages were solved by

(7) and (10).

method as it adds an extra work stage to the design process.
However, here, the TO method served its purpose by helping
the designer to come up with new ideas rather than serving
the purpose of achieving finalized products. Moreover, even
if the TO DfAM differs from the original TO design, it pre-
serves the key features in terms of unique, multiple not fully
symmetrically shaped air gaps.

FIGURE 5. Chosen TO result showing examples of unprintable details (on
the left). The TO DfAM design is presented for comparison (on the right).

IV. MANUFACTURING, POST TREATMENT, AND THE
CHARACTERIZATION OF SAMPLES

Four toroid specimens—one solid, one grooved, and two
with a geometry stemming from the TO results—were man-
ufactured with an SLM 125 HL 400W PBF-LB machine
from SLM Solutions GmbH. The soft magnetic Fe-49Co-2V
powder used was prepared at VIT by gas atomization. The
solid and grooved specimens were manufactured at an ear-
lier stage using slightly different powder compositions [32]
when compared with the topology-optimized core specimens,
which had 0.6 wt% Nb as an alloying element. The feedstock
powder was sieved (with a 63 um opening) and dried in a
vacuum furnace overnight prior to manufacturing.
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The process parameters used for PBF-LB were: layer
thickness = 30 um, power = 200 W, scanning speed =
775 mm/s, hatch spacing = 80 wum, platform heat-
ing = 200 °C, a rotating hatching pattern, and an argon atmo-
sphere for all toroid samples. The specimens were removed
from the print platform by electric discharge machining
(EDM). The vertical gaps on the inner and outer surface of
the TO DfAM sample were machined open, as explained
above. Further, the remainder powder was removed from the
cavities of the grooved and TO DfAM samples. The built
PBF-LB samples are shown in Fig. 6. In the cross-section
of the grooved samples, small deviations from the intended
geometry were observed (see Fig. 6 c¢). The lighter green
in Fig. 6 c shows the cross-sectional cut of the 3D-printed
sample obtained by optical microscopy and the darker-green
highlights depict the intended geometry as a CAD model.
Fig. 6 d shows the cross-section of the TO DfAM core for
a cubic 3D-printed example specimen.

FIGURE 6. Manufactured sample cores: (a) a solid sample,

(b) a laminated sample, (c) a grooved sample with its cross-sectional
image, the dark green depicting the intended cross-section and the
lighter green depicting the manufactured cross-section, (d) a TO DfAM
toroid sample and a cube sample showing the cross-section.

Thermal post-processing was applied to the toroid samples.
The solid and grooved specimens were annealed at 820 °C
for 10 h (HT1). One TO DfAM specimen was heat treated
at 700 °C for 2 h, cooled, and then annealed at 820 °C for
10 h (HT?2), and the other TO DfAM specimen was annealed
at 850 °C for 10 h (HT3). All heat treatments were done in a
tube furnace under an Ar+-4%H?2 atmosphere, and the parts
were cooled to 500 °C from the annealing temperature at a
rate of 100 °C per 1 h, followed by furnace cooling.

Besides a solid 3D-printed toroid, a laminated toroid refer-
ence was manufactured, too. The electrical steel sheet grade
was VACOFLUX 50, produced by Vacuumschmelze [33],
with a thickness of 0.35 mm. Fourteen sheets were laser cut

VOLUME 10, 2022



A. Manninen et al.: Mitigation of Eddy-Current Losses in Ferromagnetic Samples Produced by Laser Powder Bed Fusion

IEEE Access

to a desired shape and welded together. The built sample was
heat treated at 820 °C for 4 h under an Ar+4%H?2 atmosphere
in accordance with the manufacturer’s specifications [33].
The ready-laminated sample is shown in Fig. 6 b.

Primary and secondary windings were wound on the sam-
ples in order to perform the magnetic characterization. The
numbers of turns in the primary, excitation, winding, and
in the secondary, measurement, winding are tabulated in
Table 2. The quasistatic DC magnetic characteristics and
AC characteristics of the samples were measured accord-
ing to standards IEC 60404-4 [29] and IEC 60404-6 [34],
respectively. During the measurements, the current in the pri-
mary winding is controlled in such a manner that a sinusoidal
magnetic flux density with a desired amplitude and frequency
can be observed from the secondary winding. Altogether,
nine different AC operation points were measured at magnetic
flux densities 1 T, 1.5 T, and 2 T for frequencies 10 Hz, 50 Hz,
and 100 Hz.

The nonlinear magnetic characteristics of the cores
were represented by single-valued B-H curves in the
time-dependent finite element analysis. These single-valued
B-H curves were derived from the quasistatic DC measure-
ment data of the heat-treated samples by taking a limited
number of points from the virgin curve, ensuring the mono-
tonicity of the outcome. The thereby obtained B-H curves
for all the studied samples are presented in Fig. 7. Possible
sources for the small differences between the TO DFAM HT2
sample and the rest of the samples are, for example, slight
differences in the sample microstructures [7].

For the electrical resistivity measurements, 90 mm X
10 mm x 10 mm bar samples of Fe-Co-V and Fe-Co-
V-Nb powders were manufactured via PBF-LB. The same
manufacturing and heat treatment procedures were followed
as those that were used with the toroid samples [32], [7].
The electrical resistivity of the Fe-Co-V samples was found
to be 43.5 uQcm while the alloy with niobium addition
had a resistivity of 49.4 uQcm [32], [7]. The former value
was applied in the computations of the solid and grooved
3D-printed samples and the latter was applied for the analyses
of the TO DfAM samples. The electrical resistivity of the
electrical steel sheets was taken from the manufacturer’s data
sheets: 42 uQcm [33].

The density of all samples was defined using the value of
standard Fe-Co-V alloys (i.e., 8.11 g/em?).

V. COMPARISON OF SAMPLES

The AC characteristics (i.e., the losses of the five Fe-Co-V
toroid samples) were measured. The eddy-current losses of
the four cores—those of the solid, laminated, grooved, and
TO DfAM HT2 samples—were also analyzed with a time-
dependent FEM. This was done in order to assess the validity
of the numerical methods used. Further, with the computed
eddy-current losses and the measured total losses, a segrega-
tion into loss components (i.e., eddy-current losses and hys-
teresis plus excess losses) could be performed. To evaluate the
performance of the cores, also the secondary flux linkage was

VOLUME 10, 2022

25

Magnetic flux density (T)

Solid
== == :Laminated
Grooved
--------- TO DfAM HT2
L

0.5

0 L L . . I I
0 2 4 6 8 10 12 14 16 18 20

Magnetic field strength (kA/m)

FIGURE 7. Single-valued B-H curves used in the FEM models.

TABLE 2. Key properties of the toroid samples.

Inner diameter (mm) 50
Outer diameter (mm) 60
Height (mm) 5
Solid sample Number of turns in primary winding 275
Number of turns in secondary winding 60
Laminated Number of turns in primary winding 250
sample Number of turns in secondary winding 25
Grooved sample ~ Number of turns in primary winding 250
Number of turns in secondary winding 55
TO DfAM Number of turns in primary winding 275
samples Number of turns in secondary winding 60

computed. For the solid, laminated, and TO DfAM samples, a
2D axisymmetric model was used while a 3D analysis had to
be performed for the grooved sample, because the grooved
geometry is not axisymmetric. The same operation points
that were measured were also analyzed through the numerical
computations.

The finite element mesh was generated taking into account
the skin depth of the cores for each studied case and the
meshes for the 2 T, 100 Hz operation point are shown in Fig. 8.
The primary current was chosen so that the magnetic field
strength matched its measured value. The number of time
steps per period was 50 for the laminated and grooved sam-
ples and 100 for the solid and TO DfAM samples. Altogether,
two periods of supply current were computed.

Fig. 9 and Fig. 10 show the measured and computed B-H
curves of the four different samples at the 1.5 T, S0 Hzand 2 T,
100 Hz operation points, respectively. As can be observed,
for most of the cases the measured and computed maximum
magnetic flux densities correspond very well. On the other
hand, this implies that the FEM models have been correctly
prepared, including the supply conditions. For the 2 T opera-
tion point, the laminated sample was measured for a slightly
higher flux density, 2.16 T, which can be seen in Fig. 10. The
additively manufactured samples were tested at 2 T.

For the grooved sample, the measured maximum mag-
netic flux densities were not reached in the simulations.
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e

FIGURE 8. Finite element mesh used in a) the solid, b) the upper left
corner of the laminated sample, c) the grooved sample case and d) for
the TO DfAM sample for the operation point 2 T and 100 Hz.

This originates from the small geometrical discrepancies
between the actual and modeled samples that are shown in
Fig. 6 ¢ and possibly from slight inhomogeneities caused
by the 3D printing process. It is deduced that in combina-
tion, these effects are present in the simulations as differ-
ent eddy-current behavior and AC magnetic characteristics,
and consequently, lower magnetic flux densities at a given
excitation.

0.5

Magnetic flux density (T)

-15¢

-1500 -1000 -500 0 500 1000 1500
Magnetic field strength (A/m)

*Solid, FEM
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*TO DfAM, FEM
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Laminated, Measured
Grooved, Measured
TO DfAM, Measured

FIGURE 9. Measured and computed B-H curves at the 1.5 T, 50 Hz
operation point.

The eddy current density in the four samples is shown in
Fig. 11. In the solid core, the eddy currents form a large
loop near the surface of the core. The laminated structure
divides the large current loop into several small ones, which
reduces the current density. The TO DfAM structure alters the
path of the eddy current in such a way that the current density
in the core is reduced, and therefore, the losses are mitigated.

Fig. 12 and Fig. 13 show computed eddy-current losses
and measured total core losses in the solid sample and the
laminated sample, respectively. For the solid core, the results
are close to each other, and because the FEM model only
takes into account the eddy-current losses, the results show
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FIGURE 10. Measured and computed B-H curves at the 2 T, 100 Hz
operation point.

that in solid cores, a major part of the losses is caused by
the eddy currents. This result was expected, and it clarified
that by mitigating the eddy currents in the core, the total core
losses would also be significantly reduced. For the laminated
core, the computed losses are less than half of its measured
losses, which clearly shows the effects of laminations in
eddy-current loss reduction. Compared with the solid sample,
the losses are significantly smaller in the laminated sample,
which underlines the need to develop a method to reduce the
losses in the additively manufactured cores.

—_— A/mm
a) .
I H

c)

2

N W s U oo

FIGURE 11. Eddy currents (at 2 T, 100 Hz) in (a) a solid sample,
(b) a laminated sample, (c) a grooved sample, and (d) a TO DfAM sample.

Fig. 14 and Fig. 15 show the measured total core losses and
the computed eddy-current losses for the grooved samples
and the TO DfAM samples, respectively. Compared with the
solid cores, the losses in the grooved cores are considerably
smaller. For example, at 2 T, 100 Hz, the measured total core
losses were reduced from 269 W/kg to 55 W/kg, which is an
80% reduction when compared with the solid core. However,
when compared with the laminated sample, the losses are still
not on the same level: the laminated sample losses are only
14 W/kg. Therefore, a better core design is needed.
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FIGURE 12. Measured total core losses and computed eddy-current
losses in the solid core.
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FIGURE 13. Measured total core losses and computed eddy-current
losses in the laminated core.

For TO DfAM, two different measurement results are
shown for two different heat treatments. The eddy-current
losses are computed using the measured magnetic field values
gained from the TO DfAM HT?2 sample to obtain the primary
current. When comparing the losses with those of the solid
and laminated cores, it can be clearly seen that in the TO
DfAM cores, the losses are on the same level as in the
laminated cores. The laminated cores have measured losses
of 14 W/kg, and the TO DfAM cores have losses of 11.6 W/kg
for HT2 and 14.1 W/kg for HT3.

Fig. 16 shows the measured core losses as a percentage
of the measured losses in the solid core. The higher the
frequency is, the more loss reduction is obtained. This is rea-
sonable because the eddy-current losses are more prominent
at higher frequencies. The TO DfAM samples have similar
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FIGURE 14. Measured total core losses and computed eddy-current
losses in the grooved sample.
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FIGURE 15. Measured total core losses and computed eddy-current
losses in the TO DfAM cores.

capability for loss reduction to that of the laminated structure.
There is only a clear difference in favor of the laminated
sample for the smallest frequency, 10 Hz. The maximum
reduction of losses was obtained at 2 T, 100 Hz, where losses
were reduced to 4.3% of the losses in the solid core. The
smallest reduction was 37% at 1 T, 10 Hz.

The computed secondary flux linkages for the operating
points are shown in Fig. 17. It shows that the flux linkage of
the grooved sample and of the TO DfAM sample is reduced
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FIGURE 17. Flux linkage computed for the secondary winding of the
different samples.

compared to the solid and the laminated sample due to the
fact that introducing grooves or gaps to the structure reduces
the cross-sectional area of the core. The solid core has slightly
reduced flux linkage compared to the laminated one, because
the eddy currents reduce the magnetic field in the solid core.
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The grooved core has slightly larger cross-sectional area
which is why it has slightly larger flux linkage than the TO
DfAM core. This difference in the flux linkage is significant
and has to be taken into account when designing applications.
What it could mean in practice is that if the application was
built using the grooved or TO DfAM core type of structure,
the outer dimensions should be made larger, to compensate
the reduced cross-sectional area.

VI. CONCLUSION

We explore the design and preparation of functional addi-
tively manufactured ferromagnetic cores. The topic is
important as it may enable the tailored, better performing
electrical machines of the future and also streamlined pro-
cesses with lower scrap. We studied if TO could be used to
design loss-mitigating core structures for soft magnetic cores
manufactured via PBF-LB. The TO was performed in 2D.
The optimized cores were 3D printed, and the B-H character-
istics and total core losses (W/kg) were measured. The eddy-
current losses were solved with FEM. Both the measured total
losses and the computed eddy-current losses were compared
against the solid 3D-printed cores, the laminated cores, and
the cores having 4 mm evenly placed grooves. The results
show that the TO DfAM cores have losses that are compara-
ble to those of the laminated cores, and significantly smaller
losses when compared with the solid cores. When introducing
gaps to the core, the core cross-sectional area is reduced,
which has to be taken into account when designing cores for
a real application such as an electrical motor. This can mean
increased volume, but because the losses were evaluated as
W/kg, the mass of the core should not increase.

Main challenge is that even though the TO produces a
solution that effectively mitigates the eddy-current losses, the
resulting core geometry can be difficult to manufacture by
AM. This requires an additional design step that modifies
the TO result for AM. However, this step was not too time
consuming, and more importantly, it did not cause the design
to lose its ability to mitigate the losses. To conclude, in this
work, a new method for overcoming the challenge of the
high eddy current losses in solid soft magnetic cores was
implemented and proved to be efficient by both simulations
and experiments. Further work is needed in order to take the
manufacturability into account during the TO itself. In the
future, we plan to test how applying this method in an actual
application, such as an electrical motor, affects the perfor-
mance of the application. By achieving high performance of
the PBF-LB produced cores, the technology can in the future
be competitive to laminated cores. This would provide a solu-
tion on how to manufacture soft magnetic cores especially
for such applications that require 3D magnetic flux path, and
therefore cannot be manufactured using laminated sheets.
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