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ABSTRACT

A FEASIBILITY STUDY OF NON-HOMOGENEOUS SOFT MAGNETIC
CORE FOR ELECTRICAL MACHINES - AN APPLICATION OF
ADDITIVE MANUFACTURING

By
Thang Quoc Pham

The development of a new generation of energy efficient, high torque and power density
electrical machines is part of a solution toward the global energy problem. An important step
in improving electrical machine performance involves optimization of the machine geometry,
winding configuration, and overcoming limitations within traditional magnetic materials. In
electrical machine, the magnetic iron core accounts for a significant portion of its weight
and size. Under a rotating magnetic field, conventional iron cores are subjected to a non-
uniform magnetic field distribution. This leads to uneven saturation distribution, extra core
loss, and sub-optimal utilization of the permeability at certain regions within the iron cores.
Deploying materials with non-homogeneous magnetic permeability can lead to a more uni-
form magnetic flux density distribution and potentially better power density. Additionally,
a multi-permeability iron core, where the permeability is tuned as a function of both posi-
tion and electrical machine performance, can lead to a more efficient use of the core and an
additional degree of freedom for core design. This work evaluates the use of iron cores with
non-homogeneous magnetic permeability for electrical machines. It is numerically demon-
strated that an iron core with spatially tuned permeability can be used to manipulate the
airgap flux density waveform, torque, and iron loss in electrical machines.

Exploration and exploitation of non-homogeneous iron cores for electrical machines re-
quires an accurate, low cost modelling technique. Finite element analysis can be used to

model non-homogeneous iron cores but it can lead to an expensive computational require-



ment. Traditional magnetic equivalent circuits can provide quick estimation of the electrical
machine performance in comparison to finite elements. However, this technique typically
models just the main flux path and/or ignores the permeability in the iron cores. In this
work, a technique is developed to model non-homogeneous, multi permeability iron cores
in electrical machines. It is shown that the proposed technique closely approximates finite
element results and reduces the simulation time nearly 80%. It is also demonstrated that
the modelling technique can be integrated into a multi-objective optimization problem for
development of novel iron cores.

Additive manufacturing, also known as 3D-printing, is a layer-based manufacturing tech-
nique which can fabricate unique, complex shapes. It also has the potential to fabricate
non-homogeneous iron cores. Adoption of these complex iron cores for development of
high performance electrical machines requires understanding of the magnetic properties and
demonstration that printed iron cores can reach variable levels of permeability. In this work,
the B-H characteristics are experimentally extracted using conventional magnetic charac-
terization techniques. A simplified magnetic anisotropy test bed was developed to quantify
levels of magnetic anisotropy. It is shown that 3D-printed iron cores can achieve different

levels of relative permeability and low levels of magnetic anisotropy.
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Chapter 1

Introduction

The development of energy efficient electrical machines is part of a solution toward global
energy and environmental problem. Over the last several decades, the advancements in
designs of energy efficient machines has been propelled by computational finite element
analysis. Progress in material engineering for electrical machines moves at a slower speed
compared to advances in the computational speed, indicated by Moore’s law. Development
of future electrical machines that are more power dense and energy efficient is contingent on
overcoming the limitations from traditional materials for machines [1].

Steel laminations, since the early 1900s, and soft magnetic composites, since the mid
1990s, have been traditionally used for fabrication of the iron cores in electrical machines
[2]. Conventional electrical machine design includes shaping the iron cores [3]. The iron
core shape, together with the non-linear characteristics of the steel, result in a non-uniform
magnetic flux density distribution within the cores when subjected to rotating magnetic
fields [4]. The magnetic flux path in the iron cores are also non-uniform [5]. In the stator
core of a rotating radial machine, the magnetic flux path within the teeth are more radially,
and are more circumferentially within the yoke. In the rotor core that employs air pockets
or barriers to guide the flux, certain regions can be exposed to high stress and saturation.
Magnetic materials with non-homogeneous properties can potentially yield a more uniform

magnetic flux distribution and improve machine performance.



Non-homogeneous iron cores have been explored to improve performance of magnetic
devices and electrical machines [6-13]. These explorations of non-homogeneous, multi-
permeability iron cores have shown improvements in electrical machines. However, use of
traditional manufacturing methods for fabricating such iron cores is challenging. Compared
to traditional manufacturing techniques, including powder metallurgy and subtractive man-
ufacturing, additive manufacturing (AM) can require less tooling, generate less waste, and
can recycle unused raw materials. AM is capable of fast prototyping complex shapes from
a wide range of materials including copper [14, 15], polymers [16], and magnetic materi-
als [17,18]. AM technologies have also been shown to print composite material, made from
multiple materials at a same time [19], and have also been demonstrated to print materials
with site specific properties [20]. Thus, AM can potentially become a method in fabri-
cating non-homogeneous, multi-permeability iron cores. Availability of a design approach
that exploits the design flexibility of 3D printing technologies for development of iron cores
with non-homogeneous magnetic characteristic for electrical machine applications can lead
to novel design and more efficient use of the iron cores. However, 3D finite element analysis
would be required to fully explore the potential benefit of the layer-based design enabled by
3D printing technologies, which can be computationally expensive. Development of a low

cost, yet accurate, modelling technique is needed, in comparison to finite element analysis

(FEA).

1.1 Objective and contributions

Exploitation of iron cores with non-homogeneous magnetic characteristic for electrical

machine applications can potentially enable novel design and more efficient use of the iron



cores. To adapt the potential of AM in fabricating non-homogeneous iron core, there is a need
for an analytical tool that can model these structures and can also be coupled with the design
process for an electrical machine, given performance requirements. This requires a modelling
technique that is accurate and low cost, in comparison to finite element analysis (FEA). In
this work, an analytical technique that utilizes magnetic equivalent circuit to model the
non-homogeneous, multi-permeability iron core for electrical machines is proposed.

Soft magnetic iron alloy is used to process iron core. As AM potentially becomes an
alternative approach in manufacturing components for electrical machine, it is important
to understand its capability in printing soft magnetic iron alloys. A successful adoption
of AM for the iron cores depends on the establishments of the relationships between the
AM parameters and the magnetic properties of the printed parts. Given a desired magnetic
characteristic such as maximum relative permeability, the ability to map back to the required
printing parameters can allow machine design engineers flexibility in the material selection
process. In this work, variable levels of maximum relative permeability is demonstrated with
additively manufactured iron cores.

AM is a layer-based manufacturing technique. Contrast to subtractive and powder met-
allurgy manufacturing, AM fabricates individual layer on top of another. Thus, printed
iron cores can be subjected to magnetic anisotropy, especially in the build direction or the
direction of layer deposition. The selection of AM printing parameters, as well as the AM fab-
rication method can lead to different levels of magnetic anisotropy of the printed iron cores.
Certain electrical machine topologies including axial flux machines, tubular linear machines,
and claw pole machines, however, benefit from iron cores that allow easy three-dimensional
flux paths, or low level of magnetic anisotropy. Magnetic anisotropy characterization of

additively manufactured iron cores is thus important, since it helps AM practitioners in re-



lating printing parameters to magnetic anisotropy levels. In this work, a simplified magnetic
anisotropy characterization test bed that is capable of extracting the B — H magnetization
curve of soft magnetic materials is developed.

In order to achieve the stated objective, the contributions of this work are:

e A demonstration that variable levels of maximum relative permeability, and low hys-

teresis loss can be achieved with additively manufactured soft magnetic materials

A simplified experimental test bed that is capable of providing magnetic anisotropy
characterization of soft magnetic materials, and a demonstration that additively man-

ufactured soft magnetic materials can have a low level of magnetic anisotropy

A technique that models a non-homogeneous, multi-permeability iron core in electrical

machines via magnetic equivalent circuit

e A numerical demonstration that airgap flux density harmonic contents can be manip-

ulated using non-homogeneous magnetic core

1.2 Organization

Investigations on non-homogeneous and multi-permeability iron cores are reviewed in
chapter 2. Typical magnetic circuit design in electrical machine is then discussed to high-
light the relationship between relative permeability in the iron core and the airgap flux
density. Effect of non-homogeneous permeability is then demonstrated via the use of a cus-
tomized finite element model. Analytical methods in estimating the airgap flux density in

the machine are then discussed, following by background on traditional magnetic equivalent



circuit which is typically used to calculate the airgap flux density. In chapter 3, the devel-
opment of the multi-permeability modelling technique for the iron core in electrical machine
is described. The modelling technique is then applied on a simple synchronous reluctance
machine (SynRM) and is verified using finite elements. The chapter concludes with the nu-
merical demonstration on the manipulation of the airgap flux density via non-homogeneous,
multi-permeability magnetic core. Background on soft magnetic materials and the standard
magnetic characterization methods are given in chapter 4. Also highlighted is the current
status on additively manufactured soft magnetic materials. Chapter 5 introduces the AM
techniques used in this work, following by experimental results on variable levels of maxi-
mum relative permeability and low hysteresis loss of additively manufactured soft magnetic
materials. Chapter 6 discusses magnetic anisotropy of soft magnetic materials. Current
techniques in magnetic anisotropy testing in literature are first reviewed. The development
of the simplified magnetic anisotropy characterization method is then shown and validated in
3D FEA. Experimental results show that printed iron core can achieve low level of magnetic

anisotropy. Finally, chapter 7 provides potential future works and the conclusions.



Chapter 2

Background

Non-homogeneous iron cores have been used to improve performance of magnetic devices
and electrical machines [6-13]. In [8], the stator yoke of an axial flux switched reluctance
machine is made from non-oriented steel and the stator teeth are made from oriented steel to
take advantage of higher relative permeability in the rolling direction. In [9], the stator core
for the interior permanent magnet machine is made by stacking teeth and yoke segments
together, where they are made from oriented steel. This non-homogeneous stator core has
a different relative permeability distribution in the radial direction in comparison to the
circumferential direction. For this stator the flux, thus, flows easier along the teeth and
the yoke in comparison to the stator where it is made of non-oriented steel. A dual phase
soft magnetic material, with bi-level of relative permeability is employed for the rotor core
of interior permanent magnet machine to improve its mechanical integrity [10]. The dual
phase magnetic material is also used for the stator to reduce the machine mechanical loss
due to potential windage in the airgap [11]. In [12], the rotor lamination for the synchronous
reluctance machine is made of a dual phase material, an illustration is shown in Figure 2.1.
Here, the regions highlighted in red have a relative permeability near unity; the relative
permeability in rest of the rotor lamination is near 1100. The fabrication of the non-magnetic
regions is described as application of local heat treatment in a nitrogen-rich environment in

pre-defined regions with certain material composition. The non-magnetic regions in the rotor



Figure 2.1: Portion of the rotor lamination for a synchronous reluctance machine. Non-
magnetic regions are highlighted in red. Illustration is adapted from [12].

lamination has double the yield strength compared to the magnetic regions. The testing
results show that the machine made from dual phase material has better performance than
the machine made of traditional, homogeneous steel.

Application of AM for multi-material printing has shown possibilities with what can
be applied toward electrical machines. According to [13], a potential advantage of non-
homogeneous magnetic structures is lower manufacturing cost, with a small trade-off in
magnetic performance. As a proof of concept, a material extrusion based technique is used
to fabricate the stator from iron alloys, copper, and ceramic in one printing process, [21].
In [19], a 3D-printed iron core, where different material is deposited in each layer, is designed
to reduce eddy current loss at high frequency. The use of aluminum alloy in the iron core

structure aims at limiting and constraining the flow of eddy currents, as shown in Figure 2.2.
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Figure 2.2: Non-homogeneous iron core processed with SLM printing technique [19].

The unique capability of AM to selectively deposit energy or material in a specific loca-
tion makes it more feasible than subtractive or powder metallurgy manufacturing meth-
ods for creating non-homogeneous, multi-permeability cores. The development of non-
homogeneous, multi-permeability magnetic structures can lead to new interesting design
choices. In [22], AM is used to print the rotor core of a synchronous reluctance machine
with non-homogeneous magnetic properties. The support struts in the rotor core, shown in
Figure 2.3, are printed with low energy laser density and the rest of the rotor core is printed
with higher energy laser density.

As a result, the magnetization curve of the support struts have very low relative perme-
ability compared to rest of the rotor core. The addition of support struts with low relative
permeability in the rotor can help improve its mechanical integrity under high speed appli-
cation and reduce potential flux leakage at the same time. This investigation demonstrates
the capability of AM for controlling the magnetic properties of the iron core in electrical

machine, via site specific tuning of the printing parameters.
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Figure 2.3: a) Non-homogeneous magnetic design of the rotor core, b) Non-homogeneous
3D-printed rotor core [22].

In [20], a multi-permeability magnetic core is additively manufactured to achieve high
density of inductance per DC current. This 3D printed inductor is made of three layers,
with each layer having a different relative permeability, as shown in Figure 2.4. Although
this multi-permeability magnetic core is proposed for power electronics application, this can

be expanded to the iron cores in electrical machines.
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(a) Design of multi-permeability iron core. (b) Printed multi-permeability iron core.

Figure 2.4: Additively manufactured iron core for high density of inductance per DC current
20].

2.1 Magnetic circuit design

In general, the design process of an electrical machine is about applying Maxwell’s equa-
tions in sizing the components making up the magnetic circuit in the machine [3]. The
magnetic circuit typically includes the iron cores, the airgap, and the windings which pro-
vide magnetizing currents or current linkages. For permanent magnet machines, the magnets
also contribute to the source of the current linkages, and should be included in the magnetic
circuit and its sizing process.

The sizing process includes the calculation of the dimensions of the iron cores as well as
the calculation of the magnetizing current. The iron core is characterized by the relationship
between the magnetic flux density B and the magnetization field strength H, or the B — H
magnetization curve. To obtain efficient use of the iron core, machine designers base their

calculations around the knee of the magnetization curve, where the material starts to saturate
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[23]. A metric that represents the region around the knee point is the maximum relative
permeability (i maz, Which is calculated from the ratio between B/(uoH), where g is the
vacuum relative permeability.

The sizing process depends on the magnetic field strength H and the magnetic flux
density B in different sections of the electrical machine, and the associated magnetic voltage
for each section. Given the magnetic circuit of the electrical machine, the current linkages
® is equal to the sum of the magnetic voltages around the circuit. The sum Zi.f:l Upn,i 18
equal to the line integral of the magnetic field strength H in section ¢ along the path that
makes the circuit, as shown in (2.1). Calculation of the sum Zle Unm,i can be separately
implemented from calculation of magnetic voltage in individual sector within the the airgap,

the rotor core, the stator core.

k
ZUm’i:ng-dl:QJ (2.1)
=1

For half of the magnetic circuit of a simple electrical machine, the sum is shown as in (2.2).
Here, Uy, 5 is the magnetic voltage in one airgap, Upm ry and Up, sy are the magnetic voltages
in the rotor yokes and the stator yokes, respectively, Uy, st and Uy, ¢ are the magnetic
voltages in the stator and rotor teeth, respectively. The airgap magnetic voltage is related
to the airgap length ¢ and the shape of the slots in the magnetic core, which is characterized
by the Carter coefficient k., as shown in (2.3). Here, the fundamental and harmonics of
the airgap flux density Bg are related to the airgap slotting effect, as shown in Figure 2.5.
When the open slot is inserted with magnetic wedge, the main flux can enter the teeth via

the magnetic wedge, changing the harmonic contents of the airgap flux density.
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Figure 2.5: Illustration of impact of slotting effect on airgap flux density. a) Open slot shape.
b) Open slot with magnetic wedge inserted. c¢) Airgap flux density waveforms coressponding
to different slotting effects.
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Magnetic voltages in the stator and the rotor cores are related to the slot/ pole combi-
nation, the shape of the tooth or pole, and the relative permeability of the soft magnetic
materials making up the magnetic cores. Magnetic voltage in the tooth is first shown to be
directly related to the relative permeability of the tooth material. Assuming that the tooth
is not saturated and 100% of the main flux ¢ flows through the tooth, where the tooth height
is hg, the magnetic voltage in the tooth Uy, ; can be calculated as shown in (2.4). Here, the
magnetic field strength in the tooth Hy is calculated from the corresponding magnetic flux
density By in the tooth and the relative permeability of the soft magnetic material, (2.5).
Calculation of By is shown in (2.6) where St is the cross sectional area of the tooth where

the flux passes through, 7, is the slot pitch, b; is the tooth width, L is the stack length, and

12



L' is the effective stack length of the magnetic core. The illustration of the process is shown

in Figure 2.6.

m

Magnetic flux density

hq
Upt = /0 H; - dl (2.4)
B
Hy = (2.5)
Hr O
d) L/'Tu
By =~ = B 2.6
O L (2.6)

Ty

a) (A/m) b)

Figure 2.6: a) Calculation of the magnetic voltage in the tooth based on the magnetic
characteristics of the soft magnetic material. b) Here, the tooth has an open slot structure
and 100% of the flux ¢ is assumed to flow from the airgap through the tooth.

Similar to magnetic voltage in the tooth, the magnetic voltages in the stator and rotor

yokes are also dependent on the relative permeability of the materials used in the magnetic

cores. General estimation of the magnetic voltages in the yokes depends on the line integra-

tion of the magnetic field strengths in the yokes, as shown in (2.7). Here, Hgy and Hyy are

the magnetic field strength in the stator and rotor yokes, Bsy and By are the magnetic flux

13



densities in the yokes, and 75y and 7, represent the pole pitch of the yokes.

Um,sy = Hsy(ﬂr; Bsy) *Tsy (2 7)

Um,ry = Hry(,ur; Bry) *Try
2.2 Effect of non-homogeneous permeability

In order to demonstrate the effect between relative permeability and the airgap flux
density, a customized static FEA tool is used and applied on a simple machine model as
shown in Figure 2.7. Here, the model mimics four regions within an electrical machine: (1)
rotor, (2) windings, (3) air gap, and (4) stator. The windings are the copper region with
a defined current density, given in Table 2.1. The stator is set as electrical steel with two
regions. One stator region is set with homogeneous magnetic properties. In the hatched
stator region, the magnetic relative permeability can vary; however, the other magnetic
properties are fixed. The y-component of the magnetic flux density, By, in the air gap at
the red dotted line is used to evaluate the effect of non-homogeneous relative permeability.
The customized FEA tool here is developed based on Galerkin approach, a special scenario
of the method of weighted residuals, only models and evaluates half of a pole. Detail of the

customized FEA is shown in the Appendix A.
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Figure 2.7: Illustration of model used for evaluation. A symmetry boundary conditions
applied at the right edge. Dimensions here are drawn to scale.

Table 2.1: Parameters used in the finite element model.

Parameter Value

Model width (hy) 100 mm

Pole height (hp) 20mm

Coil width (ley,) 60 mm

Air gap length (lqg) 20 mm
Current density 8 A /mm?

Fixed relative permeability 2000

Relative permeability range | 1 - 4000

A case study is presented to demonstrate that air gap flux density in an electrical machine
can be changed by varying relative permeability within the magnetic core, identified by the
shaded region in Figure 2.7. Here, the relative permeability of the hatched region can vary

between 1 to 4000. As expected, the flux lines are diverted where p, is low, as shown in

15



Figure 2.9. This leads to By with higher harmonic content in the air-gap region above the

stator pole, as shown in Figure 2.10.

. Copper

Figure 2.8: Random relative permeability distribution in the hatched region. By is evaluated
in the air gap at the red dotted line.

Figure 2.9: Flux line contour plot under magnetostatics analysis.

Although this case study is simple, it highlights the possibility of manipulating the airgap
flux density waveform by manipulating the relative permeability distribution in the iron
core. This method can be implemented using a commercial FE software or a customized
FE software. The use of a FE software, however, requires high computational effort. A

different modelling technique that can cut down the computational effort while maintaining
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Figure 2.10: By at the dotted target line in the air gap with non-homogeneous magnetic
relative permeability in the stator pole.

the accuracy in estimating the airgap flux density is important.

2.3 Airgap flux density estimation

The airgap flux density can be estimated using two approaches: (1) Combined airgap/
permeance and (2) Superposition & magnetic circuit. For illustration, the airgap flux density

is estimated for the simple synchronous reluctance machine shown in Figure 2.11.

2.3.1 Combined airgap/ permeance

The airgap flux density is the product of the stator MMF and the permeance of the
machine at the airgap. The permeance of the machine accounts for both the stator and

rotor saliency.

2.3.1.1 Stator MMF

The stator MMF is a function of space and time, and is dependent on the stator current

and the winding function for each phase. For a stator windings with n phases, the total
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Figure 2.11: Illustration of a simple synchronous reluctance machine.

stator MMF Fg(6,t) in stator reference frame is the sum of individual phase MMF, as shown
in Equation (2.8). Here, N;(0) is the winding function of phase i, 0 is the angle displacement
with respect to the stator reference axis, and [;(t) is the instantaneous current flown in phase
1. The winding function for each phase can be expressed as a step function, representing the
discrete distribution of winding in each slots. Given the distribution of the winding of phase
a as shown in Figure 2.12, the corresponding phase MMF F,(0,t) is the product between

the winding function for phase a and the current flown in phase a, as shown in Figure 2.13.

Fs(0,t) = > Ni(0) - Ii(t) (2.8)
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Figure 2.12: Simplified stator winding distribution in a machine and the reference axis.
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Figure 2.13: The stator MMF of phase a with respect to the reference axis.

Fourier series can then be used to approximate the step function phase MMF shown in
Figure 2.13. Assuming a machine with three phase currents, each phase is displaced by 120°
as shown in (2.9), the corresponding Fourier series for each phase MMF is shown in (2.10).
Here, I, is the maximum current in each phase, w is the fundamental frequency for the rotor,
0 is the current displacement angle that can provide maximum torque, and ¢ is the function
of angle displacement 6 with respect to the stator reference axis. The number of effective
turns for each phase is N, where N = ki, N, with ky as the winding factor and N, as the
number of turns per phase. The total stator MMF is then the summation of the individual

phase MMF, as shown in (2.11). Figure 2.14 shows the Fourier series approximation for the
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square wave MMF' in Figure 2.13.

I,(t) = Iy sin(wt + §)

Iy(t) = Ly sin(wt + 6 — 2;)
2
L (t) = I sin(wt + & + g)
X AN .
Fu(0,t)= Y sin(n(0 + ¢))
n=135. 2T
S ANT,(t) . 2
Fy(0,t) = Z sin(n(d + ¢ — —))
n=135. 2mN 3
X AN, (t) . 27
Fp(0,t) = ) sin(n(0 + ¢ + —-))
n=135. 2T 3

Fy(0,t) = Fu(0,t) + Fy(0,t) + Fu(0,t)

20
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(2.11)
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Figure 2.14: Fourier series approximation of stator MMF of phase a with respect to the
reference axis.

2.3.1.2 Stator saliency

The stator slotting effect contributes to the stator saliency of electrical machines. Pure
sinusoidal function can be used to approximate the stator slotting effect, given the informa-
tion of the slots and the airgap length. Figure 2.15 shows the inverse airgap function g_1(9)
of the electrical machine, assuming that the rotor is smooth and exhibiting zero saliency.
The inverse airgap function varies between minimum value gﬂ_ﬁn and maximum value g;l}m,
and are calculated as shown in (2.12). Here, ¢ is the machine airgap length, where § is a
coefficient defined as in (2.13). The mechanical angle g is defined as the ratio between the

slot opening width 74 and the airgap radius R.
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Figure 2.15: Inverse airgap function of an electrical machine accounting for the slot. Here

the assumption is that the rotor is smooth with zero saliency.
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Imazx =
J (2.12)

g_l- 128

mn g

Ts Ts\ 2
u = 27 -+ 1 + (?)
g J (2.13)

g 1+u2—2u

2(1 +u?)
The inverse airgap function over a slot pitch can then be calculated as shown in (2.14),
with the mechanical angle a; is the ratio between the tooth span and the airgap radius. The

coefficients A and B are calculated as A = (g;jn + grt)/2 and B = (gt — g;ﬁn) /2.

The inverse airgap function over the entire machine circumference with respect to the stator
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reference axis is illustrated in Figure 2.16, assuming there are six slots in the stator.

) gﬂ}}m if 05 < ag or ag + ag < 4
g5 (0s) = (2.14)
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Figure 2.16: Inverse airgap function of an electrical machine accounting for the stator slots
over the circumference of the airgap. Here the assumption is that the rotor is smooth with
zero saliency. The inverse airgap function is referenced to the stator frame.

2.3.1.3 Rotor saliency

In SynRM, the rotor typically employs flux barriers to generate saliency. The reluctance
torque is the result between the interaction of the stator MMF and the combined saliency
between the stator and the rotor. Assuming a smooth stator with zero saliency, the inverse
airgap function for the simple rotor with a single flux barrier per pole in Figure 2.17 is shown

in Figure 2.18. Formulation of the inverse airgap function on the stator reference frame is
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shown in (2.15). The conversion to the rotor reference frame requires 6, which is the angle
displacement on the rotor circumference with respect to the d-axis of the rotor. The angle
0, is related to the stator reference frame via 6, = 05 — 0, with 6,, as the rotor position

with respect to the stator reference frame.

Figure 2.17: Simple SynRM rotor with a single flux barrier per pole. Here, the stator is
assumed to be smooth with zero saliency. Airgap is not drawn to scale.
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Figure 2.18: Inverse airgap function assuming a smooth stator with zero saliency.

The variation between the minimum and the maximum inverse airgap flux values are
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defined as in (2.15), where 2¢y is the mechanical spanning angle of each flux barrier. Here,
Tj, is the additional airgap length due to the flux barrier effect. Exact calculation of Tj,
is dependent on the rotor geometry and the barrier thickness, and can be found via [24].
Fourier series can be used to approximate the inverse airgap function in Figure 2.18, as shown
in (2.16). Figure 2.19 shows the Fourier series expansion of the simple rotor in Figure 2.17,

assuming 2¢, = 130 is the arc accounting for the barrier span in one pole.

-1 1 .
1 Imin = g+Ty, if {m/2 —pp <Os <7/2+4 pp} or {371/2 — ¢y < 0s < 37/2+ pp}
g9 (0s) =
gﬁl}m = % elsewhere
(2.15)
) =2 1 2y g 2O
gr (0s) = T‘q”_mx + 79;“” + Y apcos(nbs)
k (2.16)

47 nmw _ . _ .
an = — 008(2){97,”1-” sin(ne) — gmuz Sm(w)}
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Figure 2.19: Fourier series expansion of the inverse airgap function due to rotor saliency.

2.3.1.4 Airgap flux density

The airgap flux density is the product between the stator MMF and the combined per-
meance of the machine. At time instant ¢y, the airgap flux density calculation is shown in
(2.17). The combined permeance of the machine in the stator reference frame at time ¢
is shown in (2.18), recalling that gs(f) is the airgap function assuming zero saliency in the
rotor, and g,(6 — 0,,) is the airgap function assuming zero saliency in the stator. Here, L is

the machine stack length and W is the width of the flux path.

Bg(e,to) = Fs(0,ty) - P(6,10) (2.17)

B 1 B o WL
PO-t0) = 5 0710) ~ 9500) + 9,0 — Omlto)) — 9 (2.18)
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2.3.2 Swuperposition & magnetic circuit

According to (2.15), the exact calculation of the rotor inverse airgap function depends
on the exact calculation of T}, following [24]. This is a complex process that requires tuning
and details understanding of the rotor geometry. The approach of superposition & magnetic
circuit can simplify the calculation of the airgap flux density, in (2.17). The process can be

described as following:

1. Calculation of the airgap flux density not accounting for the stator and rotor saliency
2. Modify the airgap flux density accounting only for the stator saliency or slotting effect

3. Subtracting the airgap flux density in the previous step with the airgap flux density

due to the MMF drop in the rotor barrier

The airgap flux density in step 1/ can be calculated via By(s) = poFs(0s)/g and is
shown in Figure 2.21, assuming unit stack length and width. Here, the stator MMF can be
calculated following section 2.3.1.1, and is shown in Figure 2.20. The airgap flux density in
step 2/ can then be calculated, following By (0s) = poFs(0s)/gs(fs). The airgap function
gs(0s) can be calculated following section 2.3.1.2. Comparison with commercial FEA software

shows a close match, as illustrated in Figure 2.22.
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Figure 2.20: Stator MMF at time ¢¢ with I,, = —0.261, I, = —0.711, I, = 0.971.
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Figure 2.21: Airgap flux density neglecting saliency.
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Figure 2.22: Airgap flux density accounting for stator saliency only, at time to with I, =
-0.261, I, = —0.711, I, = 0.971.

To account for the MMF drop due to the rotor flux barrier, a magnetic equivalent circuit
representing a simple SynRM in Figure 2.23 is utilized. Here, the circuit assumes infinite
relative permeability in the iron cores, with R, = g/ as the airgap reluctance accounting
for no saliency, Fy is the stator MMF when it sees the flux barrier, and Fj, is the stator MMF
when it does not see the flux barrier. The reluctance over the flux barrier can be calculated
as Ry = tp/1p, with 5 as the barrier thickness. The corresponding magnetic equivalent

circuit for Figure 2.23 is shown in Figure 2.24.
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Figure 2.23: Simplified SynRM and magnetic equivalent circuit. Here, the iron cores are
assumed with infinite relative permeability. Airgap is not drawn to scale.

Figure 2.24: Simpified magnetic equivalent circuit. Here, the iron cores are assumed with
infinite relative permeability.

|Fy| - Ry
AF =070 (2.19)
1 [5tep _
Bt =5 [ R0, g+ g5(0) - db (2.20)
20p /5~y

The MMF drop due to the flux barrier is calculated as in (2.19), where the scalar value F},
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is calculated as shown in (2.20). The airgap flux density, in stator reference frame, accounting
for MMF drop in the rotor is calculated as in (2.21). Comparison between analytical solution

and FEA shows a close match, as illustrated in Figure 2.25

(Fs(0.t) = AF(1)) - po - g5 (0) if {7/2 — 0 <0 < 71/2+ 3}

Bg(60,1) = (F5(0,t) — AF(t)) - o - g5 1(0) it (37/2 — o, <O <3m/2+ ¢} (221)

Fs(0,t) - o - 93 1(0) elsewhere
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Figure 2.25: Analytical calculation of airgap flux density accounting for both stator and
rotor saliency at time ¢y with I,, = —0. 26] I, = —0. 71[ Iy = 0.971.
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2.4 Magnetic equivalent circuit

The previous approach in developing a customized FEA program to model the non-
homogeneous, multi-permeability iron core for the electrical machine is cumbersome. It
amplifies the need for a simpler analytical method that can provide high accuracy in ana-
lyzing and modelling non-homogeneous, multi-permeability iron core.

Prior to the use of FEA in designing electrical machines, the magnetic equivalent circuit
(MEC) has been used as a design tool to represent the main flux path in the machine,
[25]. The MEC uses electric components such as resistance and voltage source to represent
magnetic components such as reluctance and the magnetomotive force (MMF). In MEC, the
reluctance components hold the information on the geometry of the main components for the
electrical machine, including but not restricted to the stack length, the iron core back iron
thickness, tooth width, magnet height and width, etc. Figure 2.26 in [25] shows the MEC
representing the main flux path for an interior permanent synchronous machine. Here, the
reluctances for the rotor and stator iron cores can be represented with saturating elements.
Reluctance elements in the airgap and the magnets are represented with non-saturating

elements. The MEC here assumes homogeneous iron cores and magnets.
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(a) A typical magnetic equivalent circuit for a (b) A typical magnetic equivalent circuit for a

stator. rotor with magnets.

Figure 2.26: Magnetic equivalent circuit for a permanent magnet electrical machine [25].

The building blocks for the MEC in an electrical machine include the MMF, the reluc-
tance elements in the stator back iron, the stator teeth, the rotor structure, the slots, and
the airgap. Figure 2.27 shows the main building blocks for a simple electrical machine topol-
ogy. Here, each region of the machine, except for the stator back iron, is represented by
the networks of four reluctance elements, the circumferential component Ry and the radial
component R,. The concept of representing a region in the machine as a network of four
reluctance elements have been discussed in induction machine [26], as well as in permanent
magnet machine [27]. The use of four elements instead of a single element in traditional
MEC model helps improve the accuracy of the MEC. The stator back iron is represented by
a single reluctance element Rgy for simplification purpose. The airgap here is represented
as a single layer, with multiple nodes (two nodes were shown in Figure 2.27). Each node

is also represented by the network of four reluctance elements. Each node in the airgap is
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connected to the corresponding node in the rotor region.

stator back 1ron — WV
Ryy
F
¥ R, - |~ SlOt

tooth”™ |

. 0,
airgap r

0.ag. node i+1

rotor

Figure 2.27: MEC representation of the main flux from the stator to the rotor. Only a
section of the electrical machine is shown here. This MEC model can be used to represent
the main flux of the entire machine

As with traditional MEC techniques, the MEC models in [26,27] assume that the stator
core and the rotor core are homogeneous with the same magnetic properties. The accuracy
of estimating the airgap flux density in the MEC in Figure 2.27 can be improved by having
multiple layers of reluctance elements in the airgap region as well as more nodes in the

circumferential direction.
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Chapter 3

Multi-permeability Modelling

Non-uniform magnetic behavior within the iron cores indicates the possibility of im-
proving the machine performance by deploying magnetic materials with non-homogeneous,
multi-permeability property. The potential use of multi-permeability iron cores requires a
modelling technique that can aid the design process.

This chapter provides a modelling technique for a non-homogeneous, multi-permeability
iron core in an electrical machine. The technique is developed based on the concept of
MEC and verified on a simple SynRM. Using the multi-permeability modelling technique
in conjunction with an optimization technique, the manipulation of the harmonic contents
of the airgap flux density of a simple SynRM can be achieved. The chapter ends with a

numerical demonstration on the manipulation of the airgap flux density.

3.1 Multi-permeability modelling

Traditional MEC models assume that the iron cores are homogeneous with the same
magnetic properties. Occasionally, reluctance elements within the iron cores are omitted,
assuming infinite relative permeability. To exploit the capabilities of additive manufacturing
technologies to develop iron cores with multi-permeability, the typical MEC model is modified
to include the reluctance network in the iron core. There are a number of present day

challenges for additive manufacturing technologies to overcome with multi-material AM due

35



to the dissimilarities in the materials properties. However, at the current rapid pace of
technological breakthroughs in AM, these challenges may soon be a thing of the past. The

multi-permeability model is developed assuming:

1. The AM technology can deposit soft magnetic material with a specific iy maz at the

desired sub-regions/ cells in the iron core
2. The deposited materials have the same specific loss density curve
3. There are no gaps or pores between the adjacent cells
4. The deposited materials have linear magnetization curves

There are two steps required for development of the multi-permeability model: discretiza-

tion and stator MMF estimation.

3.1.1 Discretization

Discretization is the process of dividing the electrical machine geometry into discrete cells
sub-regions/ cells. With discretization, non-homogeneous multi-permeability iron cores can
be represented by assigning different relative permeability for each cell. A simple illustration

of non-homogeneous magnetic core with varying relative permeability is shown in Figure 3.1.

Each cell, either in the slots, teeth, airgap, and the rotor core, can be then represented
by the four-element reluctance from a single node as shown in Figure 3.2. Here, R, ; rep-
resents the radial reluctance component while Ry ; represents the circumferential reluctance

component of cell i, The reluctance elements are calculated using (3.1), where wj is the
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Figure 3.1: Illustration of non-homogeneous magnetic core with varying relative permeability.
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Figure 3.2: Reluctance elements representative for each cell.

width of cell it", l; is the length of cell it" and L is the machine stack length.

0.5(; 0.5w;
Rpj=———""",  Ryi=— ll_ i
g = 0 - W4 - Horyi = HO = b -

(3.1)

The concept of representing a region in the machine as a network of four reluctance elements
have been used for both induction and permanent magnet machines [26,27]. The use of four
elements instead of a single element in traditional MEC model helps improve the accuracy
of the MEC in estimating both radial and circumferential airgap flux density. The multi-

permeability structure in Figure 3.1 has a single level relative permeability variation since
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all four reluctance elements within a single cell have the same relative permeability . ;.
Bi-level relative permeability variations have different values for radial and circumferential
reluctance elements in each cell. The analysis in this work only accounts for single level
variation.

Increasing the number of cells in the machine geometry helps improve the estimation
of the airgap flux density in the machine, at the expense of higher calculation effort. The
discretization process for the electrical machine starts at the airgap region. By uniformly
dividing the airgap region in the circumferential direction into 2n cells, up to the nth spatial
harmonic order of the airgap flux density can be identified. Additionally, a mechanical
displacement of the rotor Af, by w/n can be modelled. In the radial direction, the airgap
region can be represented with kqq layers. Thus, for a complete discretized airgap region
in the electrical machine, there are a total of 2n - kgg cells. The rotor and stator cores
are also divided into 2n cells in the circumferential direction. This ensures that each cell
in the airgap is connected to corresponding cells in the stator and rotor. The stator teeth
and rotor can be further discretized into layers radially, k; and k., respectively. Figure 3.3
illustrates the discretized airgap region and the corresponding discretized rotor region. A

node {ag;} node{ag;}

‘ Airgap layer 1

M

Figure 3.3: Illustration of the interconnections of reluctance elements in the rotor and the
airgap. The reluctance network is shifted and reconnected to the reluctance network from
the stator as the rotor rotate.

Rotor layer 1

|_ Rotor layer 2

e
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relative permeability of 1 is used for the cells that represent a void or non-magnetic material.

The airgap flux density can then be calculated by solving the combined reluctance net-
work for the machine. The radial and circumferential airgap flux density at node ag; from
cell i can be estimated via (3.2). Here, A, q4; and Ag 4, ; are the area of cell 7 in the airgap
in the radial and circumferential directions, respectively. While ®,.; and ®g; are the values

of flux in the radial branch and the circumferential branch, respectively.

g ;

B,i=—-—"—, By

— 3.2
Ar,agﬂ' AG,ag,i (32)

3.1.2 Stator MMF estimation

The Fourier series representation of the stator MMF is used to provide the values F,

shown in Figure 3.4. At time instant ¢, the values of F, are given by (3.3), where 6, is the
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Figure 3.4: Illustration of the interconnections of reluctance elements in the stator and the
slot regions.

39



angular position in the stator reference frame.

Fty, ), 0y is above a tooth

by = 0, 0, is above a slot (3.3)

where x =1,---,2n

Kirchoft’s laws are used to calculate the flux in all of the branches of the combined
reluctance network. Transient estimation of the airgap flux density can be found by repeating
the static estimation at different time instants, considering the AC currents in the windings.
As the rotor rotates, the reluctance network in Figure 3.3 can be shifted to represent the

change in rotor position.

3.1.3 Finite element verification

A simple, 6-slot, 2-pole SynRM, shown in Figure 3.5, was used to verify the performance
of the multi-permeability modelling technique. The stator poles within the machine are
subjected to the multi-permeability distribution pattern, as shown by the hatched region in

Figure 3.6. The machine parameters are given in Table 3.1.
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Figure 3.5: A finite element model of the simple 6-slot/2-pole synchronous reluctance ma-
chine.

Figure 3.6: The stator poles in the SynRM are subjected to non-homogeneous, multi-
permeability distribution.

The MEC model was discretized where n = 36 and kgy = 1 such that the airgap flux
density could be calculated at 5° increments. Both the stator and rotor included 8 layers
in the radial direction, with k; = k, = 8. The cells in the rotor corresponding to the flux
barriers are assigned a relative permeability of 1. The stator back iron includes 12 sub-regions
circumferentially. The discretized SynRM is shown in Figure 3.7.

Accuracy of the MEC model of the SynRM was evaluated with homogeneous distribution
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Table 3.1: Parameters of the simple synchronous reluctance machine.

Parameters Values Parameters Values
Slot/ pole 6/ 2 Stack length 37.5mm
Turns per phase 100 Stator OD 53.4 mm
Excitation current 5A Rotor OD 23 mm
Rated speed 3600 rpm Airgap length 0.75 mm
Back iron thickness hys | 6.9mm Tooth width t,, 7mm
Barrier thickness ¢ 2 mm Barrier span angle | 135deg

7
oy
y
i
[ )
B
5
S
Y
3
5%
%,

Figure 3.7: Illustration of the discretized synchronous reluctance machine modeled using

MEC.

of the permeability. The radial and circumferential component of the air gap flux density was
compared to the FEA model. Here the permeability is set to 3000. As shown in Figure 3.8,
the MEC model estimation of the airgap flux density in the radial and the circumferential

direction closely approximates FEA results. It is worth noting that the multi-permeability
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(b) Circumferential Bqg.

Figure 3.8: Air gap flux density comparison between magnetic equivalent reluctance network
and FEA, for homogeneous stator. Here, I,, = —0.261, [, = —0.711, I,, = 0.971.

MEC model can estimate the static airgap flux density in both radial and circumferential

direction more than 5 times faster in comparison to FEA.

43



Accuracy of the MEC model of the SynRM was also evaluated with random distribution

of the permeability in the teeth, as shown in Figure 3.9. Here, the relative permeability of

3000
2000

1000

Figure 3.9: FEA model of stator with randomly distributed relative permeability in the
teeth.

each cell in the tooth is randomly selected within the range [1, pr7n, pr pr4x] = [1,3000].
As shown in Figure 3.10, the multi-permeability MEC estimates the airgap flux density fairly

accurately when compared to FEA results.

3.2 Airgap flux density manipulation

In this section, the radial airgap flux density of the simple SynRM is manipulated us-
ing the stator core with a non-homogeneous, multi-permeability distribution pattern p.
The patterns of the multi-permeability stator core are generated by coupling an evolution-

ary multi-objective optimization algorithm with the multi-permeability modelling technique,
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Figure 3.10: Air gap flux density comparison between magnetic equivalent reluctance network
and FEA, fpr a randomly distributed non-homogeneous, multi-permeability stator. Here,
I, = —0.651,1, = —0.331, I, = 0.981.

given defined objectives.

The objective space is defined such that certain harmonics in the airgap flux density at
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time tg are maximized or minimized. The selection of the harmonic orders is related to the

torque characteristics. Here, Bl( and B5( are the spatial fundamental and fifth order

ag,r) ag,r)

harmonic of the radial airgap flux density, respectively. The spatial fundamental harmonic
order is related to the average torque in the machine while the fifth order is related to the
slot effect of the machine. The multi-objective optimization problem is represented by (3.4).
A total of seven permeability options was used, with the range of the relative permeability
values is between 1 and 3000, step size of 500. The distribution pattern p is repeated for
each stator pole. The evaluation of the airgap flux density harmonics is implemented via the

multi-permeability modelling technique in lieu of FEA.

Maximize: By, ) (1)
Minimize: Bs(yg,) (1) (3.4)

Subject to: Pormin < Pri < Hrmaz, =1, , ki

The Pareto-front for the optimization problem, as shown in Figure 3.11, shows the trade-
off between the 5 harmonic order of the radial airgap flux density with respect to the
fundamental harmonic order. The solutions along the Pareto front show that the 5th order
amplitude can be reduced up to 33% at the trade-off of up to 21% for the fundamental
amplitude, as shown in Figure 3.12. Seven solutions, A to G, are selected from the front as
representatives; they are selected such that they represent the amplitude of the fundamental
order from 0.27T to 0.33 T. The permeability distribution patterns p for solutions A to G
are illustrated in Figures 3.13 to 3.19, respectively.

The comparison with the homogeneous stator shows that for each solution from A to
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Figure 3.11: Objective space from optimization problem (3.4).
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Figure 3.12: Pareto front of p distributions from optimization problem (3.4).

G, the spatial fundamental and the fifth order harmonics are manipulated, as shown in
Figure 3.20. As the seventh, eleventh, and thirteenth harmonic orders are not included in
the optimization problem definition, they vary differently in comparison to the homogeneous
stator harmonic orders. This suggests that these harmonic orders can be further manipulated

if they are included in the process of generating the p patterns.
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Figure 3.13: Non-homogeneous, multi-permeability distribution for the stator core - Sol A.
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Figure 3.14: Non-homogeneous, multi-permeability distribution for the stator core - Sol B.
3.3 Numerical demonstration

FEA is used to demonstrate the change in the waveform of the radial airgap flux density
due to different p patterns. In comparison to the homogeneous stator, the spatial fifth order

harmonic of stator with g pattern (Sol C) reduces by 10.6% at a trade off of 6.4% in spatial
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Figure 3.15: Non-homogeneous, multi-permeability distribution for the stator core - Sol C.
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Figure 3.16: Non-homogeneous, multi-permeability distribution for the stator core - Sol D.

fundamental order, as shown in Figure 3.21a. Correspondingly, the peak to peak torque
ripple (in amplitude) for the stator with p pattern (Sol C) reduces by 8.8% at a trade off

of 8.6% in torque average, as shown in Figure 3.21b. Torque ripple as a percentage remains

relatively unchanged.
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Figure 3.17: Non-homogeneous, multi-permeability distribution for the stator core - Sol E.
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Figure 3.18: Non-homogeneous, multi-permeability distribution for the stator core - Sol F.

FEA is used again to analyze stator with g pattern (Sol E) distribution. In comparison
to the homogeneous stator, the spatial fifth order harmonic of stator with p pattern (Sol E)
reduces by 31.7% at a trade off of 16% in spatial fundamental order, as shown in Figure 3.22a.

Correspondingly, the peak to peak torque ripple (in amplitude) for the stator with p pattern
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Figure 3.19: Non-homogeneous, multi-permeability distribution for the stator core - Sol G.

0-35 T T T T T
I Homogeneous stator
[ Sol A
03 [CJsolB 7
I sol C
[ Sol D
£ 025 sl E 7
o N Sol F
3 I S0l G
= 0.2
Q
IS
5]
2 0.15
S
E
5]
I 0.1
0.05
0

1 5 7 11 13
Spatial harmonic order

Figure 3.20: Changes of amplitudes of radial airgap flux density harmonic orders of selected
solutions on the Pareto front from optimization problem (3.4). The multi-permeability mod-
elling is used to evaluate the harmonics amplitudes.

(Sol E) reduces by 20% at a trade off of 21.9% in torque average, as shown in Figure 3.22b.

Thus, the torque ripple as a percentage slightly increases by 2%. Table 3.2 summarizes the
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(a) Radial Bqg. Here, Iy = —0.261, Iy = —0.711, Iy = 0.971.
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(b) Electromagnetic torque.

Figure 3.21: Finite element comparison between homogeneous stator and stator with multi-
permeability p (Sol C).

torque performance metrics between homogeneous stator and non-homogeneous stator, for

solutions A to G.
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Figure 3.22: Finite element comparison between homogeneous stator and stator with multi-
permeability p (Sol E).
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Table 3.2: Comparison on torque metrics between homogeneous stator and stator with non-
homogeneous, multi-permeability distributions.

Torque metrics | Homogeneous | Sol A | Sol B | Sol C | Sol D | Sol E | Sol F | Sol G
Average (mNm) 105 103 100 96 90 82 79 76
Ripple (mNm) 125 121 120 114 113 100 100 98
Ripple (%) 119 117.5 | 120 119 | 125.6 | 121 | 126.6 | 128.9
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Chapter 4

Soft Magnetic Materials

In electrical machines, soft magnetic materials are used to form the stator and rotor
cores. They are responsible for the guidance and improvement of the main flux created by
the continuously moving magnetic field. These materials are characterized with low intrinsic
coercivity, typically below 1000 A/m, and can be easily magnetized or demagnetized [2].
High relative permeability, high magnetic saturation, low hysteresis and eddy current loss are
desirable characteristics in soft magnetic materials for electrical machines. These magnetic
properties are highly related to the airgap flux density and its harmonic contents, which in
turn are related to the torque/ force production and the efficiency of the electrical machine.
Leveraging the magnetic properties of the soft magnetic material as well as novel design of
the magnetic cores can theoretically improve the airgap flux density, and subsequently the
performance of the electrical machine.

This chapter provides the overview of soft magnetic materials. Information regarding
the magnetization curve and specific loss density are discussed, following by the standard
magnetic characterization methods. Also included in the chapter is the review on current

status of additively manufactured soft magnetic materials.
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4.1 Characteristics of soft magnetic materials

Characteristics of soft magnetic material are described via the B — H curve as well as the
iron loss curve of the material. These characteristics are heavily dependent on the magnetic

texture of the material.

4.1.1 Magnetization curve and hysteresis loop

Soft magnetic materials express no net magnetization under no external magnetic field.
This is due to the materials being divided into multiple separate magnetic domains called
Weiss domains. Within each Weiss domain, all the magnetic moments point in the same
direction, resulting in each magnetic domain having a uniform magnetization direction. The
magnetization direction of each Weiss domain differs from each other and varies throughout
the material as shown in Figure 4.1. The transition boundaries or regions between the Weiss
domains are called Bloch walls. At rest position or under no external excitation, within the
Bloch wall between two Weiss domains, the direction of the magnetic moments gradually

changes from one domain to the next as shown in Figure 4.2.

@&

Figure 4.1: Description of Weiss domains of soft magnetic materials under no external exci-
tation.
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Figure 4.2: Description of the Bloch wall and the transition of magnetic moments between
two adjacent Weiss domains.

When the soft magnetic materials are subjected to a weak external magnetic field strength,
H, the Weiss domains that are already in the direction of the external field strength will
increase and align with the field, while the domains in the opposite direction or other di-
rections will try to align with the direction of the external field, Figure 4.3. Additionally,
the Bloch walls slightly move away from the rest position. As the external field strength
increases, the Weiss domains further increases and aligns with the external field strength. If
the external field strength is high enough, the Bloch walls displace and do not return to the

original position. This is called Barkhausen jump.

Figure 4.3: Description of the changes in the magnetization direction of the Weiss domains.
The external magnetic field strength H increases, shown from left to right.

In general, the magnetization curve, which represents the B — H relationship of the
soft magnetic materials, can be described with three distinctive stages, Figure 4.4. In the

first stage, when the external field strength is low, the Bloch walls displace from the rest
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position, but this process is reversible. In the second stage, when the external field strength
increases, the Barkhausen jumps occur, the Bloch walls displace and cannot reverse to the
original position. In the final stage, all the Weiss domains are aligned with the direction of
the external magnetic field strength. The materials are said to be saturated. The B — H
relationship does not saturate at a single value in the third stage but still continues to
increase as the external field strength increases. The rate of this increase is defined by the
permeability in vacuum g and described in (4.1). Here, M is the magnetization of the
soft magnetic materials created by the magnetic field strength H, while u, is the relative
permeability of the soft magnetic materials. As the material approaches saturation, the

magnetic polarization, J, reaches the saturation polarization value, J;.
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Figure 4.4: Description of magnetization curve of a general soft magnetic material.

B=J+poH = po(H + M) = popr H (4.1)

Characteristics of a fully demagnetized soft magnetic sample under external magnetiza-
tion is shown in Figure 4.5. Initially, the magnetization starts at the origin. As the external
field increases in strength, the Bloch walls start to irreversibly displace and the Weiss do-

mains start to align with the direction of the external field. The resulted magnetization
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curve, shown as solid line in Figure 4.5, is called the initial magnetization curve. When the
external magnetic field strength reduces and approaches zero, the magnetic moments within
the Weiss domains turn toward the axes of easy magnetization. When the applied external
field is zero, the soft magnetic sample has a non-zero net magnetization. The sample is then
said to have a remanent flux density B,. By further reducing the external magnetic field
to —H., the remanence flux within the sample is returned to zero. H., usually called the
coercivity or the coercive force, is the force required to bring the residual flux of the soft
magnetic materials to zero. When the applied field is further reduced, the magnetization of
the sample approaches negative saturation. By increasing the applied field again to zero, the
magnetization does not approach the origin but instead crosses the vertical axis at a point
with that provides the same level of remanent flux. The magnetization of the sample reaches

the positive saturation again as the applied field is strengthened, creating the hysteresis loop.

H (A/m)

Figure 4.5: Hysteresis loop and important magnetic characteristics of a general soft magnetic
material.
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4.1.2 Specific loss density

The discussion of iron loss here is based on common iron loss knowledge seen in iron
silicon lamination steels. Although this discussion may not be fully transferred to AM iron
silicon, it can help provide meaningful insights during iron loss analysis of AM parts.

The iron loss in soft magnetic materials is due to the difference in the phase shift between
the magnetization field H and the magnetic flux density B, and is calculated over one elec-
trical cycle T, [28]. There are two main components contributing to the iron loss, hysteresis
loss, py, and eddy loss, pe. The hysteresis loss is directly related to the intrinsic coercivity
H, of the materials and is estimated as in (4.2), where v is the density of the materials.

4 f-H.- B

Ph= (4.2)

For a pure sinusoidal magnetic flux density waveform, the eddy loss can be approximated
as in (4.3). Here, d represents the thickness of the lamination sheet and p is the electrical

resistivity of the materials.

7T2'f2'B2'd2
6-7-p

Pe = (4~3)

From (4.2) and (4.3), it is possible to separate the hysteresis loss from eddy loss by
extrapolating the iron loss per cycle, pr. /f, when the excitation frequency approaches 0.

For medium excitation frequency, from 20 to 100 kHz, the specific loss can no longer be
estimated as the sum of the relationships in (4.2) and (4.3). It is instead estimated using
the Steinmetz equation as shown in (4.4). The values of z, y, z, fo, BO, and F{y are usually

found experimentally.
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It is important to note that the eddy current loss calculated as in (4.3) assumes that
the permeability is uniform and homogeneous within the materials, [28]. In cases where the
change of magnetization dB/dt is much higher in a local area where the moving domain wall
is located, then there exists an additional losses. This anomalous eddy loss contributes to
the eddy loss, and is usually referred to as excess 10ss, percess- 1The specific loss density is

now the sum of the hysteresis loss, the classical eddy loss, and the excess loss as shown in

(4.5).

A

e (5 (8 (2]

Pfe = Ph + Pe,classical + Pexcess (4.5)

As shown in [29], the excess eddy loss of the materials can be estimated as in (4.6).
Here ¢ represents the scaling factor of the specific domain wall energy, [29]. From (4.5), the
hysteresis dominates total iron loss at low excitation frequency. As the excitation frequency

increases, the classical eddy loss and the excess loss become the dominant factors.

~

1.5
Pexcess = M (4.6)
Y

4.2 Current status on printed soft magnetic materials

Additive manufacturing (AM), also known as 3D printing, provides many advantages over
traditional manufacturing methods, including its capability of fabricating complex shapes

with minimal tooling effort. Recent technology advancements in AM also allow for the tuning
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of magnetic properties of fabricated parts by varying printing parameters. The feasibility of
3D printing soft magnetic materials with desired properties can open up opportunities for
new electrical machine design concepts.

In electrical machines, the three commonly seen soft magnetic materials are iron-cobalt
(FeCo), iron-nickel (FeNi), and iron-silicon (FeSi) alloys. A large part of research in AM
of soft magnetic materials focuses on laying foundations for printing these iron alloys.
These foundations include magnetic, mechanical, and microstructural characterization of

the printed iron alloys, as well as their relationships to the printing parameters.

4.2.1 Iron-Cobalt (FeCo)

One of the most attractive properties of FeCo is that it has the highest magnetic sat-
uration compared to other soft magnetic iron alloys, with Js value settling around 2.4 T.
However, the conventional production of FeCo iron cores is subjected to the high material
cost of cobalt, the low workability of the iron-cobalt alloy, and the additional requirement
of heat treatment of the stacked iron core. This limits the use of FeCo iron cores, espe-
cially for cost-sensitive applications. As a result, reducing the challenges associated with
the production of FeCo iron cores via additive manufacturing is of high interest among AM
research groups. Efforts in printing FeCo iron cores have been shown via the applications
of 3D screen printing and laser engineered net shaping technologies (LENS). It is reported
in [18] that FeCo fabricated with 3D screen printing achieves magnetic induction comparable
with commercial FeCo alloy with 15-20% cobalt content. Higher magnetic induction and
saturation can be achieved if the porosity level in 3D screen-printed FeCo cores is reduced.
Further comparison between screen-printed FeCo and commercial laminated FeCo shows

that printed cores have higher iron loss, making its magnetic performance less appealing.
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FeCo parts printed with LENS technology, [30], show good potential, with achieved mag-
netic saturation settling around 2.2 to 2.3 T, within 10% in comparison to commercial FeCo
alloyed with vanadium. When as-built FeCo core is heat-treated, its maximum relative
permeability increases approximately three-fold, while its intrinsic coercivity drops by two
thirds. Here, the annealing process leads to the development of a bimodal grain size char-
acteristic, where coarse grains with average grain size around 200 to 600 pm are surrounded
by finer grains (around 2 pm in size). By tuning the printing parameters or mixing additives
into the iron alloy starting powder, it is possible to 3D print FeCo cores with even further
attractive properties [31,32]. These explorations in AM of FeCo alloys show promise in
overcoming the workability issues associated with the conventional mechanical processing of

FeCo cores, while achieving DC magnetic characteristics close to commercial products.

4.2.2 Iron-Nickel (FeNi)

Iron-nickel alloys, in comparison to iron-cobalt alloys, have a much higher maximum
relative permeability, more than 100,000, while saturates at a much lower Jg value, usually
between 0.7 and 1.6 T, depending on the nickel wt.% content. Two laser-based AM pro-
cesses, SLM and LENS, are typically seen in 3D printing of iron-nickel alloys. Reported
results on fabricated Fe—30%Ni and Fe—80%Ni showed great potential in achieving mag-
netic saturation Mg comparable to commercial FeNi at the same nickel wt.%, [33]. Analysis
on the relationship between magnetic characteristics and 3D printing parameters found that
for printed FeNi alloys, magnetic saturation is significantly influenced by the laser power
and the laser scan speed [34,35]. These printing parameters directly impact the grain size
and the density of the fabricated parts, which in turn impacts the magnetic saturation. Op-

timization of the laser parameters, however, is required for FeNi with different percentages
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of Ni content to improve the magnetic saturation Js value. As shown in [36], for Fe—30%Ni,
SLM printed iron alloys show an increase of more than 20% in magnetic saturation when
laser speed is increased, while for Fe—80%Ni, the magnetic saturation is slightly decreased
as the laser scan speed increases, [35]. Other printing parameters such as laser scan width
or the number of scan passes have been found to have a low impact on magnetic saturation
Js, thus optimization of these parameters may not be necessary, [37].

One of the major issues with the FeNi processed with either SLM or LENS is the high
intrinsic coercivity H.. The measured coercivities of the fabricated FeNi alloys range be-
tween 80 A/m to 3000 A/m [38,39], which are much higher than typical values of intrinsic
coercivity found in commercial FeNi alloys. High intrinsic coercivity indicates a high hys-
teresis loss associated with printed FeNi alloys. Additionally, high intrinsic coercivity can
have a negative impact toward maximum relative permeability, which is one of the main
features of iron-nickel electrical steel. Reduction of intrinsic coercivity in printed iron-nickel
is thus important. Analysis has shown that reduction in intrinsic coercivity can be achieved
by reducing the porosity level as well as microstructural defects in the printed parts. This
can be done by optimization of the laser power and laser scan speed as these parameters
have direct influence on the cooling rate and exposure time of the molten pool. These, in
turn, impact the defects, porosity, and density levels of printed parts [40]. Alternatively, the
coercivity may also be reduced by blending FeNi alloys with additives such as vanadium or

molybdenum as shown in [34].

4.2.3 Iron-Silicon (FeSi)

Considering performance per cost, iron-silicon electrical steel variants have high magnetic

saturation, high maximum relative permeability, low intrinsic coercivity, low hysteresis loss,
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and low eddy current loss up to hundreds of Hz in excitation frequency. Variants of iron-
silicon electrical steel are thus found in most iron cores used in electrical machines, [2]. In
pursuit of additively manufactured iron cores, most research and development activities for
3D printed ferromagnetic materials also focus on iron-silicon.

Similar to the 3D printing of iron-cobalt and iron-nickel, SLM is the most employed
AM process for iron-silicon. In [41], SLM is proposed as an alternative method to produce
iron-silicon with silicon content at 6.9%wt., which is brittle and challenging to produce
with via conventional manufacturing method. Here, the investigation of the SLM printing
parameters on the magnetic properties shows that there is a non-linear relationship between
laser energy input and the relative permeability, intrinsic coercivity, and the total loss density
of the printed iron-silicon. It is thus important to optimize the printing process to obtain
optimal magnetic performance of printed iron-silicon. The nature of the SLM method,
however, introduces defects and residual stresses on the microstructures of the printed parts,
which hinders the magnetic properties of SLM iron-silicon. Compared to commercial iron-
silicon lamination steel, the maximum relative permeability of as-built iron-silicon from the
SLM process is lower, [41,42]. Applying heat treatment to the as-built parts can help remove
residual stresses and significantly improve the relative permeability as well as other magnetic
properties of SLM iron-silicon [43]. In [44], the annealing process is shown to improve the
maximum relative permeability of as-built parts, from an approximate value of 2000 to more
than 24,000, which is on par with high performance iron-silicon steel laminations. Other
magnetic properties, including total iron loss density, intrinsic coercivity, and saturation are
also positively impacted via the annealing process.

Another interesting characteristic of the SLM process is that it introduces grain elonga-

tion in the build direction of the printed parts. As a result, iron-silicon fabricated using SLM
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can have high levels of magnetic anisotropy [45]. Additionally, higher laser energy input can
even change the crystallographic texture of the printed iron-silicon, leading to the formation
of Goss texture also known as cube-on-edge texture, which is seen in grain-oriented electrical
steel, [46]. This suggests that SLM can be potentially used as an alternative approach in
producing grain-oriented iron-silicon, which in turns can be used for applications such as
transformers or large electrical machines.

To avoid the effect of residual stress caused by the local melting due to the laser energy
source as in SLM, other AM techniques have also been explored. In [18], FeSi sample is
prepared using 3D screen printing and then compared with commercially available FeSi
lamination steel. In this AM process where the powder is held together via binder, the
printed part is heat-treated uniformly upon printing completion. The magnetic induction and
relative permeability at low magnetic field strength are comparable to commercial FeSi steel.
However, the magnetic saturation of screen-printed iron-silicon is lower than commercial
lamination equivalent, owing to the low density and high porosity level of printed parts.

Binder jet printing (BJP) is another AM technique that does not use laser as an energy
source. As a laser is not used to melt the powder particles together, there is no grain
elongation associated with the BJP process. Thus, an advantage of the BJP process is that

it can produce iron-silicon with low level of magnetic anisotropy.

4.2.4 Performance summary of printed soft magnetic materials

There are promising results at this early stage of AM for soft magnetic materials for
electrical machines. AM allows freedom in design of magnetic cores, which can increase the
performance of electrical machines. Additionally, magnetic properties of 3D printed ma-

terials, especially iron-silicon, are improving and reaching the levels of many commercial
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electrical steel laminations as well as SMCs, as shown in Figure 4.6. Maximum relative
permeability of printed iron-silicon is high and comparable to iron-silicon steel lamination,
especially when the printed sample is heat-treated, Table 4.1, [19,41,44,47]. As the AM
iron-silicon samples undergo post-processing heat treatment steps, their grain size can sig-
nificantly improve, which in turn leads to higher magnetic induction and permeability.

Table 4.1: Comparison of grain size and maximum relative permeability between as-built
and heat-treated printed soft magnetic materials.

Grain Size (pm) Max Relative Permeability pmaz
As-built 10-200 1200-5500
Heat-treated 400-1000 10,500-31,000

4.3 Magnetic characterization techniques

Magnetic characterization techniques that are suitable for soft magnetic materials are
outlined here. The DC magnetic characterization is used to extract the initial magnetization
curve and the hysteresis loop of the soft magnetic materials. The AC magnetic characteri-
zation extracts the frequency dependent B — H curves and specific loss density curves. The
magnetic anisotropy characterization extracts the BH characteristics of the soft magnetic
materials under different excitation directions. Magnetic characterization of these quantities

provide insight on the performance of the materials of interest.
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(a) Comparison between reported coercivity of 3D printed electrical
steels, commercial electrical steels, and SMCs.
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(b) Comparison between reported magnetic induction at 4 kA /m, By,
of 3D printed electrical steels, commercial electrical steels, and SMCs.

Figure 4.6: Comparison between additively manufactured and commercial electrical steel.

4.3.1 DC characterization

The DC magnetic characterization provides important magnetic properties of soft mag-

netic materials under DC excitation condition. In other words, the extracted characteristics
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are time independent. In general, the extracted characteristics are in the form of the initial
magnetization curve and the hysteresis loop, as shown in Figure 4.7. From this information,
remanent flux density, B, saturation polarization, Js, and coercive force, H., can be readily

extracted.

H (A/m)

Figure 4.7: Illustration on initial magnetization curve, static hysteresis loop, and important
magnetic characteristics of a general soft magnetic material.

The extraction of DC characteristics depends on the shape of the soft magnetic specimen.
For a ring specimen, the method for extraction can be generally described as in Figure 4.8.
Here, the ring specimen forms the closed magnetic circuit and is wound with secondary
windings (inner layer) and primary windings (outer layer). The static B — H characteristics
of the ring specimen can be calculated using Ampere’s circutal law and Faraday’s magnetic
induction law as shown in (4.7) and (4.8). Using a fluxmeter employing integration techniques
48], the induced voltage on the B coil (search coils/ secondary coils) is used to estimate the
magnetic induction. Here, [,,, and A are the length of the magnetic path and cross section
area of the ring specimen, N1 and N9 are the number of turns in the primary and secondary
windings, and [ is the current in the primary windings. It is important to note that the

ratio between the outer diameter and inner diameter of the ring specimen should be smaller
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than 1.4 to ensure uniform magnetic flux distribution in the ring specimen, [28].

Magnetizing windings/ Search coils/
Primary windings Secondary windings

o— | ———| O
o— O

Supply

Figure 4.8: General description of the magnetic characterization test bed method using a
ring specimen. Additional apparatus are connected to the test bed to extract the desired
magnetic properties of the specimen.
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There are two methods to provide the excitation and obtain the DC characteristics of the
test soft magnetic specimen. In the first method or also known as point-by-point method,
the magnetization field strength is controlled such that it changes in a step wise manner,
as shown in Figure 4.9. Demagnetization is implemented prior to the magnetization of the
specimen, by applying the magnetic field strength and changing its polarity. The changes
in the magnetization, or AH, is then varied so that the change in the magnetic flux density
AB is constant, Figure 4.10. The magnetization curve is then obtained in a point-by-point

fashion.

70



»
>

Magnetic field strength (A/m) H

Time

Figure 4.9: Illustration of the point-by-point excitation approach to the primary windings/
magnetization windings.
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Figure 4.10: Illustration of the point-by-point method of obtaining the magnetization curve.

In practice, DC magnetic characterization is usually achieved with continuous excitation
to the primary windings. This process is called quasi-static excitation, where the excitation

frequency is very low, typically much lower than the Wolman frequency, f,,. The Wolman
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frequency is defined as the cut-off frequency where the permeability of the soft magnetic
specimen is reduced when it is excited above f,,, due to eddy current effect. Thus, when
the soft magnetic specimen is characterized under quasi-static condition, the eddy current
effect is negligible; the extracted initial magnetization curve and hysteresis loop is of little
difference compared to the static properties, [49]. It is important to note that the excitation
frequency and the obtained rate of change of the magnetic induction, ‘fl—?, must be carefully
tuned in the controller so that the eddy current effect is negligible.

Figure 4.11 illustrates the quasi-static excitation input. Upon completion of the demag-
netization process, the specimen is excited with continuous application the magnetic field
strength, via the primary windings, at a very slow rate. Here, H is applied from zero to
the maximum desired field strength, and then gradually reduced to the negative maximum
value, then increased again to the maximum field strength one more time. The waveform of
magnetic flux density is continuously recorded as a function of time, and has the form similar
to the curve shown in Figure 4.7. Here, as the excitation increases from zero to maximum

for the first time, the initial magnetization curve is recorded.
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Figure 4.11: Illustration of the continuous excitation of the magnetic field strength under
quasi-static condition.

4.3.2 AC characterization

The AC magnetic characterization provides the measurements of the soft magnetic ma-
terials under AC excitation condition. The excitation frequency can be varied from the line
frequency, 50 Hz up to 20000 Hz, [50]. Similar to the DC magnetic characterization, the AC
magnetic characterization employs closed magnetic circuit, and also depends on the shape
of the specimen.

For a ring or toroidal shape specimen, the voltmeter-ammeter method [50] can be applied,
Figure 4.12. Here, the magnetizing windings are provided with the excitation current I(¢) at
the test frequency, while the induced voltage on the secondary windings, U(t), is measured
using the voltmeter. The excitation current is controlled such that the induced voltage
remains within the sinusoidal waveform during the entire magnetization process. The quality

of the sinusoidal signal is determined by the use of sinusoidal form factor value of 1.114+1%.
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The form factor of a signal is defined as the ratio between the RMS value, Uy, as shown
in (4.9), and the average rectified value of the signal, |U|, as in (4.10). Here, T is the period

of the excitation frequency.

Magnetizing windings/ Search coils/
Primary windings Secondary windings
O— AC Power @ N N, (@
1
S a— Supply
Wattmeter

Figure 4.12: Tlustration of the test bed of AC magnetic characterization using voltmeter-
ammeter method on a ring specimen.

Upms = ; /0 L U2ar (4.9)
0] = ;/OT U(t)|dt (4.10)

When the form factor of the induced secondary voltage remains within 1.114+1%, the
magnetic induction can be calculated as in (4.11), where f is the excitation frequency,
A is the cross section area of the ring specimen, and Ny is the number of turns on the
secondary windings. The magnetic field strength associated with the excitation current I(t)
is calculated using Ampere’s law, as shown in (4.12). Here, Ny is the number of turns on
the magnetizing windings and I is the peak value of the excitation current.

The specific loss density, p., which includes the hysteresis loss, the eddy current loss, and
the excess loss, is calculated as in (4.13). Here Py, can be measured using the wattmeter,

where Py, represents the active power of the excitation current I(¢) and the secondary voltage
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U(t), m is the mass of the ring specimen, and K is the correction factor for the losses due

to the wattmeter.
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4.3.3 Hysteresis loss characterization

(4.11)

(4.12)

(4.13)

Hysteresis loss can be acquired from the hysteresis loops achieved using quasi-static

magnetic characterization. Assuming the model of hysteresis loss of soft magnetic materials

in (4.14), for each peak value of magnetic induction B, the hysteresis loss linearly increases

with the excitation frequency f. Here, v is the measured density of the material. For the

quasi-static characterization at 1 Hz, the estimation of the hysteresis loss per cycle (py/f)

at B can then be acquired from the area enclosed by the quasi-static hysteresis loop at that

B. Given different levels of magnetic induction, a model of a hysteresis loss as a function of

B can be found.

5

(4.14)



Chapter 5

Magnetic Properties of Printed Soft

Magnetic Materials

The two AM methods that are used to fabricate samples for the magnetic characteri-
zation in this chapter are binder jet printing (BJP) and fused filament fabrication (FFF).
This chapter provides the general description for the AM methods. The chapter then ex-
perimentally demonstrates the ability of AM to achieve variable levels of maximum relative
permeability, and low hysteresis loss in comparison to commercially available soft magnetic

composites.

5.1 Methods for sample preparation

5.1.1 Binder jet printing

BJP is categorized as a powder bed AM technique that does not utilize a concentrated
energy source as in SLM or electron beam melting. The overall printing process is illustrated
in Figure 5.1. Here, the starting powder is first prepared by mixing iron alloy, pure iron,
and pure silicon spherical powder together prior to printing. A certain amount of boron is
also added into the powder mixture to help the sintering step (e) as well as to manipulate

loss characteristics. The starting powder is summarized in Table 5.1.
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Table 5.1: Material used

Powders Particle Size Shape

Distribution

Iron alloy < 106 pm

Main powder Fe <10 pm Near spherical
Si 1pm
Sintering additive B 1 pm N/A

The BJP process produces parts by printing individual layers until completing a part.
The X1-Lab, manufactured by ExOne (Huntington, PA, USA), is used in this work. The
printer has two powder beds, the supply bed, with the starting powder, and the build bed,
where the part is being deposited and printed, as shown in Figure 5.1. For each layer,
the printing process can be described in two-steps: (a) powder spreading and (b) binder
injection. The roller spread each layer of powder from the supply bed into the build bed
and the binder phase is injected selectively based on the computer aided design (CAD) file.
Printing a layer is then repeated until the 3D part is completed. At this stage, the formed
3D part consists of the powder held together with the binders. The printed part is still
fragile, which requires the binder phase to be cured for 2 hours to provide the strength of
the printed part before removing the loose powder, Figure 5.1(d). The cured part is finally

placed in an environment-controlled furnace for sintering for an additional 6 hours.

5.1.2 Fused filament fabrication

Fused filament fabrication (FFF) is a material extrusion based AM technique that is

suitable for either single material or multi-material printing. Typical FFF systems use one
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separate filament for individual nozzle.

Fe spherical
powder
Boron

additive l Si spherical

Wder

Powder Mixture preparation

(c) Spreading new layer

Build plate

Roller

—

(a) Layer spreading

(b) Pr mtmg spread Layer

Repeat process until build complete

Loose powdel

Printed part
Build plate
195°C

(d) Curing binder & removing loose powder

(e) Part Sintering

Figure 5.1: Schematic of the binder jet printing process.

Thus,
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or more nozzles to continuously deposit materials layer by layer onto the build platform.
Different materials, including polymers, composites, ceramics, or metals, can be used as
FFF and other similar material extrusion
based techniques are capable of fabricating multi-material structures.

The preparation of the starting filament used for the FFF method includes mixing iron
powder/ iron alloy powder with varied binder polymer compositions, and elastomer. The

prepared filament is then wound on a spool and then fed to a FFF printer (Renkforce




1000). The temperature of the building bed is set at 60°C, while the filament in the nozzle
is heated at a printing temperature of 160-170°C. Printed ring samples are then sintered
in environment-controlled furnace after the debinding process, at a temperature of 900°C.

Details of the printing process can be found in [51].

5.1.3 Sample description

To demonstrate the variable relative permeability achievable with BJP or FFF printing
methods, 11 samples are characterized. The printing parameters and the measured density
of the samples are shown in Table 5.2 and Table 5.3. The OD and ID of the CAD file, which
is used to provide the .STL format for printing, are selected such that the OD/ID ratio is less
than 1.4, 38 mm and 32 mm, respectively. Upon printing completion, the ring samples are
wound with AWG28 for the secondary windings and AWG22 for the primary windings. The
number of turns for the primary windings is adjusted so that maximum relative permeability
and magnetic induction at 500 A/m are achieved.

For hysteresis loss demonstration, 8 samples are characterized. The BJP method is used

to prepare these 8 samples, with descriptions as shown in Table 5.4.

5.2 Results

Maximum relative permeability firmqz and the hysteresis loss per cycle py/f are the
primary focus of the characterization. They are extracted via implementation of the quasi-
static characterization. Other magnetic properties extracted via quasi-static characterization
include the intrinsic coercivity H., the remnant flux density B,, and the magnetic induc-

tion at 500 A/m, Bs. For AC magnetic characterization, the specific loss density curves at
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Table 5.2: Summary of parameters for BJP method for fabricating ring samples for variable
relative permeability demonstration.

Composition Starting powder Sintering Sintering Density

Temperature Environment (g/cm?)

Feg7Si3-0.25BN3  Fe, Si, Boron Nitride 1200°C Argon 5.61
Feg75i3-0.25B Fe, Si, Boron 1200°C Argon 7.06
Feg55i5-0.25B Fe, Si, Boron 1200°C Argon 7.25
Feg7Si3-0.25B Fe, Si, Boron 1250°C Argon 6.69
Feg5Si5-0.25B Fe, Si, Boron 1250°C Argon 717
FegsSi5 FeSi alloy, Fe 1200°C Argon 717
FegsSi5-0.25B FeSi alloy, Fe, Boron 1200°C Argon 7.44
Feg55i5-0.25B FeSi alloy, Fe, Boron 1200°C Vacuum 7.40

Table 5.3: Summary of parameters for FFF method for fabricating ring samples for variable
relative permeability demonstration.

Filament composition Iron loading % Density (g/cm?)
Fe & Polymer binder Low 2.96
Fe & Polymer binder High 3.79
FeSi alloy & Polymer binder High 4.73

excitation frequencies of 50, 200, and 400 Hz are also extracted. Table 5.5 summarizes the

magnetic characteristics that are extracted.
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Table 5.4: Summary of parameters for BJP method for fabricating ring samples for hysteresis

loss analysis. All the samples here are sintered in Argon environment.

Composition  Starting powder Sintering Density
Temperature (g/cm?)
FegrSis Fe, Si 1200°C 7.03
Feg7S5i3-0.25B  Fe, Si, Boron 1200°C 7.06
FegsSis Fe, Si 1200°C 7.02
Feg5Si5-0.25B  Fe, Si, Boron 1200°C 7.25
Feq7Sis Fe, Si 1250°C 7.08
FegrSi3-0.25B  Fe, Si, Boron  1250°C 6.69
FegsSis Fe, Si 1250°C 7.02
Feg55i5-0.25B  Fe, Si, Boron 1250°C 7.17

Table 5.5: Overview on extracted magnetic characteristics.

Characteristics

DC characterization

Maximum relative permeability jiy max
Intrinsic coercivity (H,)
Magnetic induction @ 500 A/m (Bs)

Hysteresis loss per cycle (pp,/f)

AC characterization

Loss curves at 50, 200, and 400 Hz

5.2.1 Experimental setup

The ring core test setup, following two international standards, is used to characterize

the additively manufactured iron silicon ring samples. Standard ASTM A773, [52], is used
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for the DC magnetic characterization; and standard ASTM A927, [53], is used for the AC
magnetic characterization. The measurement scheme of the experimental setup is shown
in Figure 5.2. Here, the power amplifier, Model 7224 from Magnetic Instrumentation, is
connected to the DAQ module, which is used to send excitation signals to the primary
winding of the ring sample. The measured excitation current, via a current shunt, is fed back
to the computer to calculate the magnetic field strength (H). The secondary winding of the
sample is connected to both the fluxmeter, which is used to calculate magnetic induction

(B) within the DC characterization, and the voltage transducer, which is used for the AC

characterization.
Power
oo | Fluxmeter |
Amplifier /M
Current
Shunt
data
5 DAQ Module
(A I

Figure 5.2: Schematic of experimental setup of the ring core DC/ AC magnetic characteri-
zation.

For the DC characterization, quasi-static excitation is provided to the primary windings
of the samples. The excitation frequency of the quasi-static characterization is kept at ap-
proximately 1 Hz. The digital luxmeter, Model 2130 Magnetic Instrumentation, is used to
measure the change in magnetic flux in the secondary winding. For the AC characteriza-
tion, excitation is provided to the primary windings at frequencies of 50, 200, and 400 Hz.
The induced secondary voltage, measured from the voltage transducer, is used to calculate
magnetic induction within the ring sample.

Two different soft magnetic samples were used to validate the experimental setup: a
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SMC ring, Siron®)S280b, and a laminated steel ring, M-27 (24 gauge). The dimensions of
the SMC ring were 104 mm outer diameter, 75 mm inner diameter, and 14.2 mm height. The
dimensions for the laminated ring were 51 mm outer diameter, 42.5 mm inner diameter, and
6.35 mm height.

As shown in both Figure 5.3 and Figure 5.4, the experimental data at 50 Hz excitation
frequency tracks well with the data sheet values provided by the manufacturer. The total
iron loss curve at 50 Hz for the SMC sample is slightly higher than the data sheet values.
The differences between the extracted iron loss and the data sheet in Figure 5.4b may come
from the mechanical cutting and handling of the SMC sample to form the ring. Another
contribution to the differences may come from the difference in size between the SMC test

ring here and the ring from the manufacturer.
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Figure 5.3: Comparison between experimental results of the M-27 (24 gauge) laminated ring
and its data sheet values. AC excitation is at 50 Hz.
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Figure 5.4: Comparison between experimental results of the Siron®)S280b SMC sample and
its data sheet values. AC excitation is at 50 Hz.

5.2.2 Variable relative permeability

Variable levels of maximum relative permeability pimas are achieved with both BJP
and FFF methods. For the BJP method, if pure iron powder is used in the starting powder,
Hr.maz can be varied between 1000 to 3500 depending on the silicon content and the use of
boron nitrate or boron, as shown in Figure 5.5.

If iron alloy powder is used instead of pure iron powder, fiymaz can be varied between
3000 and 6000, depending on the use of boron as well as the sintering environment, as shown
in Figure 5.6. Here, when the ring sample is sintered in vacuum environment-controlled
furnace, ftymaz can be higher in comparison to samples sintered in Argon environment.

The FFF printing method can also provide variable levels of 14 maq as shown in Figure 5.7.
Here, piymaa can change between 1.2 when the starting filament is created with low iron

loading content up to 2700 when the starting filament is created with iron alloy content.
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Figure 5.5: Variable levels of maximum relative permeability achieved with BJP method.
Here, the starting powder includes mixture of pure iron powder and silicon powder. The
results are achieved at quasi-static testing condition.
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Figure 5.6: Variable levels of maximum relative permeability achieved with BJP method.
Here, the starting powder includes mixture of iron alloy powder. The results are achieved
at quasi-static testing condition.
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Figure 5.7: Variable levels of maximum relative permeability achieved with FFF method.
Here, the starting powder includes mixture of iron or iron alloy powder. The results are
achieved at quasi-static testing condition.

5.2.3 Hysteresis loss

The hysteresis loss for printed iron samples, prepared with BJP method, is low in compar-
ison to SMC. At 1T, the hysteresis loss per cycle varies between 0.04 Ws/kg to 0.06 Ws/kg
as shown in Figure 5.8. Among these eight BJP samples, the sample with FegsSis with
boron, sintered at 1200 °C exhibited the lowest intrinsic coercivity and the lowest pp,/f. A
direct comparison of this sample with a commercial SMC sample showed that the hystere-
sis loss density per cycle of BJP iron silicon can be up to 70% lower than SMC, as shown
in Figures 5.9 and 5.10. However, it is clear that commercially available steel laminations

exhibit the lowest hysteresis loss.
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Figure 5.8: Variation in hysteresis loss density per cycle at 1T of BJP iron silicon.
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Figure 5.9: Experimental quasi-static hysteresis loops between laminated iron silicon, binder
jet printed sample, and SMC sample.
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Figure 5.10: Comparison of hysteresis loss per electrical cycle between laminated iron sil-
icon, binder jet printed sample, and SMC sample. The printed sample here has the best
performance among the 8 printed samples.
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Chapter 6

Magnetic Anisotropy

Different type of soft magnetic materials has different magnetic anisotropic behaviors.
Non-oriented steels have similar magnetic properties in the in-plane directions. Thus, they
are typically used in small and medium radial rotating electrical machines. Oriented steels
have better B — H and specific loss density performance in the easy axis direction. As a
result, they have been proposed to used to build segments for segmented electrical machines
to leverage their preferred magnetization direction. For machine topologies that require
3D flux paths including axial flux, claw pole, and transversal flux machines, soft magnetic
composites (SMCs) are typically used, due to their low magnetic anisotropy.

Each AM method has different set of printing parameters and ways to bond the particles/
filament together. Magnetic anisotropic behaviors of additively manufactured iron cores
thus depend on the AM method as well as its printing parameters and the tuning of the
parameters. Magnetic anisotropy characterization is thus important in the development and
understanding of additively manufactured iron cores.

This chapter discusses a simplified magnetic anisotropy characterization technique. The
chapter starts with literature review on methods to analyze magnetic anisotropy of soft mag-
netic materials. Development and verification for the magnetic anisotropy characterization

are then shown, following by the experimental results.
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6.1 Magnetic anisotropy characterization methods

For steel laminations, standard Epstein frame testing can provide the magnetic anisotropy
behaviors in the in-plane directions. In the stacking direction, the correction of the perme-
ability can follow (6.1). Here, ju» is the relative permeability of the steel in the stacking
direction, pu, is the relative permeability of the steel in the in-plane directions, pg;, is the

relative permeability in vacuum which is 1, and £ is the lamination factor.

1 k 1 k 1
= . — 4 (1 ) .
M.z 100 puy

- — 6.1
1007 prgir (6-1)

For SMCs, they are made by compressing water atomized, insulated iron alloy powders
to desired geometries. Ring core test is the preferred method to characterize SMCs to
provide their magnetic behaviors. For three dimensional-magnetic characterization, different
techniques have been proposed. In [54], a quasi-three dimenisional magnetic characterization
technique is developed, as shown in Figure 6.1. Here, a 2D single sheet tester, as shown
in Figure 6.1a is used to extract the magnetic properties in three dimensions of Somaloy
500 SMC material. Three different square slices of 50x50 mm with 2mm thickness are cut
from an SMC disk at three different orientations, as shown in Figure 6.1b. The square
samples are then inserted into the single sheet tester in order to extract the three dimensional
magnetic properties of the SMC material. This method required cutting of the sample, which
can inadvertently lead to degradation of the material properties, [55], which can mask the

magnetic anistropy characterization.
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(a) Quasi-magnetic anisotropy characterization test bed

(b) Sample preparation

Figure 6.1: Quasi-magnetic anisotropy characterization setup [54].

Improved methods for magnetic anisotropy of soft magnetic materials are demonstrated
in [56,57]. However, the methods require the development of multiple search coils as well as
a complex spider system to mount the sample for the anisotropy characterization process,
as shown in Figure 6.2. Here, six different search coils are required; they are then wound
on printed circuit boards and mounted on all sides of a cubic SMC sample, as shown in
Figure 6.3. This characterization technique can be complex. A simpler magnetic anisotropy
test bed can thus be developed to remove the requirements of the spider system and the use

of multiple search coils.
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Figure 6.2: Complex magnetic anisotropy characterization test bed for soft magnetic mate-
rials [56].

Figure 6.3: Sample preparation for the complex magnetic anisotropy characterization test
bed [57].
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6.2 Simplified test bed development

The simplified magnetic anisotropy characterization test bed is used to provide magnetic
anisotropy behaviors of electrical steel, produced via AM or powder mettalurgy with less
components. The main objective of the magnetic anisotropy characterization is to obtain the
magnetization curves under excitation in the X-, Y-, and Z- directions. This characterization
provides the coupled relationship between the magnetic field intensity Hy, Hy, and H, and

the magnetic induction By, By, and B;.

.

—

Figure 6.4: Illustration of the cube sample and the designated X-, Y-, and Z- directions.

A cubic sample with equal cross sectional area on each face, as shown in Figure 6.4, will
allow independent excitation in each direction. The magnetization curve for each direction
can be obtained when excitation is applied perpendicular to the cube face of interest. Par-
ticularly, the B, — H, relationship can be acquired when the excitation is applied to the
YZ-plane of the cube. For other directional B — H relationships, they can be acquired when
the excitation is applied to different cube faces.

The simplified magnetic anisotropy characterization technique proposed in this work
requires a magnetic core made of steel laminations wound with primary windings to excite
the cube. A general description is shown in Figure 6.5. The cube can be inserted into a

sleeve, which is wound with secondary windings and placed together in the opening of the
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magnetic core. There is an airgap on each side between the cubic sample and the magnetic

core. As a result, an open magnetic circuit is used for characterization.

Cube sample Laminated

magnetic core

Figure 6.5: Illustration of the magnetic core used in the magnetic anisotropy characterization.
The cube sample is placed in the center of the opening of the magnetic core.

The primary windings provide excitation to the test specimen. The excitation, under
open loop control, is used to ensure sinusoidal voltage on the secondary windings is achieved
through out the majority of the experiment. Similar to the standard AC characterization,
form factor of the secondary voltage, which is the ratio between the RMS value and the
average rectified value, should remain within the recommended band of 1.111£1% during
the magnetic characterization.

For each direction in Figure 6.4, the corresponding magnetic induction, B, is calculated
as in (6.2). Here, A is the surface area of the face of interest, Ny is the number of turns
in the secondary windings wound on the cube, f is the excitation frequency, and |Vs| is the

average rectified value of the voltage picked up by the secondary windings.

B Vo

=N, A (6.2)

The magnetic field intensity, H, of the cubic sample is calculated as in (6.3), following
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the magnetic circuit model in Figure 6.6. Here, Hgq is the magnetic field strength in the
airgap, Heore is the magnetic field strength in the magnetic core, lgg is the modified airgap
length, lcore is the average length of the flux path within the magnetic core, and [, is the
length of the cube sample. The calculation of lgg is the average integral of the length of the
flux lines I, between the laminated core and the cubic sample, as shown in (6.4), following
the flux line model as shown in Figure 6.7. The length of the flux lines [, accounting for
the fringing flux effect follows (6.5). Additionally, Ny is the total number of the primary

windings on the magnetic core, and [ is the amplitude of the excitation current.

H— N1] - 2Haglgg - Hcorelcore

lcube

Rcore Rag Rcube Rag

NI

Figure 6.6: Magnetic circuit model of the anisotropy characterization. The reluctance of the
magnetic core, airgap, and the cube sample are Reore, Rag, and Ry, respectively.

1 lcube+la9
[ / Lpdl 6.4
“9 lcube + lag 0 o ( )

lag, min length of the flux line, between the cube and the core

0.5lqg + 0'57;“9 , max length of the flux line, accounting fringing flux
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Figure 6.7: Model of the flux lines between the laminated core and the cubic sample. The

cross section of the laminated core is larger than the cubic sample. The fringing flux here is
modelled as a quarter of a circle.

The calculation of the magnetic field intensity, Hgyg, in the airgap can be implemented
by using a Hall effect sensor. Additionally, the calculation of magnetic field intensity, Heore,
can be obtained by measuring the magnetic induction on the core, near the airgap. This can
be implemented by applying a sense coil on the magnetic core near the opening, and then

measuring the picked up voltage of the sense coil. The calculation of Hcype is shown in (6.6).

B
Hcore — ﬂ (66)
Holcore

Here, pg is the vacuum permeability, Beore is the magnetic induction of the laminated core,
lcore 1s the relative permeability of the steel laminations used in the core, which is known.
The calculation process is summarized in the flowchart shown in Figure 6.8. To measure the
magnetic induction of the cubic sample in different directions, the cube is removed from the

magnetic core opening, rotated and then re-inserted.

96



Figure 6.8: Flowchart calculation for the magnetic anisotropy characterization in each di-

rection.

Figure 6.9: Three-dimensional finite element setup for the magnetic anisotropy characteri-

zation.

Three-dimensional finite element analysis, Figure 6.9, is used to verify the method of

obtaining the magnetization curve of the cubic sample. The simulation results show that
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this anisotropy test bed can be used to obtain magnetization curves under open circuit
characterization. In Figure 6.10, the calculated B — H curve, found via open magnetic

circuit, follows the B — H curve provided via closed magnetic circuit characterization.

1.2
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Figure 6.10: 3D FEA results of the magnetization curve obtained with the anisotropy setup.
Calculated curve follows the BH curve provided by the catalog within the FEA software.
Difference in the intrinsic magnetization curve and the calculated curve under open circuit
characterization is shown.

The sheared magnetization curve is due to the airgap between the magnetic core and
the cubic sample. A demagnetization field, H;, occurs and opposes to the applying external

magnetic field, H,, as illustrated in Figure 6.11.

H,

v

) Hy

1
++++++++

Figure 6.11: Illustration of the demagnetization effect.
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This demagnetization effect is different for different shapes of the specimen, [58, 59].
As a result, for the same material, the obtained magnetic induction under open circuit
characterization would be smaller than the magnetic induction obtained under close circuit
characterization, especially at the same amplitude of external magnetic field strength, [28].
The larger the airgap in the open magnetic circuit, the larger the deviation between the
measured curve and the intrinsic magnetization curved, or the magnetization curve obtained
with closed circuit characterization. The same airgap must be used for characterization in

each direction to ensure that the resulting anisotropy, if any, is not masked by variations in

the airgap.

6.2.1 Anisotropy quantifier

The level of magnetic anisotropy can be quantified by the differences in the magnetic field

strength required to reach the same level of magnetic induction under different excitation

directions.
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Figure 6.12: Illustration of the magnetization curves of soft magnetic materials experiencing
magnetic anisotropy under excitation in X-, Y-, and Z- directions.
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For a soft magnetic sample experiencing magnetic anisotropy, as illustrated in Figure 6.12,
the magnetic induction By is reached at different magnetic field strength for different excita-
tion directions. These differences can be used to quantify the level of anisotropy as described
in (6.7) and (6.8). Here, Ay is the difference in percentage between the Hyg, compared Hyy,
when calculated at the same magnetic induction By. Similarly, A, is the difference in per-
centage between the H,qg, compared H,y, when calculated at the same magnetic induction

By.

H,—H
x
H,y—H
A, = zOH : z0 (6.8)
x

6.2.2 Experimental setup

BJP is used to prepare the cubic iron silicon sample for the magnetic anisotropy char-
acterization. An SMC cube made of Siron®)S280b is also prepared for comparison purpose
with the BJP iron silicon sample. Parameters of the cube samples are shown in Table 6.1.

Table 6.1: Parameters of the cube samples.

Sample Cube dimension | No

BJP cubic sample 23x23x23mm | 90

Siron®)S280b cubic sample | 35x35x35mm | 90

The block diagram of the magnetic anisotropy test bed is shown in Figure 6.13. Here,

50 Hz excitation is provided by the function generator, which is then amplified and fed to
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the primary windings on the laminated magnetic core. The laminated magnetic core is
wound with 400 turn. The current transducer is used to measure the amplitude of the
excitation current. In addition, the voltage transducers are used to measure the voltages
on the primary windings, the secondary windings, and the sense coils on the magnetic core,
Figure 6.14. A transverse Hall effect sensor is placed in the airgap between the cube sample
and the magnetic core to measure the magnetic induction in the airgap. LabVIEW data

acquisition system is used to log data from the transducers and the sensor in real time.

442 !
POV\{e.I’ | Current [ * Voltage
amplifier [—1 transducer | : transducers

_} ~

V., v, if |Vy| Vg
Function H
generator LabVIEW
DAQ

Figure 6.13: Block diagram of the magnetic anisotropy characterization. Here, V; is the
voltage readings of the current transducer, V is the readings of the Hall effect sensor. Vi,
Vo and V3 are the voltage readings of the primary windings, secondary windings, and the
sense coils, respectively.
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Figure 6.14: Ilustration of the primary and secondary windings, sense coils, and Hall effect
sensor used in the magnetic anisotropy characterization.
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6.3 Results

In the SMC cubic sample, the magnetic induction versus the calculated magnetic field
strength is different under all three directions. The magnetic induction in the Z- direction is
lower than in the X- and Y- directions, as shown in Figure 6.15. In order to induce a magnetic
induction of 0.5 T, excitation in the Z- direction requires an additional 28% in magnetic field
strength compared to X- direction. Additionally, an increase of 9% in magnetic field strength
in the Y- direction is required to induce 0.5 T, compared to the X- direction. Form factor of
the secondary voltage for the characterization of the SMC cubic sample is maintained within

the recommended values during the majority of the test, as shown in Figure 6.16.

0.8

o
3

I
o

X direction
= = Y direction
Z direction

051

Magnetic Induction (T)
o
»

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Magnetic Field Strength (A/m) x10%
Figure 6.15: Magnetization curves of the Siron SMC cube under X-, Y-, and Z- directions.

Excitation frequency is at 50 Hz. Magnetic field strength is calculated under open magnetic
circuit characterization.
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Figure 6.16: Form factor of the secondary voltage for the magnetic anisotropy characteriza-
tion of the Siron SMC printed cube. Excitation frequency is at 50 Hz.

The 3D printed iron silicon cube also experiences magnetic anisotropy. The magnetic
induction in the Z- direction or the build direction is lower compared to both X- and Y-
directions, Figure 6.17. At magnetic induction of 0.5 T, excitation in the Z- direction would
require an increase in 20% in magnetic field strength compared to the X- direction. On the
other hand, the magnetic field strength in the Y- direction needs an additional 5.4% to reach

an induction of 0.5'T compared to the X- direction.
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Figure 6.17: Magnetization curves of 3D printed iron silicon cube under X-, Y-, and Z-
directions. Excitation frequency is at 50 Hz. Magnetic field strength is calculated under
open magnetic circuit characterization.
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Figure 6.18: Form factor of the secondary voltage for the magnetic anisotropy characteriza-
tion of the 3D printed cube. Excitation frequency is at 50 Hz.

The magnetic anisotropy for the 3D printed iron silicon increases as the magnetic induc-
tion increases. At 1.0T, excitation in the Z- and Y- direction needs an additional 20% and

6%, respectively, to reach the same level of induction as in X- direction. Form factor of the
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secondary voltage for the characterization of the printed cube is also maintained during the

experiment, Figure 6.18. Table 6.2 summarizes the magnetic anisotropy quantifiers between

the three directions for both the SMC cube and the 3D printed cube.

Table 6.2: Comparison of magnetic anisotropy between SMC and 3D printed iron silicon.
Magnetic anisotropy quantifiers are calculated at 0.25T, 0.5T, 0.75T, and 1.0T.

Magnetic SMC cube | 3D printed cube
induction By | Ay A, Ay A,
0.25T 9.3% | 29.8% | 4.6% 22%
05T 9% | 28% | 5.4% 20%
0.75T ™% | 20.5% | 6.3% | 19.4%
1.0T N/A | N/A | 6% 20%
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Chapter 7

Conclusion and Future Work

The airgap flux density in electrical machine is typically manipulated via geometry shap-
ing of the iron core to reach required performance. As the iron core is subjected to a rotating
and non-uniform magnetic field, the use of non-homogeneous, multi-permeability iron core
opens up an alternative approach in manipulating the airgap flux density behavior. With
advancements in AM, it is possible to fabricate non-homogeneous, multi-permeability core
which can lead to non-traditional methods in changing the airgap flux. Exploitation of non-
homogeneous, multi-permeability iron core for electrical machine applications benefits from
a model with low computational cost, compared to FEA. In this work, a multi-permeability
modelling technique for the iron core is developed based on MEC. It is used in lieu of FEA
to explore the feasibility of a multi-permeability core in shaping the airgap flux density in
electrical machine.

The modelling technique allows for the variation of relative permeability in the iron core,
which is no longer assumed infinite. This technique requires the discretization of the entire
machine geometry into sub-regions/ cells, and the calculation of the cell-dependent wind-
ing MMF'. Each cell in the iron core is then assigned with a relative permeability, which is
allowed to vary. The airgap flux density can then be estimated based on the calculated re-
luctance elements and the discretized excitation. The resulting multi-permeability modelling

technique is applied on a simple 6-slot/ 2-pole SynRM. The estimated airgap flux densities
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in both radial and circumferential directions are verified with FEA, for homogeneous and
non-homogeneous, multi-permeability iron cores.

The capability of multi-capability core in shaping the airgap flux density is then demon-
strated by coupling the multi-permeability model and an evolutionary multi-objective op-
timization algorithm. The generated non-homogeneous, multi-permeability iron core can
modify a specific spatial harmonic order of the airgap flux density, which can either be re-
lated to the torque or the torque ripple. Different multi-permeability distribution pattern in
the iron core can lead to different variation in the airgap flux density harmonic orders; the
generation of such pattern depends on the definition of the optimization problem.

With the potential of a multi-permeability iron core, and the possibility of using AM
for fabricating such a core, an initial demonstration of AM in fabricating iron cores with
variable levels of relative permeability is necessary. Here, the experimental characterization
results of 3D-printed iron cores from two different AM methods, BJP and FFF, show that
it is possible to achieve different levels of maximum relative permeability from nearly 1 up
to 6000.

AM is a layer-based manufacturing technique. In contrast to subtractive and powder
metallurgy manufacturing, AM fabricates individual layer on top of another. Thus, printed
iron cores can be subjected to magnetic anisotropy, especially in the build direction or the
direction of layer deposition. Magnetic anisotropy characterization of additively manufac-
tured iron cores is thus important, since it helps AM researchers in quantifying the magnetic
anisotropy levels. In this work, a simplified magnetic anisotropy characterization test bed
that is capable of extracting the B — H magnetization curve of soft magnetic materials is
developed. In contrast to other magnetic characterization setups, this test bed requires a

magnetic C core, a single Hall effect sensor, and a cubic specimen. The experimental results
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from this test bed confirm that BJP iron core can reach similar magnetic anisotropy level as
seen in SMC.

Future work includes the demonstration on the manipulation of the airgap flux density
via non-homogeneous, multi-permeability rotor core in three dimensions, as illustrated in
Figure 7.1. The developed model shows the capability in changing the airgap flux density
in a 2D problem. With continuous advancements in AM and multi-material printing, it
is possible to deposit material with different relative permeability in the build direction.
Thus, the concept of non-homogeneous, multi-permeability iron core can be expanded in
the axial direction of a rotating radial machine. This requires the development of the multi-

permeability modelling technique that can account for the 2 direction as shown in Figure 7.2.

1000

Figure 7.1: Illustration on a 3D multi-permeability iron core. The addition of permeability
distribution in the stacking direction adds an additional degree of freedom in the designs
space.
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Figure 7.2: Illustration on a node representing reluctance elements for a 3D problem. This
node can represent a single sub-region/ cell in the iron core of an electrical machine. Here,
R, ; represents the reluctance in the Z direction of cell .

Future work also includes additional analysis on improving the modelling technique,
especially on the design space. Here, three questions are posed: (1) What should be the
optimal size of the cells for the discretization process? (2) What region in the iron core
has higher impact in manipulating the airgap flux density and subsequently, the torque
characteristics of the machine? and (3) What should be the variation of relative permeability
within the iron core. For each question, a design of experiment (DOE) should be created,
the multi-permeability MEC model is then calculated, and an optimization algorithm is run
to evaluate the output objective space. The DOE can then be used to determine the choice
for the cell size (question 1), the region (question 2), and the p mqqe variation (question 3)
by implementing analysis of variance on the objective space. Figure 7.3 shows a possible

framework in answering the 3 questions.
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Figure 7.3: Framework for determining the design space for a multi-permeability optimiza-

tion problem for the iron core.

Additional future work includes numerical demonstrating the manipulation of the airgap

flux density via non-homogeneous, multi-permeability rotor core. A multi-permeability rotor

core provides extra degrees of freedom in manipulating the airgap flux density. However,

as the saliency of the rotor core changes due to introduction of different sub-regions with

different levels of relative permeability, the control angle of the excitation current needs to

be modified so that optimal torque is achieved. The multi-permeability modelling technique

needs to account for variable levels of saliency in the rotor core and be linked with the motor

control scheme.

110



APPENDICES

111



Appendix A

Customized finite element

The FEA tool here is developed based on Galerkin approach, a special scenario of the
method of weighted residuals. Considering a first order triangular element with coordinates
(zi,vi), (z5,y), and (zp,y;) as shown in Figure A.1, the vector potentials at the three
nodes are unknown and will be calculated. Assuming that the vector potential linearly
varies within the element, the flux density in the element would then be constant, [60]. The
relationship between the node vector potential approximates, Ai, Aj, Ak and the coordinates
of the element are calculated as in (A.1). The constants C1,Cs,C3 can then be solved via
Cramer’s rule as shown in (A.2), (A.3), and (A.4). The area of the triangular element is

designated as A.

Xi, Vi

Xj1 ¥j

Xk, Yk

Figure A.1: Illustration of first order triangular element.

For a 2D problem, the relationship between the applied current density Jy and the mag-
netic vector potentials is shown in (A.5). Here o is the conductivity of the medium and w

is the angular frequency. Introducing an operator £(z) = 0 on a region € with boundary
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condition C, its approximation is then shown in (A.6) with R is the residual since Z is an

approximation of z, [60].

Ai =C1 + CQLL‘Z' + ngi

Aj =C1 + C?@j + ngj

Ak =C1 + szk + ngk

Az

Ak Tk Yk
2A

1Ay

1 Ay oy
2A

1xk Ak

Cs = oA

(A.2)

(A.3)

(A.4)

The Galerkin approach states that the integral of the projection of the residual on a

weighting function, W, is zero over the domain €. In other words, for a domain 2 in 2D,
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the integral between R and W is shown in (A.7). Approximating the magnetic potential A

with A, then (A.5) becomes (A.8). Applying (A.7) onto (A.8), we then achieve (A.9).

1 0%A 1 0%A

i 02 ¥ g 0a2 0 T IwoA (A.5)
L(#)=R (A.6)
ARWM@:O (A7)

1 0%A 1,%A+%_ﬁwA:R "

+
firpio 022 pirpg O

//Q W<Mr1,u0 gié + N:MO gié)dxdy + //Q W Jodxdy — jwo //Q WAdedy =0  (A.9)

Integration by part is then applied to the first term of (A.9). This results in (A.10),
where 7 is the normal unit vector to the boundary C. The surface integral in (A.10) can be
then approximated as sum of small and numerous surface integrals.

Given the domain €2 meshed with M number of triangular elements, then the approxi-
mation of the surface integral becomes (A.11), where W€ is the weighting function, u° is the
permeability, and A° is the vector potential approximate of a single element, respectively.
Here, each element is within the domain €.

The approximate vector potential at any coordinate (x,y) within an element is calculated
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as in (A.12).

1 /OWAA OW OA 1 A
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From (A.1), (A.2), (A.3), and (A.4), (A.12) becomes (A.13). Applying the weighting
function W to be the same as the shape functions (N7, N ;, Nf), [60], the surface integral
for each element in (A.11) becomes (A.14). The second term of (A.9) for an element is then
shown in (A.15), assuming that the applied current density is constant over the element.
The third term in (A.9) is also shown in (A.16), following the application of the weighting

function.

A¢ = C1+ Cox + Csy (A.12)
i
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Upon defining two local matrices for each element as in (A.17) and (A.18), the solving of
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(A.9) in static magnetic analysis becomes (A.19). The process of solving all of the unknowns

in A involves solving the matrix problem in (A.19).

1
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This includes three steps: 1) for each element, solve for the local matrices Py, and Qp,
2) placing the local matrices into the global matrices Py and Q¢, and 3) solve the linear

algebra problem PgA = —Qq.

b22 + CZ2 bibj +cicj bibi. + cic.

1
PL=en | by teie; Ve by (A.17)

bibi. + cic. bjbk +cjcg b% + C%
The placement of local matrices into the global matrix can be described in [60]. The
customized finite element tool in this work assigns two back to back triangular elements into

a single sub-region, as shown in Figure A.2. Within this sub-region, the relative permeability
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of the two elements are the same.

1
JEA
QL="5"|1 (A.18)
1
S (Al Prde + At Q) = 0 (A.19)
M
Ak Al
i,
iy
Ai Aj

Figure A.2: Illustration of a sub-region made of two elements sharing the same relative
permeability.

Figure A.3 shows the flowchart of the FEA algorithm used in this work. For the domain
) under interest, the triangular mesh is applied for the entire domain. The domain is then
divided into sub-regions, where each region takes a value of relative permeability. Upon
completion of assigning permeability, each node within the meshed domain is an unknown
magnetic potential. The algorithm calculates the local matrices following (A.17) and (A.18)
for each element within the domain 2. After calculation for each element is completed, the
algorithm places the local matrices within the global matrices. The algorithm then can find

the magnetic potentials at all nodes within domain €2 by solving ngl =Qq-
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Calculate local matrices Py’ and
Q; for element i

h 4

Y

i=i+1 Place local matrices into global
matrices P and Qg
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Solve linear algebra
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Figure A.3: Flowchart on development of the customized finite element algorithm.
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Appendix B

Additional magnetic properties - 3D

printed iron silicon

The quasi-static magnetic properties of BJP samples in Table 5.4 is shown in Table B.1.
The intrinsic coercivity of printed iron silicon here is less than 1/3 of the typical H, values
seen in SMCs. It is also worth noting that the magnetic induction at 10kA/m of BJP
iron silicon samples is around 1.5T, which is similar to typical values seen in SMCs. At
low magnetic field strength, around 500 A /m, the magnetic induction of BJP iron silicon is
significantly higher in comparison to commercial SMCs.

Specific loss density of BJP iron silicon is comparable to commercial SMCs at low exci-
tation frequency, as shown in Figure B.1. At higher excitation frequency, the specific loss
density of BJP iron silicon at this moment is higher than commercial SMCs, as shown in

Figures B.2 and B.3.
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Table B.1: Summary of experimental quasi-static magnetic characteristics of BJP samples.

~

Sample Boron Sintering Intrinsic B @ B@

composition addition temperature coercivity 500 10
(wt%) (°C) (A/m) A/m kA/m

(1) (1)
Feg7Sis 0.00 1200 103.4 1.08 145
Feg7Sis 0.25 1200 88.4 0.85  1.46
FegsSi5 0.00 1200 89.4 1.03 142
Fegs5Si5 0.25 1200 69.6 1.01  1.53
Feg7Sig 0.00 1250 102.4 1.09  1.50
Feg7Si3 0.25 1250 89.2 0.83 1.43
FegsSi5 0.00 1250 88.2 1.03 1.44
FegsSis 0.25 1250 75.7 095 1.45

120



102 '
=)
<
2 10"t
=
3
c
[0]
a
)]
(7]
(@]
-
o
5 100t
(0]
Q.
1%}
R —==—=Fe__Si_-0B-1200C
/¢’ 97°'3
e ——— Feg,Si, - 0.25B - 1200C
< Siron $280b SMC
107! :

10°
Magnetic Induction (T)

Figure B.1: Experimental specific loss density of BJP samples and SMC sample at 50 Hz.
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