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Recent DOE reports convey the need for the advancement of soft magnetic materials for
applications in high frequency, medium voltage, MW scale power electronics and grid
integration technology. The soft magnetics used in these power electronics can occupy
significant space, require extensive cooling, and limit designs. Operation at higher frequencies
allows for reductions in converter size and weight. Nanocomposites combine the soft magnetic
strengths of amorphous core materials with the more attractive saturation inductions of
crystalline metals — a combination naturally well suited for high frequency converter
applications.

Combinations of compositional additions and novel processing techniques have produced
nanocomposites with permeability, 4>10°, saturation induction, Bs>1.6T, resistivity, p>150uQ-
cm, thickness, t<15um, temperature stability up to 300°C, and overall core losses less than
20W/kg at 10kHzT. The kHzT is a unit convention set by the Advanced Research Project
Agency — Energy (ARPA-E).

The operation of power converters at higher frequencies is limited by increased losses in
this regime, a trend accounted for by the Steinmetz Equation, (1), which relates the operating

frequency, f, and saturation induction, B, to power loss.



P =2f*B’ 1)

In this equation the material dependent, empirically determined Steinmetz coefficients,
a(~2) and pB(~1-2), accounts for all core losses, in which hysteretic and anomalous and
conventional eddy currents losses are predominant. Noncore winding losses and switching
losses in the semiconductor components compound these core losses. The operating frequency
of a transformer is determined by optimizing the size reductions while taking into account the
increase in losses at higher frequencies.

This research focuses on the prediction of Steinmetz coefficients of nanocomposite-based
magnetic materials, using ANSYS to simulate high frequency operation. Subsequently, this
research investigates the scaling effects between bench top toroidal transformers of various sizes
and geometries using simulation and experimental results. A study is also performed to analyze

how nanocomposites can be used in induction motor stator cores to increase power density.
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1.0 INTRODUCTION

Recent DOE reports convey the need for the advancement of soft magnetic materials for
applications in high frequency, medium voltage, MW scale power electronics and grid
integration technology [1]. Increases in DC power conversion and DC loads also motivates
research into new topologies containing high-frequency DC-to-DC power converters, 0. The soft
magnetics used in these power electronics can occupy significant space, require extensive
cooling, and limit designs, 0. Operation at higher frequencies allows for reductions in converter
size and weight 0,0, but conventional magnetic materials used in power converters rely on large
grain sizes and significant concentrations of non-magnetic species, a combination that enables
them to operate optimally at either high inductions or high frequency. Current commercial
magnetic core materials are limited by low saturation inductions, in the case of ferrites, or they
are limited to low frequency applications because of unacceptable losses at high frequencies, in
the case of Si-Steels. Nanocomposites combine the soft magnetic strengths of amorphous core
materials with the more attractive saturation inductions of crystalline metals a combination
naturally well suited for high frequency converter applications 0,0.

The operation of power converters at higher frequencies is limited by increased losses in
this regime, a trend accounted for by the Steinmetz Equation, (1.1), which relates the operating

frequency, f, and saturation induction, B, to power loss.

P =2f“B” (1.1)



In this equation the material dependent, empirically determined Steinmetz Coefficients,
a(~2) and p(~1-2), account for all core losses, in which hysteretic, anomalous, and conventional
eddy currents losses are predominant. Noncore winding losses and switching losses in the
semiconductor components compound these core losses. The operating frequency of a
transformer is determined by optimizing the size reductions while taking into account the
increase in losses at higher frequencies.

An exhaustive development of nanocomposites, such as FINEMET, NANOPERM, and
HITPERM, has shifted the focus of research towards optimizing these materials’ properties
specifically for their use in state of the art power converters, 0,0,[12]. Combinations of
compositional additions and novel processing techniques have produced nanocomposites with
permeability, 4>10°, saturation induction, Bs>1.6T, resistivity, p>150pQ-cm, thickness, t<15um,
temperature stability up to 300°C, and overall core losses less than 20W/kg at 10kHzT, a unit
convention set by the Advanced Research Project Agency — Energy (ARPA-E).

This research first examines the prediction of Steinmetz coefficients of nanocomposite
based magnetic materials using ANSYS to simulate high frequency operation. Then, an
investigation is made into the scaling effects between bench top toroidal transformers of various
sizes and geometries using simulation and experimental results. Finally, a study is conducted to
observe the achievable size reduction for several induction motor designs that employ a novel
nanocomposite material. This study also employs ANSYS software and models motors that are

currently in operation.



2.0 BACKGROUND

2.1 PURSUIT OF HIGH SWITCHING FREQUENCIES

In 2012, the US alone had a net power generation of 4,054,485 thousand megawatthours
0. Generated power must be transformed by power electronics or conditioning systems to
establish compatibility with transmission and distribution systems. In their Power Electronics
Research and Development Program Plan from 2011, the D.O.E stated that, “Approximately
30% of all electric power currently generated uses PE somewhere between the point of
generation and distribution. By 2030, it is expected that 80% of all electric power will flow
through PE” [8]. Therefore, increased efficiency over a large scale could result in substantial
savings by reducing energy demand and significantly reducing emissions.

Advancements in active components allow for much higher switching frequencies to be
achieved. This has both enabled smaller passive components to be used in these applications and
allowed for better harmonic filtering [9],[10],0. A successful design of the passive components
minimizes the losses of the magnetic material and the windings. High-frequency losses are
mainly comprised of anomalous eddy currents, and they generate heat through I%R losses in the
magnetic material. This heat must be dissipated to maintain the integrity of the material which
poses a new challenge, given that passive components are scaled down and have less surface area

over which to dissipate heat 0. Understanding these losses as they relate to both material



properties and the geometry of the components is a driving force behind the research described

in this paper.

2.2  ABRIEF EXPLANATION OF HIGH-FREQUENCY SWITCHING, SIZE

REDUCTION, AND MATERIAL PROPERTIES

2.2.1 Faraday’s Law

Low loss inductive switching is made possible by soft magnetic materials. By using
increased switching frequency, the inductive components employed can be reduced in size; this
process is described in Faraday’s equations. If we consider an ideal toroid of inductance (L),
permeability (1), number of turns (N), effective length (1), cross sectional area (A), driven by an

AC current, then we have Equation (2.1):

UxNZ2%A
l

V= —NAZ—l: = —L% = —LIyw cos(wt) = lywcos(wt) (2.1)

This equation is applicable for a constant maximum voltage of (V) and an AC current of
lywcos(wt). We can see from Faraday’s law of induction that area (A) is inversely proportional
to the frequency (w = 2nf). Therefore, when we increase the switching frequency, we are able

to reduce the size of our toroid. 0
2.2.2 Steinmetz Equations and Core Loss

The most commonly used equation for calculating core loss is the Steinmetz Equation (2.2) 0O:
P.=kx*f*xBF (2.2)

4



This loss,(FP,.), is determined from a sinusoidal driving frequency and includes both hysteresis
and eddy current losses from changes of magnetization at a frequency (f). The windings around
the toroid produce a field H that is then amplified by the core. When the windings are in a single

layer and closely packed, the winding losses are described by Equation (2.3) 0.

Bl \% pl
B, = I%,R = .5 % ((#*(p*m) 2 (2.3)

This equation takes [ to be the length of the wire, N to be the number of turns, p to be the

conductor resistivity, A, to be the conductor cross section, and ¢ to be some geometric constant.
2.2.3 Winding Loss — Skin and Proximity Effects

The conductor cross section shrinks with increasing frequency due to skin effect which
explains that as frequency increases, current begins to flow on the surface of a conductor 0. In
high frequency applications, smaller toroid cores limit the space available for windings. In these
cases, the single conductors often times lie closely packed and on top of each other so the core is
treated as being wound with litz.

Proximity effect is the phenomena of current flowing in loops or forming concentrations
due to the presence of magnetic fields generated by nearby conductors; this occurrence is

characteristic of litz wire and affects winding losses 0.



2.2.4 Core Loss, Winding Loss, and Permeability

As long as the core of a toroid is not in saturation, we can assume the Steinmetz
coefficients to be constant over a given frequency range. For this range, the core loss is linear on
a log-log loss vs. frequency plot. Winding losses change their slope with increased frequency
due to the aforementioned skin and proximity effects 0. By lowering the permeability of the core
material, the material stores more inductive energy per cycle but also requires higher current (or
more turns) to reach a desired induction 0. Therefore, there is a cross over point, for increasing
the frequency, at which the winding losses will outweigh the additional stored inductive energy

in the core.

2.3 ARPA-E MATERIAL - ANOVEL MATERIAL AND IMPLICATIONS

Currently, 60Hz utility-scale transformers are made up of Si-Fe electric steels while high
frequency applications turn to ferrites. New developments in material processing, such as rapid
solidification and controlled nanocrystallization, have led to new amorphous/nanocrystalline
nanocomposite soft magnetic materials. Utility and grid transformers made with these new Fe-
based amorphous materials can be operated with significantly higher efficiencies [12] [12].

Moreover, these nanocomposite magnetic materials can operate exceedingly well at high
switching frequencies if manufactured properly; they have a unique nanostructure which grants
them superb soft magnetic properties due to random exchange interactions between the grains,
mediated by an amorphous matrix. The permeabilities of these nanocomposites can be

optimized by magnetic field annealing. For a typical commercial nanocomposite (Vitroperm)



and a typical ferrite, the static B-H loops illustrate that Vitroperm has a lower coercivity (related
to losses per cycle) and a higher saturation induction (see Figure 1) 0. This is very attractive for

high frequency transformer applications [13],0.

14

Vitroperm

Ferrite

Flux Density B(T)

«14
= S0

Applied Field, H (A /m)

Figure 1. B-H loop Comparing Vitroperm to a Ferrite Material

The ARPA-e Solar ADEPT program team, including Carnegie Mellon University,
SPANG Magnetics, and Los Alamos National Lab, has developed and are continuing to refine a
set of nanocomposite materials that have considerable potential for excellent properties at high
switching frequencies. The research presented in this thesis is focused on a HTX-012B, a
nanocomposite developed by the ARPA-e project team, with low coercivity and low

permeability.

2.4  PROCESS FOR VALIDATING AND UTILIZING ANSYS MAXWELL

These nanocomposites are being developed for high frequency applications, and there are

many design challenges that will arise (and that have become apparent) while investigating these



new applications. In order to save time and money, it is important to have simulation capabilities
that are proven to be valid. To this point, there are several goals of this research.

The first is to prove that ANSYS Maxwell 16 is a valid option for simulating the core
loss and scaling effects of the novel nanocomposite material, HTX-012B. This is done by
obtaining experimental core loss results for toroids of various sizes and geometries. These
results are then used to obtain the Steinmetz coefficients for each core. The core loss versus
frequency data for one of the cores is used to create a material datasheet within ANSYS
Maxwell. The material data for this initial core is then applied to all the ANSYS Maxwell
models that are generated for toroids of various sizes and geometries. In this way, the simulation
can be proven to valid for scaling effects and changes in geometry.

Each simulated toroid then has a range of currents and frequencies applied to it in order
to obtain simulated core loss results. These simulated results are used to obtain Steinmetz
coefficients for each core. Finally, the Steinmetz coefficients obtained through simulation are
compared to the experimentally obtained Steinmetz coefficients in order to verify that the

simulation is producing the same results as the experiments.



3.0 CORE MODELING

3.1 EXPERIMENTAL TOROID DATA

3.1.1 Geometry

Six circular, tape wound cores made of HTX-012B were manufactured for this research,
each with a stacking factor between .9 and .97. These cores were wound, annealed, impregnated,
cut, and tested by the technicians at Spang & Company — Magnetics division. Two sets of cores
were fabricated with different geometries. One set is made up of solid uniform cores, the other
set has cuts made at the 12 o’clock and 6 o’clock locations see the right and left image of Figure
2 respectively for the sets of cores. Three different sized cores were made for each geometry.
The outer diameter for each size is 1.25 inch (small), 2.81 inch (medium), and 6.25 inch (large).
The core geometries are summarized in Table 1. Before cutting the cores, all of them were first
annealed and then impregnated. The size of the cut in the cores is 0.002 inches and the ratio of
the inner to the outer diameters is kept above 0.82 to reduce flux crowding (this ratio is an

industry standard).



Figure 2. Solid Core Set (Left) and Cut Core Set (Right)

Table 1. Core Sizes and Geometries

Core # Remarks Dimensions grams Area,cm?
1 Impregnated 1.25"x1.0"x1.0" 42.7 0.649
2 Impregnated, cut 1.25"x1.0"x1.0" 43.4 0.657
3 Impregnated 2.81"x2.25"x1.0" | 214.3 1.444
4 Impregnated, cut 2.81"x2.25"x1.0" | 215.0 1.449
5 Impregnated 6.25"x5.0"x1.0" 1016 3.079
6 Impregnated, cut 6.25"x5.0"x1.0" 1067 3.236

3.1.1.1 Flux crowding

Before moving forward, it should be noted that flux crowding and saturation affect
performance in toroidal cores. Flux always takes the path of highest permeability i.e. the lowest
magnetic reluctance. See Equation (3.1) for an explanation,

F 1
R=Z=— (31

where F is the magnetomotive force, ¢ is the flux, u is the permeability of the material and A is
the cross-sectional area of the material. This property of flux is easiest to view in transformers
with laminations. Flux will flow along a lamination until it meets its mate and there is an air

gap. At this point, the flux will flow to the adjacent lamination to bypass the air gap. At higher
10



currents, the lamination that the flux flows into to avoid the air gap will begin to saturate. This
will cause the excitation current to become nonlinear and causes the permeability of the adjacent
lamination to drop. At this point the flux will flow through the air gap 0.

Laminations E and |

¥ %

Flux Crowding \

-t <I I)I
Minute Air Gap — ;(:ﬁ)l(:
1 -

Flux ~.|-

>

\f\J sl

Interleave 1 x 1

Figure 3. Flux Crowding in Adjacent Laminations

3.1.2 Experimental Core Loss Data

The core loss data was obtained for the six cores by first wrapping a primary and a
secondary wire around the toroid and applying a range of excitations levels to the various core
sizes at switching frequencies of 20 kHz, 50 kHz, and 100 kHz (see Table 2). Stranded 14 gauge
AWG wire was used for both the primary and secondary side. The primary side was excited
with a sinusoidal excitation and the core loss was recorded through the secondary side. Figure 4
displays how the medium sized solid core was wrapped. The small core geometry has one turn
of wire while the medium and large has three turns. The RMS value of the core loss in W/kg
was recorded for each combination of frequency and Tesla level (to evaluate the solid and cut
cores both before and after impregnation). These results are also displayed in Table 2. Figure 5
through Figure 8 provides graphical representation of core loss.
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Figure 4. Experimental Configuration of Medium Solid Core

Table 2. Core Loss for Annealed, Impregnated, and Impregnated and Cut Cores

Watt loss at 20 Watt loss at 50 Watt loss at 100
kHz, W/kg kHz, W/kg kHz, W/k
Core 01102 05 (005|011 0.2 [0.025|0.05] 0.1
# Dimensions Remarks T T T T T T T T T
1 1.25"x1.0"x1.0" 0832|182 09 |3.7|140| 0.8 3.1 | 11.7
2 1.25"x1.0"x1.0" 0832|177 10 (3.7]|139| 0.8 31 |11.8
3 2.81"x2.25"x1.0" 0830|175 ]| 09 (35133 0.7 29 |(11.2
Annealed
4 2.81"x2.25"x1.0" 0831|184 | 09 |36|13.7| 0.8 3.0 | 115
5 6.25"x5.0"x1.0" 0831|188 | 09 (35136 | 0.7 29 |[11.2
6 6.25"x5.0"x1.0" 07130179 ]| 09 (34132 0.7 2.8 | 11.0
Watt loss at 20 Watt loss at 50 Watt loss at 100
kHz, W/kg kHz, W/kg kHz, W/k
Core 01102 05 |[005|01]| 0.2 ]0.025]|005]| 01
# Dimensions Remarks T T T T T T T T T
1 1.25"x1.0"x1.0" Impregnated 15156 |37.3]| 1.4 |57 | 23.0 1.1 45 | 17.7
Impregnated,
2 1.25"x1.0"x1.0" cut 1.2 146 |251] 15 |59 |22.2 1.1 46 |17.8
3 2.81"x2.25"x1.0" Impregnated 15162 |379] 14 |55]|21.9 1.1 4.2 | 16.9
Impregnated,
2.81"x2.25"x1.0" cut 16 | 65(|341] 16 | 6.2|24.3 1.2 4.8 | 19.0
5 6.25"x5.0"x1.0" Impregnated 09135213 09 |37]|144]| 0.8 3.1 1120
Impregnated,
6 6.25"x5.0"x1.0" cut 1.0139|231] 1.0 |4.2]16.2 0.8 3.4 |13.2
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Core Loss Results under B=0.1T / f = 20kHz Stimulus
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Figure 5. Core Loss for =20 kHz
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Figure 6. Core Loss for =50 kHz
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Core Loss Results under B=0.025T / f = 100kHz Stimulus

Loss (W/kg)

S

N

Loss (W/kg)

N
o

[y
4]

=
o

Loss (W/kg)

)]

o

=
4]

F : I /nnealed
3 ] Impregnated
I """""""""""" I """""""""""" I (pregnated
Small Medium Large
Core Loss Results under B=0.05T / f = 100kHz Stimulus
r
Small Medium Large
Core Loss Results under B=0.1T / f = 100kHz Stimulus
F F
Small Medium Large

Figure 7. Core Loss for =100 kHz

Changes in Core Loss with Varying Applied Frequency at Fixed Induction Level (B=0.1T)
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Figure 8. Core Loss for Fixed Induction Level of B=.1 T
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The figures depicting the experimental core loss data display several trends. Increasing
the Tesla and frequency levels also increases core loss, which follows the Steinmetz Equation
(1.1). The manufacturing step of impregnation increases the core loss/kg for each size. This,
however, is an essential step as it ensures that the cores do not fall apart. Additionally, there is
increasing loss from annealed, to impregnated, to impregnated and cut. Each step sacrifices core

loss and lower permeability as displayed in Table 3.

Table 3. Permeability of Annealed, Impregnated, and Impregnated and Cut Cores

Initial Initial
Core Core
# Dimensions Remarks | permeability | # Remarks permeability
1 1.25"x1.0"x1.0" 64,544 1 Impregnated 21,169
Impregnated,
2 1.25"x1.0"x1.0" 69,846 2 cut 2,843
2.81"x2.25"x1.0" 70,507 3 Impregnated 21,109
Annealed Impregnated,
2.81"x2.25"x1.0" 68,118 4 cut 3,458
6.25"x5.0"x1.0" 69,407 5 Impregnated 45,356
Impregnated,
6 6.25"x5.0"x1.0" 77,567 6 cut 12,398

Finally, core loss in W/kg for the large core is always the lowest. There are a number of
explanations for this: the larger size could lead to better heat dissipation; there may be better
coupling between (less air spacing between) the wire and the core; and the larger radius could
lead to less core stress, among a number of other possible explanations. What is important to
take away from all this data is the experimental Steinmetz coefficients obtained for each core,

listed in Table 4.
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Table 4. Steinmetz Coefficients for Experimental Cores

Steinmetz coefficients
Core
# Dimensions Remarks K a B
1 1.25"x1.0"x1.0" Impregnated 1.4684 | 1.5467 | 2.0281
Impregnated,
2 1.25"x1.0"x1.0" cut 0.5927 | 1.6945 | 1.8964
3 2.81"x2.25"x1.0" | Impregnated 1.9061 | 1.4548 | 1.9877
Impregnated,
2.81"x2.25"x1.0" cut 1.2957 | 1.5314 | 1.9004
5 6.25"x5.0"x1.0" Impregnated 0.6904 1.5967 1.9689
Impregnated,
6 6.25"x5.0"x1.0" cut 0.7305 | 1.6059 | 1.9630

Let us quickly recall Equation (1.1) here.

P.=kx*f*xBF (1.1)
The variables from Table 4 are substituted directly into the equation above to achieve core loss
for each of the cores. By comparing the experimentally obtained coefficients to the coefficients

obtained from the simulation, we are able to validate the models accuracy.

3.2 METHODS OF ANSYS MODELING

3.2.1 Introduction

To test core loss in a toroid, the core is wrapped with wire conductor in a helical design.
This is similar to the toroid depicted in Figure 9. In order to expedite the simulation, a 2D cross
section is taken of the 3D models. This progression is depicted in Figure 10. When a 2D model
is created, the software is designed to assume that the model extends into the page a specific

depth. The user sets this depth in the options and thus the third dimension is accounted for in the
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software’s analysis. Using a 2D model, allows for a less complex mesh and thus, faster run
times.

There are two main methods of modeling conductors within ANSYS Maxwell 16. The
first is the grouped conductor method, which allows for a faster simulation run time, but
sacrifices accuracy in some situations. The second is the individual conductor method, which
has a longer simulation run time, but is more accurate than the former. Both methods will be

discussed in this section.

Figure 10. Progression from 3D Model to 2D Model
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3.2.2 Modeling with Grouped Conductors

A helical design is a complicated geometry not only to model in many programs, but it is
also computationally intensive to mesh. For this reason, the grouped conductor method models
the cross section of 3D helix as a curved rectangle instead of a series of circles bred by a 2D
cross section of a helix. The progression seen in Figure 11 depicts how a 3D winding geometry is

transformed into a 2D rectangular layer 0.

Figure 11. Progression from 3D Model to a 2D Model

Each rectangular layer can only be composed of one winding (i.e. as a primary set of
windings versus a secondary set of windings, not individual conductors). With this method of
modeling, large distances between conductors in the winding add to the error to the simulation.

However, error can be kept to less than 10% if the winding fill factor is high 0.

3.2.2.1 The need for high form factor

To demonstrate this need for a high form factor, a team at ANSY'S performed tests where
the short circuit resistance and inductance were calculated using simulated round wires and then
rectangles to replace them. This was performed for a frequency range from 100Hz to 1MHz.
Figure 12 and Table 5 depict the results, showing that while the conductors are spaced closer
together (with a high form factor), there is less error; and as the conductors move farther apart,

the error increases 0.
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Figure 12. Study of the Turn Spacing and Magnetic Field Distribution 0

Table 5. Study of Spacing among Layers and Quantification of Errors at 100 kHz 0

Short Circuit Resistance

Emur in Fise (%] {mn}
" 1D 2D | Diff (%)
s Sample al| 306 | 30.3 0.9
" Samplea2 | 230 | 220 45

Samplead| 165 15.0 10.0
Sample a4 | 10.7 95 126
Samplea5| 58 6.9 159
Short Circuit Inductance

[
Sargds a1 Sarpk &I Samgle i Sargle s Bangie a5

(nH)
—— 1D 2D | Diff (%)
Sample al| 285 287 0.7
Sample a2 | 201 227 11
Sample a3 | 131 160 18

b Sample a4 | 76 102 255
s s e s e ' Sample ab | 356 | 66.6 465

3.2.2.2 Air Gap Considerations
Air gap is another concern when modeling individual wires as solid rectangular units
given that “the fringing flux close to the air gap produces additional ‘proximity’ losses in the

nearest conductors and should be accounted for” 0. Figure 13 depicts the typical magnetic fields
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associated at the gap in a core’s geometry. This air gap produces a large error when the open
circuit transformer test is run, but very little error during the short circuit test. This is because in
the open circuit test, most of the energy is stored in the fringing flux, while in the short circuit

test, most of the energy is stored in the core 0.

Fringing flux Current density distribution

Figure 13. Effects of Air Gap

As stated previously, the grouped conductor method is valuable in certain situations, but
not when the conductor stacking factor is low and/or when there is an air gap in the core

geometry.

3.2.3 Modeling with Individual Conductors

Modeling with individual conductors simply leaves each conductor as a circle for a 2D
model. This format can significantly increase simulation time and should be avoided for models
that have many conductors and that fall within the safe geometries described in the previous
section. The run time increases because each conductor must be individually meshed and

analyzed during the simulation.
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3.3 ANSYS MODELING OF THE CORE

3.3.1 Introduction

The objective of designing these models is threefold: to show that the software, ANSYS
Maxwell 16, can produce the same results as the experiments for one size and geometry; to
demonstrate that it is able to reproduce the experimental results for scaling the cores up and
down; and to demonstrate that it can reproduce the same experimental results for changing
geometries from solid to cut. This is to be done using the same material data.

In order achieve these objectives, a model was created to simulate the medium sized solid
core. The core loss versus frequency data was entered from the experimental test. The medium
core experimental material data was then used for a small and large solid core, as well as a small,
medium, and large cut core. The simulation results were then compared to the experimental

results to verify the accuracy of the simulation.

3.3.2 Imputing Material Data

Before building the geometry, the material data was entered into Maxwell 16. A B-H
curve was selected for the relative permeability. Experimental data was obtained from Spang
Magnetics for the medium solid core. The experimental data and B-H curve can be seen in the
Maxwell material data entry table which is displayed in Figure 14. The bulk conductivity was
set to 500000 siemens/m, the mass density was set to 7800 kg/m?, and the core loss type was set

to electric steel.
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As an electric steel, the core loss coefficients needed to be calculated for the material
properties. This was done by imputing the core loss versus frequency data that had been
obtained through the experimental tests for the medium sized solid core. The data entered is

displayed in Table 6 and shown in Figure 15.

r© |
BH Curve |_ &
B
" Mamal " rtrinsic Swap ¥-1 Data Import D atazet... Export Datazet...
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- 1.00
30973452 0.3887 ]
¢+ |1.27665 0.4354 E
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I T |7.89007 0.7E35 EU.EU—
8 |15.7326 0.9544 m
I o [xkeeie 1.0704 0.40
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Figure 14. B-H Curve for HTX-012B
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Figure 15. Material Input Screen for Core Loss vs. Frequency

Table 6. Loss vs. Frequency Data for Solid Medium Core — 20 kHz to 100 kHz

Watt loss at 20 kHz, W/kg Watt loss at 50 kHz, W/kg | Watt loss at 100 kHz, W/kg
Core # 01T 02T 05T 005T | 01T | 02T |[0.025T | 0.05T 01T
3 15 6.2 37.9 1.4 5.5 21.9 1.1 4.2 16.9

Under sinusoidal flux conditions, the core loss is computed using the following equation:

P, =Py + P+ P = Knf (Bi)? + Kc(FBpn)? + Ko (fBy)™ (32)
In this equation, B,, is the amplitude of the AC flux component, f is the frequency, Kj, is the
hysteresis core loss coefficient, K, is the eddy-current loss coefficient, and K, is the excess core

loss coefficient 0,[24]. Based on the results in Table 6 and those produced by Equation (3.2), the
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coefficients in Table 7 were obtained. Figure 15 also displays these coefficients in the bottom
right.

Table 7. Core Loss Coefficients for Solid Medium Core

Ky 0.00277765
K, 0.00000017
K, 0.00000047

3.3.3 Building the Models

3.3.3.1 Introduction

The model geometry is made up of the core and the conductors. As a point of reference,
Figure 4 displays the geometry that is being recreated. A 2D model of the experimental set up
for the medium and large cores yields a solid core with six conductors on the inside and the
outside of the core (three for the primary and three for the secondary). The small core only has
one turn of conductors and thus yields two conductors on the inside and two on the outside of the
core.

The individual conductor method was selected for a variety of reasons. A grouped
conductor method would not have captured the effect of the secondary winding, given that the
group conductor method can only represent one winding. The stacking factor was not
significantly high, illustrated in Figure 4, which would lead to errors in the simulation results.
Finally, the gaped cores had to be modeled with individual conductors to account for the fringing
flux. By switching between the grouped versus individual conductor method, unknown errors
could have been introduced into the results based on the different assumptions that each methods

makes about the conditions of the model.
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3.3.3.2 Geometry Models

The small and medium geometries are displayed in Figure 16 and Figure 17 respectively

The large core geometry is not displayed as it is a larger version of the medium geometry and

looks the same. The material for the conductors was selected from the ANSYS material database

diameter for a 14 AWG gauge wire.

Figure 16. Small Core Geometry Solid (Left) and Cut (Right)

and was listed as copper. The diameter of the conductors was set to .0641” which is the listed

L
y
[w]
so00°
@
ooOOOO

Figure 17. Medium Core Geometry Solid (Left) and Cut (Right)
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3.3.3.3 Conductor Types

Within ANSYS Maxwell 16, there are three available conductor types: stranded, solid,
and parallel. When a stranded conductor type is selected, Maxwell 16 does not calculate the
losses due to eddy current or displacement currents. It also assumes a uniform distribution of
current throughout the conductor. A solid conductor type includes eddy current and
displacement current losses in the calculation and models skin effect. Finally, a parallel
conductor type models parallel conductors and the eddy current and displacement current losses
that come with that configuration. Figure 18 shows the differences between the three types of

conductors available 0.

Stranded Solid Parallel
I(t)=i,(t)+i(t)

L R - F
ROi it
Total current Total current Total current through
no eddy or includes eddy all selected conductors
displacement and displacement includes eddy and
currents. Uniform cuments. Models displacement currents.
current density. skin effect. Models skin effect.

Figure 18. Various Conductor Types in ANSYS Maxwell

The stranded conductor model allows for faster simulation run time, because there are fewer
calculations that the software must complete. For this reason, it is preferable to prove that

winding losses can be considered negligible.

26



To examine whether skin effect must be accounted for, the skin depth must be greater
than the radius of the interior strands of the conductor. The formula to calculate skin depth is

given by Equation (3.3):

§= |—2 (3.3)

2*Toxf*UR * Ho
Here, p is the resistivity of copper (here 1.673 uQ — cm), f is the frequency, uy is the
relative permeability (here 1), and u, = 4w+ 1077 Henries/meter. Table 8 displays the skin
depth for the tested frequency levels. The 14 gauge AWG stranded wire is comprised of 19
gauge AWG strands with a radius measuring .01795”. The table shows, this is below the skin

depth levels for this frequency range. Thus we can say that the skin effect is negligible.

Table 8. Frequency and Skin Depth

Frequency Skin Depth
20kHz 0.05398
50kHz 0.036245
100kHz 0.025629

To verify that these calculations were correct and that it was acceptable to use the
stranded rather the solid conductor type, several iterations of the solid, medium core simulation
were run with the solid conductor type and then compared to the stranded conductor type results.
Core and winding losses were calculated for the solid conductor type and the Steinmetz
coefficients were derived from these. The differences in the derived Steinmetz coefficients from

each set were negligible, so the rest of the simulations were run with the stranded conductor type.
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3.3.3.4 Applying Excitations

Excitations were applied to the inner and outer conductors, of the primary winding, and a
parametric sweep of the frequency and current ranges were made. For the inner conductors, the
current was directed out of the page while the outer conductors’ current was directed into the
page. The current and frequency levels are displayed in Table 9.

Table 9. Frequency and Current Range

Frequency (kHz) | Current (A)

20 0.0005

50 0.003

100 0.005
0.01
0.013
0.03
0.06

3.3.4 Understanding the Data and Results

To calculate Steinmetz coefficients, the core loss data for the parametric sweep is first
exported from Maxwell 16 into Excel. Figure 19 depicts the core loss curves for a parametric
sweep of the levels in Table 9 for the small solid core. Once the data is entered into Excel, the
RMS value of the core loss is obtained for the steady state condition for each combination of
core loss and frequency.

Table 10 lists the steady state, RMS core loss data values obtained for the small solid
core for a portion of the combinations. To calculate «, a power curve fit is applied to the curve
of core loss versus frequency while the current remains fixed. To calculate £, a power curve fit

is applied to the curve of core loss versus current while the frequency remains fixed. See Figure
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21 and Figure 20 respectively for curve fits determining a and 8. The average of the coefficients
is calculated and represents the simulated coefficient for each geometry. A table of the simulated
and experimental coefficients for each core and the error between them is presented and

discussed in section 3.4.
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Figure 19. Core Loss Curves for Small Solid Core

Table 10. Core Loss (mW) for Small Solid Core

Current (A) Core Loss (mW)
Frequency 0.005 0.01 0.013 0.03 0.06
20000 | 5.965E-04 | 2.264E-03 | 3.764E-03 | 1.926E-02 | 7.525E-02
50000 | 2.585E-03 | 9.832E-03 | 1.636E-02 | 8.382E-02 | 3.278E-01
100000 | 8.004E-03 | 3.057E-02 | 5.093E-02 | 2.618E-01 | 1.026E+00
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Figure 21. Power Loss vs. Current Curve Fits -- Medium Solid Core

Finally, the magnetic field plots are depicted to demonstrate that the core is operating as
expected and is within the tested Tesla levels. Figure 22 and Figure 23 depict the small and
medium solid cores, where the flux is concentrated around the center of both as expected. In
addition, the maximum Tesla level is below the range tested experimentally. Figure 22 and

Figure 23 highlight the small and medium cut core. In the same way, these cores are behaving as
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expected and are not saturated. As before, the large core geometry is not depicted as it is

essentially the same as the medium core geometry.

BLtes1al

1.257%e-013
1.2396-a13
1.2218e-013
1. 2040-a13

1.1862e-a13
1.1684%&-a13
1.1586&-a13
1.1328e-013
1.1150-a13
1.8972e-013
1.879%e-013
1.6616e-013
1.6438e-013
1.926@e-013
1.6@82e-013
9.8a37e-a14
9, 7257e-014

Figure 22. Magnetic Concentration for Small Solid Core
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Figure 23. Magnetic Concentration for Medium Solid Core
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34 COMPARING EXPERIMENTAL AND SIMULATED RESULTS

3.4.1 Analyzing the Results and Observing Error

Table 11 contains the experimental and simulated results as well as the error between
them. The error for @ and g is, by and large, under 3% except for the small impregnated cut
core, which is 5%. There are many factors that can contribute to the error in these results. This
list includes variable manufacturing tolerances, variable coupling (air space) between the
windings and the core, differences in stress in each core due to differences in radii, and others.
Based on all the factors listed, and after discussing with Spang Magnetics, an error of 5%

constitutes ANSY'S Maxwell’s successful modeling of the experimental cores.

Table 11. Experimental and Simulated Results for o and  with Error

Experimental Simulated
Steinmetz Steinmetz
Coefficients Coefficients
Core # Dimensions Remarks a B a B o error | B error
1 1.25"x1.0"x1.0" Impregnated | 1.5467 | 2.0281 | 1.56 | 1.96 1% 3%
Impregnated,
2 1.25"x1.0"x1.0" cut 1.6945 | 1.8964 | 1.617 | 1.956 5% 3%
2.81"x2.25"x1.0" | Impregnated | 1.4548 | 1.9877 | 1.494 [ 1.992 3% 0%
Impregnated,
2.81"x2.25"x1.0" cut 1.5314 | 1.9004 | 1.563 | 1.968 2% 3%
5 6.25"x5.0"x1.0" Impregnated | 1.5967 | 1.9689 | 1.579 | 1.987 1% 1%
Impregnated,
6 6.25"x5.0"x1.0" cut 1.6059 | 1.9630 | 1.578 | 1.987 2% 1%
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3.4.2 Conclusions

Observing the simulated data and flux plots from the ANSYS Maxwell 16 models
produced experimental @ and B coefficients for HTX-012B. With the low error, and a range of
tested sizes and geometries, it can be safely assumed that ANSYS Maxwell 16 is accurate in
determining both scaling effects and changes in geometry. In the next section, this software will

be used to explore motor design.
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4.0 MOTOR MODELING

4.1 INTRODUCTION

ARPA-E advances high-potential, high-impact energy technologies that are too early for
private sector investment. With this in mind, the organization is very interested in moving this
nanocomposite to market in as many ways as possible. This is the motivation for this study into
induction motor design. Like the transformers that are utilizing HTX-012B’s improved
Steinmetz coefficients to reduce the size by employing higher driving frequencies, the hope is
that this material will also allow for size reduction and efficiency improvement in induction

motors.

4.2 METHOD OF TESTING

In this section, we present an overview of how we will approach reducing the motor size.
All the concepts presented here will be explained in subsequent sections. Now that the material
data has been entered into ANSYS Maxwell and validated, we are able to apply this material to
motor designs within RMxpert; a motor simulation program within the ANSYS software
package. RMxpert comes stock with example motor models that the company has created and
are modeled after existing motors. To prove HTX-012B’s benefits, we start with one of these

34



example motor models. Next, two new models are created; one with 2 poles, and one with a
higher number of poles. HTX-012B will be applied to the stator core of each model. To achieve
the same rotational speed, the model with more poles will have to be driven at a higher
frequency. The rated voltage and the rated power output are the same for both motor models.
Next, an optimization algorithm is run for the geometry of the higher pole motor. The
optimization results are then applied to the motor, and the resulting machine operating

parameters are compared to the 2 pole motor.

4.3 A BRIEF EXPLANATION OF MOTOR FUNDAMENTALS

Figure 24 depicts the equivalent circuit for an induction motor. R; and jX; make up the
resistance and the inductance of the stator core and I; is the current through the stator coils. R,
is the stator core loss resistance, jX,, is the magnetizing inductance of the stator, and I, is the
magnetizing current. jX, and R, are the inductance and resistance of the rotor. Finally,
Equation (4.1) describes s is the slip of the motor. Here, w,.,, is the angular frequency of the
machine, and wy,,, is the synchronous angular frequency of the machine.

Wrm = (1 = $)Wsync (4.1)
This figure will be used throughout this section to discuss what is happening within the motor

[32].
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Figure 24. Equivalent Circuit for an AC Induction Motor

The mechanical output power for a motor is described by Equation (4.2) where 7 is the
torque
Precn = T* wrm  (4.2)
The resistance, R, on the rotor side can be broken down into both the losses in the rotor and the

output power of the machine as seen in Equation (4.3).

Ry(1-5)

Equation (4.4) gives an alternative form of mechanical output power.

312R,(1-5)
Precn = %S (4-4)

Another relationship that is worthwhile to mention here is efficiency. The following derivation
presents how efficiency relates to many of the aforementioned parameters.

n = Poyt/Pin (45.1)

n=_—"tout (4.5.2)

Pout+Piosses
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315R,(1-5)

n=— 2 (4.5.3)
3I5R2(1—
315R2079) 4 312 R, +312Ry +3134 R

I%R5(1-5)

n= 2 (4.5.4)

I5Rz > 2
224 IZR, +I4Re

What is important to take away from all this is that there is an intricate tie between the slip of the

machine, the current through the rotor, and the output power, and the efficiency [32].

4.3.1 Rotation Speed and the Number of Poles

Motor rotational speed is governed by Equation (4.6)

RPM = 2%1

(4.6)
14

where RPM is rotations per minute, f is the driving frequency, and N, is the number of poles.
As the number of poles is increased for a given motor design, the driving frequency will have to

be proportionally increased to keep the rotation speed the same.

4.3.2 Magnetizing Current, Flux, and the Number of Poles

To set up magnetic fields in the stator core, magnetizing current is required. This current
is described by I, in Figure 24. Flux travels through the stator core from the end of one
magnetic pole to the other. As the number of poles in a motor increases, the flux has to travel

less distance to get from one end of a pole to the other. However, this can lead to complications.
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There is an inverse relationship between the number of poles and the necessary thickness
or width of the return path in the stator core. If the thickness is not increased, flux crowding will
occur and will diminish the motor’s ability to produce torque; additionally the magnetizing
current will also increase. This increases the full load current and therefore the primary IR
losses as described by Equation (4.7).

L=I,+1, (47)
In order to maintain the same output power, I, cannot diminish. Therefore, I; must
increase to provide more magnetizing current. As the magnetizing current increases, the power
factor of a motor decreases. See Figure 25 for a depiction of drop in power factor as the number

of poles rise. Figure 26 provides a comparison between a 2 pole and 4 pole motor.
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Figure 25. Typical Full Load Power Factors of Fixed Speed AC Motors 0
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(a)4 pole

(b) 2 pole

a 4 Pole Design 0

Figure 26. AC Induction Motor Cross Section for a 2 Pole versus
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4.3.3 Core (Iron) Losses

Induction motor core losses are made up of two main components: hysteretic losses and
eddy current losses. Hysteretic loss will vary almost linearly with increases in frequency, while
the eddy current loss component varies by close to the square of the stator frequency. These loss
components are based on the properties of the stator core material. HTX-012B has low loss
coefficients for these two kinds of losses which could make it ideal for use in higher frequency
applications [32]. This harkens back to the earlier study of the Steinmetz coefficients with core

loss versus frequency for HTX 012B.

4.4 ROTOR MATERIAL FOR TESTS

The motor models that come stock in the ANSYS RMxprt library employ a material
named M19 24G. This material has values for the loss coefficients that are described in section
3.3.2. However, the frequency range at which these loss coefficients were calculated is
unknown. Therefore, a new material for the rotor ought to be imputed so as to be sure that the
loss coefficients are valid for the tested frequency range.

Reference 0 presents a study of an amorphous stator core motor and examines its
performance characteristics as compared to an electric steel, M600-50A. The core loss vs.
frequency data was given in reference 0 and can be seen in Figure 27. The dashed line
represents the M600-50A while the solid line represents their new amorphous material. The
calculated loss coefficients are contained in Table 12. The rest of the material data for M600-

50A was obtained from manufacturers’ sites, references 0 and 0, and can also be seen in Table
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12. This material data is valid for our studies as the core loss versus frequency is tested up to 2

kHz.

specificcore loss [W/kg]
20

L R L Ly
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Figure 27. Core Loss vs. Frequency for M600-50A

Table 12. Material Data for M600-50A

M600-50A
Bulk Conductivity 33333333 | Siemens/m
Kh 0.0368
Kc 7.9463
Ke 0.000802
Mass Density 7750 | kg/m”*3
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4.5 NEW DATA FOR HTX-012B

Because motors are typically run well below 10 kHz, it was important to have loss
coefficients for HTX-012B valid for this range. For this reason, the medium, solid core was
tested again at Spang Magnetics to obtain core loss versus frequency data at lower frequencies
that are applicable for motor tests. This experimental data is contained in Table 13 and the loss
coefficients are displayed in Figure 28. This material data sheet was used for the following
motor tests.

The reader may notice that there is a slight difference between the loss coefficients for
this data sheet displayed in Figure 28 and the data sheet displayed in Figure 15. This is because
HTX 012B has slightly different loss properties above and below 10 kHz. The reasons for this

are beyond the scope of this thesis and will not be discussed.

Core Loss versus Frequency . | =l 25
Curve at different frequencies 2 50
Frequency | Drataset |
TkHz Edit Dataset.. 2007
2kHz Edit Dataset...
BkHz Edit Dataset... 1.50
10kHz Edit Dataset... o
20kHz Edit Dataset... 1.00 -
0.50
) 0.00 T T T T
Edit 0.00 0.20 0.40 0.60 0.80 1.00
B (Tesls)
o |Hz ~|
{+ Selected Frequency {  AllFrequences [ Original Curve [ Regression Curve
sad | |
| | wfm~3 wim*3
Core Loss Unit: [w/m~3 = Kh: |u.nuzu4953 |0.uuzu4953
Mass Density: | 7350 kama3 ke |2.?BZZE-UD? |2.]‘BZZE-UD?
oK | Cancel | Ke: |EI |D

Figure 28. Material Data Input Screen for Core Loss vs. Frequency
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Table 13. Loss vs. Frequency Data for Solid Medium Core -- 1 kHz to 20 kHz

B (T) 1 kHz 2 kHz 5 kHz 10 kHz | 20 kHz
0.1 0.033 0.0748 | 0.2508 | 0.5456 | 1.3552
0.2 0.1342 | 0.3344 0.935 1.9976 | 5.7464
0.5 0.7414 | 1.6522 | 4.7256 | 12.1022 | 36.443

1 2.0306 | 5.0424 | 17.7738 | 47.8698 | 152.77

4.6 2 POLE VERSUS 16 POLE MOTOR TEST

4.6.1 2 Pole Test

The first motor model tested comes in the ANSYS Maxwell 16 RMxprt example library
and is named, “yz200-24.” This motor originally has 24 poles, a rated voltage of 380V, and a
rated output power of 3.2kW. Figure 29 shows a 2D model of the stator and rotor. Table 14
gives the geometric values of the stator and rotor. Figure 30 provides an image of the slot and
tooth geometry for the stator and rotor respectively, while Table 15 provides the geometric

values.

Figure 29. 24 Pole (Original) Induction Motor
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Table 14. Values for Rotor and Stator Geometries of 24 Pole (Original) Motor

Stator | Rotor
Outer
Diameter 327 | 209.2 | (mm)
Inner Diameter 210 75 | (mm)
Length 280 280 | (mm)
Stacking Factor 0.92 0.92
Number of
Slots 72 58

Table 15. Values for Rotor and Stator Slot Geometries of 24 Pole (Original) Motor

Stator Slot | Rotor Slot
HsO0 0.8 0.5 | (mm)
Hs01 NA 0| (mm)
Hs1 0.52 0.66 | (mm)
Hs2 39.48 14.34 | (mm)
BsO 3 1| (mm)
Bsl 4.8 3.3 | (mm)
Bs2 8.2 3.3 | (mm)

3 Bsl ={ |- j—H:
H||1LE1

Figure 30. Rotor and Stator Geometry Variables

This motor’s original geometry is not altered, and the operating voltage is kept at 380V.
Its pole number is changed to 2, and its stator winding configuration is changed to whole-coiled.

Motor winding is an integral part of the motor design as it can affect harmonics, the flux through
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the core, and many other aspects of the design. Whole-coiled winding was selected in order to
maintain a constant design parameter for both the 2 pole and the 8 pole.

Given that the designed driving frequency is 50Hz, the rated speed is listed at just under
3000 RPM (at 2900 RPM). This is done so that RMxprt will not analyze the motor above the
actual rotational speed, which will be less than synchronous speed. From here an analysis of this
motor design is run. The rated performance, rated electrical data, and material consumption is

recorded and will be discussed and compared after the 16 pole motor is presented.

4.6.2 16 Pole Test

A new motor model is then created with all the same inputs as the 2 pole design. The
pole number is changed to 16 and the driving frequency is changed to 400Hz to maintain the
mechanical speed of 3000 RPM. At this point, new variables are assigned to certain aspects of
the motor geometry. The variables listed in Table 16 and Table 17 were selected based on the
magnitude of the impact they would have on the operational characteristics 0. As a point of

order, “S” is a scaling variable.

Table 16. Values for Rotor and Stator Geometries of 16 Pole Motor

Stator Rotor
Outer Diameter ODS*S ODR*S | (mm)
Inner Diameter 210*S 75*S | (mm)
Length L*S L*S | (mm)
Stacking Factor 0.92 0.92
Number of Slots 72 58
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Table 17. Values for Rotor and Stator Slot Geometries of 16 Pole Motor
Stator Slot | Rotor Slot
HsO0 0.8*S 0.5*S | (mm)
Hs01 NA 0| (mm)
Hs1 0.52*S 0.66*S | (mm)
Hs2 HsiiS*S HsiiR*S | (mm)
BsO 3*S 1*S | (mm)
Bsl 4.8*S 0.33*S | (mm)
Bs2 8.2*S 0.33*S | (mm)

At this point, an optometric study is set up to find a geometry that matches the output
parameters of the 2 pole design. This study is conducted by changing the variables listed in
Table 18. The limits for the variables of the optometric study are also listed in Table 18 and all

units are in mm.

Table 18. Variable and Limits for Optometric Study of 16 Pole Motor

Min Max Min Focus | Max Focus
HsiiR 2| 2151 2 21.51
HsiiS 2 40 2 40
L 100 420 100 420
ODR 205 | 209.9 205 209.9
oDS 310 550 310 550
S 0.4 1 0.4 1

More slot variables are not utilized so as to reduce the solve time. A sequential nonlinear
algorithm is employed for this optometric study. The constraints for the optometric study are

listed in Table 19.

Table 19. Optometric Study Calculations for 16 Pole Motor.

Condition | Goal Weight
Efficiency Parameter >= 70 1
Power Factor Parameter >= 0.8 1
Slot Fill Factor Parameter <= 90 2
Output Power Parameter >= 3190 2
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The goal for the efficiency was selected based in the rated performance of the 2 pole motor. As
discussed in 4.3.2, we can expect to see a decrease in the power factor. Therefore, a goal was set
to attempt to design for a higher power factor. Finally, the slot fill factor determines the
percentage of the slot that is taken up by the conductors. If this value is not specified, the
optometric analysis will provide a motor design with a fill factor above 100% which is not

attainable.

4.6.3 Results of 2 Pole versus 16 Pole Test

The result of the optometric analysis for the 16 pole motor is shown in Table 20 and
Table 21. The rated performance, rated electrical data, and material consumption for the 2 pole
and 16 pole motors are contained in Table 22. There is an 85% reduction in size and an 82%
reduction in weight for the optimized 16 pole motor. While the output power, rated torque, and
efficiency are all relatively the same, there is a 55% reduction in power factor. We can also see
from Figure 31 and Figure 32 that there is a reduction in the maximum torque for the motor from

17.13 N-m to 11.68 N-m; however, rated torque remains the same.

Table 20. Results of Optimization for Rotor and Stator Geometry - 16 Pole

Stator Rotor
Outer Diameter 239.42 160.23 | (mm)
Inner Diameter 162.07 57.88 | (mm)
Length 78.33 78.33 | (mm)
Stacking Factor 0.92 0.92
Number of Slots 72 58
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Table 21. Results of Optimization for Rotor and Stator Slot Geometry - 16 Pole

Stator Slot | Rotor Slot
HsO0 0.61 0.38 | (mm)
Hs01 NA 0| (mm)
Hs1 0.4 0.5 | (mm)
Hs2 27.18 7.75 | (mm)
BsO 2.31 0.77 | (mm)
Bsl 3.7 2.54 | (mm)
Bs2 6.32 2.54 | (mm)

Table 22. Rated Performance Characteristics for 2 Pole vs. Optimized 16 Pole Motor

2 Pole Motor 16 Pole Motor
Rated performance
Stator Ohmic Loss 115.019 115.12 | W
Rotor Ohmic Loss 259.82 25495 | W
Iron-Core Loss 0.000345 0.000712 | W
Output Power 3200.13 3200.23 | W
Input Power 3719.44 3714.88 | W
Efficiency 86.03 86.14 | %
Power Factor 0.941 0.4211
Rated Torque 10.99 10.97 | N-m
Rated Speed 2780.33 2784.17 | RPM
Rated Slip 0.0732 0.0719
Rated Electric Data
Stator Phase
Current 5.97926 1334 | A
Magnetizing
Current 0.1582 7.24 | A
Rotor Phase
Current 5.959 9.14 | A
Material Consumption
Total Net Weight 139.554 24.537 | kg
Total Size 0.023514915 0.003526459 | m”3
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Figure 32. Torque vs. Speed Curve for Optimized 16 Pole Motor

To observe the flux crowding effect that was described in 4.3.2, Maxwell 2D models of
both motors are created and displayed in Figure 33 and Figure 34. We can see from these that
the 2 pole design has flux flowing out of the right side of the motor, splitting (because there are
two poles) and flowing around the top and bottom of the motor. In the 16 pole motor, we can
distinctly count 8 poles across the top section of the motor. In addition, the maximum Webers

per meter for the 2 pole design is 1.1e-2 while, the maximum flux for the 16 pole design is 2.09e-
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2. This confirms the statement that as flux crowding increases, torque and power factor both
decrease.

It is worth noting that in order to preserve the integrity of the original model, the rated
voltage was not changed from 380V. Because the original model was made using M19 24G, a
material with a saturation level well above that of HTX 012B (2.1[T] vs. 1.2[T]), there is
localized saturation occurring in both models. This can be seen in Figure 35 and Figure 36. By
lowering the voltage, core loss will be reduced. Lowering the voltage also lowers the flux by
Equation (4.8). Therefore, if this is done, the optimal output power would need to be reassessed,

V= w* @ * Npypes * cos(wt) (4.8)

where V is the applied voltage, w is the rotating frequency, and ¢ is the flux 0.
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Figure 34. Flux Lines for Optimized 16 Pole Motor
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4.7 2 POLE VERSUS 8 POLE MOTOR TEST

471 2 Pole Test

The second motor model tested also comes stock in the ANSYS Maxwell 16 RMxprt
example library and is named, “yzd132-8.” This motor originally has 8 poles, a rated voltage of
380V, and a rated output power of 1.3kW. Figure 37 shows a 2D model of the stator and rotor.

Table 23 gives the geometric values of the stator and rotor. Figure 38 provides an image

of the slot and tooth geometry for the stator and rotor respectively, while Table 24 provides the

geometric values.

Table 23. Values for Rotor and Stator Geometries of 8 Pole (Original) Motor

Figure 37. 8 Pole (Original) Motor
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Stator Rotor
Outer Diameter 210 147.3 | (mm)
Inner Diameter 148 48 | (mm)
Length 250 250 | (mm)
Stacking Factor 0.92 0.92
Number of Slots 48 44




Table 24. Values for Rotor and Stator Slot Geometries of 8 Pole (Original) Motor

Stator Slot Rotor Slot
HsO0 0.8 0.5 | (mm)
HsO01 NA 0| (mm)
Hs1 1.05 1.2 | (mm)
Hs2 12.9 12 | (mm)
BsO 2.8 1| (mm)
Bsl 4.9 5.2 | (mm)
Bs2 6.7 3.5 | (mm)

3 Bsll=f |- 4 Hsi

Hall |q Bsl

Hsl

Figure 38. Rotor and Stator Geometry Variables

This motor’s original geometry is not altered, and the operating voltage is kept at 380V.
Its pole number is changed to 2, and, as before, its stator winding configuration is changed to
whole-coiled. Given that the designed driving frequency is 50Hz, the rated speed is listed at just
under 3000 RPM (at 2800 RPM). This is done so that RMxprt will not analyze the motor above
the actual rotational speed which will be less than synchronous speed. From here an analysis of
this motor design is run. The rated performance, rated electrical data, and material consumption

is recorded and will be discussed and compared after the 8 pole motor is presented.
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4.7.2 8Pole Test

A new motor model is then created with all the same inputs as the 2 pole design. The
pole number is changed to 8 and the driving frequency is changed to 200Hz to maintain the
mechanical speed of 3000 RPM. At this point, new variables are assigned to certain aspects of
the motor geometry. These variables are listed in Table 25 and Table 26 and were selected based
on the magnitude of the impact they would have on the operational characteristics 0. As a point

of order, “S” is a scaling variable.

Table 25. Values for Rotor and Stator Geometries of 8 Pole Motor

Table 26. Values for Rotor and Stator Slot Geometries of 8 Pole Motor

Stator Rotor
Outer Diameter ODS*S ODR*S | (mm)
Inner Diameter 148*S 75*S | (mm)
Length L*S L*S | (mm)
Stacking Factor 0.92 0.92
Number of Slots 48 44

Stator Slot | Rotor Slot
HsO0 0.8*S 0.5*S | (mm)
Hs01 NA 0| (mm)
Hs1 1.05*S 1.2*S | (mm)
Hs2 HsiiS*S HsiiR*S | (mm)
BsO 2.8*S 1*S | (mm)
Bsl 4.9*S 5.2*S | (mm)
Bs2 6.7*S 3.5*S | (mm)

At this point, an

parameters of the 2 pole design. The limits for the variables of the optometric study are listed in

Table 27 and all units are in mm.
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Table 27. Variable and Limits for Optometric Study of 8 Pole Motor

Min Max
Min Max Focus Focus
HsiiR 4 14 4 14
HsiiS 4 14 4 14
L 125 375 125 375
ODR 190 210 190 210
OoDS 137 147.9 137 147.9
S 0.4 1 0.4 1

More slot variables are not utilized so as to reduce the solve time. A sequential nonlinear
algorithm is employed for this optometric study. The constraints for the study are listed in Table

28.

Table 28. Optometric Study Calculations for 8 Pole Motor.

Condition | Goal Weight
Efficiency Parameter >= 77
Power Factor Parameter >= 0.93
Slot Fill Factor
Parameter <= 79 1

The goal for the efficiency was selected based on the performance of the 2 pole motor. As
discussed in before, we can expect to see a decrease in the power factor. Therefore, a goal was
set to attempt to optimally design for a higher power factor. Finally, the slot fill factor was

specified so as to prevent the analysis from giving unattainable results of over 100%.

4.7.3 Results of 2 Pole versus 8 Pole Test

The result of the optometric analysis for the 8 pole motor test are displayed in Table 29

and Table 30. The rated performance, rated electrical data, and material consumption for the 2
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pole and 8 pole motors are contained in Table 31. There is a 56% reduction in size and a 57%
reduction in weight for the optimized 8 pole motor. While the output power, rated torque, and
efficiency are all relatively the same, there is a 7.6% reduction in power factor. Figure 39 and
Figure 40 show that there is a reduction in the maximum torque for the motor from 40 N-m to

37.2 N-m; however, rated torque remains the same.

Table 29. Results of Optimization for Rotor and Stator Geometry - 8 Pole

Stator Rotor
Outer Diameter 196.62 147.9 | (mm)
Inner Diameter 148 48 | (mm)
Length 125 125 | (mm)
Stacking Factor 0.92 0.92
Number of Slots 48 44

Table 30. Results of Optimization for Rotor and Stator Slot Geometry - 8 Pole

Stator Slot Rotor Slot
HsO0 0.8 0.5 | (mm)
Hs01 NA 0 | (mm)
Hs1 1.05 1.2 | (mm)
Hs2 14 8.553 | (mm)
Bs0 2.8 1| (mm)
Bsl 4.9 5.2 | (mm)
Bs2 6.7 3.5 | (mm)
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Table 31. Rated Performance Characteristics for 2 Pole vs. Optimized 8 Pole Motor

2 Pole Motor 8 Pole Motor
Rated performance
Stator Ohmic Loss 21.965 9.87 W
Rotor Ohmic Loss 29.444 10.4 W
Iron-Core Loss 0.000564 0.0011288 W
Output Power 1300.1 1299.3 W
Input Power 1519.94 1490.02 W
Efficiency 85.53 87.1997 %
Power Factor 0.967 0.8931
Rated Torque 4.222 4.16534 N-m
Rated Speed 2940.52 2978.72 RPM
Rated Slip 0.01982 0.007
Rated Electric Data
Stator Phase Current 1.3668 1.451 A
Magnetizing Current 0.2922 0.4377 A
Rotor Phase Current 1.329 1.3378 A
Material Consumption
Total Net Weight 54.9871 23.448 kg
Total Size 0.008659015 0.00379538 mA3
Figure 39. Torque vs. Speed Curve for 2 Pole Motor
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Figure 40. Torque vs. Speed Curve for Optimized 8 Pole Motor
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To observe the flux crowding effect that was described in 4.3.2, Maxwell 2D models of
both motors are displayed in Figure 41 and Figure 42. As before, we can see the 2 pole design
has flux flowing out of the right side of the motor and splitting. A quarter view of the 8 pole
motor is displayed in Figure 42 and we can see 2 distinct poles. The difference in maximum flux
between the 2 pole and 8 pole designs is 2.6e-3 Wb/m while the difference between the 2 pole
and 16 pole motors is 9.9e-3. With this reduced difference in flux, we only see a 7.6% drop in
power factor between the 2 pole and the 8 pole motor. In addition, because of the reduced flux
crowding, we do not see as much of a loss of torque.

As with the first two models, there is also localized saturation that can be seen in Figure
43 and Figure 44. This again is due to the fact that the motor was originally designed to utilize a

material with a higher level of saturation.
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48  CONCLUSIONS

Through the study of these two motor models, we have seen that, by employing HTX
012B, size reductions can be achieved with higher driving frequencies and higher number of
poles. This increased frequency does not come with a loss in efficiency, but in fact, the opposite
is true. With the 2 pole versus 8 pole motor study, we see a 2% increase in efficiency; however,
this size reduction comes at the cost of power factor and torque.

With the 2 pole versus 16 pole study, we saw a difference of 9.9e-3 Wb/m with a drop in
maximum torque of roughly 32%. The 2 pole versus 8 pole study had a difference of 2.6e-3
Whb/m and a drop in max torque of 7%. This shows that proper management of flux crowding
has a drastic effect on the maximum torque when increasing the driving frequency and the
number of poles. It must again be noted that the rated torque did not change for any motor
model.

Two large concerns with HTX 012B also must be addressed here. The first is that HTX
012B has a saturation level that is lower than most electric steels. The operating conditions for
these motors were obviously not designed for HTX 012B as there was localized saturation
occurring for all models. When designing any motor, one must consider the saturation level of
the material that is being utilized so as to ensure that the motor does not overheat and reduce its
lifetime.

The second is that HTX 012B is relatively brittle compared to electric steels. Therefore it
does not lend itself to rotor applications where there will be shearing stresses. Its ductility is
especially important to consider when the motor may be used in an environment with external

stresses on the stator.
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5.0 FUTURE WORK

Because HTX 012B exhibits lower losses at higher frequencies, there may be benefits to
using this material in induction motors that are driven by variable frequency drives. In V.F.D.
applications, high frequency harmonics are generated due to pulse width modulation. In the
following months, | will be conducting simulations studies of neutral point clamp converter
utilizing ANSY'S Simplorer.

Simplorer offers the ability to import motor models that are generated by RMxprt into the
circuit model. With this ability, these simulations will be utilized to examine the core loss due to
harmonics for the motor models that were presented in this thesis. In addition, | will study the
differences in core loss for motors whose stator cores are made of HTX 012B vs. other materials

such as M600-50A.
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