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Abstract

Design of most power conversion devices requires design of magnetic components and
its prior knowledge of electrical performance. Core loss is vital information that de-
sign engineer requires during design stages of stator core of electrical machines.

In this thesis, iGSEDC method is proposed for predicting high frequency iron core
losses under dc bias condition for non-sinusoidal excitations in electrical steels. In
electrical machines, non-sinusoidal excitation waveforms have dc bias in minor loops
unlike major loop. In this regard, single sheet magnetic sample of iron silicon alloy
(10JNEX900) is utilized. Two experiments are performed. First experiment is per-
formed using sinusoidal excitation under dc bias condition of 0 A/m, 10 A/m, 30 A/m
& 50 A/m with frequency range of 100 Hz to 2 KHz. Results are curve fitted to yield
four set of steinmetz parameters for each premagnitization (Hy.). Polynomial curve
fit equations are obtained for each set of steinmetz parameters respectively as func-
tion of premagnitization (Hy.). It is also obtained from polynomial curve fit equation
of dc B-H loop as function of dc bias (average flux densities of minor loops).Second
experiment purpose is to measure specific losses for non-sinusoidal excitation wave-
forms of 100 Hz with different harmonic orders. These losses enable us to do sanity
check compared to the results of iGSEDC, conventional iGSE and FTSE method.

It is found that iGSE under dc bias condition (iGSEDC) method estimate losses
with error range of 1.55 % up to 6.2 %. On the other hand, conventional iGSE
estimate losses with error range of 5.79 % to 16.12 %. Furthermore, both methods
seem to perform in equal manner for non-sinusoidal excitation waveforms with no
minor loops because there won’t be any dc bias condition left. In addition to it,
FTSE has variable trend and is most inaccurate method with errors in range of 2%
to 41.6%.
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Chapter 1

Introduction

1.1 Background

Efficiency improvements and reduction in losses are always desired when it comes
to cost and durability of power electronic magnetic systems and electrical machines
stator cores. Therefore global standards are in place to achieve targets of reducing
losses. Motors and power electronic devices are largest users of energy therefore small
improvements in losses will be considered significant and rewarding with respect to
life cycle cost and improved performances. According to international energy agency,
40% of reduced green house emissions can be provided by energy efficiency alone. This
led to increased transition of conventional vehicles into electric vehicles. According to
electric vehicles initiative(EVI) which is a multi government policy forum enabling the
awareness and adoption of electric vehicles worldwide. It is estimated that by 2030,
market will have 30% more sales of electric vehicles. In addition to it, paris declara-
tion on electromobility also stresses to have 100 million electric cars by 2030 that will
encompass all type of road transport including pickup trucks and buses [9]. The main
problem starts when design engineers starts to meet this increased demand because
as per global standards,there is dire need to maintain energy efficiency with reduced
losses and improved reliability. During transition to electric vehicles, researchers are
aiming to go to the core of the reducing losses. Investigations starts with magnetic

material with which magnetic components of power electronics systems and electrical

11



machines stator cores are developed. Researchers are investigating the way magnetic
material is manufactured and losses are obtained for each manufacturing method.
Manufacturing process affects the magnetic properties of material and its losses in
general. Soft magnetic material found its potential applications in electrical machines
development. Therefore, non grain oriented Fe-Si magnetic steel alloy is introduced
for improved silicon content of 6.5% enabling low eddy current losses and high elec-
trical resistivity in material. It is state of the art high frequency magnetic material
for investigations for efficiency and losses improvements. There are dozen methods
of iron loss estimation. Some methods require extra material characterization and
physical parameters and some require only a steinmetz parameters.iGSE method is
the most accurate Time domain method but it lacks dc bias condition. Therefore,
new experiments under dc bias condition are done for improved iGSE method with dc
bias condition for accurate core loss estimation in non-grain oriented magnetic steel

material.

1.2 Importance of core Loss estimation under dc
bias condition

Generally, time domain core loss estimation methods are accurate than frequency
domain core loss estimation method where non-sinusoidal flux densities are involved.
loss curves provided by manufacturer of soft magnetic materials does not include the
losses that are caused by non-sinusoidal excitations. Furthermore, Loss curves found
in data sheet of manufacturer are basically average loss data obtained as result of
repeated measurements on similar material. It is for sinusoidal excitation waveforms
and based on steinmetz equation. However, most electrical machines operate under
non-sinusoidal excitation waveforms. Therefore, there is need of experimental loss
data to be obtained under non-sinusoidal waveform excitation and estimated through
analytical time domain method.

There is need of time-domain core loss estimation model to take into account the

12



losses under non-sinusoidal excitation waveforms encountered in stator core material
of electrical machines. iGSE method is considered the most accurate method among
family of steinmetz methods. However, it lacks dc bias condition that can be potential
reason of its inaccuracies. In this regard, iGSE with dc bias condition method is
developed where variation of steinmetz parameters corresponding to each dc bias flux

density (average flux densities of major and minor loops) is considered .

1.3 Motivation and research Objective

An accurate time-domain core loss estimation model is needed for non-sinusoidal flux
densities present in different parts of electrical machines. Losses are estimated well
with respect to time varying field than in frequency domain because time varying flux
density takes into account the 360° instantaneous values of flux density in calculation
of losses. In addition to it, dc bias condition influence losses significantly. Therefore,

iGSE with dc bias condition method is proposed. Research objectives are as under:

1. Determination of steinmetz parameters under dc bias condition for sinusoidal
excitation. In this regard, measurement of losses are obtained for each range
of frequencies (100 Hz, 300 Hz, 500 Hz, 700 Hz, 1100 Hz, 1500 Hz, 2000 Hz)
against each flux density range ( 0.1 T,0.2 T,0.3 T,0.4 T,0.5 T,0.6 T,0.7 T,0.8
T,0.9 T,0.1 T) and results are curve fitted to obtain steinmetz parameters under
dc bias condition of up to 50 A/m. On the other hand, another experiment
is performed for obtaining total specific core loss (W/kg) due to each non-
sinusoidal excitation waveform in single sheet magnetic material sample i.e.
10JNEX900. Five test signals are used with combination of harmonics. This
study is done in chapter(3).

2. Steps for separation of major and minor loops are explained for non-sinusoidal
excitation waveforms. Five test signals are used to investigate the separation of

minor loops for higher harmonics. This study has been done in chapter(4).
3. iGSE with dc bias condition method is proposed with improved accuracies com-
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pared to iGSE without dc bias condition. Absolute error percentage(%) for each
signal is pictorially shown for iGSE with dc bias condition compared to con-
ventional iGSE method and frequency domain method i.e. Fourier transform-

steinmetz equation (FTSE). Results are presented in chapter(4).

4. Interior permanent magnet motor is designed. The flux densities are extracted
from tooth of the stator and corresponding amplitude spectrum is obtained.
This potential application for iGSE with dc bias method was proposed in chap-
ter(5).

1.4 Tools used in research work

The main tool that was used is state of the art test bench with single sheet tester
available in house. It is used to carry out AC/DC characterization for measurement of
losses (w/kg) under sinusoidal excitation and non-sinusoidal excitation on single sheet
magnetic sample. Core loss estimation is done using iGSE under dc bias condition
method with separation of major and minor loops by developing scripts(file.m) using
MATLAB. Furthermore, JMAG software is utilized (worked remotely on university

desktop) for designing IPM motor.
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Chapter 2

Literature review

In this chapter, section 2.1 includes state of the art advancement of high frequency
non-grain oriented(NGO) silicon steel, and its importance in electrical machines’ sta-
tor core for automotive. In addition to it, NGO electrical sheets grades of JFE Steel
are discussed.Furthermore in section 2.2, determination of Iron losses in electrical
machines are introduced and method to calculate total specific loss (W /kg) using
single sheet magnetic material standard as per international standard IEC 6404-3 is
presented and discussed.In addition to it, comprehensive review of iron loss models

is done and then conclusion is inferred by comparing all iron loss models.

2.1 High frequency non-grain oriented silicon steel-
Fe-Si

The need for magnetic materials has increased due to the transition of conventional
vehicles into electric vehicles lately. High frequency and low loss magnetic material
are of paramount importance for high speed passenger vehicles and specially for high
power density machines of future electric pick up trucks. In addition to that, re-
searchers are actively working towards increased efficiencies and reduced core losses
in stator core of electrical machines to meet global energy efficiency goals as per paris

climate agreements. Therefore state of the art high frequency non oriented Fe-Si
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alloy (10JNEX900) is presented with magnetization and loss curves, obtained from
data sheet of manufacturer. Steel materials are preferred choice for electrical machine
designs of high speed automotive considering various factors. These include cost, sus-
tainability with respect to high frequency, high power densities, specific losses(w/kg)
and efficiencies.

Nowadays magnetic steel manufacturers design their materials with increased per-
meability and saturation levels with reduced specific iron losses. As market emerged
with enlarged possible choices to design the machine with new magnetic materials,
different compositions, and material processing techniques. The different forms of
magnetic materials makes it a challenge for researchers and industrialist to choose
the most suitable material for electrical machine design [10].

Most of the EV traction motors incorporate high frequency electrical steel as core
material with high torque density and power density. Worldwide production of Fe-Si
is around ten million tons annually and is the most common material for electrical
machine applications. It has share of 80% of the total soft magnetic material mar-
ket.On the other hand, the materials such as amorphous, powder,ferrite,Ni-Fe and
cobalt-iron(Co-Fe) comprise of approximately 500 thousand tons only [11]. Having
vast options and techniques associated with material choice for machine design have
paved the way for choosing material on iterative basis. It is popular and important
part of future machine development process. As rule of thumb, some material pa-
rameters are vital for machine design process i.e. magnetic saturation, coercivity,
permeability, iron losses , magnetostriction, cost, delivery(forms, fully processed and
semi-processed) and market availability [11].

Typical magnetic materials that are used in designing the electrical machines has
the lamination thickness of 0.2mm to 1mm in case of iron typically the major compo-
nent in the composition of material alloy. As matter of fact, Electric vehicles demand
the need of reduced weight and optimal performances. Influence of magnetic materi-
als on efficient design of electrical machines is well known.soft magnetic material with
reduced weight and high performance are investigated. Soft magnetic materials are

alloys with coercivity levels of up to 1000 A/m. For design process of high speed elec-
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trical machines,it is important to understand the magnetic characteristics of magnetic
materials that are usually obtained by testing the materials exposed to magnetic flux
densities and range of frequencies but data available from manufacturers involves only
magnetic characteristics corresponding to sinusoidal excitation measurements. It is

stated in [12] that silicon iron alloys are widely used in electrical machines.

2.1.1 TImportance of non-grain oriented silicon-iron steel al-
loy

Fe-Si alloy comes in two states i.e. grain oriented steel (anisotropic material and
different permeability in different directions) and Non grain oriented steel (isotropic
magnetic property in all directions).Grain oriented steels anisotropic properties are
not utilized to date to its advantage,reluctance machine designs and new techniques
to accommodate field weakening in high speed machines have potential application
of GO steels [13].However Non-grain oriented silicon steel alloys are considered in au-
tomotive applications. Non grain oriented materials are used in rotational electrical
machines because flux direction is usually not uni-directional in stator yoke of the ro-
tational electrical machines. Iron content in Fe-Si alloys varies from 99 % in low Fe-Si
steel alloys down to 93 % for highly alloyed Fe-Si steel. Whereas remaining content in-
cludes silicon(range 1 to 6.5%), aluminium (1 %), manganese (0.5 %). Silicon content
enhances electrical resistivity but affects magnetic saturation. Similarly aluminium
enhances electrical resistivity but affects the permeability of material.lt is interesting
to note that core losses manganese content have both positive and negative aspect as

it yields higher permeability but also contributes to increased core losses.

2.1.2 Non grain oriented electrical Sheet (JNEX Core)

JNEX core is well balanced and feasible product of non-oriented electrical sheet pro-
duced by JFE Steel. It has high saturation magnetic flux density and low iron loss
in the high frequency range. In general, electrical motors demand stator core with

Fe-Si alloy with higher content of silicon i.e. 6.5 % as it has low eddy current losses.
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It is also because of high speed,high torque and high power density requirements
but it was thought to be impractical as material tends to be brittle and hard with
addition of increased silicon content. Now manufacturers like JFE steels introduced
their Fe-Si alloys(JNEX Core) eliminating this problem with their improved produc-
tion processes namely through CVD process. JNEX-Core was successfully introduced
with 6.5% silicon steel sheets to the world i.e. 10JNEX900 [2]. Furthermore, JFE
Steel corporation is continuing to work towards meeting superior demands of future
with advent of gradient high silicon Steel sheet [2]. DC characteristics of 10JNEX900
is shown in figure 2-1, Magnetization curves and usually known as B-H curve is shown
in figure below where it clearly portrays its magnetic flux density and magnetic field

saturation levels for the frequency range up to 50 KHz.
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Figure 2-1: Magnetization Curves of 10JNEX900 [1]
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In figure 2-2, AC characteristics of 10JNEX900 is shown. It includes High fre-
quency core loss ranging from 50Hz to 50kHz. It is based on sinusoidal excitation
based loss measurements. In figure shown below, the Core losses don’t portray the
behaviors of material in case of non sinusoidal magnetic flux densities. Hence there is
a research potential lies for accurate estimation of iron stator losses with tests under

non sinusoidal magnetic flux densities. That would be of great help in high frequency

machine designs of the future.

0.1

= ma
T
I

Magnetic Flux Density B (T)

0.001
0.01 0.1 1 10 100 1000

Core Loss W (W/kg)

Figure 2-2: Core loss Curves of 10JNEX900[1]

DC hysteresis loops are shown for the flux density(B,,) range i.e.0.5T,0.7T,1T,
1.2T in figure 2-3 .
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Magnetic Flux Density B (T)

Magnetizing Force H (A/m)

Figure 2-3: DC hysteresis loops of magnetic material i.e. 10JNEX900 [1]

10JNEX is grade of Super Core. Super Core grades find its applications in Auto-
motive ;motors and in almost every power systems device. Its universal and robust

nature can clearly be depicted from figure 2-4 .

Medical X-ray
Dove i LUES

Welding machine

Figure 2-4: Super core applications PI chart [2]

Super Core is best known available non-magnetic oriented Steel Sheets with su-
perior performance [2]. One of the core design sample is shown as below in figure
2-5.

High frequency Core loss is greatly reduced due to high speed rotation using
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Figure 2-5: Example sample for core design [2]

laminated core in motors and cores are produced using stamping lamination process
making it viable for high frequency applications unlike conventional steel material

with 3% silicon content [2] . Example laminated core design is shown in figure 2-6.

Figure 2-6: Example of laminated cores for motor [2]

2.2 Determination of iron losses in electrical ma-
chines

Iron losses play important role in the optimization and design process of electrical
machines.Generally losses are reduced in the machines by using low loss Fe-Si steel
alloy and new composite materials [3].There is dire need of improved efficiencies and
reduce energy consumption of electrical machines as per European commission regu-
lation (EC) NO 640/2009. There are several factors that can contribute to the losses
in the machines i.e. electromagnetic iron losses. It is usually occur in stator teeth,
stator yoke and rotor yoke. Iron losses are significant during field weakening operation

of electrical machine.Usually Electrical machines conduction losses in ferromagnetic
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materials are ignored as these occurs in MHz range only. However Hysteresis losses
and Eddy current losses are considered to be occurring due to same phenomenon i.e.
every change in magnetization causes moments in domain walls and create in turn
eddy currents and consequently joule heating. However hysteresis losses also con-
sidered to be occurring at zero frequencies because even if magnetization change is
very slow, magnetization inside the domain locally change very rapidly and discrete

in time causing eddy current losses [3].

2.2.1 Magnetic measurement Standard based single sheet

tester(SST)

Iron losses were discovered for almost more than 100 years ago but there is still some
discrepancy between measurement results and loss prediction results. One of the
challenge is as there is no physical way to measure losses in the magnetic materials
directly. TEC and ASTM standards determine losses by preparing special shaped
lamination magnetic material sample with an Epstein frame or by ring specimen
measurements using ring shape probes [3]. These measurements are based on electrical
winding which create magnetic fields in the laminated sample under investigation
while magnetic flux density in the material is obtained from secondary winding, where
induced voltage is caused by changing magnetic fields in magnetic sample. That’s
where iron losses are found using magnetic field (H) and the flux density (B) inside
the material. Furthermore, iron loss measurements can be utilized as material input
parameters for calculating iron losses in electrical machines using FEM simulators.
The method is applied and investigations are done for accurate core loss estimation
in single rectangular sheet sample of magnetic material i.e. 10JNEX900. Experimen-
tal analysis is described in detail in chapter 03 as per EN IEC 6404-3 standard. This
standard is the 3rd edition prepared by iron and steel and non ferrous metals commit-
tee and its overview is sourced from [14]. This method scope includes determination
of excitation current, measurement of magnetic field strength and specific apparent

power.
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2.2.2 Measurement of total specific loss

Single sheet tester is applicable for test specimen which are obtained from mag-
netic sheets. General principle of this method is based on a sample of magnetic
sheet and placed between two windings i.e. primary (exterior/ magnetizing) and sec-
ondary (interior/ voltage) winding. Power supply should be of low internal impedance
and highly stable in terms of voltage and frequency.During measurement,it is recom-
mended that voltage and frequency is kept constant within percentage error of 0.2%.
In addition to it, induced voltage in secondary should be kept sinusoidal within main-
tained form factor of 1.111 with percentage error allowance of 1%. It is done by using
many means, one way is to use electronic feedback amplifier. total loss measured by

the circuit is shown in figure 2-7 below:

A
ey
1 ® ' TE
(w)

(w—

Figure 2-7: circuit for determination of total specific loss
[14]

Power measurement is made by wattmeter having accuracy of 0.5% or better at
actual power factor and crest factor. Secondary rectified voltage is measured using
average type voltage meter V1. In addition to it RMS volt meter V2 is also used.
Mutual inductor M is placed with test frame T (primary winding to secondary winding
connection) for air-flux compensation.

Source is adjusted to average value of secondary rectified voltage. its expression

is shown in equation (2.1).

Ny———AJ (2.1)



where

|72] is the average value of secondary rectified voltage ;

f is frequency in,Hertz ;

R; is the combined resistance of all secondary instruments in ohms;
R; is the series resistance of secondary windings in ohms ;

Ny is the number of turns of secondary winding ;

A is the cross sectional area of test specimen ;

J is peak value of magnetic polarization,in tesla ;

Cross sectional area A is obtained by following relation:

m
A= — 2.2
Lpm (22)
where
m is the mass of specimen, in kilograms;
1 is the length of test specimen, in meters ;
pm 18 the density of test material, in kilograms per cubic meter ;
Total specific power loss is obtained by using equation (2.3).
N1 (1.111(|U5])?) l
P,=|P— — X 2.3

Where

W is average value of secondary rectified voltage,in volts;

P, is the specific total power loss of the test specimen, in watt per kilogram;
P is the power measured,in watts;

m is the mass of the test specimen,in kilograms ;

l,, is the conventional magnetic path length in metres [,,, = 0.45m

1 is the length of test specimen,in meters ;

N1 is the number of turns in primary winding

N2 is the number of turns in secondary winding ;

R; is the combined resistance of instruments in secondary circuit,in ohms ;
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2.3 Steinmetz based iron loss models

C.P steinmetz is known to be pioneer of core loss estimation due to his contribution
in [15] for calculation of losses in magnetic materials in 1892 and he presented his
work in American institute of engineers (AIEE). He coined the empirical formula for

calculation of losses in equation 2.4
P, =nx B (2.4)

where
P, is losses during whole magnetization cycle ;
7 is material constant ;

B is Peak value of magnetic flux density ;

Generally core loss estimation is based on power law equation that is named after
steinmetz due to his historic work in [15] for calculation of re-magnetization losses
using an empirical equation that does not have any frequency dependence as shown

in 2.4. However the equation 2.5 is used and named after C.P steinmetz [4].
P,(t) =k x f*x B” (2.5)

where
P, is time average power loss per unit volume ;
k,ar, B are the material constants known as steinmetz parameters ;
f is frequency of magnetization in Hertz for sinusoidal excitation ;

B is Peak value of flux density waveform ;

Design of Electrical machines and its optimization require prediction of losses.
Engineers and researchers select the methods suitable to their application as per
available parameters, availablity of testing facility and accuracy requirements. stein-
metz equation and data provided by manufacturers of magnetic materials are valid

for sinusoidal excitation only. On the other hand, in modern applications such as in-
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creasing electrical machines and switching power converters have non-sinusoidal wave
forms. In additon to it, dc bias also affects losses [1]. Therefore, there is need of inves-
tigation for accurate core loss estimation model that can be valid for non-sinusoidal
excitation wave forms. In addition to it, steinmetz parameters need to be determined
through curve fitting techniques for sinusoidal excitation waveforms under dc bias
condition.

Overview of various iron loss models is depicted in 2-8. some of them are discussed
in detail with an additional FEMM based advance core Loss model with state of
the art formulas by JMAG ( a machine design software) are discussed. In the end,
conclusion is inferred for the suitability of the method followed in our experiments

over other methods.

[ Iron loss calculation models J
|

— Ja I —
[Steinmetz equation (SE]] Loss separation into Mathematical Loss
hysteresis and eddy hysteresis separation by
m current losses (Jordan) models magnetizing
process

Modified || Generalized || Natural
Steinmetz || Steinmetz || Steinmetz

Equation {| Equation || Extension | | Anomalous || Eddy current | | Loss Surface || Viscosity-|| Energy- || Friction Like
(MSE) (GSE) (NSE) factor separation into | | model (LSM) || based based Hysteresis

for excess || classical and Magneto- || Vector model
l losses (Pry || excess losses dynamic || Hysteresis
and Bean) model model
Improved
Generalized
Steinmetz
Equation
(IGSE)

Figure 2-8: Approaches for estimation of iron losses in Electrical machines[3]

2.3.1 Modified steinmetz equation-MSE

The first time domain steinmetz based core loss estimation model is Modified stein-
metz equation. It is introduced when authors in [16] felt the need of core loss esti-
mation model for non-sinusoidal wave form excitation. Motivation was taken with
the concept of macroscopic re-magnetization rate i.e. dM/dt is in direct relation with

core losses. Therefore frequency of steinmetz equation was replaced with physical loss
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parameter dM/dt that is directly proportional to magnetization rate dB/dt. Firstly
induction rate is averaged over complete re-magnetization cycle from maximum in-

duction sample to minimum induction sample and vice versa in equation 2.6 below.

B'= Al—B x j[‘ii—de AB = Baz — Buin (2.6)

Furthermore,equation 2.6 can be represented as transformed form in equation 2.7

1 T rdB\’
B ' = — — 2.
ABX/O (dt>dt (2.7)

Finally relationship is established between re-magnetization frequency (f) and aver-
aged re-magnetization rate (B’) in 2.8, where equivalent frequency f, is calculated

considering the normalizing constant AB? * 2.

) T rdB\*?
feq - m/o (E) ,dt, (28)

Originally power loss per unit volume “P, = K f*B’” need to be adapted for cal-
culation of energy dissipated e; in complete cycle of magnetization therefore period
is multiplied on both hand sides to get expression of modified steinmetz equation

incorporating equivalent frequency,simplifying the relation as under in eq:2.9

P, KfBP
ed: _——=——

; 7 (2.9)

Therefore specific energy loss becomes power gain “P,,,,” because every re-magnetization
cycle is determined from the equivalent frequency relation in 2.8. This specific energy
loss formula in 2.10 is similar to steinmetz equation that is used to calculate losses
for non-sinusoidal magnetic flux density waveforms.
~ AB

Closs = k X 2;1 X Bﬁ, where B =

(2.10)
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When there is repetition of re-magnetization with period 7,=1/f, the power losses

relation can be expressed as in 2.11.
Ploss = (k X 31_1 X Eﬁ) * fr (211)

This method was meant to calculate iron losses for arbitrary flux density waveforms.
The draw back of this method was that the calculated losses was too small and
inaccuracies was recorded for increasing harmonics’ amplitudes. Furthermore losses

turned out to be discontinuous function of continuous change of parameters [4].

2.3.2 Generalized steinmetz equation-GSE

In 2001,new method was proposed in [17] to overcome the inconsistency of steinmetz
equation 2.5 with MSE approach in calculation of losses. This new method was
based on the concept of instantaneous core loss. It was based on Hypothesis that
instantaneous core loss is based on two essential points unlike MSE approach as

follows :

1. instantaneous flux density B(t).

2. instantaneous flux changing rate dB/dt.

Single valued function depicting B(t) and dB/dt is shown in equation 2.12

Py(t) = Pd(%,B) (2.12)

instantaneous losses can be calculated Using GSE shown in equation 2.13

«

B |B(t)|P~ (2.13)

Pv<t) :]{?1 X di

To be consistent with steinmetz equation, parameter k; should be defined as in equa-

tion 2.14
k

a (2m)a—t fo% |cosf||sinb|P—1d0

oy (2.14)
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Therefore mean value over the time period ‘T” will be expressed as shown in equation

2.15.

o

dB
x | B(t)[P~*dt (2.15)

1 T
Pv(t)zfx/o k1>< di

The drawback of this method is when it shows significant inaccuracies when it shows
deviation with regard to experimental data exactly at the point where minor hys-
teresis loops starts appearing in flux density waveform [4]. Tts limitation comes with
waveforms containing high number of harmonics. In addition to it, this form of
equation is not valid when a > § because iron losses would go infinite [18]. Fur-
thermore,since losses only depend upon instantaneous values of flux density ignoring
the time history of flux density waveform causing another reason for inaccuracies in
calculation of losses [1]. These shortcomings are met by improved version of GSE i.e.

improved general steinmetz equation in [4].

2.3.3 Improved generalized steinmetz equation-iGSE

This method was proposed in 2002 in [4] improving the concepts and ideas of general
steinmetz equation. Instantaneous core loss is calculated using amplitude of major
and minor loops where flux density is instantaneous. Therefore instead of using B(t),
it utilizes AB yielding final expression for time average loss is follows as in equation
2.16.

07

1
x |AB|P~dt (2.16)

T
Pv(t):fx/o ki x

where ki is obtained by steinmetz parameters in following expression in equation 2.17.

dB

dt

k
B (27r)°‘—1f027r |cosf||2|8~>db

(2.17)

ki

Higher accuracies of this method are endorsed in [19] and [20]. This method and
formulation calculate losses appropriately in presence of minor loops [4]. Algorithm

to separate minor and major loops are shown in section 2.3.3.
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Algorithm for extraction of minor loops

it is essential for separation of minor loops that algorithm should be able to extract
minor loops up to any number of nested levels in any arbitrary non-sinusoidal wave-
form. Authors proposed a method shown in [4] those steps can be summarized as

below:

1. Successive values of flux density is stored in major loop until minor loop is

detected using change in slope from positive to negative

2. When minor loop starts, elements of it are stored in a new vector array as
collection of minor loop as first minor loop vector. it stores minor loop elements
until flux density values rises back to same value where it started decreasing or

where it marks the closure of minor loop.

3. After the minor loop closes,major loop continue to store the collection of flux

density values.

4. If minor loop is detected again , it will be stored in a same minor loop vector.

Minor loop vector stores all collection of minor loops.
5. similarly any sub-loops within minor loops will also be extracted.

6. Finally loss calculation is done using equation 2.16 for respective major and
minor loops and then total loss is found by weighted average, taking into account
the contribution of each minor loop by using the fraction of total period each

loop occupies. The expression is as under in equation 2.18

T,
Pot = ZPL? (2.18)

The algorithm with steps followed in separation of minor loops is depicted in figure
2-9
This method is good and known to be accurate for only some conditions. However

it don’t take into account the dc bias effects that is the possible reason of inaccuracies
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Figure 2-9: Steps for Separation of minor loops [4]

in loss calculations for most of the waveforms. The iGSE approach is also sensitive to
values of Steinmetz parameters, mainly a and 3 tend to vary for waveforms having
harmonic content over wide range of frequencies.In addition to it, this method also
don’t consider the magnetic relaxation effect that further work has been done by
authors in [21] in calculation of losses. Furthermore, this method is named as i?*GSE
discussed in section: 2.3.5. However, there is good potential of further investigations
to be done for curve fitting to get Steinmetz parameters for sinusoidal experimental
data of high frequencies and propose variation of Steinmetz parameters due to dc bias

effects to prevent inaccuracies in calculation of losses.

2.3.4 Natural Steinmetz extension-NSE

This approach is similar to IGSE and proposed by authors in [22]. Using Natural

Steinmetz equation- NSE, losses can be calculated averaged over one period is as
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under in equation 2.19;

ABP Ky [(T|dB|®
p=—— =2 | dt 2.19
- G 2.19)

The parameter K, a constant that is determined by using equation 2.20 shown below

Y

ky = 27:2_1 /027r |cos0|*do (2.20)
This approach of natural steinmetz extension (NSE) was primarily proposed for power
electronics applications where square waves are used based on duty ratios. In this
approach, authors of [22] compared NSE with MSE having SE as baseline and tested
for large variation of duty ratios. Results of NSE matched with the experimental
data for commercial ferrite grades. Both MSE and NSE tend to give same numerical

results at duty ratio D=0.5 with o =1 (pure hysteresis losses) or a= 2 ( Foucault

losses) [22].

2.3.5 Improved-improved generalized steinmetz equation-i’GSFE

Improved-Improved generalized steinmetz equation is the extension of iGSE approach
taking into account the relaxation effects to the core loss[21]. Due to this, magnetiza-
tion will change even if field is constant or magnetization gets delayed. However, iGSE
gives zero core losses when magnetic flux density is constant since dB/dt will tend to
become zero but losses still occur and that would be because of relaxation processes
in magnetic materials. In short, relaxation process depend upon residual losses, such
relaxation processes becomes important in high frequency and pulsed field application
and when thermal equilibrium of magnetic system changes enabling system to move
rapidly towards new equilibrium state (thermal). In addition to it, shape of B-H loop
changes with respect to rate of change of applied field(rate-dependent loop) [21].

The time average specific core loss density is calculated as under in equation 2.21.
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1 T
Pv(t):TX/O\ klx

B|” =
- B—a
| X |ABIPdt + ; Qu X Py (2.21)

The time average core loss(P,;) due to Iy, of n transients to zero voltage.lt is

calculated as under in 2.22

«

dB(t-)
dt

—tl

x |AB|Pr x (1 —e ) (2.22)

Pv(t):ka:rx’

T

where,

P,;= losses due to relaxation process ;

dB(t-)
dt

= the flux density before switching ;
T =time constant for relaxation process ;

n = number of phases with constant flux ;
t;= duration of phase during constant flux ;

The relaxation processes are defined using exponent ’e’ so that losses don’t increase
when t; > 57 is valid. Relaxation processes consideration can be avoided for low
frequencies .

Limitation of this method is the need of additional measurements for material
constants(different from normal steinmetz parameters) i.e. a,, 3., k, and 7. i*?GSE

is used in Power electronics applications [21].

2.3.6 Fourier transform steinmetz Equation-FTSE

In literature , FTSE is not an valid approach for calculation of losses as its non linear
phenomenon [19]. Yet many people prefer to use it mostly in industries compared
to iGSE method because of complexities involved in iGSE and calculation of its
material constants variation with dc bias. In [19] authors tried to shed the light on
FTSE accuracies including the benefits of iGSE.

For finding the core loss using Fourier transform steinmetz equation method, flux
density is decomposed into its harmonic components firstly then steinmetz equation

is applied to each component say i.e. i up to n then added losses of each component
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using equation 2.23 for iy of n cycles for each experimental variation. Hence it is

calculated using following relation ;

1 n
P,(t) = ~ K; x f* x B? .
(t) nX; X [ X B; (2.23)

It is concluded in [19] that FTSE is used in industries for calculation of losses
in non-sinusoidally excited transformer cores. It is also stressed that it is relatively
accurate for 10% THD sinusoids and triangular excited cores for low flux densities but
inaccuracies were claimed for square waves tests performed. However their claim is
based on core material of epcos N87 ferrite core and further investigations are needed

for its validity on wide scale range of frequencies and newer magnetic material grades.

2.3.7 Core loss model based on steinmetz premagnitization
graph(SPG)

In this method, dependency of o, and k is shown on premagnitization Hy.. Exten-
sive measurements were performed on ferrite material for frequencies up to 100 KHz
for power electronics application for triangular current/flux shape. Therefore new

equation was derived for this particular application as under:
P, = ki(2f)*AB" (2.24)

Where parameters are similar to the parameters defined for iGSE relation in equa-
tion 2.16.

In this method, authors in [23] confirmed that alpha is independent of dc bias
condition by observing the straight line slopes in the logarithmic plot of frequency
vs total power losses for frequencies up to 100KHz. In the same way AB was varied
in x-axis logarithmic scale against power losses in y-axis and it was found that losses
don’t follow straight line anymore. In addition to it, k also don’t follow straight

line when losses in y-axis were plotted against premagnitization Hy.. Hence it was
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concluded that steinmetz parameters except a are dependent on dc bias condition
and there is need of variation of beta and k parameters except alpha in calculation of
total specific power losses. Also accuracy of this method is justified for flux densities
up to 200 mT.

There is need of explanation for core loss estimation using time domain iGSE
for Non-sinusoidal waveforms with various harmonics with increased flux densities
up to 1.2T to get accurate core loss estimation for novel machine designs of motors.
Furthermore time domain equation i.e iGSE need to be investigated and explained
for measurement of losses in novel magnetic materials with 6.5% silicon content and

explained. This study is carried out in chapter (4).

2.4 Loss surface model

This losses surface model was first introduced in 2000 by authors in [24]. It is scalar
and dynamic hysteresis model named as loss surface model. In this approach, surface

function S is used to determine the magnetic field H.The relation is shown in eq:2.25

dB dB
son(5.22) m(8) e s (5.22), e

loss surface function S is separated into two parts i.e. static and dynamic part. This
model links magnetic field H on sheet surface while flux density B in the thickness
of the sheet.The static part is usually modelled by Preisach model which is rate-
dependent.Input values are determined by measuring values of major loops and first
order reverse curves. On the other hand dynamic part is dependent on two linear
analytical equations which describe the low and high values of magnetic flux density
derivative i.e. dB/dt after subtracting the magnetic field intensity Hg, [8].

Further improved loss surface model is proposed by author in [25] on loss surface
model where they are considering instantaneous power loss computation instead of
average loss for entire cycle of flux density waveform. relation in equation 2.26 is

used. This new approach assumed that if magnetic flux density B and dB/dt are
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known then material behaviour can be well anticipated. The surface in a B-dB/dt is
taken from measurements. Measurements are done as per IEC standard 60404-4 and
corresponding methods in [14]. In this approach, triangular waveform is optimum

choice because of the reason of its constant |dB/dt|

" (B<t>, di—f”) R ( 10 _dj(t)) (2.26)

This approach enables user to avoid extra measurements required for additional

parameters and this method considers the degradation of material due to cutting
processes as well. However extensive experiments and modelling effort involved in
this method comes as one of its negative points after all benefits. However it is

known to give good performance.

2.5 Loss separation approach

In [26], jordan separated the losses into two components i.e. hysteresis and eddy

current loss components. It is shown in equation 2.27.

A

Do = p+ pe =k x B2+ k. x (f x B)? (2.27)

where
pr —-hysteresis losses ;
pe —the eddy current losses ;

k. and k, —material constants ;

This approach of H.jordan known to be inaccurate and obsolete for novel materials.
However this work helped to a great extent to researchers. Bertoti in [27] extended
the loss separation formula with addition of excess loss term. Bertotti explained the
difference between experiments and predicted results were taken into account as in
equation 2.28

3
2

Do = pn+ pe = knfB*+ k(fB)? + ke (f B) (2.28)
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If equation 2.28 is divided by frequency then it will be valid for single losses
occurring for one period of flux density B with frequency f. The relation for single
losses or energy losses is indicated in equation 2.29. [2§]

Py

5= tw, = ky B2+ ko f(B)? + ke f2(B)? (2.29)

With increasing frequencies , hysteresis losses stay constant while eddy current and
excess losses increases. This method is considered when power devices are exposed
to flux densities with high harmonic contents where it is not sinusoidal anymore.

Hence it is evident from literature in [8] that equation 2.28 is known to be accurate
for nickel iron alloys but not for silicon iron alloys. Therefore several correction factors
were introduced and the loss separation equation 2.28 is improved by introducing
some changes from time to time. It is later then realized from literature study in [3]
that hysteresis losses of silicon iron alloys (laminated sheets) don’t fit the squared
flux density dependency then « the fitting co-efficient was introduced then equation

becomes the equation 2.30

Py = kh + ke = khféa + kef2(B)2 + kea}flhs(B)l.E‘ (230)

where
Excess loss factor— K., = v/ SV,0G ;
Eddy current loss factor—k, is approximated from max-well equation in 2.31 ;

d* x (dB(t)/dt)?

ke =
12 px 7y

(2.31)

Hysteresis loss factor i.e. kjys is proportional to hysteresis loop area of the material
at low frequencies. However this method requires additional parameters knowledge in-
volved in excess loss correction factor which needs corresponding physical parameters
i.e. cross sectional area of laminated sample, co-efficient of eddy current damping , o
lamination sheets’ electrical conductivity where as V[ takes into account the grain size

after characterizing statistical distribution of coercive fields.Furthermore the specific
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resistivity p and 7, material density of lamination sheets are needed for calculation

of eddy loss co-efficient k. [3].

2.6 Physical based models

Physical models are used to describe material behaviour. However these models
use more material parameters and increased computation times are needed because
of higher accuracies involved. Hysteresis loop is described in a mathematical way
just as in empirical method. As it tries to reproduce the hysteresis behaviour [5].
The relation that is used to calculate losses arising from change of magnetization is

calculated with BH integral as indicated in equation 2.32

ey = / HdB (2.32)

Equation 2.32 shows the enclosed area of hysteresis loop and has the dimension of
energy per volume. By multiplying equation 2.32 with the frequency of magnetization,

we get relation for calculation of losses in equation 2.33
€y = fT/HdB (2.33)

2.6.1 Preisach model

This model was introduced in 1935 by F.Preisach [29] and comprehensively discussed
in [5]. Its principle is based on weighted superposition of many so called Preisach
hysterons (HR). The relationship of in and output of the hysteron is depicted in
figure2-10

It is shown in figure 2-10 that output can be between -1 and 1. When upper
switching threshold « is exceeded from a level below o then output will drive to high
state. When input falls below the lower switching threshold £ then output will drive
into low state. However if input is in between the two threshold switching levels then

output will retain its previous state. Magnetic material behaviour is described by
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Y

Figure 2-10: Hysteron with Switching thresholds of o and g [5]

parallel connection of many hysterons and weighting their respective outputs. It is
shown in figure 2-11 below ; Each hysteron will have its own switching thresholds.
The Presach function calculated the weighting factors i.e. wu,(ay,3;). Loss behaviour
can be described by increasing the number of hysterons and when n becomes infinity
then discrete hysteresis loop turns to be continuous one. Hence output of the whole

system can be found by as in equation 2.34

Oft) = / / e D0uslto mo) 8o (2.34)

In magnetic systems considered in this case, input is magnetic field and output is
magnetization of the material. The model considered here describes the static hys-
teresis and rate of change is neglected. Dependency of weighting function is dependent

dO(t)

on rate of change of output == so equation 2.34 becomes :

o) = / /a >:Bﬂ<a,5, %7@)0&75(t0,n0)1(t)dad6 (2.35)
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Figure 2-11: Single hysterons’ parallel connection [5].

2.6.2 Jiles Atherton Model

This approach is based on the method presented by jiles in [30], magnetic material
behaviour is expressed using differential equation having used the Langevin function

as shown below in equation 2.36

L(x) = coth(x) — 1/x (2.36)

Initial magnetization curve is used when magnetic material shows no hysteresis be-
haviour. This waveform is approximated with langevin function. Calculation of

magnetization is done using following differential equations in 2.37 and 2.38 [31].

H+aM a
M,, = M, |coth — 2.
o [co ( - ) fan on} (2.37)
dM M., — M dM,,,
(1= 2.
i~ VT a0, = T an (2:38)
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where,

My, .... anhysteretic magnetization ;
M .... saturation magnetization ;
a,o,ck ... material parameters ;

The material parameters a and « has an influence on shape of hysteresis loop,
whereas k and c affect the width and M, the height respectively.d is the sign(%Zl)

function which distinguishes between ascending branch i.e. (Sign(%) =1 ) and the

descending branch <sign(%) = —1> [32]. Jiles atherton model becomes inaccurate
when asymmetrical excitations or distorted hystersis loops are involved as discussed in
[5]. However in [31] improved jiles atherton model showing dependence of parameters
are shown and distorted hysteresis loops are taken into account and behaviours re-
lated with increasing frequencies are considered too in improved jiles atherton model.
This approach is expressing the single parameters as function of the magnetic field.
Parameters and magnetic field relationship can be linear one and specifically as in
[31] combination of excitation dependent factor and constant. The only draw back
in [31] that it needs increased number of parameters determination but it delivers

accurate results.

2.7 Advance iron core loss model

There are two methods that can be used to calculate iron losses and iron loss density
generated in magnetic materials in FEMM based software i.e. JMAG. Iron losses

calculated by following solvers
1. Magnetic field analysis solver :

2. Iron losses analysis solver :
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2.7.1 Iron loss calculation using magnetic field analysis solver

It considers iron loss effect during magnetic field analysis but without iron loss con-
dition.Iron loss is calculated as sum of hysteresis and joule loss. Similarly iron loss
density can be determined. In addition to that,Hysteresis loss and joule loss are cal-
culated during each step in magnetic field analysis.It requires time to converge but
has good precision results close to physical phenomena. Analysis flow chart Using

FEMM tool i.e. JMAG is described brefly as under:

1. Magnetic field analysis study is created that can be static analysis,transient
response analysis and frequency response analysis. It can be implemented in
FEMM model of any dimension i.e. 3-dimensional, 2-dimensional or axissym-

metric.

2. Parameters are set that are necessary for calculation of iron losses. Required
setting are set for both hysteresis loss and joule loss (eddy current loss) calcu-

lation as per set procedure in [6].

3. Magnetic field analysis study is finally executed. It can be done using JMAG

designer, JMAG scheduler or command line.

2.7.2 Iron loss calculation using iron loss solver

Iron loss analysis is done with magnetic flux density distribution data obtained from
magnetic field analysis with iron loss condition. It requires short computation time
due to post processing of magnetic field analysis. Analysis flow chart of iron loss

solver for calculation of iron losses has two patterns

Magnetic field analysis with iron loss condition

In short it is method that executes magnetic field analysis and iron loss analysis at
once. Salient steps in calculation of iron losses with magnetic field analysis having

iron loss condition are as under
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1. Magnetic field analysis study is done that can be also static analysis , transient
response analysis and frequency response analysis using FEMM model of 3-

dimensional, 2-dimensional or axis-symmetric.

2. Parameters are set for magnetic field analysis for reference for calculation of

iron losses as per set procedure in [6].

3. Iron loss conditions and other necessary parameters are set as per settings il-

lustrated in [6].

4. Finally magnetic field analysis study is executed using JMAG designer, JMAG

scheduler or command line.

In this method magnetic field analysis is done first then iron losses are calculated using
result file(x.jplot). In other method, Iron loss analysis using reference to magnetic
field analysis result are used for calculation of iron losses. Analysis are are performed
step by step and after verifying results of magnetic field analysis, iron losses are
calculated after creating study of iron losses from magnetic field analysis as per set

procedure in [6].

2.7.3 Advance methods for iron loss calculation

There are formulas for both hysteresis loss and eddy current loss respectively. It is

introduced and enlisted as under:

1. Hysteresis loss Formula There are four methods for hysteresis loss calculation

using JMAG i.e. FFT, apply loop, hysteresis model and user subroutine.

2. Eddy current loss formula (joule loss formula). There are also four methods for
joule loss calculation i.e. FFT, Maximum value,Jamination analysis, and user

subroutine.

3. However if iron loss table is selected for loss type in JMAG, frequency separation

method is used for calculation of hysteresis and joule loss separately.
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2.7.4 Hysteresis loss calculation

For iron loss calculation, firstly hysteresis loss formulas are described as under:

1. When FFT is selected for Hysteresis loss calculation

It can be calculated using four approaches i.e. iron loss formula, iron loss table

and hysteresis loss or joule loss table.

(a) Using Iron loss formula

Firstly calculated method is set to FFT i.e. frequency analysis and iron
loss equation is chosen in loss type material editor in JMAG. The formula

that is used is shown as under in eq:2.39

WhiW] =) {Z (Kh x | By|* x f7 x Ve)} (2.39)

e=1 k=1

where,

V. is volume of each element| m?]

N is maximum frequency order

Multiplier or co-efficients of of empirical formula :o and 3
nelem denotes the number of elements used.

By, is magnetic flux density (T) for frequency order of k:

|Bi| = \/ B * B;; (2.40)

where,
By is a complex number after FFT is performed on each component of
magnetic flux density.

By is complex conjugate of numbers of By,
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(b) Using iron loss table

In this method loss type is set to iron loss table in the material editor. The

formula that is used in this case is as under:

nelem N
Wh[W Z {Z (|Bg|) x fk} x V., (2.41)

where,
a(|By| denotes the co-efficient of magnetic flux density |By| determined by

frequency separation method.

(c) using hysteresis loss/Joule loss(eddy current loss) table

In this method hysteresis loss is calculated in similar manner as other FF'T

methods but loss type is chosen as hysteresis or joule loss table.

The formula that is used to calculate iron loss in this case is as under :

W) = 3 {3 0vn(8. 5 x V. (242

e=1 k=1

where, Wh, (Bk, %) represents the hysteresis loss density specified at the

magnetic flux density By and frequency fy

2. Hysteresis loss calculation using Apply loop method

It can also be calculated using three formulas i.e. iron loss formula, iron loss

table and hysteresis loss or joule loss table.

(a) Using iron loss formula for each magnetic flux density component

Iron loss condition for hysteresis loss calculation method is set to ’apply

loop” method and loss type is set to iron loss equation.Following Iron loss
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formula is used when amplitudes for each magnetic flux density component

are considered as shown in 2-12. Relation is as under:

WhiW] =) {fz (Kh x B x Ve)} (2.43)

e=1 =1

Bx By

I : Amplitude

Figure 2-12: Illustration for considering amplitudes of magnetic flux density wave-
forms

(b) Using iron loss formula for magnitude of magnetic flux density

when maximum value of magnetic flux denisty is considered following for-

mula is used in calculation of iron losses using JMAG.

nelem

WhW] = > {fxKhxB V) (2.44)

’Ic’))'(l(lfll X
It is further illustrated in figure:2-13 as under:

B| B

Ijm Jj& [

(c)

Figure 2-13: Illustration for (a) sine wave magnetic field (b) sine wave magnetic field
with offset (¢) Constant magnitude such as rotational magnetic field
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where,

Both equation 2.43 and 2.44 the key notations description as follows:

- f is basic frequency [Hz|

- By is Amplitude of K;h loop (k=1-nloop) for each component of magnetic
flux density.

- Bz is maximum value of magnetic flux density(T)

- Kh is co-efficient of hysteresis loss is equal to constant or Kh(| By, fx)

Using iron loss table for each component of magnetic flux density

Iron loss table is used for calculation of iron loss using each component of

magnetic flux density. The relation is as under:
nelem nloop
WhiW] = > {f ) a(By) x Vo} (2.45)
=1 k=1

The illustration is same as depicted in figure 2-12

Using iron loss table for magnitude of magnetic flux density

Iron loss calculation is done using magnitude of magnetic flux density using

iron loss table. Its relation is mentioned as under:

nelem

WhW] = {f X a(Bunas) x Ve} (2.46)

Its illustration is shown in figure 2-13

where,
a(B) is co-efficient of magnetic flux density B determined by frequency

separation method.
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(e) Using hysteresis or joule loss table for each magnetic flux density

component

Apply loop method is set in hysteresis loss calculation method and loss
type is set to hysteresis or joule loss table in FEMM tool i.e. JMAG.
Hence when amplitude of magnetic flux density is intended for calculation

of iron loss, following relation will be taken into account as under:

nelem

WhiW] = " {Whe(Bx, f) x V.} (2.47)

Its illustration is clearly shown in figure: 2-12

(f) Using hysteresis or joule loss table for magnitude of magnetic

flux density

When maximum value of magnetic flux density is assumed then following
relation will be used while calculating iron losses using hysteresis or joule

loss table using JMAG.

nelem

WhiW] = > {AWhe(Buas. f) % Ve} (248)
e=1
its illustration is shown in figure:2-13

3. Calculation of hysteresis losses using hysteresis model method

Calculation of hysteresis loss is done using magnetic field analysis result involv-

ing magnetic flux density history and from hysteresis curve in material property.
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2.7.5 Joule loss calculation

For iron loss calculation, Now joule loss calculation is done using methods and for-

mulas enlisted as under

It is also calculated using four methods i.e. FFT | maximum value, lamination

analysis, and user sub-routine.

1.

Joule loss calculation using FFT

It is based on three approaches iron loss formulas, iron loss table and joule loss

table or hysteresis loss table.

(a)

Using iron loss formula

Iron loss condition is set to FFT, frequency analysis and loss type to iron
loss equation in JMAG tool. The iron loss formula which is used in calcu-

lation of joule loss is as under:

nelem N
We[W] =) {Z (Ke x |By|” x f x Ve)} (2.49)
e=1 k=1

Using iron loss table

Iron loss condition is set to Iron loss table for joule loss as calculation

method and loss type in material editor is set to iron loss table in JMAG

tool.
nelem N
WeW]= > {Z (|Bgl, fx) xfk} (2.50)
e=1 k=1
where,

b(|By, fx|) is determined by frequency separation method, co-efficient at

frequency fi
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()

using hysteresis loss/Joule loss table

Iron loss condition is set to FFT and loss type to hysteresis/joule loss table
in JMAG tool’s material editor. The formula for determination of loss in

this case is mentioned as under:

WeW]= > {Z{Wee(Bk,fk) X ve} (2.51)

e=1 k=1

2. Joule loss calculation using maximum value

It is based on maximum value of magnetic flux density considered for each

component. Three types of formulas are used to calculate joule loss in this case.

Formulas are as under

(a)

Using iron loss formula

Formula for calculation of joule loss considering maximum value of mag-

netic flux density is as under:
nelem N
WeW]= > {Z (Kex B)., .. x f°x ve)} (2.52)

where,
Binae — maximum value of each component of magnetic flux density at
the interval.

Bmax = \/B% + B% + Bgmaz

Using iron loss table

similarly, respective conditions are set in JMAG tool and following iron
loss table formula is considered in calculation of joule loss using maximum

value.
nelem

WellW] = 3 [{b(Buas. 1) * £} x V)] (253

e=1
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b(Byaz, f) is determined by frequency separation method, co-efficient at

frequency f

(c) using hysteresis/joule loss table

iron loss condition is set to maximum value for joule loss calculation

method and loss type is set to hysteresis/joule loss table.

The formula used to determine loss is as follows:

nelem

WelW] = > [{Wee(Buaa f) x Ve}] (2.54)

e=1
3. Using lamination analysis

Loss distribution of internal magnetic steel sheet is utilized for calculation of
joule loss (eddy current loss). It is estimated using electric and magnetic prop-

erties along with magnetic flux density analysis result.

All methods for calculation of iron losses using iron loss solver are discussed briefly
in aforementioned sections sourced from [6]. However procedure is summarized using

flow chart in figure 2-14
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Internal program processing User operation procedure
Magrnetic field analysis solver

Magnetic fisld analysis \ .
Material Inputfle 4 Create analysis model

l Magnetic field analysis ‘

Magnetic field analysis
resuft e

. | Evaluate results of magnetic fisld ‘

/ analysis

Material Editor

= lIron loss charackeristics of the
material

AV

Iron loss diti

Iron loss analysis solver
- Calculation method (hysteresis loss.
/, joule lozs)
Magnetic field analysis + Sieel sheet thickness
result file

+ Oplion sellings for each calculation
method (FFT. lamination analysis)
= Basic frequency
| Iron loss analysis + Reference methods for magnetic field
analysls resums
{Coordinate system conversion, fime
series perindicity for magnetic flux
density 1o be referenced, magnetic
fiux density componentto be
\\ referenced, step range to be
referenced, total output of iron loss
for all frequencies, referencing
results of a steady-state approximate
transient analysis)
« Account for stress dependencies

Iran 10ss analysis
resultfile

« User subroutines

Post Program \

| Display iron loss analysis resufts H Evaluate ron 1055 analysis results ‘

Procedures for calculating loss

Figure 2-14: Procedure to calculate loss using iron loss solver [(]
2.8 Conclusion

All iron loss models discussed in literature are summarized according to their ability
to operate with complex waveforms, prior material knowledge for calculation of losses

and respective accuracies in table 2.1.
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Table 2.1: Extended version of the table in [8]

[ron loss model Complex | Material Accuracy Section
wave- prior
forms knowledge
steinmetz equation [2.5] - small low 2.3
Fourier transform-steinmetz - small low 2.3.6
equation(FTSE) [2.5]
Modified steinmetz + small low medium 2.3.1
equation(MSE)[2.11]
Generalized steinmetz - medium low medium 2.3.2
equation(GSE)[2.15]
Improved generalized steinmetz + medium low medium 2.3.3
equation (iGSE) [2.16]
Natural steinmetz extension + medium low medium 2.34
(NSE)[2.19]
Improved-Improved generalized + high medium 2.3.5
steinmetz equation(i*?GSE) [2.22]
steinmetz premagnitization + high medium 2.3.7
graph(SPG)[2.24]
Loss separation model [2.30] - medium medium 2.5
Loss surface model|[2.4] + high medium-good 2.4
Preisach model[2.35] + high good 2.6.1
Jiles Atherton Model[2.38] + high good 2.6.2
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Chapter 3

Experimental characterization of

Fe-Si Sample with dc bias

3.1 General test setup for measurement of core
losses

B-H loop measurement is considered suitable method for measurement of core losses
because of its simplicity and rapid measurements. Test setup includes power stage
(incorporating power amplifier and controller), power supply and rectangular sheet

sample in single sheet coil tester. It is depicted in figure 3-1

Power supply

itati i
Power stage
veltage sensing| Single sheet
winding 300mma30mm

SINGLE SHEET TESTER

Figure 3-1: Test setup based on general principle of single sheet testing

o4



Figure 3-2: Sinusoidal measurement with digital feedback control

3.2 Test bench description

High precision test bench i.e. state of the art facility used in house to carryout
material characterization.Its specification are shown in Table-3.1. Same test bench
was used by authors in [7]. It is based on high bandwidth linear power amplifier which
is IEC 60404 certified. is adopted for estimation of losses. Measurement of losses are
done using single sheet sample for high high frequency ranges and high magnetic
flux densities. MPG is expert software and test bench is a product of brockhaus
manufacturer. It enable user to set up the coil system i.e single sheet tester and to
enter definition of sample under test including definition of measurement sequence. In
addition to it, it enables High induction sinusoidal measurement with digital feedback
Control as shown in figure 3-2. Furthermore, measurement of losses can be done under

different type of excitations and with free curves.
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Table 3.1: Test bench features

Parameter Capacity
Fundamental frequency 5KHz to 100KHz
Low frequency amplifier capacity 100V /52A peak
Fundamental Excitation(up to 60V 40A,(continuous)
20KHz)
High frequency amplifier 50V/10A
capacity
Non-sinusoidal /PWM (up to peak and continuous
100K Hz)

Operating temperature:
soft magnetic materials
Hard magnetic materials
Operating stress(compression):
Soft magnetic materials
Hard magnetic materials
Excitation waveform capability

-40 °C to 180 °C
-40 °C to 180 °C

0 to 3 kN

0 to 1 kN
Sine wave, DC/Normalized
PWM Harmonic injection

3.3 Properties of rectangular Single sheet sample

Rectangular single sheet sample is made up of single lamination of Fe-Si steel( man-
ufactured in house). Measurement of specific total loss is carried out as per IEC

standard 6404-3 [14]. Properties of sheet under test are depicted in Table 3.2.

Table 3.2: Properties of rectangular Sheet under test

Name Property
Magnetic material 10JNEX900
weight 6.741g
density 7490 kg/m3
primary winding 128
secondary windings 102
magnetic length 0.241 m
Cross section 3mm?
length 300mm
width 30mm
thickness 0.1lmm
Volume(V,) 900mm?
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Power Amplifier
and Controller ——————

Stress Controller

Measurement Selection
and Interface —

Heating Unit and
Temperature Controller =}

Main Switch

Fluxmeter
Hystograph Output

System Protection
Breakers

Figure 3-3: Test bench used for experimentation [7].

3.4 DC characterization

First of all, DC characterization is done to get the B-H curve from low excitation
level up-to saturation point for maximum magnetic field intensity i.e. 500 A/m. As
shown in figure 3-4. that saturation point is 1.212 T which is achieved at quite lower
magnetic flux density of 160 A/m in data sheet of manufacturer shown in figure 2-3
but in close agreement for both data sheet and experimental DC hysteresis loop in
case of lower magnetic field strengths. These variations in hysteresis loops of data

sheet and experimental data are due to manufacturing effects in magnetic material.
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Figure 3-4: DC Hysteresis loop of 10JNEX900

3.5 Ac characterization with dc bias

Ac characterization is done for measurement of losses at 100 Hz with dc bias of 0
A/m for flux density range of up to 1 T with 0.1 T increment. Similarly, Losses are
recorded for frequency range of up to 2000 Hz using sinusoidal excitation waveform.
Test bench will ensure good form factor. Basically primary current and secondary
voltage are recorded to get B-H loop.Mainly, Losses are calculated under area of B-H
loop and other losses would be eddy current losses and excess losses. Measurement of
losses are done under dc bias (premagnitization) of 10 A/m, 30 A/m, 40 A/m and 50
A/m with respect to high frequency range of 100 Hz, 300 Hz, 500 Hz, 700 Hz, 1100
Hz, 1500 Hz, and 2000 Hz respectively. Total specific loss is represented as function
of frequency as shown in figure 3-ba. Measured losses up to 2000 Hz for range of
premagnitization Hy. of 0 A/m to 50 A/m are depicted in figure 3-5.

Data obtained as result of ac characterization with dc offset will be taken into
account in section-3.7 for obtaining variation of steinmetz parameters as result of dc

offset present in minor loops of non-sinusoidal flux densities or test signals.
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Figure 3-5: Core loss with and without dc bias condition (measured for 10JNEX900
magnetic material (Fe-Si with 6.5% si content) using rectangular single sheet sample

3.6 Measurement of total specific power losses

Test signals are used for calculation of losses that will be used as benchmark experi-
mental losses against loss data estimated by iGSE with dc bias condition method in
chapter-4. All test signals has fundamental frequency of 100 Hz. Five different types
of waveforms are used with different harmonic order.These waveforms are listed with
respective harmonic components in Table-3.3 as under ;

Furthermore,B-H curves of All five waveforms are depicted in figure-3-6. It is
noted that B-H curve of waveform with 100Hz,500Hz has no minor-loop and has
larger area where larger losses are estimated. It is noted that major loops have no dc

bias unlike minor loops.
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Table 3.3: Total specific loss|W /kg| of Magnetic flux density waveforms(100 Hz) with
harmonic orders

waveforms Frequency components (Hz) Total specific loss|W /kg]
01 100, 300 1.0660
02 100, 500 1.8505
03 100, 300, 500 1.2764
04 100, 300, 700 1.4436
05 100, 300, 500, 700 1.2536
1.5

100Hz,300Hz

100Hz,500Hz

100Hz, 300Hz,500Hz

=
(3

100Hz, 300Hz,700Hz

100Hz, 300Hz,500Hz,700Hz

Polarization[T]
o

o
o

ur

[

|

1.5 ‘ : : ‘ ‘
300 -200 -100 O 100 200 300

Field strength[A/m]

Figure 3-6: Magnetization curves of Test signals

It is further explained in chapter-4.

3.7 Determination of steinmetz parameters due to

dc bias offset

The best fit steinmetz parameters vary with frequency and under dc bias condition
Hgy.. Experimental loss data for range of magnetic field strengths i.e. 0 to 50 A/m
and range of frequencies (100 Hz, 300 Hz, 500 Hz, 700 Hz, 1100 Hz, 1500 Hz, 2000 Hz)
respectively are curve fitted using steinmetz equation(Power law)that yield respective

best fit steinmetz parameters i.e. o ,f and k. Curve fitting tool is used in MATLAB

60



and corresponding best parameters are obtained in three dimensions using polynomial
fit as function of flux densities,frequencies and experimental loss data. Non-linear
least Squares method is used with robustness set to Least Absolute residual(LAR).
Goodness of fit is ensured by closely monitoring optimum values of R-square(R?),
adjusted R-square and root mean squared error(RMSE) and sum of squares due
to error (SSE).R-square(R?) was found to be close to 1 that indicates that greater
proportion of variations are accounted in surface fit by the model.Curve fitting of
zero pre-magnetization loss data is depicted in figure(3-7). Similarly curve fits are
obtained for pre-magnetization of 10, 30 and 50 A/m.Best fit steinmetz parameters

are shown in Table-3.4.

I curve fitting

® Jossvs.B,f

0.4

0.2 . .
frequency[Hz] Magnetic flux density[T]

Figure 3-7: Curve fitting as function of (flux density,frequency) for experimental loss
data of zero pre-magnetization (Hy.)

Table 3.4: Best fit steinmetz parameters

Parameter | Hye = 0 A/m | Hge = 10 A/m | Hye = 30 A/m | Hyge = 50 A/m
o 1.308 1.278 1.221 1.261
I} 1.776 1.54 1.464 1.476
k 0.002488 0.003553 0.007189 0.006762

For zero pre-magnetization (Hy. = 0A/m), loss data for range of flux densities
up to 1 T is considered whereas other ranges of premagnitization is characterized for
flux densities up to 0.5 T. Variation in steinmetz parameters i.e. alpha, beta and k
is considered in calculation of losses using iGSE with dc bias condition method in

chapter(4). It is because of the fact that dc bias affect losses significantly as shown
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in pictorial comparison of estimated losses of conventional iGSE without dc bias and
iGSE with dc bias method in 4 . Losses obtained for each frequency range are curve
fitted corresponding to flux densities of up to 1 T at 100Hz under dc bias of 0 A/m,
10 A/m, 30 A/m and 50 A/m respectively.Furthermore, goodness of fit statistics are
obtained as shown in table(3.5). Goodness of fit for R-square method and adjusted
R square method is between 0 and 1, where 1 is regarded as the best curve fitting.In
addition to it, Sum of squares due to error(SSE) goodness of fit ranges are open
ended where zero is regarded as the best surface fitness that would give small random
error in prediction. In addition to it, 0 is regarded as the best fitness for RMSE
method too. Overall fitness shows optimum statistics in our curve fitting for range of

premagnization shown in table-3.5.

Table 3.5: Goodness of fit statistics for best fit steinmetz parameters

Methods(Goodness of fit) Hye =0 | Hi. =10 | Hg. = 30 | Hy. = 50
R-square( R?) 0.9996 0.9996 0.9999 0.9998
Sum of squares due to error(SSE) 1.284 0.2918 0.1825 0.4962
Adjusted R-square 0.9996 0.9996 0.9999 0.9998
Root mean squared error(RMSE) | 0.1451 0.09549 | 0.07552 0.1245

3.8 Conclusion

In this chapter, experimental results are shown and steinmetz parameters due to dc
bias condition are calculated. It is found from curve fitting results shown in table 3.4
that all steinmetz parameters are changing due to dc bias condition Hy.. Therefore,
it is important to consider variation of steinmetz parameters in calculation of losses
using iGSE. It is further explained in chapter 4 where iGSE with dc bias method is

developed and losses are estimated and compared.
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Chapter 4

Core loss prediction using iGSE

under dc bias condition (iGSEDC)

4.1 Introduction

The new method is proposed to consider dc bias condition in non-sinusoidal magnetic
flux density waveforms to improve the core loss prediction using iGSE.This method
under dc bias condition is known as improved generalized steinmetz equation with dc
bias condition (IGSEDC). It involves variation of steinmetz parameters using mean
amplitude of each separated major and minor loop flux density waveform correspond-
ing to premagnitization Hy. range of up to 50 A /m. Initially, premagnitization (i.e.
H,.) is obtained from B-H loop based polynomial curve fit equation as function of dc
bias present in magnetic field density waveforms. Then steinmetz parameters(a, 3, k)
are obtained from each polynomial curve fit equations based on Steinmetz parameters
as function of premagnitization Hy.. Steinmetz parameters as function of premagni-
tization H,. are shown in table-3.4.

Variation of Steinmetz parameters as function of premagnetization Hg. is also
shown in figure 4-1. These graphs are used to get polynomial curve fit equations of
each Steinmetz parameter(c, 3, k) as function of Hg.. It is important to note that
major loop does not have dc bias. In other words, mean amplitude of major loop

waveform is zero. The polynomial equations serve as to map the respective steinmetz
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parameters for respective dc bias (mean amplitude) of each minor loop waveform.
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Figure 4-1: Steinmetz parameters (k, o, #) as function of premagnitization (Hg.)

4.2 Explanation of test signals with corresponding
major and minor loops

There are five test signals used for experimentation and corresponding losses were
used as benchmark values compared to core loss estimation using frequency domain
method i.e. Fourier transform steinmetz equation (FTSE), improved generalized
steinmetz equation (iGSE) and improved generalized steinmetz equation under dc
bias condition(iGSEDC). All test signals can be viewed in terms of A slope for ease
of understanding and differentiating one test signal from other. All test signals are

illustrated in following sub sections.
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Test signal 01: Increasing and decreasing slopes

First test signal is the fundamental and third harmonic composite waveform.Respective
quadrants are shown corresponding to B-H loop in figure 4-2. Experimental losses for

this waveform are for nominal flux density of 0.871 T and magnetic field strength(A /m)
of 40 A/m.

1 T T T T
Major loop part 01
v Major loop part. 02
m— \2 jor loop part 03
e s Minor loop 1st quadrant
l—; 0.5 Minor loop 3rd quadrant | |
=
(2]
c
Q E 02
2 H
x =
4 0 g o0
= g
Q s
o o 02
&
© 0.5 0.4
= U
-0.6
-0.8
-1 . I . I
0 0.002 0.004 0.006 0.008 0.01 - - - - - . - - .
. -50 -40 -30 -20 -10 0 10 20 30 40 50
Tlme(sec) Field strength[A/m]

(a) 100 Hz waveform with 300 Hz component (b) B-H loop of 100 Hz, 300 Hz

Figure 4-2: Test signal 01

Test signal 02: Increasing and increasing slopes

In this Test signal, waveform is based on fundamental frequency component of 100
Hz with fifth harmonic order.Respective quadrants are shown corresponding to B-H
loop. It is vivid in figure 4-3 that the test signal has no minor loops.It is solely based
on major loop but with little deviations. Experimental losses for this waveform are
for nominal flux density of 1.15 T and magnetic field strength of 223.06 A /m.

It is clear that signal slopes are increasing and increasing again. In this signal,

harmonic distortion due to fifth harmonic amplitude is 14.95 %.
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Figure 4-3: Test signal 02

Test signal 03: Increasing , decreasing and increasing slopes

This composite waveform is based on fundamental component of 100 Hz with har-
monic components of 300 Hz and 500 Hz. Test signal with major loop and minor

loops is illustrated pictorially as under ;

/\W:»;i?‘q, 12 jorloop partl

e majorloop part2
m— 1najorloop partd
0.5 s majorloop partd
s majorloop partd
m— 1inorloop (1
e minorloop 02
minorloop 03
minorloop 04

Polarization[T]

Magnetic flux density[T]
o

\V 4

0 0.602 0.604 0.606 0.608 0.61 s 40 0 20 ';“’IMUMJ" 20 % 4o %0
Time(sec) RAISTRG AT

(a) 100 Hz waveform with 300 Hz and 500 Hz (b) B-H loop of 100 Hz, 300 Hz, 500 Hz

component components

Figure 4-4: Test signal 03

It is observed that slope of this waveform is increasing,decreasing and increasing
again in sequential manner. All changes in slope are defined with respect to 1st quad-

rant. Experimental loss is obtained for this non-sinusoidal waveform with nominal
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flux density of 0.95 T and magnetic field strength (A/m) of 49.8 A/m.

Test signal 04: Increasing,increasing and decreasing slopes

This test signal is based on fundamental component of 100 Hz with harmonic com-
ponents of 300 Hz & 700 Hz. Signal with major loop and minor loops are illustrated

pictorially as under:

— 110 j0Tl0OD
mm 111i010r lOOD 01
— minorloop 02
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=
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S s
30 g 0
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& .05 0.5
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y | | | 4 e y N —— | | |
0 0.002 0.004 0.006 0.008 0.01 -60 -40 -20 0 20 40 60
Time(sec) Field strength[A/m]
(a) 100 Hz waveform with 300 Hz and 700 Hz (b) B-H loop of 100 Hz, 300 Hz, 700 Hz com-
component ponents

Figure 4-5: Test signal 04

Hence, this signal has two slope changes in 1st quadrant. First it increases then it
decreases.FExperimental loss is determined for this particular waveform under nominal

flux density of 0.96 T and magnetic field strength(A/m) of 52.3 A/m.

Test signal 05: Increasing, decreasing ,increasing and decreasing slopes

It is based on composite waveform of fundamental component of 100Hz with harmonic
components of 300 Hz, 500 Hz and 700 Hz. Signal with major loop and minor loops
is illustrated pictorially as under ;

Clearly slope changes are four i.e. increasing, decreasing, increasing and decreasing
slopes. All in 1%* quadrant. These slope changes marks the start of respective minor
loops in 1st quadrant.Experimental losses for this waveform are for nominal flux

density of 0.89 T and magnetic field strength (A/m) of 43.3 A/m.
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Figure 4-6: Test signal 05

4.3 Steps to separate major and minor loops

Separation of major and minor loops are done considering 1°¢ and 2"¢ quadrant flux
density waveforms using change in slope first. It is done in similar fashion for 3"¢ and
4" quadrant but with opposite slopes. Flow chart of separation of major and minor
loop is shown in figure 4-8a. In this regard, major loop and minor loops are separated

with steps enlisted as under ;

1. Firstly, Magnetic flux densities corresponding to 1** quadrant and 2"¢ quadrant
are processed for waveform depicted in figure-4-7 and respective major and

minor loops are depicted in figure(4-4a).

2. When 1% quadrant of waveform in considered, first slope change is detected. If it
is decreasing then it will be regarded minor loop detection. Hence, 15 maximum
value is saved for extraction of 1% minor loop until waveform rise back to same
flux density. Similarly more minor loops are checked using decreasing slope for

1%t quadrant of waveform.

3. Similarly, if slope change is positive in 1% quadrant of waveform and flux density

is rising then flux density values are regarded as major loop points and saved
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Figure 4-7: 100Hz waveform with 300 Hz and 500 Hz components showing all quad-
rants

in major loop vector.

4. When 2™ quadrant of waveform is considered. It is the case of falling waveform
where first slope change is positive (increasing slope) then it is regarded as
minor loop detection right in valley. Then its minor loop points are extracted

starting from valley until it rise back to same flux density value.

5. Similarly major loop points for negative slopes (decreasing slope) are extracted

2nd

from quadrant and saved in major loop vector as collection of all major loop

points.

6. Again 3" and 4" quadrant minor loops are obtained but with opposite slopes
with respect to slope detection of 1% and 2"? quadrant. It can also be obtained
from absolute values of 1°*and 2"? minor loops. It is noted that all test signals
depicts symmetry. Similarly, major loop points are found and extracted from
3% and 4" quadrant. It is similar to minor loop extraction from 1% and 2"¢

quadrant but with opposite slopes. Separated major loop is shown in figure

4-8b.

7. Finally improved general Steinmetz equation (iGSE) with dc bias is used to
calculate losses for each major and minor loop points with respective variation

of best fit steinmetz parameters (k,5,).
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4.4 Equations of iGSEDC with variation of stein-

metz parameters

When non-sinusoidal magnetic flux densities are separated into major and minor loops
resulting in two conditions.First is that the major loop is without dc bias condition.

On the other hand, minor loops are with dc bias condition. Therefore it is important
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for time domain iron core loss model i.e. iGSEDC to calculate losses with and without
dc bias conditions. It calculates AB for each major and minor loop. It yields final
expression for time average loss with variation of steinmetz parameters due to dc bias
condition as shown in equation 4.1. Therefore equation can be re-written for ease of
understanding as under:

a(4)

dB(i) o |AB(Z~))|B(j)*a(J’)dt(@') (4.1)

dt(i)

where,
k()
(27m)2@=1 [T |cosf|oW)|2]P) =) dg

ki(i) = (4.2)

Where,AB is peak to peak magnetic flux density of major and minor loops.similarly
dB/dt is calculated for each major and minor loops.ki is also obtained for each major

“” denotes iteration size of each

and minor loops using equation 4.2. In equation 4.1,
major and minor loop and “j” denotes the variation of Steinmetz parameters with
respect to dc bias condition of each minor loop.

Total loss is found by weighted average, taking into account the contribution of

major loop loss and each minor loop loss. It is calculated by using the fraction of

total period each loop occupies using equation(4.3).

-Ptotal - Z PL@) T‘L](f) (43)

There is no dc bias condition in major loop but DC bias condition is vivid in
minor loops in test signals where mean amplitude of minor loop flux densities is not
zero. It is depicted in section-4.2. It is also clear that this method is independent of
superposition principle. As it calculate losses for each separated loop using equation
4.1 and then total loss is found by summing the weighted average of time period each

loop occupies.
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4.5 Comparison of iron loss estimation results of
iGSEDC method with conventional iGSE and
FTSE method

Iron loss calculations are done for conventional iGSE method, iGSEDC i.e. improved
generalized steinmetz equation under dc bias condition and FTSE (Fourier transform
steinmetz equation) using MATLAB script. Frequency domain core loss estimation
method is compared to show importance of time domain core loss estimation. Core

loss prediction of each method are compared pictorially and shown in figure 4-9.
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Figure 4-9: Comparison of core losses using iGSEDC, iGSE, FTSE and experiment
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4.6 Comparative analysis of iGSEDC with iGSE
and FTSE in terms of percentage errors

Iron loss estimation error of each iron loss model determines the accuracy of each

method.It is done by using relation in equation (4.4).

L Tperiment — Lmo e
Absolute % error = Ly : el (4.4)

Lexperiment
Where Lgzperiment shows the losses obtained by experiments and L,,eqe represents
losses estimated by iron loss models.
Absolute percentage Errors are calculated using absolute difference between bench-
mark experimental data and core loss estimation using iGSE,iGSE under DC bias

condition (IGSEDC) and FTSE model respectively. It is shown in table 4.1.

Table 4.1: Absolute percentage (%) estimation errors of iGSE, iGSEDC and FTSE
with respect to experimental data

Waveform | Frequency components in | iGSEDC | iGSE FTSE
Test signals

1 100Hz,300Hz 62% | 940% | 192 %
2 100Hz,500Hz 2583 % | 25.83% | 29 %
3 100Hz,300Hz,500Hz7 347% | 817 % | 221 %
1 100Hz,300Hz, 700z 1550 % | 1612 % | 2%

5 100H2.300H2,500H2,700Hz | 3.29% | 581 % | 41.6 %

In figure 4-10, Comparison is done in terms of absolute percentage(%) errors for
each method namely iGSE, IGSEDC and FTSE.

IGSE under dc bias condition (iGSEDC) yield optimum results for all waveforms
except the case of 2" test signal where there are no minor loops and have considerable
major loop deviations i.e. briefed in section-4.2. It is noted that iGSEDC estimate
losses similar to conventional iGSE. It happens when dc biased minor loops are not

present in waveform.
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Figure 4-10: Comparison of iGSEDC, iGSE and FTSE method in terms of percentage
error

4.7 Conclusion

In this chapter, It is proved that conventional iGSE method is inaccurate compared to
iGSEDC.In addition to it, conventional iGSE method underestimate losses because
it lacks dc bias consideration. On the other hand, FTSE is the most inaccurate
method compared to iGSE and iGSEDC. It has variable trend in estimation of losses
and therefore its usage is not recommended for non-sinusoidal excitation waveforms.
However, It is popularly used in industries due to its simple approach. Therefore,
it is recommended to calculate losses with dc bias condition using iGSEDC method.
The iGSEDC method gives promising results compared to conventional iGSE and
frequency domain method i.e. FTSE.

It is verified that iGSEDC don’t follow superposition principle as it is based on
separation of minor loops. It calculates losses due to each loop using weighted average

of time period each loop occupies. This makes iGSEDC method calculates losses near
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knee point of the B-H curve well below saturation region which corresponds to real

operation of the electrical machine.On the other hand, frequency domain method i.e.

FTSE calculate losses due to fundamental loop and harmonic loop causing calculation

of losses around origin of B-H loop that is in disagreement of real operation of machine.

Therefore frequency domain method should not be followed. It is illustrated as below;
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Figure 4-11: Harmonic waveforms & composite waveform
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Chapter 5

Future Outlook

5.1 Design of interior permanent magnet machine

Prediction of core losses using iGSE with dc bias can be extended for calculation of
iron losses in motors by extracting the flux densities from any designed motor. The
existing Case study of JMAG motor model[33] i.e. IPM motor is used. During design
process of IPM motor, 6.5% silicon content based Fe-Si magnetic alloy is used i.e.
10JNEX900 as stator core and rotor core material. Interior permanent magnet motor
specifications are shown in Table(5.2) are shown. In addition to it, all the material
properties are set from material properties table 5.2. Designed motor is shown in

figure(5-1b).

Table 5.1: Specification of IPM motor

Number of poles 4
Number of stator slots 24
Connection pattern Y-Connection
Phase resistance of the coil 0.814 Ohm
Number of the turns 35
Power supply 4A three phase Ac excitation
Rotation speed 1800 r/min
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(b) 2D Interior permanent mag-
(a) Model of interior permanent net motor for analysis
magnet (IPM) motor

Figure 5-1: Design of Interior permanent magnet motor

Table 5.2: Material properties of each part in designed IPM motor

Part Magnetic property others
Rotor core |  JNEX steel(10JNEX900) lamination factor laminated
core:98%
stator core | JNEX steel(10JNEX900) | lamination factor laminated 98%
Magnet JSOL : NdFeBgr = Orientation: Parallel Pattern
1.4(T) (Circular Direction)
Coil Copper -

5.2 Extraction of magnetic flux density waveform
from tooth of stator

After the design process of IPM motor, active study is executed. respective rated
conditions such as power and torque is checked and working of motor is verified.
Using Probe, magnetic flux density is extracted for element ID of 2924 i.e. tooth
of the stator. That is where the magnetic flux density is maximum and is regarded
as saturated region (green) as indicated in figure(5-1b). Similarly B-H loop with

respective minor loops can be seen using B-H probe for hysteresis loss calculation.
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Figure 5-2: Extracted magnetic flux density from teeth of IPM motor

5.3 Conclusion

Fast fourier transform is performed on extracted magnetic flux density. In this regard,
respective frequency components and amplitudes are found as shown in figure 5-3.
Therefore significant frequency components and respective amplitudes can be used to
reconstruct harmonic flux density waveform and processed into algorithm of iGSEDC
method for loss estimation in stator tooth of motor.Similarly it can be done for several
rotor positions with FEMM simulations for getting flux waveforms in stator and rotor
core with respective variation for one electrical cycle.Experiments can be performed
using extracted flux waveforms using test bench and then iGSEDC method can be

used for calculating losses of IPM motor for respective extracted test signals.
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Figure 5-3: Amplitude spectrum of extracted flux density of stator tooth
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Chapter 6

Conclusion

iGSEDC (Improved generalized Steinmetz equation under DC bias condition) is also
named as hybrid iron loss method. It is suited for non-sinusoidal flux density wave-
forms in electrical machines where major loop don’t have dc bias condition unlike
minor loops. It is concluded that variation of steinmetz parameters («a, 3, k) should
be taken into account in calculation of losses to take into account the dc bias condi-
tion. It is present in minor loops of non-sinusoidal excitation waveforms of electrical
machines. Results involves all non-sinusoidal excitation waveforms having fundamen-
tal frequency of 100 Hz.

Compared to experiment, estimation results show that iGSE under dc bias condi-
tion (IGSEDC) err by 6.2 % unlike 9.4 % error of conventional iGSE method and 19.2
% error of FTSE for test signal with third harmonic order. Similarly, In case of test
signal with fifth harmonic order, iGSEDC and conventional iGSE performs and esti-
mate losses similarly as there are no minor loops. Therefore, both iGSE and iGSEDC
yield errors of 25.8 % unlike 29 % error of FTSE. It is observed in loss estimation
of test signal with third and fifth harmonic order that iGSEDC estimate losses with
an error of 3.47 % unlike iGSE and FTSE where estimation errors are 8.17 and 22.1
% respectively. In case of test signal where third and seventh harmonic orders are
involved, loss estimation errors of iGSEDC,iGSE and FTSE are 1.55 %, 16.12 % and 2
% respectively. Furthermore, the test signal where third,fifth,seventh harmonic orders

are present, iGSEDC performs better than iGSE and FTSE with estimation errors
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of 3.29 %, 5.81 % and 41.60 % respectively. Hence, it is concluded that iGSE under
dc bias condition (iGSEDC) turns out to be the most accurate method compared to
conventional iGSE and FTSE.

Future works of iGSEDC can be extended for experiments and core loss estima-
tion under different types of non-sinusoidal excitation waveforms. One crucial form
of waveform excitation is Pulse Width Modulation (PWM) for power electronics con-

verters.
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